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Preface

This book series, Macromolecules Containing Metal and Metal-Like Elements, is
our attempt to bring to the chemical community new concepts and developments
in the titled area of research. Volume 9 focuses attention on the area of
supramolecular chemistry, supramolecular architecture, and supramolecular
self-assemblies that involve materials containing metals and metal-like elements
and the potential applications of these interesting hybrid materials.

Supramolecular chemistry may be defined as the formation of large
complex assemblies (i.e., clusters) of species composed of two or more small,
intermediate, and/or large molecules that are held together by noncovalent
bonds. By noncovalent bonds we essentially mean hydrogen bonds, van der
Waals interactions, metal coordination (donor—acceptor) interactions, m—mu
interactions, hydrophobic interactions, electrostatic forces, and/or combina-
tions of these forces. Such interacting complex species are characterized by their
spatial features, which include their architecture, as well as by the interactions,
which hold the various components into a superstructure. The intermolecular
interactions may be weak, as in hydrogen bonding, or strong, as in the case of
metal-ion coordination. Very simple examples of the former are the vapor
phase dimerization of acetic acid, which is held together by two hydrogen
bonds; clathrates, which consist of one type of molecule that traps and contains
a second type of molecule (i.e., host—guest complexes, inclusion compounds);
and catenanes and rotaxanes, which are composed of two or more macrocyclic
molecules that form a mechanically interlocked molecular architecture. An
example of a strong intermolecular interaction is ferritin, which is a natural,
iron-containing, globular complex of 24-protein subunits arranged as a hollow
sphere with six channels that are used for intracellular storage and mobility of
iron.

Supramolecular science has grown considerably over the past several
decades, particularly with the pioneering discoveries by D. J. Cram, C. J. Pederson
and Jean-Marie Lehn.'? The field is now highly interdisciplinary and has
developed to such an extent that it presently encompasses all the subdisciplines
of chemistry in addition to significant contributions from the other physical
and biological sciences and numerous engineering technologies. It is important
that supramolecular systems are beginning to display valuable commercial
applications in catalysis, nanotechnology, electro-optical devices, molecular

Xxvii



xviii  Preface

sensing and recognition, and biomedicine. For example, several inventions
involving supramolecular assemblies have recently been reported in the patent
literature.®> Some scientists have proposed that supramolecular systems will be
the chemical building blocks of the future, thereby affecting everything from
quantum dots to artificial intelligence.* For those who wish to learn more about
the field, we recommend the several recent reviews® in addition to the series,
Advances in Supramolecular Chemistry, edited by G. W. Gokel.®

In this volume we have collected 10 review chapters from distinguished
scientists who have contributed extensively to the study and development of
supramolecular assemblies that contain metals and metal-like elements with
unusual structures and morphologies and possess potentially useful (and
applicable) physical and biological properties. The first chapter by K. Ariga
et al. is a general discussion of supramolecular structures that contain inorganic
building blocks for hybrid lipid thin films, layer-by-layer assemblies, structure
transcription, and functional mesoporous hybrids. This is followed by two
chapters, the first by M. L. Kistler et al., who describe the self-assembly of
hydrophilic polyoxometalate (POM) macro-anions and examine the structure
and behavior of POM macro-ions in solution. This is followed by a chapter by
S. K. Das, who provides an overview of the supramolecular features of POM-
supported transition metal complexes, POM-crown ether complexes with
supramolecular cations, and supramolecular water clusters associated with
POMs.

Chapter 4, by G. K. H. Shimizu et al., discusses work using metal-
containing sulfonates and phosphonates as building blocks (linkers) to supra-
molecular networks. They describe the disruption of layered solids to form
open-framework solids and examine the structure and dynamic behavior of
these porous materials.

In Chapter 5, M. Majumdar and J. K. Bera describe the properties of and
synthetic protocols for preparing extended linear metal (Cr, Co, Ni and Cu)
chain compounds that contain at least three metal ions and are supported by
ligand systems. In addition, they describe bent Pd chains that are sandwiched
between unsaturated hydrocarbons and unsupported linear metal chain
compounds.

In Chapter 6, B. M. Rombo ¢t al. delve into the formation of boronate-
linked supramolecular architectures based on boronate ester formation—for
example, small molecule diesters form supramolecular self-assemblies in the
solid state based on a phenyl-boron-phenyl sandwich motif in which these small
oligomers link together to generate macrocycles and other polymers. The
polymeric macrocyclics and linear structures demonstrate self-repair capabil-
ities and constitute a new class of wide band-gap semiconducting materials.
Through the incorporation of polyvalent boronates, covalent organic frame-
works are described, which create highly crystalline, porous network materials.

In Chapter 7, S. M. Arachchige and K. J. Brewer concentrate on the
coupling of light-absorbing metal centers to reactive Rh(III), Pt(IT), and Pd(II)
centers. This chapter highlights the recent progress and basic methods used to
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study such reactive metal-containing assemblies. The authors examine different
structural motifs and their chemical and photo-physical properties, which give
rise to the coupling of ruthenium and osmium light absorbers because recent
findings indicate their promise in solar energy conversion, emission-based
sensing, spectroscopic probes of biomolecules, DNA modification, DNA
photo-cleavage agents, anticancer drug development, and photodynamic
therapy.

In Chapter 8, R. Martinez-Mafez et al. discuss the use of supramolecular
and hybrid organic—inorganic systems in the development of novel sensing and
signaling concepts through a shift or intensity change in color, fluorescence, or
redox wave. The chapter highlights the general concept of supramolecular
signaling as applied to the development of chromo-fluorogenic chemosensors
and focuses attention on new functional sensing concepts that have an
improved level of performance with special attention to hybrid systems that
show synergic functional effects that are not found in molecular-based systems
or with unmodified nanoscopic solids.

O. Castillo et al. in Chapter 9 provide an overview of various aspects of
molecular recognition that takes place between nucleobases and artificial
receptors. The authors focus attention on metal-oxalato frameworks that are
involved in the molecular recognition process. These metal-oxalato fragments
present great efficiency by acting as receptors of neutral and cationic nucleo-
bases and even supramolecular nucleobase aggreates; where anchoring to these
receptors takes place by coordinative bonding to the metal centers through
endocyclic nitrogen atoms or by means of hydrogen bonding interactions
between the organic bases and the inorganic fragments.

Finally, in Chapter 10, M. Andruh and C. Ruiz-Pérez discuss synthetic
approaches to the crystal engineering of coordination polymers. They address
important questions concerning architecture and packing arrangements; i.e.,
cavities or channels, because such empty spaces may be filled by host anions,
solvent molecules, uncoordinated ligand molecules—and interpenetration in
which voids associated with one framework are occupied by one or more
independent frameworks.

Thus, Volume 9 covers a wide array of subjects in the titled area. The
discussions along with the plethora of references in each chapter should enable
the reader to obtain a basic understanding of this frontier area of research.
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Series Preface

Most traditional macromolecules are composed of less than 10 elements
(mainly C, H, N, O, S, P, Cl, F), whereas metal and semi-metal-containing
polymers allow properties that can be gained through the inclusion of nearly
100 additional elements. Macromolecules containing metal and metal-like
elements are widespread in nature with metalloenzymes supplying a number
of essential physiological functions including respiration, photosynthesis,
energy transfer, and metal ion storage.

Polysiloxanes (silicones) are one of the most studied classes of polymers.
They exhibit a variety of useful properties not common to non-metal-contain-
ing macromolecules. They are characterized by combinations of chemical,
mechanical, electrical, and other properties that, when taken together, are not
found in any other commercially available class of materials. The initial
footprints on the moon were made by polysiloxanes. Polysiloxanes are
currently sold as high-performance caulks, lubricants, antifoaming agents,
window gaskets, O-rings, contact lens, and numerous and variable human
biological implants and prosthetics, to mention just a few of their applications.

The variety of macromolecules containing metal and metal-like elements
is extremely large, not only because of the large number of metallic and
metalloid elements, but also because of the diversity of available oxidation
states, the use of combinations of different metals, the ability to include a
plethora of organic moieties, and so on. The appearance of new macromole-
cules containing metal and metal-like elements has been enormous since the
early 1950s, with the number increasing explosively since the early 1990s. These
new macromolecules represent marriages among many disciplines, including
chemistry, biochemistry, materials science, engineering, biomedical science, and
physics. These materials also form bridges between ceramics, organic, inor-
ganic, natural and synthetic, alloys, and metallic materials. As a result, new
materials with specially designated properties have been made as composites,
single- and multiple-site catalysts, biologically active/inert materials, smart
materials, nanomaterials, and materials with superior conducting, nonlinear
optical, tensile strength, flame retardant, chemical inertness, superior solvent
resistance, thermal stability, solvent resistant, and other properties.

There also exist a variety of syntheses, stabilities, and characteristics, which
are unique to each particular material. Further, macromolecules containing
metal and metal-like elements can be produced in a variety of geometries,
including linear, two-dimensional, three-dimensional, dendritic, and star arrays.

Xxi



xxii  Series Preface

In this book series, macromolecules containing metal and metal-like
elements will be defined as large structures where the metal and metalloid atoms
are (largely) covalently bonded into the macromolecular network within or
pendant to the polymer backbone. This includes various coordination polymers
where combinations of ionic, sigma-, and pi-bonding interactions are present.
Organometallic macromolecules are materials that contain both organic and
metal components. For the purposes of this series, we will define metal-like
elements to include both the metalloids as well as materials that are metal-like
in at least one important physical characteristic such as electrical conductance.
Thus the term includes macromolecules containing boron, silicon, germanium,
arsenic, and antimony as well as materials such as poly(sulfur nitride),
conducting carbon nanotubes, polyphosphazenes, and polyacetylenes.

The metal and metalloid-containing macromolecules that are covered in
this series will be essential materials for the twenty-first century. The first
volume is an overview of the discovery and development of these substances.
Succeeding volumes will focus on thematic reviews of areas included within the
scope of metallic and metalloid-containing macromolecules.

Alaa S. Abd-El-Aziz
Charles E. Carraher Jr.
Charles U. Pittman Jr.

Martel Zeldin
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2 Supramolecular Structures and Functions with Inorganic Building Blocks

I. INTRODUCTION

Fabrication of nanometer-scale structures for ultra-small devices has been
paid a great deal of attention because small machines could provide many
societal benefits, such as optimization of energy consumption and waste
discharge. Several excellent top-down approaches, including photolithography
and electron-beam lithography, have been so far used to provide fine micro-
structures. However, these methods have several drawbacks, including size
limitation and the paucity of applicable materials. Therefore, an alternate means,
known as the bottom-up approach, has been recently intensively investigated.
Methods of bottom-up fabrication rely on molecular self-assembly in supramo-
lecular processes. Supramolecular chemistry, which was originally a branch of
fundamental science, has now become an important concept in nanotechnology.

Most of the well-known or well-investigated supramolecular objects are
assembled from organic molecules. The class of organic molecules possesses huge
structural diversity and thus can exhibit many interesting chemical, physical, and
biological functions. Probably the main drawback presented by organic species is
their relative physical instability under the harsh conditions currently required for
precise fabrication. This is in contrast to the high mechanical strengths and stabili-
ties of most inorganic substances, which make them suitable for material applica-
tions. Unfortunately, inorganic materials have not been well investigated in terms
of their potential in supramolecular chemistry. A combination of the two worlds of
organic supramolecular chemistry and inorganic materials science should create
useful nano-structured materials concurrently possessing various functionality,
fine structural precision, and high mechanical stability. Supramolecular nano-
fabrication with inorganic building blocks, including organic-inorganic
nano-hybrids and structure-transcribed materials, could be one of the most
powerful methodologies for satisfying the current demands of nanotechnology.

As has been widely reported, metal-organic complexes, including metal-
organic framework materials, are representative examples of supermolecules
containing inorganic building blocks."? Because this subject has been exten-
sively discussed in many forms, we here concentrate on supramolecular objects
consisting of inorganic building blocks that are based on soft supramolecular
assemblies. In this chapter, various recent topics in hybrid lipid thin films,
layer-by-layer assemblies, structure transcription, and functional mesoporous
hybrids are described (Fig. 1). Of course, not all of the recent work can be
introduced here but the reader should be able to sense the essential recent
trends in the corresponding fields from those examples that have been selected.

II. HYBRID LIPID THIN FILMS

Lipid thin films have been used in many applications, such as permea-
tion control, drug delivery, and other medical applications because of their
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FIGURE 1. Supramolecular objects consist of inorganic building blocks mainly based

on soft supramolecular assemblies. (a) Hybrid lipid thin films. (b) Layer-by-layer
assemblies. (¢) Structure transcription. (d) Functional mesoporous hybrid.

biocompatibility and ease of control under physicochemical conditions. How-
ever, a limited mechanical strength is sometimes apparent so that the hybrids of
lipid thin films and strong inorganic frameworks are anticipated. In this section,
several examples of lipid-inorganic hybrid thin films are described.

As stable lipid monolayer structures, self-assembled monolayers (SAMs)
have been used widely where covalent bonding between the monolayer and
the substrate afford a satisfactory mechanical strength. Typically, organosi-
lane compounds such as n-octadecyltrichlorosilane (OTS) have been used for the
preparation of SAM structures through the formation of covalent Si—O—Si
linkages between hydrolyzed silane moieties and solid surfaces, such as glass
plates or metal oxide layers. For example, Okahata and co-workers prepared a
SAM of dialkylorganosilane on a porous glass plate, and successfully regulated
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FIGURE 2. Technique for use of organosilane compounds.

material permeation through the glass.> The SAM structures developed deeply
within the pores, where permeation of molecules dissolved in water could be
regulated by variation of the physical state of the SAM structure.

The same research group developed a more sophisticated technique to
realize the first example of permeation control through a single monolayer.**
To immobilize a single monolayer on a porous glass surface, the SAM concept
and the Langmuir-Blodgett (LB) technique were combined (Fig. 2). An organo-
silane monolayer was first prepared and polymerized on an air—water interface
and was then transferred for immobilization on a solid substrate. The surface
pressure-molecular area (n-A) isotherm of dialkylalkoxysilane depended signifi-
cantly on the pH condition of the water subphase. Condensation at acidic pH 2
induced the formation of a well-condensed monolayer with a limiting area of
0.54 nm?, which is rather close to the corresponding values from the conven-
tional monolayers of dialkyl compounds such as phospholipids. The LB films
that were prepared under acidic conditions showed peaks in the infrared spectra
at 1026 and 1095 cm ™', which are assignable to Si—O—Si and indicate the pre-
sence of an acid catalyst in the subphase, enabling the monolayer to polymerize.

For permeation control experiments, the polymerized monolayer was
transferred onto a porous glass with 5-nm-diameter pores. From the unit area
and degree of polymerization, the area occupied by a single polymer molecule
was estimated to be ~ 150 nm?, which is apparently larger than the pore area of
the 5-nm glass (20 nm?). The transferred monolayer was covalently immobilized
on the porous glass plate by heat treatment. As illustrated in Figure 3, the glass
plate with the immobilized monolayer was attached to the bottom of a poly-
ethylene tube and soaked in a 1-cm quartz cell. Permeation of a water-soluble
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FIGURE 3. Permeation of water-soluble fluorescent probe through a glass plate with
the immobilized monolayer.

fluorescent probe was estimated by the increase in fluorescence intensity of the
lower solution. It is interesting that permeation through the monolayer exhibited
a discontinuity at around 45°C (Fig. 3), which is very close to the phase
transition temperature (crystal state to liquid crystalline state) of the polymerized
monolayer. This was the first example of permeation control using a 2-nm-thick
monolayer, and so far, it is the thinnest lipid film that operates as a permeation
valve. This demonstration of control of organic thin film permeation became
possible only through hybridization of the fragile monolayer with the mechani-
cally stable inorganic substrate.

Permeation control through monolayer structures has also been demon-
strated using electrochemical means (Fig. 4). The same research group similarly
immobilized monolayers of dialkyl organosilane compounds on SnO, electro-
des by forming covalent linkages; permeability of an electrochemically active
probe (Fe(CN)s*~/Fe(CN)s®") through the monolayer was monitored.® This
monolayer-hybridized electrode suppressed dramatically the redox response of
the Fe probe and was hardly affected by repeated measurements. In sharp
contrast, the electrode covered noncovalently with monolayers of conventional
fatty acids could not continuously block permeation of the probe molecule.
Permeation profiles of Fe(CN)¢*~ /Fe(CN)¢>~ probe were evaluated at different
temperatures, indicating that the redox response of the probe increased
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FIGURE 4. Electrochemical investigation of permeation control through monolayer
structure.

drastically near the phase transition temperature. Maximum permeability to the
probe molecule near the phase transition temperature was probably due to alkyl
chain disorder during a period of unstable coexistence of crystalline and liquid
crystalline states of the monolayer phase. It is interesting that the addition of
alcohol molecules to the solution blocks the permeation of probe molecules,
with a significant dependence on the identity of the added alcohol. It is likely
that the alcohol molecules fill the pinholes formed on the monolayer and shape
discrimination occurs upon alcohol insertion into the monolayer.

The concept of the hybrid electrode was extended to a vitamin-immobilized
system by Hisaeda and co-workers (Fig. 5), in which heptapropyl and heptaoctyl
esters of vitamin B, derivatives with a Co(II) or Co(III) center were used.’
Investigation of m-A isotherms of these compounds with the alkoxysilane
monolayers suggested that stable accommodation of the vitamin B;, function-
ality in the lipid monolayer can be achieved by the introduction of long chains at
the vitamin B;, core. The mixed monolayers of the long chain—substituted
vitamin B, and organosilane amphiphile were transferred as an x-type LB film
onto a quartz plate and showed reasonable UV absorbance. Monolayers
similarly immobilized on an indium-tin-oxide (ITO) electrode possessed a
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Co(I1)/Co(I) redox couple. This indicates that the modified electrode can be used
as a reactive electrode with a vitamin B;, function. To demonstrate this
possibility, the vitamin B, derivative was hybridized into thicker films, obtained
by the sol-gel process.® The modified electrode complex exhibited the Co(II)/
Co(I) redox couple, and the controlled-potential electrolysis of benzyl bromide in
aqueous solution containing 0.1M KCI afforded dehalogenated products,
bibenzyl and toluene, with a total turnover number of > 1000 for 1 h.

The form of silica-based hybrid lipid assemblies is not limited to planar
thin films. Katagiri co-workers have developed the silica-based hybrid vesicle,
cerasome (Fig. 6),>' which is quite distinct from the above-mentioned
approaches. The unusual term cerasome originates from ““ceramics + soma”
by analogy with liposome (“lipo + soma’). The cerasome was prepared by
vortex mixing of aqueous dispersions of a silane-bearing amphiphile (Si-lipid 1
or Si-lipid 2; Fig. 6). Formation of a silica network at the polar head group upon
sol-gel reaction together with spontaneous formation of a bilayer structure
resulted in cell-like vesicle structures containing a silica network at the outer and
inner surfaces. Transmission electron microscopy (TEM) confirmed the forma-
tion of multilamellar vesicles (Fig. 7) with a diameter ~ 200 nm. Aggregated
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FIGURE 6. Silica-based hybrid vesicle, cerasome.

vesicle structures were often observed without structural collapse (Fig. 7b),
suggesting the superior structural stability of cerasome due to the inorganic
framework structure formed at the surface.

III. LAYER-BY-LAYER ASSEMBLIES

To obtain structure-controlled nano-hybrids, preparation of layered
structures in designed sequences is one of the most practical solutions. Among
several methods for the preparation of layered structures, alternate layer-by-
layer (LbL) assembly,'''® which has been rapidly developed, is suitable for
inclusion of a variety of organic and inorganic substances. The LbL assembly
was first realized and established by Decher and co-workers'* some time after a
suggestive report by Iler.'> An outline of this technique is shown in Figure 8,
illustrating that the LbL assembly is conducted mainly through electrostatic
interaction. Excess adsorption of the substances to an oppositely charged
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surface leads to charge neutralization and resaturation and results in charge
reversal. Therefore, continuous assembly between oppositely charged materials
can be conducted continuously with great freedom in the number of layers and
layering sequence. The variability in applicable materials is another of the most
pronounced advantages of this method. Applicable materials are not limited to
conventional polyelectrolytes so that not only biochemical materials (including



10 Supramolecular Structures and Functions with Inorganic Building Blocks

proteins, DNA strands, and virus particles) but also charged inorganic
substances (such as colloidal nanoparticles, clay, nanosheets, modified zeolite
crystals, two-dimensional perovskite, and polyoxometalates) have been
included. Furthermore, charged supramolecular assemblies, such as bolaam-
phiphile monolayers, lipid bilayers, LB films, and stacked dye molecules, have
also been used in layer-by-layer approaches. Assemblies with other interactions
such as hydrogen bonding, metal coordination, and charge transfer interactions
have also been demonstrated.

Typical examples of LbL films containing inorganic building blocks are
given in Figure 9. The figure shows responses of a quartz crystal microbalance
(QCM) on the assembling processes of three sizes of SiO, particles (25, 45, and
78 nm in diameter), where larger and smaller steps correspond to the adsorp-
tion of SiO, particles and poly(diallyldimethylammonium chloride) (PDDA),
respectively.'®!” Stepwise regular increases in the film mass were observed for
all kinds of SiO, particles. Figure 10 displays scanning electron microscopy
(SEM) images of the SiO,-PDDA LbL film. The SiO, particles are closely
packed in the layer, but there is no long-range ordering.

This technique can be applied to LbL assembly of cerasomes because, like
silicas, they possess surface charge. Initial attempts entailed LbL assembly
between cationic polyelectrolyte and anionic cerasomes with monitoring by
using QCM, and where reasonable frequency shifts in the QCM response
were observed.'® Morphology of the assembled structure was also confirmed
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FIGURE 9. QCM responses of the assembling processes of SiO, particles with
polyelectrolytes. line a, a 25-nm SiO, particle; line b, a 45-nm SiO, particle; and line
¢, a 78-nm SiO, particle.
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FIGURE 10. A SEM image of the SiO,-PDDA LbL film. (Reprinted with permission
from ref. 17.)
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FIGURE 11. LbL assembly between cationic and anionic cerasomes.

by atomic force microscopy (AFM). Appropriate design of the silane-bearing
amphiphiles, for example Si-lipid 1 and Si-lipid 2, led to the successful prepara-
tion of both cationic and anionic cerasomes, which enabled direct assembly
of cerasome particles, thereby avoiding use of interlayer polyelectrolytes
(Fig. 11)." Formation of a smaller size of cationic cerasomes (20-100 nm)
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and a larger size of anionic cerasomes (70-300 nm) was confirmed by TEM
observation. Detailed QCM observation revealed large steps and small steps in
frequency change corresponding to adsorption of the anionic and the cationic
cerasome, respectively. AFM observations of the surface of the assembled
structures indicated close packing of the cerasome particles like a stone
pavement, where the difference in the particle size for each layer clearly
confirmed successful preparation of layered structures of the cationic and
anionic cerasomes. The structures presented can be regarded as novel types of
artificial multicellular systems for use as bioreactors or biosensors. Further
functionalization of the cerasome surface could be used for immobilization of
various biomolecules, such as enzymes and antibodies, to create novel bioor-
ganic—inorganic nanohybrids.

Appropriate selection of solid supports for the LbL assembly enables us
to prepare free-standing films through selective etching of the solid support
(sacrificial layer) (Fig. 12). For example, Mamedov and Kotov demonstrated
preparation of free-standing LbL films through assembling films on a cellulose
acetate layer that was selectively dissolved later.”® Tsukruk and co-workers
used a similar strategy for fabrication of freely suspended, multilayered
nanocomposite membranes containing gold nanoparticles.?' >* The films that
were obtained possessed very stable micromechanical characteristics and a
sensitivity far surpassing any existing pressure sensors. Preparation of free-
standing films of poly(ethylene oxide) (PEO) and poly(acrylic acid) (PAA),
which interact with each other through hydrogen bonding, was realized by
Hammond and co-workers.”> In the films obtained, crystallization of PEO

Dissolution of
sacrificial layer

FIGURE 12. Preparation of free-standing LbL films.
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moieties was suppressed and exhibited properties advantageous for use as
ultrathin hydrogel membranes and solid-state polymer electrolytes.

The LbL technique is even useful for more advanced microfabrication.
An excellent example was report by Lvov and co-workers®® and is summarized
in Figure 13, which illustrates the preparation of an LbL self-assembled ultra-
thin micro-cantilever consisting of clay/polymer nanocomposites. The research-
ers used sequenced procedures, including patterning, photo-treatment, etching,
and LbL assembly. The same research group also proposed a microfluidic
approach for the complex formation of polyelectrolytes and polyelectrolyte/
protein microstrips on a glass surface.?” These studies are excellent examples of
research into the development of organic—inorganic nanohybrids.

Use of the LbL technique is not restricted to the preparation of planar
thin films. One of the most outstanding strategy modifications of the LbL
technique involves assembly on colloidal particles followed by hollow capsule
formation. For example, Caruso and co-workers reported the formation of
hollow silica vesicles through LbL assembly on colloidal nanoparticle templates
(Fig. 14).%® Polyelectrolytes and smaller silica particles were initially formed on
a larger colloidal core, which was subsequently selectively destroyed. Calcina-
tion of the hybrid vesicles resulted in a hollow vesicle composed of silica.
Formation of controlled organic-inorganic layer structures on colloidal parti-
cles by LbL assembly also provides media appropriate for investigation of
fundamental phenomena.

Decher and co-workers exploited the superiority of LbL assembly for
structural design and synthesis to understand energy transfer processes
(Fig. 15).*° They prepared LbL films on gold colloids with a diameter of
13 nm to fabricate metal-core polymer shell capsules, in which the fluorescent
organic dyes fluorescein isothiocyanate (FITC) and lissamine rhodamine B
(LISS) are placed at various distances from the gold core. The gold nanocore
quenches the fluorescence of the fluorescein and lissamine dyes situated in the
outer polymer layers of the core-shell nanoparticles. Systematic investigation
with control of the distance between dye and metal core provides a direct
method to assess the effect of the metal core on the radiative rates, which
revealed strongly distance-dependent fluorescence quenching and reduction in
the transition probability for radiative transitions by gold nanoparticles.

IV. STRUCTURE TRANSCRIPTION

Supramolecular structures self-assembled from organic molecules often
provide finely tuned structures. Transcription of these structures into mechani-
cally stable inorganic substances should be a productive approach for the
preparation of novel functional materials. This concept is sometimes known as
structure transcription. Transcription of fibrous and tubular structures of
organic gels into inorganic substances have has been extensively reported by
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FIGURE 13. Fabrication of LbL self-assembled ultra-thin microcantilever consisting
of clay/polymer nanocomposites.
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groups lead by Shinkai, Shimizu, and Hanabusa.***? For example, the
compound shown in Figure 16 forms tubular structures in appropriate media,
which can be transcribed as double-walled silica nanotubes through the sol-gel
condensation of the co-reactant tetraethyl orthosilicate, followed by calcination
treatment.*® Shimizu and co-workers reported metal nanowire formation, by
which a synthetic glycolipid N-(11-cis-octadecennoyl)-p-p-glucopyranosylamine
was employed for the fabrication of organic tubular structures with a circular
hollow cylinder 30-50 nm wide.** Gold or silver nanoparticles were first
encapsulated in the hollow cylinders of lipid nanotubes using capillary force,
followed by removal of the organic components by firing the nanocomposite,
which result in gold nanowires with controlled width.

Yamashita demonstrated the use of a biomolecular array for structure
transcription (Fig. 17).** A Langmuir monolayer of ferritin, which is composed
of 24 self-assembled peptide subunits and is capable of including iron oxide,
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a )

LbL assembly

FIGURE 15. LbL films on a gold colloid in which the fluorescent organic dyes
fluorescein isothiocyanate (FITC) and lissamine rhodamine B (LISS) are placed at
various distances from the gold core.

was first transferred onto a hydrophobized silicon substrate to form a two-
dimensional hexagonal array of ferritin. Destruction of organic components by
UV/ozone treatment and heat treatment under hydrogen flow left iron particles
with diameters < 6 nm in a hexagonal arrangement. Supramolecular arrays
prepared from inorganic substances can be used for device preparation.
Immobilization of such arrayed structures, for instance as the gate part of a
transistor, could lead to the preparation of a floating quantum dot gate transis-
tor for multilevel logic gates capable of room temperature operation.

Apart from the previously mentioned approaches, regular inorganic
structures such as porous alumina can be also used as templates for
preparation of fine bioorganic structures. As depicted in Figure 18, LbL
assembly of organic components such as polymers, lipids, and proteins within
inorganic pores followed by selective removal of the inorganic components
results in the formation of self-standing tubular structures. Li et al. applied
this concept to the fabrication of microtubes from biocomponents such as
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FIGURE 16. Preparation of a double-walled silica nanotube through the sol-gel
reaction using an organic tube as a template.

proteins and phospholipids.*® For example, the surface charge of human
serum albumin (HSA) can be modified by variation of pH to be either more
positive or more negative so that pure protein tubes can be prepared by the
LbL assembly of HSA under controlled pH conditions. These synthetic HSA
microtubes have smooth and clean surfaces with a wall thickness of ~ 30 nm.
The length of the tubes is ~ 60 pm, and they possess a flexibility that is
tolerant to free bending.

One of the most popular and influential examples of structure transcrip-
tion is given by the preparation of mesoporous materials. Mesoporous materials
with regular geometries have recently gained much attention because of their
great potential for practical uses such as catalysis, adsorption, separation,
sensing, medical usages, environmental applications, and nanotechnology.?”**
Mesoporous silica, which is the most representative mesoporous structure, is
synthesized by structure transcription using micelle supramolecular assemblies
(Fig. 19a). In 1990, Kuroda and co-workers first reported the preparation of
mesoporous silica of uniform pore size distribution from the layered polysilicate
kanemite (FSM-16; folded sheet materials).**** A significant breakthrough in
mesoporous materials research came when Mobil scientists disclosed the M41S
family of materials, which have large uniform pore structures; high specific
surface areas; and specific pore volumes, including hexagonal-MCM-41,4!42
cubic-MCM-48.** and lamellar-MCM-50.* These pioneering discoveries were
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FIGURE 17. Preparation of iron particles arrays from a Langmuir monolayer of ferritin.
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FIGURE 18. Fabrication of microtubes from biocomponents using inorganic pore
structures.

followed by various other kinds of mesoporous materials—for example, hex-
agonal mesoporous silica (HMS) prepared using neutral amine as the template®
and MSU-1 (Michigan State University) using polyethylene oxide as a struc-
ture directing agent.*® The widely used, highly ordered, large pore mesoporous
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FIGURE 19. (a) General concept for synthesis of mesoporous silica. (b) Formation of
mesoporous silica materials with a chiral morphological aspect.

silica-15, SBA-15 (Santa Barbara amorphous), with thicker pore walls and two-
dimensional hexagonal structure, was prepared using an amphiphilic triblock
copolymer of poly(ethylene oxide) and poly(propylene oxide), P123 (Pluronic)
as the structure: directing reagent in a highly acidic media.*”** Mesocellular
form (MCF) materials can be prepared by using triblock copolymer stabilized
oil in water, giving aerogel-like structures, which offer potential as catalyst
supports and separation media.*” One recent and unique example introduced
chirality as an important morphological aspect of mesoporous materials by
using a chiral surfactant template (Fig. 19b).>°A novel synthetic N-acetyl-type
alanine-based surfactant was used as the structure-directing reagent, resulting in
mesoporous silica materials with regularly twisted rod-like structures of
diameter 130-180 nm and length 1-6 mm. In the structure obtained, hexagon-
ally aligned mesoscopic channels of diameter 2.2 nm were wound together in one
particular direction.

Several other synthetic strategies have been used for the preparation
of mesoporous materials with various components. In particular, production of
carbon materials containing regular mesopores was begun in the late 1990s
through a carbonization procedure using mesoporous silica as a regularly
structured template followed by removal of the template silica (Fig. 20).
Mesoporous carbon structures were first reported by Ryoo using sucrose as a
carbon source and mesoporous silicates, such as MCM-48, SBA-1, and SBA-15,
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FIGURE 20. Syntheses of mesoporous carbon, mesoporous carbon nitride, mesopor-
ous boron nitride, and mesoporous boron carbon nitride.

as template. These materials are now known as CMK-x.’'"> Hyeon et al.
independently and somewhat later reported a similar approach to well-ordered
mesoporous carbon materials with a different designation, SNU-x.”* More
recently, Vinu and co-workers™ applied this concept to the synthesis of
mesoporous carbon nitride for which combined carbon and nitrogen sources
were used (Fig. 20). They also pioneered a third method for the synthesis of
mesoporous materials, which they call the “elemental substitution method.”>’
In this method, component elements are substituted by other elements with the
retention of the mesoporous structure. For example, they successfully realized
the first synthesis of mesoporous boron nitride and mesoporous boron carbon
nitride (Fig. 20).%¢

V. FUNCTIONAL MESOPOROUS HYBRIDS

The pore sizes of mesoporous materials are compatible with those of
complex organic molecules and biological materials. Therefore, supramolecular
nanofabrication based on mesoporous materials, such as functionalization at
the interiors of mesopores, could be one of the best methods for the creation of
functional materials using media for supramolecular interactions within a well-
defined geometry.

To modify the mesoporous materials with organic functional groups,
the two major methods of co-condensation and grafting are usually used.’”->®
In the co-condensation method, a silica source containing an organic functional
group is mixed with a conventional silica source, such as tetraethyl orthosilicate,
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FIGURE 21. Modification of mesoporous silica by (a) co-condensation and (b) grafting.

during mesoporous silica synthesis (Fig. 21a). This method provides a homo-
geneous distribution of organic functional groups within mesopores. Modification
of presynthesized mesoporous silica can be achieved by grafting and is also known
as postsynthesis modification (Fig. 21b). Organic functional groups can be
introduced by direct reaction of organosilanes at the silica surface, and different
functionalities can be then attached to the already introduced groups through
covalent bonding and/or molecular recognition. Similarly, the preintroduced
functionalities are often converted to other groups by chemical reaction. Such
functionalization of mesoporous silica has been used in the development of
various functional materials. One example is shown in Figure 22, in which photo-
controlled regulation of drug storage and release from mesoporous silica was
achieved in the pioneering work by Fujiwara et al.”> They prepared MCM-41
mesoporous silica, which was functionalized with photoactive coumarin that was
grafted only at the pore outlet. Cholestane (guest drug) was incorporated into the
mesopores of silica upon exposure to the guest solution. Irradiation by UV light
(> 310 nm) caused dimerization of coumarin for trapping of the guest cholestane
in the stable form and blocked the leaching of the guest from the mesopores.
The dimerized coumarin was cleaved upon irradiation at a different UV
wavelength (—250 nm) and resulted in the release of the trapped cholestane.
Ariga and co-workers proposed the synthesis of a mesoporous silica
structure possessing amino acid residues densely packed in its pores using a
carefully designed surfactant (Fig. 23).%° During the synthesis of the mesoporous
structure, an amphiphile containing a condensable alkoxysilane group was used
as a template and sol-gel reactions together with tetraethyl orthosilicate resul-
ted in mesoporous silica whose channels are filled with the covalently attached
organic groups (alanine residue) of the template. Cleavage and removal of the
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FIGURE 22. Photo-controlled regulation of drug storage and release from mesoporous
silica.

alkyl tail by selective hydrolysis of the ester at the C-terminal leaves open pores
with a surface covalently functionalized by the alanine residue. In this process,
the template behaves like a “lizard” because it could be said that it bites the
silica surface with the later cleavage of its tail, which is a defensive mechanism
employed by some species of lizard. Aida and co-workers used the hybrid
structure for reactor applications and demonstrated the catalytic capability of
unhydrolyzed materials on the acetalization of ketones, such as cyclohexanone,
in ethanol under mild conditions.®’ According to their proposed mechanism,
hydrophobic and hydrophilic reactants can be incorporated simultaneously into
the amphiphilic core-shell architecture of the immobilized rod-like micelle
within silica channels and then can be activated through hydrogen-bonding
interactions with the peptidic functionalities located at the core—shell interface.
The lizard templating method is expected to be used for the fabrication of
mesoporous silica with a variety of biofunctional groups. It could provide
artificial active sites for a wide range of biological functions.

Mesoporous pores are interesting media for confinement of functional
organic molecules under restricted motion and orientation. In particular,
confinement of polymeric substances is an attractive research subject because
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FIGURE 23. Lizard templating method. (Reprinted with permission from ref. 60.)

the dimensions of many polymers far exceed the dimensions of mesopores,
especially the diameter; therefore, their motion would be highly restricted,
perhaps resulting in peculiar physicochemical properties. One example of direct
incorporation of organic polymers into mesoporous silica was reported by
Schwartz and co-workers, who incorporated a poly[phenylenevinylene] deriva-
tive from solution into a calcined mesoporous silica.®* They demonstrated that
energy migration along the incorporated polymer is slower than Forster energy
transfer between the polymer chains. Because there remains the difficulty of
diffusion of large polymer molecules into the small mesopores, introduction
of monomers and subsequent polymerization of them within the silica nano-
channels should be a more reliable method for confinement of the polymers in
the mesopores. Ozin and co-workers reported ring-opening polymerization of
[1]silaferrocenophane in MCM-41 to provide poly(ferrocenylsilanes).®® Pyro-
lysis of the composite resulted in the formation of iron nanoparticles with
superparamagnetic properties.

However, postloading methods do not always guarantee confinement of
the materials. A more efficient method for confining polymeric structures
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FIGURE 24. Polymerization of template monomers within a mesoporous silica channel.

within mesopores is the introduction of monomer moiecties to the template
structure because template surfactants are definitely located within the meso-
pore (Fig. 24). For example, Aida and Tajima used a few kinds of hexadeca-
diynyltrimethylammonium bromide as templates to synthesize mesoporous
silica containing poly(diacetylene) as micro-fibers.®* The electronic spectra of
the silica-polymer composite that were obtained were red shifted possibly due
to confinement of the poly(diacetylene) and an elongated effective conjugation
within the silica nanochannel. Lu et al. used oligo(ethyleneglycol)-functionalized
diacetylenic surfactants as structure-directing reagents for mesoporous silica films
through casting, spin-coating, or dip-coating methods.®> Aida and co-workers
developed poly(pyrrole)-containing mesoporous silica films.®® Differences were
apparent between the hexagonal and lamellar composites from their spectro-
scopic behavior. The polypyrrole chains are highly constrained and insulated
when incorporated within hexagonal nanoscopic channels and the possibility
of the polarons recombining into bipolarons is significantly suppressed. In
contrast, the two-dimensional lamellar phase affords spatial freedom for elec-
tron recombination. Similarly, Fuhrhop and co-workers reported thiophene
polymerization in mesoporous silica channels.®’

Inorganic mesoporous channels also provide a unique environment for
supramolecular assembly. Aida and co-workers reported the first example of
immobilization of one-dimensional columnar charge-transfer (CT) assemblies
in mesoporous silica films through a sol-gel reaction with CT complexes
of amphiphilic triphenylene donors and various acceptors (Fig. 25).%®
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FIGURE 25. Immobilization of one-dimensional columnar charge-transfer assemblies
within mesoporous silica channels.

The prepared films are highly transparent and their apparent color can be tuned
by varying the concentration and/or identity of the intercalating acceptor. It is
interesting that the donor/acceptor molar ratio can be adjusted over a wide
range from 1:1 to 9:1, which is advantageous for exploration of their photo-
conductive properties. The mesoporous silica wall segregates the individual CT
columns so that the composite films display neither solvatochromism nor guest
exchange activity and exhibit red-shifted absorption bands. The latter phenom-
enon may reflect a long-range structural ordering.

Ariga and co-workers developed mesoporous silica with densely packed
peptide segments that are known as proteosilica (Fig. 26).°*”® This nano-
composite material provides an asymmetric medium for photochemical reac-
tions.”! Photochromic dye molecules such as spiropyran and diarylethene can
be doped into the chiral environments of the proteosilica films, from which
asymmetric photoreaction were demonstrated. Alanylalanine-type surfactants
were used as the host peptides, and the spiropyran guest was co-doped with the
surfactant at various mixing ratios. Isomerization between the spiropyran form
and the merocyanine form can be repeated upon alternate irradiation of the
films with visible light (420 nm) and UV light (280 nm), respectively. Circular
dichroism (CD) spectra of the hybrid films containing 5 mol % of spiropyran
were measured. Only negligible CD signals originating from the guest could be
observed for the film containing the merocyanine form, implying that induced
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FIGURE 26. (a) Structure of proteosilica. (b) Photochromic reaction within the
composite.

CD of the nonchiral merocyanine was not significant, even in the chiral peptide
environment. In contrast, the film with the spiropyran form showed clear CD
activity in the region from 250 nm to 400 nm for the L-peptide host. A complete
mirror image of the CD spectrum was obtained when the p-peptide host was
used as the host surfactant, indicating that the CD signals from the guest were
driven by the chiral environment of the surrounding host. Alternate irradiation
with UV and visible light induced repeated changes in the CD spectra with a
small degradation in the intensity. The reported system could be applied for
development of nondestructive memory devices.

Another unique approach for introduction of organic functionalities into
inorganic mesoporous frameworks can be seen in the synthesis of periodic
mesoporous organosilicates (PMOs) (Fig. 27).”>7* This series of materials
possess organic functionalities within a silica framework in their mesoporous
structure and can be synthesized using organic molecules bearing multiple
alkoxysilane groups, such as bis(triethoxysilyl)ethene and bis(triethoxysilyl)-
benzene. Introduction of various organic components has been reported. One
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FIGURE 27. Periodic mesoporous organosilicates with various organic functionalities.

of the most impressive findings in PMO technology is formation of a crystalline
pore wall.”> Inagaki et al. synthesized PMO materials using benzene-bridged
organosilane, 1,4-bis(triethoxysilyl)benzene.” The powder x-ray diffraction
(XRD) patterns and a detailed TEM observation confirmed formation of a
crystal-like pore-wall structure in which hydrophilic silicate layers and hydro-
phobic benzene layers are alternately arrayed.

It is possible to immobilize large biomolecules such as proteins and DNA
strands within mesoporous materials to provide inorganic-bionanohybrids.
These materials have been investigated by several research groups. For
example, Vinu et al. undertook systematic research on protein adsorption
onto mesoporous materials including mesoporous silica and mesoporous
carbon. The results indicated that protein adsorption capability increased as
pore volume and/or pore diameter of mesopore materials increased (Fig. 28).7¢%
Of various physical parameters, the charge state of the proteins seriously
affected adsorption capacities. Proteins lose their net charge at their isoelectric
point, and at this point most of the proteins exhibit maximum adsorptions.
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FIGURE 29. (a) Synthesis of the carbon nanocage. (b) Its TEM image. (Reprinted with
permission from ref. §3.)

Also, hydrophobic mesoporous carbons often display superior adsorption
capabilities to hydrophilic mesoporous silicates.

Careful selection of the template structure can provide geometrically
engineered carbon materials. Vinu and co-workers recently reported the syn-
thesis of the novel nanocarbon, “carbon nanocages”®!*? through template
synthesis using large three-dimensional cage-type face-centered cubic mesopor-
ous silica materials (KIT-5) as inorganic templates (Fig. 29). The specific
surface area and specific pore volume of carbon nanocage greatly exceed those
reported for conventional mesoporous carbon materials. Therefore, the capa-
city for lysozyme adsorption on the carbon nanocage is much larger than that
observed with mesoporous carbon CMK-3. The carbon nanocage also exhibits
excellent capability for separation of small molecules.®® In Figure 30a, the
superior adsorption capability of the carbon nanocage in the removal of a
dyestuff (Alizarin Yellow) is demonstrated. With the application of slight
pressure, an aqueous solution was passed through a bed of the respective
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FIGURE 30. (a) Adsorption experiment of Alizarin Yellow through carbon materials:
(1) without carbon materials, (2) through activated carbon, (3) through a carbon
nanocage, (4) through CMK-3. (b) Selective separation of catechin and tannic acid upon
adsorption: (1) activated carbon, (2) with CMK-3, (3) carbon nanocage. (Reprinted with
permission from ref. 83.)

carbon material that was deposited on top of a cotton plug in a pipette. When
compared with the control test without carbon (1) the carbon nanocage
materials completely removed the dye (3), while activated carbon powder (2)
and CMK-3 (4) were not effective for removal of the dye under these
conditions. A highly selective separation of catechin and tannic acid by the
carbon nanocage material in a one-pot process was also found. Adsorption
ratios between these tea components at 1 g L™' are summarized in Figure 30b,
where complete inversion in the selectivities for catechin and tannic acid is
demonstrated in passing from activated carbon, CMK-3, to the carbon
nanocage. It is surprising that the use of a carbon nanocage as adsorbent
provided a highly selective adsorption of tannic acid (~ 95%) in a simple one-
pot process. This result could originate in the unique geometry of the carbon
nanocage materials.
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VI. FUTURE PERSPECTIVES

In this chapter, we have described various examples of recent research on
supramolecular structure and function involving inorganic building blocks.
Although these examples were limited to the four topics of hybrid lipid thin
films, layer-by-layer assemblies, structure transcription, and functional meso-
porous hybrid, a variety of possibilities in their structural designs and functions
are presented. These supramolecular structures will certainly contribute to
future nanotechnologies. However, we not only must pursue dreams for the far
future but also must demonstrate the importance of such supramolecular
systems for uses in the present. For example, the final topic of the final section,
tea-component separation by using a nanoengineered carbon nanocage, is a
good example for promoting the usefulness of supramolecular structures to
general audiences. These demonstrations are related to potential real-life
applications and are of paramount importance for public understanding and
support. Sciences and technology in these fields must function practically to
ensure improvements in our lifestyles and in our society at large.
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I. INTRODUCTION

Polyoxometalates (POMs) are a large group of inorganic metal oxide
clusters, which include some of the largest inorganic molecules known so far.
Such giant molecular clusters are formed by the connection of metal-oxygen
polyhedral building blocks via covalent bondings as illustrated in Figure 1. The
central metal atoms are usually transition metals such Mo, W, V, etc.

The discovery of various POM clusters represents tremendous and con-
tinuous efforts from synthetic inorganic chemists. Some POMs also exist in
nature. For example, Native Americans first observed the mysterious ‘“blue
water” centuries ago near present day Idaho Springs and the Valley of Ten
Thousand Smokes."* These blue waters actually contained naturally soluble
molybdenum blue, which is formed from partially oxidized molybdenite. Molyb-
denum blues represent only one example of the many types of polyoxometalate
complexes now known. Such solutions present challenges in understanding the
composition and structure of the nanoscaled polyoxometalates in solution and
have intrigued several prominent scientists.>* In 1783, Carl W. Scheele reported
a soluble molybdenum blue species. In 1826, J. J. Berzelius discovered the first
polyoxomolybdate: MosO,4. However, it took scientists almost 200 years to
finally identify the chemical compositions and molecular structures of those
species in molybdenum blue solutions, due to their high solubility in water
(difficult to crystallize) and very complex structures (difficult to resolve their
structures). They are a group of giant polyoxomolybdate molecular clusters with
beautiful geometrical structures and very high symmetry.> 2
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Molybdenum-oxide based building blocks
present e.g. in
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FIGURE 1. Metal oxide polyhedrals are the building blocks of various POMs. The
large polyoxomolybdate clusters are assembled via a limited number of building blocks’
(Reprinted with permission from ref. 13.)

Among the nanometer-scaled, anionic POM clusters are the wheel-shaped
{Mo,s4}'¢ and {Mo,76}.’ the lemon-shaped “hedgehog” {Mosss},'° and hollow
spherical “Keplerate” {Mo;s,}'" and {Mo-,Fes}'? (Fig. 2). Their detailed
chemical compositions are listed in Table 1. The spherically shaped Keplerate
POMs have icosahedral symmetry, which are composed of 12 {Mo(Mo)s}
pentagonal building blocks connected by 30 linkers. The basic assembly based
on these building blocks form the basic skeleton {Pentagon}>{Linker};, The
linkers are Fe"P(H,0)*" in {Mo-,Fes0} and {Mo,} in {Mo;3,}. The {Mo,}
fragment has been described as resembling the Buckminsterfullerene Cgp.

The giant POM clusters provide a variety of features of transferable
building blocks, versatile redox chemistry, integration of hetero-clements and
exchange ligands, tuneable charge-to-size ratio, and template functionality,
which have allowed for the synthesis of nanostructured species with well-
defined structural units from simple metal oxide building blocks.” POMs also
exhibit many unique structural, electrical, and optical properties. Also, POMs
have very interesting applications in medicine, catalysis, and nanofabrication.’

The large POMs can be synthesized by partially reducing molybdate salts
(containing Mo"") in acidic aqueous solutions. Depending on the reaction pH
and other conditions, different types of polyoxomolybdates can be obtained. For
example, {Moy3,} is synthesized by reducing an aqueous solution of ammonium
molybdate to generate pentagonal bipyramidal {MoO,} groups.!' High
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{Mo,3,} {Mo,Fey}
2.9nm 2.5 nm

FIGURE 2. Some large, hydrophilic polyoxometalate clusters. From left: {Mojs,},"!
{Mosgs},'® {Moyss},'® and {Mos,Fes}.'* Detailed molecular formulae are listed in
Table 1.

TABLE 1. Several POM Clusters

Abbreviation  Formula Reference

{Mo32}(ac) [{(M0)M05051(H20)s}12{M0,O4(CH3COOH)} 3] *~ 11

{Mos,Fes0} [Mo"!7,Fe! 350,5,(CH;COO0),,
{M0,07(H,0)}>{H2M0,05(H,0)}(H20)91] 12

{Mo7,V30} NagK 4(VO),[{(Mo")Mo"" s0,(H,0)3} 10{(Mo"")
Mo"!50,1(H0)3(S04)}2{V"'O(H,0)} 5

{(VV'0}16({KSO4}s)s] - ~ 150H,0 14
{Mo7:Crso} Nao[(H20)1> = ({Mo""7,Cr'"300,55(CH;CO0)y

(H>0)92] - 120H,0 15
{Mos4} Na;5[Mo0;540462H14(H>0)70lo.5[M015:0457H14(H20)g50.5 16
{Moy76} K 16[M01760528H16(H20)s0] 17
{Moses} Nayg[H M036801032(H20)240(SO4)4s] 10

concentrations of bidentate acetate ligand is used to stabilize {Mo,"} linker
groups to form the crystalline salt of Mojs3,. {Mo7,Fesq} is synthesized by
reacting FeCl; with {Mo3,}.'> The {Mo,} spacers of {Mo3,} are subsequently
replaced by 30 Fe™P(H,0) linkers. Both POMs show very unusual solution
behavior, which will be described in more detail. Other POM clusters are easily
synthesized by the acidification or reduction of aqueous molybdate solutions.

II. SOLUTION BEHAVIOR OF POM MACROIONS:
SOLUBLE BUT STILL AGGREGATE

The surface of the POMs clusters is considerably hydrophilic due to many
water ligands chemically attached to the central metal ions. The hydrophilic
surface, together with the negative charges on the POMs, makes the macroions
very soluble in water and other polar solvents, such as methanol, ethanol, and
acetone. The POMs can be categorized into two groups, depending on the nature
of their charges: strong electrolytes and weak electrolytes. {Mojs4}, {Mo013,}, and
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{Mogzeg} are typical strong electrolytes. These clusters carry inherent charges due to
existence of Mo" centers and the ligands incorporated in their skeleton. In crystals
and in solution, such clusters exist as macroanions, balanced by multiple small
cations such as Na™, NH, ", and H ™. Some charges are delocalized (in the case of
{Mo;s4} and {Mo3eg}), and the electrons can travel on the skeleton of the clusters.
Meanwhile, {Mo;,Fe3y} is a typical weak electrolyte, which exists as neutral
molecules in crystals but carry some charges when dissolved in water due to the
partial deprotonation of their water layers.*! In other words, {Mo,Fes,} behaves
like a type of weak acid. We will describe its solution properties later in the text.

POM macroions allow a connection between simple ions and colloidal
systems to be established. Similar to simple ions, POM macroions are highly
soluble, thermodynamically stable, and form “‘real solutions.” However POMs
macroanions are significantly larger than common simple ions, leading to a
large size disparity between cations and anions. At the same time, the sizes of
POM are close to some small colloids. Colloidal systems are insoluble,
thermodynamically unstable, and form suspensions, but POMs do not display
any of these characteristics. Instead, they form stable real solutions.

A commonly accepted fact is that soluble inorganic ions should distribute
homogeneously in dilute solutions. However this fact may not be true for POM
macroanions in polar solvents. Water-soluble POMs usually do not exist as
single ions in water or other polar solvents (Figure 3). Instead, the Tyndall
effect was observed from the solution. The Tyndall effect is the result of
scattered visible light from suspended particles of colloidal size. Thus the
Tyndall effect is not expected to appear in common solutions of homoge-
neously distributed soluble inorganic ions. Dynamic light scattering (DLS) and
scanning electron microscopy (SEM) studies® indicate that the POM macro-
ions tend to form large, spherical aggregates that display a relatively narrow
size distribution. More interesting, a large amount of solvent is found inside the
supramolecualr aggregates, and the aggregates tend to burst when exposed in

@ - (b)

FIGURE 3. SEM and TEM images obtained from POM blackberry solutions. (a) TEM
image of {Mo;s4} in aqueous solution. (Reprinted with permission from ref. 23.) (b) SEM
image of {Moj3,} in water/acetone mixture>* (Reprinted with permission from ref. 25.)
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vacuum. Such evidence indicates that the spherical aggregates might have a
hollow nature. Obviously, the large assemblies do not behave like regular
aggregates formed by less-soluble species because the latter is not stable and
tend to further aggregate and precipitate from the solution. Considering that
POMs are highly soluble, they are not expected to aggregate and precipitate.
This observation triggered us to further examine the mysterious POM
solutions.?

III. CHARACTERIZATION OF THE
SUPRAMOLECULAR STRUCTURES

Laser light scattering (LLS) techniques, including both static light scatter-
ing (SLS) and dynamic light scattering (DLS) are useful tools for obtaining
information about the POM macroionic solutions. LLS is best suited for
studying polymer and colloidal particles with sizes ranging from 1 to 1000 nm.
LLS allows for the determination of physical properties of the solute properties,
including particle molar mass, size, shape, and internal structure.

SLS measures the absolute scattered intensities of sample solutions at
different scattering angles and concentrations. Information about the particles in
solution, such as the weight-average molar mass (M,,) and the radius of gyration
(Rg), as well as the nature of interparticle interactions, can be determined by
using a Zimm plot. DLS measures the intensity-intensity correlation curve,
which can review the information regarding the diffusion of the particles in
solution. By using the Stokes-Einstein equation, the hydrodynamic radius (R},)
and the size distribution of the particles in solution can be determined with the
help of special software, such as CONTIN.**

Detailed SLS and DLS studies on the supramolecular structures in POM
solution are described by using the wheel-shaped macroion {Mo;s,}'® as an
example.”® A small amount of {Mo;s,} is dissolved in aqueous solution at pH
2.3. A CONTIN analysis of the DLS measurements shows that macroanions of
{Mo;s4} form large, monodispersed structures with an average R;, of 45 nm
(Fig. 4). At the same time, SLS measurements show that the average R, of
the supramolecular structures is 45.2 + 1.4 nm (Fig. 4). For spherical objects
(Fig. 3a), the relation of R, = R, implies that the supramolecular structure is
hollow. (For a solid sphere, R, = 0.77Ry; increasing the ratio of R,/R}, indicates
that more mass in a sphere is distributed closer to the surface.) More evidence
comes from the M, of the supramolecular structures determined by SLS, which
is ~2.54 + 0.25 x 107 g/mol, corresponding to ~ 1165 single {Mo 154} wheels
in each large sturcture. These POMs are barely enough to cover a single layer of
a 45-nm-radius sphere (and the POMs are still not touching each other).
Therefore, we can conclude that the {Mo;s4} macroions form spherical,
single-layer, vesicle-like structures.”® Figure 5 shows the structure based on
LLS and TEM.
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FIGURE 4. Typical Zimm plot based on measurements of a SLS study. Three different
solution concentrations (0.03, 0.015, 0.01 mg/mL) all at pH 2.3 are measured. The R, and
M,, can be calculated from the plot. Inset: Typical CONTIN results from a DLS study of
0.01 mg/mL aqueous POM solution at pH 2.3, scattering angle of 60°. Here R;, = 45 nm,
with a very narrow size distribution >* (Reprinted with permission from ref. 23.)

Bilayer vesicle structures are very common in surfactant solutions, driven
by the hydrophobic interaction due to the surfactant tails. Here the vesicle-like
POM supramoelcular structures are completely different from surfactant
bilayer vesicles because the POM macroions are fully hydrophilic. Further-
more, the POM macroions do not touch each other in the assemblies due to the
electrostatic repulsions. We have given the new structure the nickname black-
berry because of the similar shapes of the blackberry fruit and the self-
assembled structures formed by POM macroions.

The self-assembly of POM anions into large, single-layer, hollow,
spherical vesicles, which resemble a blackberry-type structure in very dilute
solutions is unique. Though made up of inorganic clusters, the blackberries are
very soft and even membrane-like, as broken blackberries have been observed
by TEM imaging.* There is no long-range packing of POMs on the blackberry
surface but only some short-range packing in local areas, as shown in Figure 6.

IV. CONTROLLING THE BLACKBERRY
FORMATION AND BLACKBERRY SIZE BY
CHANGING SOLVENT QUALITY

It is important to determine the driving forces responsible for the black-
berry formation in dilute solutions. Because the POMs do not have any
hydrophobic regions, hydrophobic interaction can be excluded. We first examine



42 Self-Assembly of Hydrophilic Polyoxometalate Macroanions

FIGURE 5. Spherical vesicle-like “blackberry” structure (90 nm in diameter at pH 2.3)
formed by {Mo;s4} giant-wheel POMs in aqueous solution, as determined by various
techniques. (Reprinted with permission from ref. 23.)

the possible contribution from the van der Waals forces, which are responsible
for the aggregation of colloidal particles, according to the DLVO theory.

We choose {Mo;3,} macroions for this study. Each {Mo;3,} cluster carries
42 inherent charges in crystals, balanced by 42 NH, " cations. {Mo,3,} can be
dissolved into different solvents of water, acetone, and their mixtures with
volume percentages of acetone ranging from 0 to 100% to make 1.0 mg/mL
solutions.”® It is very interesting that no blackberry formation is observed in
either pure aqueous solution or in highly acetone-rich (> 70 vol %) solutions
(Fig. 7a). In water, {Mo;3,} macroions are highly charged so that the strong
electrostatic repulsion prevents any self-association. Whereas in mixed solvents
containing > 70 vol % acetone, the {Mo3,} clusters are almost uncharged
because acetone is a solvent with much lower dielectric constant. {Mo;3,}
clusters can still be soluble in such solvents and exist as (almost) neutral
molecules. Blackberry formation is observed in the middle range, where ace-
tone accounts for 3—70 vol % of the solvent. This is unusual because when more
water is added into the mixed solvent, it will make {Mo;3,} clusters
more charged, and therefore {Mo;3,} macroions should further repel one another.
However, the blackberry formation indicates that a stronger attractive force is
generated with the process. Similarly, adding more acetone into the blackberry
solution should decrease the charge density of {Mo,3;}, and the {Mo3,} ions
should be closer each other due to the decrease of electrostatic repulsion. Instead,
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(@) (d) (e)

(b) (©)

FIGURE 6. High-resolution TEM images on a small piece of a {Mo;s4} blackberry
showing ordered local packing of {Mo,s4} macroanions on a blackberry surface. One-
dimensional packing is shown in panel d and two-dimensional packing in panel e**
(Reprinted with permission from ref. 23.)

we observe the opposite phenomenon—the blackberries will fall apart if enough
acetone is added, indicating the loss of attraction among them.

Such unusual experimental results indicate that the van der Waals forces,
which do not change with the changing solvent quality, cannot be the major
attractive forces for the blackberry formation.”>?® Instead, the presence of a
moderate amount of charge on {Mo3,} clusters is critical. Therefore, we should
seriously consider the role of counterions and their mediated attractive forces.

Furthermore, we found that the average blackberry R;, increased mono-
tonically with increasing acetone content, from ~30 nm in 5 vol % acetone
solution to ~100 nm in 70 vol % acetone solution (Fig. 7a). The size
distributions of the blackberry structures formed in different solvents are very
similar, per the CONTIN results. A linear relationship between the R, of the
blackberries and the solvent quality (as the inverse dielectric constant, 1/ ¢€) is
obtained, as shown in Figure 7b.

This linear relation indicates that the blackberry formation is a free-
energy-favored process because the blackberry size (i.e., the preferred curvature
for the blackberry surface) is determined by the solvent quality. Recently,
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FIGURE 7. (a) A typical discrete macroion-blackberry-discrete macorion/neutral
cluster transition observed in 1.0 mg/mL {Mo,3,} water—acetone solutions with different
acetone compositions. In the blackberry region, the average hydrodynamic radii (R,) of
the {Mo;3,} blackberries in water—acetone solvents measured by DLS are plotted.
Experiments were performed at a 90° scattering angle. (b) Average hydrodynamic radius
(R;) of the {Moj3,} blackberries in water—acetone solvents measured by DLS vs. the
inverse dielectric constant of the solvent, . (Reprinted with permission from ref. 25.
Copyright [2008] American Chemical Society.)

we presented an equation to describe the factors that determine blackberry
27
size:
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with Ap, u, ® being the Bjerrum length, the magnitude of the attractive force
between macroanions, and the zeta potential of the blackberries, respectively.
The parameter Ay is defined as:

&2

lp=——
B dnegepkT

(2)

with e, gy, €x, k, T being the unit charge, the permittivity of vacuum, the solvent
dielectric constant, the Boltzmann constant, and absolute temperature, respec-
tively. Obviously, a linear relationship was found between the {Mo;3,} black-
berry size and 1/eg. Basically, the blackberry size is controlled by the charge
regulation. Three parameters are important: solvent quality (in dielectric
constant), change density of POM macroions (in the zeta potential of black-
berries), and the strength of the attractive forces among POM macroions.

Blackberry structures are not easy to form due to the high energy barrier
between the two states of single macroanions and supramolecular structures.
Furthermore, it is even more difficult to break the blackberry structure.?
However, it is possible to cause the breaking or reassembly of blackberry
structures by simply changing solvent composition. Furthermore the black-
berry size can be changed by tuning the solvent quality. For example, take
{Mo13,} blackberries formed in water—acetone solvents: After adding water or
acetone to change the composition of the solvent and after mild heating at 30°C,
the blackberry size will change accordingly. The new size is consistent with the
size of blackberries formed directly in such a solvent. The reproducible formation
of the {Mo;3,} blackberry clearly indicates that the blackberry formation is a
thermodynamically favored process and that the sizes of blackberries reported in
Figure 7a are in thermodynamically stable states.

V. COUNTERION ASSOCIATION AROUND
DISCRETE POM MACROIONS

By realizing the importance of the counterions and the charge on POM
macroions for blackberry formation, we need to systematically clarify the state
of small countercations in POM solutions and their role for the blackberry
formation. It is well known in polyelectrolyte solutions, due to the large size
and high electric field of the macroions (long-chain polyelectrolytes), a large
part of the counterions remain closely associated. This “‘counterion associa-
tion” phenomenon has been observed in many systems, including DNA and
protein solutions.”>*® The counterion condensation around large colloidal
particles is very significant. The POMs are soluble ions and much smaller
than the colloids. On the other hand, these macroanions are much larger than
the small cations—that is, an obvious disparity between anions and cations
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FIGURE 8. In dilute aqueous solution, cations such as NH, " are found to be closely
associated with macroanions. The degree of association increases with increasing POM
concentration®* (Reprinted with permission from ref. 28.)

exists in POM solution. Consequently, the cation—anion interaction is more
complicated than that in simple ionic solutions, where caitons and anions can
be treated as free ions in dilute solution regime.

We used simple conductivity measurements to determine the degree of
counterion association around discrete {Moj3,} macroions in aqueous solu-
tion.”® In aqueous solution, {Mo;3,} macroions remain as discrete ions due to
the repulsive interactions among the highly charged anions.”> Each {Mo3,}
macroion is balanced by 42 NH, " cations when dissolved in water, according to
its chemical formula; in addition, {Mo,3,} also releases a small number of H™
into solution (< 0.5 per cluster). In dilute solutions, the degree of counterion
association in {Moy3,} aqueous solution is about 20%. Furthermore, the degree
of counterion association also depends on macroion concentration. At low
macroion concentrations, nearly all of the counterions are free in solution,
but at higher macroion concentrations, the degree of counterion association
increases (Fig. 8). Compared to colloidal systems, the counterion association in
POM solutions is weaker because the POMs have smaller sizes.

VI. COUNTERION CONDENSATION AROUND
BLACKBERRIES

When blackberries are formed, most of the counterions are found to be
absorbed around them. POM blackberries exist in solution as large, highly charged
species. To determine the charge carried by the macroions and the blackberries,
zeta potential analysis has been applied. Zeta potential analysis is a measurement
of the electrical potential that exists at the surface of a charged particle in solution.
To determine the charge of the POM blackberries, the ion mobility must be
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determined and can be obtained from zeta potential measurements. The ion
mobility is related to the charge on particles via the Hiickel equation:*’

U, = q/6mnr 3)

where u,, 1, ¢, and r are the absolute mobility of particles at zero buffer ionic
strength, the solvent viscosity, the charge on particles, and the particle radius,
respectively.'®!” In our current case, the solution contains no buffer ions, thus the
measured mobility is .. Our results indicate that in various blackberry solutions,
> 99% of the small countercations are closely associated with blackberries.” In
other words, the blackberries have very strong capability in attracting cations from
dilute solutions.

VII. IDENTIFICATION OF THE DRIVING
FORCES RESPONSIBLE FOR THE BLACKBERRY
FORMATION

The driving forces of the blackberry self-assembly process are unique and
differ from many types of traditional systems that have been well studied.
Unlike surfactant micelles and vesicles, hydrophobic interactions do not
contribute to the blackberry formation because the POMs have no hydro-
phobic moieties. In colloidal systems, self-assembly occurs by van der Waals
forces. As previously mentioned, van der Waals forces do not contribute
significantly to POM self-assembly.>>2°

The role of the counterions is important to the POM self-assembly process
if hydrophobic interactions and van der Waals forces do not drive the blackberry
formation. Past studies have shown that the counterions are effective in the self-
assembly process with some contribution from hydrogen bonding.>"**2® The
counterions associated with the large POM macroions are most likely shared
between neighboring macroions. In this manner, the like-charged POM macro-
ions, which are expected to repel one another, actually exist close to other POM:s.
Thus the observation is that there exists an attraction among the like-charged
POM macroions. To determine how counterions contribute to blackberry
formation, studies were performed to determine the effect of cationic valent
state and hydrated size on the blackberry formation, which is described later.'>

VIII. SOFT NATURE OF THE BLACKBERRIES—
EFFECT OF ADDITIONAL HYDROGEN BONDING

Hydrogen bonding may be important to the blackberry structure because
there is a large distance (~0.94+0.4 nm) between the neighboring POMs that
cover the surface of blackberries; the space is most likely filled with the
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FIGURE 9. TEM studies of {Mo;s4} blackberries formed in aqueous solutions. (a) A
broken blackberry flattened on a carbon support film demonstrating wrinkle feature*
(Reprinted with permission from ref. 23.)

solvent—in most cases water. The water molecules that occupy this space on
the surface may be linked together by additional hydrogen bonding.*

The contribution from the hydrogen bonds can be observed from the soft
biomembrane-like nature of blackberries. In Figure 9b, a blackberry is shown
to retain its morphology after bursting in vacuum. This behavior was also
observed using an atomic force microscope to tap the surface of a blackberry.*!
When the blackberry surface is tapped by the atomic force microscopy (AFM)
cantilever, it behaves like a soft sphere, absorbing the cantilever tip but
maintaining the spherical structure. The soft nature of blackberries is unusual
because POMs are made up of “hard” inorganic spheres.’!

IX. WEAK ELECTROLYTE TYPE POMS

The solution behavior of weak electrolyte POMs, such as {Moy,
Fesol,'2213173% is different from those strong electrolytes. As previously discussed,
{Mos,Fes3p} is neutral in crystals but behaves as a weak acid and carries 7-8
negative charges when dissolved in pure water due to partial deprotonation of the
30 Fe'"(H,0) centers.?! Consequently, the solution becomes acidic (pH ~ 3.4 for
1.0 mg/mL {Mor,Fesp}), and the {Mos,Fesq} clusters become hydrophilic macro-
anions carrying localized charges. The deprotonation scheme is show in Figure 10.
A pH-titration experiment confirms the weak acid nature of {Mo7,Feso}. Its
degree of depronotation depends on solution pH, with more H" being released
into solution at a higher pH. The moderate number of charges and the water layer
of {Mo,Fes3} make the POM clusters highly soluble in polar solvents.

At pH < 2.7 the POMs are nearly uncharged in aqueous solution. Such
neutral clusters are found to exist as soluble molecules in solution and do to
self-assemble into the blackberry structure. With increasing pH value to > 3.0,
the slightly charged {Mo,Fes,} macroions start to form blackberries; even the
electrostatic repulsion among them becomes stronger. This again confirms that
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FIGURE 10. {Mo,;Fes}: A weak acid type of 2.5-nm diameter, Cgp-shaped spherical
hydrophilic polyoxometalate molecular cluster formed by Mo-O polyhedrals (blue) and
Fe-O polyhedrals (yellow). It can partially deprotonate the water ligands attached to its
Fe centers (Reprinted with permission from ref. 21.)

Number of charges

Average R;, (nm)

FIGURE 11. For {Mo,Fe;p} macroanions in dilute aqueous solution, the degree of asso-
ciation depends on pH. At pH > 3.0, blackberries form as the {Mo,,Fe;,} are charged, and
the blackberry size decreases with increasing pH>' (Reprinted with permission from ref. 21.)

the van der Waals forces are not responsible for the blackberry formation. The
blackberry size decreases monotonically with increasing solution pH from R;, =
50 nm at pH 3.0 to R, = 17 nm at pH 6.6 (i.e., increasing charge density on
{Mo,Fes}), which is consistent with the conclusion in Eq. (1) (Fig. 11).>! At pH
> 6.6 the {Mo7,Fes3p} macroions will decompose. Also, the size of the blackberries
can be accurately and reversibly tuned by simply adjusting the solution pH.

X. EFFECT OF ADDITIONAL ELECTROLYTES

Counterion association appears to be an important aspect in blackberry
formation.?! Therefore, it is important to understand the effects of adding extra
electrolytes to POM solutions (either before or after) the blackberry formation,
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and examine how the additional salts affect the process and the structures of the
final assemblies. We use {Mo;,Fesq} clusters as an example because of their
very high stability in solution. Initially in aqueous solution {Mo7,Fesq}
macroions are balanced by protons and trace amounts of extra electrolytes
remaining from the {Mo;,Fe;o} synthesis.

The experiments were performed by adding predetermined amounts
(0-50 mM) of chloride salts (e.g., LiCl, NaCl, KCl, RbCl, CaCl,, MgCl,,
BaCl,, and NiCl,) to freshly prepared 0.5-mg/mL {Mo-,Fe;y} aqueous solu-
tions (ones where no blackberries are present).*’

This was done to determine

¢ How the salt concentration affects blackberry formation and stability.
Blackberries have a critical flocculation concentration for additional cations,
which is the minimum amount of added cations required to precipitate the
blackberries (this is a typical colloidal behavior following the DLVO
theory—that is, the added salts decrease the screening length of the black-
berries; therefore, the blackberries, precipitate due to the dominant van der
Waasl forces). Once the blackberries precipitate, ~80% of the original POM
anions present are still in solution.*! This may be partly due to the break up
of some blackberries, but also shows that the large POM anions are stable in
high salt concentrations. This may be a useful property of POMs for
applications like ion exchange and heavy-metal waste sequesterization.

o The effect of valent state of the added cations on blackberry formation and
stability and size.

o The effect of cation size (ionic radius, hydrated radius, or hydration number)
on blackberry size.

After heating several weeks at 40°C, the hydrodynamic radius (Ry,) of the
{Mo7,Fe3} blackberries was measured using DLS. For each type of added salt,
a general trend is observed: up to a specific critical salt concentration (CSC),
the blackberry size does not change significantly. Once this CSC is reached, the
blackberry size gradually increases with increasing salt concentration. The CSC
is about 100 times lower for divalent cations than for monovalent ones, due to
the much stronger interaction between divalent cations and POM anions. The
interesting observation is that the CSC for Rb™ ions occurs at an intermediate
point between that of divalent and monovalent cations, much lower than for
other monovalent cations (Fig. 12). This is likely due to the fact that the large
Rb " ions are less hydrated than the other types of monovalent cations, thus
having a more positive hydration enthalpy. This property of Rb™ ions allows
them to more effectively screen the interactions among macroions.

If the small counterions are involved in the blackberry formation process
as shared counterions between POM macroions, it is possible that the size of
the counterions would affect their capability of attracting adjacent POMs.
Because Rb ™ is less hydrated, its size is smaller than the other types of cations
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FIGURE 12. The effects of extra added electrolytes are shown on {Mo7,Fe;y} black-
berry formation. CSCs are clearly seen as the R, of the blackberries stays constant for
each salt and then gradually increases once the critical salt concentration is reached.

shown in Figure 12, although its atomic mass is the highest. Therefore, it is
easier for the Rb™ ions to function as “bridging cations” between POMs than
the more hydrated monovalent cations.

The dehydration idea is supported by the fact that a longer time period was
required for blackberries to form in solutions containing the more highly
hydrated cations like Ni*> " and Zn?*, whereas solutions containing less hydrated
cations like Ba>* and Rb™ formed aggregates almost immediately.

Another observation is that for all other cations besides Li™ and Na™,
the blackberry radius before the CSC is larger than that without additional
salts (then the only counterions are H ' cations), as shown in Figure 12. This
observation suggests that the Li™ and Na™ cannot replace the shared protons
originally existing among the POMs on the blackberry surface. However black-
berries formed in NaCl and LiCl still exhibit a CSC owing to a screening effect due
to counterion condensation from the excess salt. Likewise, when other types of
cations are introduced into blackberry solution, they will increase the blackberry
size before CSC. The possible reason is that these cations have stronger affinity
to the POMs than to protons. Therefore, they will (at least partially) replace the
protons between POMs and act as “‘bridging cations.” This stronger attractive
force between POMs will lead to larger blackberry sizes, as predicted by Eq. (1).

The effects of added salt were found to be reversible in solutions containing
monovalent cations like Na™, K™, and Rb™. Blackberry formation was allowed
to complete in solutions containing amounts of KCI that exceeded the CSC.
Then these solutions were diluted to decrease the salt concentration to a point
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below the CSC, while keeping the macroion concentration the same. This was
done by adding the appropriate amount of freshly prepared, salt-free, 0.5 mg/mL
{Moy,Fe;p} to achieve the correct dilution. When this was done, the average
blackberry size decreased according per the amount of dilution. For example, at
45 mM KCl, the average blackberry R, is ~90 nm. When the KCl concentration
was diluted from 45 to 15 mM, the sample was allowed to equilibrate for several
weeks at 40°C. After the blackberry radius stopped changing, the radius was
~33 nm, which is about the same size as a sample prepared in 15 mM KCI.
Therefore, the blackberry formation processes in the presence of additional salts
as shown in Figure 12 are all free-energy favored processes.

XI. KINETIC PROCESS OF BLACKBERRY
FORMATION

Time-resolved DLS and SLS studies can be used to study the mechanism
of the blackberry formation process.>*>* SLS measurements can monitor
the change in scattered intensity of the solutions. As shown in Figure 13, the
scattered intensity from a series of {Mos,Fesp} solutions are very low at
the beginning, showing that all the clusters exist as discrete macroions in
solution immediately after the dissolution. DLS results confirm this conclusion
by showing no mode corresponding to large R, values. The scattered intensity
increases continuously but also slowly with time at room temperature, indi-
cating the continuous formation of supramolecualr structures in solution. The
intensity increment continues for months until finally reaches equilibrium at a
quite high level. The growth of the scattered intensity becomes faster at higher
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FIGURE 13. SLS (a) and DLS (b) measurements to monitor the slow blackberry
formation in dilute aqueous solutions of {Mo;,Fe3o}. All experiments were performed at
25°C, except the filled triangles in panel a, which were carried out at 45°C. (Reprinted
with permission from ref. 33. Copyright [2008] American Chemical Society.)



Kinetic Process of Blackberry Formation 53

temperatures. The increment of the scattered intensity may arise from two
sources, based on the simplified Rayleigh-Gans-Debye equation:*

IoC-M, =C- R (4)

where I, C, M, are the scattered intensity from blackberry solution, the
blackberry concentration and mass, respectively. The M,, is proportional to
the square of R;, because the blackberries have a hollow nature. From Eq. (4), it
is clear that the intensity increment could be the result of (a) the blackberries size
increasing with time or (b) the number of blackberries in solution with time. We
can use DLS measurements (Fig. 13b) to identify which factor is more dominant.
DLS results clearly indicate that the size of blackberries does not change
significantly from day 4 to day 72. The peak due to blackberries increases
continuously with time, suggesting that more and more blackberries have been
formed. At the same time, the peak due to discrete macroions becomes smaller
and smaller, suggesting that the single macroions have been continuously
consumed for the blackberry formation. Combining the SLS and DLS results,
we can conclude that the increase in scattered intensity with time is mainly due to
the increase of the number of the blackberries. Also, once the blackberries are
formed, they will maintain a preferred size and will not grow bigger.

Such results help us to build a reasonable model to explain the kinetics of
the blackberry formation, as shown in Figure 14.°>** When the {Mo;,Fes,}
single crystals are just dissolved in water, almost all the clusters exist as discrete
macroanions. Very slowly, they will attract with each other to form blackberries.
There are two possible routes for the blackberry formation process, as shown in
Figure 14: (a) Once the blackberries start to form, they quickly reach the final
size and stop growing; meanwhile, the remaining discrete macroions will start to
form new blackberries. (b) Many small blackberries are formed simultaneously,
and they slowly and continuously grow into larger ones. The DLS studies clearly
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FIGURE 14. The mechanism of blackberry self-assembly process. The oligomer forma-
tion is the rate-limiting step (Reprinted with permission from ref. 29.)
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indicate that the first route is correct in this case because the average R, of the
blackberries does not change with time from day 4 to day 72. This also suggests
that for the blackberry formation, there exists a very high energy barrier, which is
responsible for the slow process at the beginning. Once the blackberry formation
starts, the blackberries will quickly reach the final size (free-energy favored size).

The initial stage of the blackberry formation can be monitored by the
change of the total scattered intensity from the solutions by SLS measurements.
Because the blackberry size almost does not change with time, the increment of
scattered intensity is proportional to the number of blackberries in solution.
In Figure 15, the time-resolved intensity curves roughly follow the rule for
first-order reactions and the reaction rate k can be directly determined. By
studying the temperature dependence of the blackberry formation rate, we can
estimate the energy barrier (activation energy for the blackberry formation) by
using the Arrhenius equation:>*

k= A -e EalRT (5)

where A, E,, R, and T are a preexponential factor, the activation energy, the
universal gas constant, and the temperature, respectively. The Eq. (5) can also be
written as:

Ink=-E,/RT+1In4 (6)
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FIGURE 15. Determination of the blackberry formation rate at the initial stage at
different temperatures by monitoring the change of the total scattered intensity from
SLS experiments. The curves follow the patterns for first-order reactions. The tempera-
ture dependence of the reaction rate provides the information regarding the activation
energy of the blackberry formation®* (Reprinted with permission from ref. 34.)
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Because the blackberry formation process can be monitored with the change of
scattered intensity / from SLS measurements, we can calculate the E, of this
transformation by LLS. For the {Mo;,Fes} blackberries formed in aqueous
solution, the activation energy is determined as ~ 115 kJ/ml, which is a very high
value, considering that the process is a physical process (Fig. 15). This helps
explain why the blackberry formation is so slow at room temperature. This high
energy barrier should come from the fact that the individual POM anions are
very difficult to come to each other and form oligmers at the beginning. Once the
oligmers are formed, the blackberry formation process will be accelerated
significantly.®*

XII. CATION TRANSPORT OVER THE ANIONIC
BLACKBERRY MEMBRANE

The blackberries have a negatively charged surface formed by a single
layer of macroanions. Considering that the POM anions are not touching each
other on the blackberry surface due to electrostatic repulsion, and the small
cations might stay between the POMs, it is reasonable to speculate that the
blackberry walls might be permeable to small cations. With the help of hydrogen
bonds, the blackberry walls show soft, robust and membrane features. Such
inorganic membranes are different from bilayer membranes formed by amphi-
philes because they do not have any compact, hydrophobic regions. Studying the
cation transport process across the blackberry membrane and comparing it to
corresponding processes across cell membranes would be very interesting.

We explored whether the nature of water (e.g., polarity or viscosity) inside
the blackberries is different from that in bulk solution; and whether the
conserved and soft blackberry membrane is permeable to various ions (i.e.,
achieving passive transportation) by using cation-sensitive fluorophore chlor-
otetracycline (CTC) and two anion-sensitive fluorophores, 6-methoxyquinoline
(6-MQ) and coumarin 1 (Fig. 16).*® After the fluorophores are incorporated
into {Mo,Fesq} blackberries, a wavelength blue shift in fluorescence maxima is
observed, which clearly indicates that the fluorophores have experienced a
different water environment than in bulk water. This evidence shows that the
water inside the blackberries possesses a higher viscosity than that in bulk,
possibly due to additional hydrogen bondings with the hydrophilic POMs.
Therefore, blackberry formation is a process capable of creating micrometer-
scaled water droplets with features different from the bulk.

Once the fluorophore-containing blackberries are formed, extra salts are
added into the solution. CTC can bind to Ca?" and Mg®>" with enhanced
fluorescence by forming fluorescent chelates. We observe a continuous increase
(for 12-14 h) in fluorescence quantum yield (@) of CTC over time when Ca®* or
Mg** are added (Fig. 17), followed by a blue shift (4 nm for Ca®**; 5 nm for
Mg ™). The slow increase of ®; indicates that some fluorophores cannot be
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FIGURE 16. Formation of fluorophore-containing {Mo7,Fe;¢} blackberries in solu-
tion. The additional cations, once added into solution, instantly interact with fluor-
ophores in bulk solution and on blackberry surface. They subsequently enter into
the blackberries and interact with the fluorophores inside. The anions could not cross the
membrane.?® (Reprinted with permission from ref. 36. Copyright [2008] American
Chemical Society.)
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FIGURE 17. The change in fluorescence quantum yield of coumarin 1, 6-MQ, and
CTC with addition of KBr, KCl and CaCl,, respectively. (a) Instantaneous change
occurs with the addition of salts. (b) Change in fluorescence quantum yield with time,
once the addition of salt is stopped.®® (Reprinted with permission from ref. 36.
Copyright [2008] American Chemical Society).



Macroions in Solution 57

accessed by those divalent cations when they are just introduced into the
solution, but the change of the cation environment leads to more and more
cation-fluorophore interactions. A reasonable explanation is that the Ca®* or
Mg> " ions first quickly interact with the fluorophores in bulk solution and on
the external blackberry surface, until all the initial available fluorophores are
saturated. The slow increase of @ suggests that more and more fluorophores
become accessible with those divalent cations with time, which clearly shows that
the cations move slowly across the blackberry membrane and interact with the
fluorophores present inside. Therefore, we conclude that the anionic blackberry
membrane is permeable to small cations, without the help of any specific
carriers. The curves (@ vs. time) for Ca®>" and Mg®" are almost identical,
suggesting that the cation transport across the blackberry membrane does not
show obvious dependence on cationic size at least for small ions, because the
inter-POM spacing on blackberry surface is broad enough.*®

On the contrary, the small anions, such as CI~ and Br™, cannot move
across the blackberry wall, due to the electrostatic repulsion between them and
the anionic blackberry surface (Fig. 16).3¢

XIII. MACROIONS IN SOLUTION: AN IMPORTANT
LINKAGE AMONG SIMPLE IONS, POLYMERS,
COLLOIDS, AND BIOSYSTEMS

The POM macroionic solutions are different from the traditional ionic
solutions containing small inorganic ions because the soluble ions do not
distribute homogeneously in dilute solutions. However, the POM solutions are
still free-energy favored real solutions, which distinguishes them from colloidal
suspensions.

The POMs show some similarities with long-chain polyelectrolytes,
including proteins and DNAs. Macromolecular polyelectrolytes show a much
more complex solution behavior that has not been totally understood. It is
known that the polyelectrolyte chains tend to interact strongly with each other
to form long-range ordered structures in salt-free solutions. For most of the
polyelectrolytes, the solution behavior is complicated due to variable chain
conformations and entanglements. In contrast, the inorganic macroions have
fixed size, shape, number of charges on each ion and manifold of well-defined
functionalities with options for further modifications. Therefore, they can be
treated as ideal model systems for understanding polyelectrolyte solutions.
Particularly, the self-assembly of POM macroions shows similarities to the
formation of many types of virus shells formed by the ordered assembly of
capsid proteins.*”*° With similar size and other features (e.g., charge), the con-
nection between inorganic macroionic assemblies and biosystems should be
intriguing.
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XIV. CONCLUSIONS

In summary, the recent discovery of various structurally well-defined,
nanometer-scale, hydrophilic POM species has successfully pushed the size limit
of inorganic ions into the nanometer scale. This progress provides new oppor-
tunities in different fields—for example, physical chemistry of solutions—as a new
type of self-assembly behavior is observed in such soluble macroionic solutions.
The POM macroanions show totally different solution behaviors when compared
to regular inorganic ions, owing to their size and surface charges, while even
significant differences among these giant anions occur. The POMs tend to self-
associate into uniform, single-layer, hollow, spherical blackberry structures, and
the blackberry size can be accurately tuned by solvent quality, solution pH,
and the charge density of macroions. The blackberry formation is also funda-
mentally different from the well-known self-assembly behaviors like polymers,
surfactant micelles, and colloids, because the driving forces are not due to
hydrophobic interactions or van der Waals forces. On the contrary, the counter-
ion-mediated attraction and hydrogen bonds must be important. Based on our
new discoveries, some widely accepted concepts, such as “Soluble inorganic ions
distribute homogeneously in solutions” and “Soluble ions reach equilibrium state
quickly in dilute solutions” may not always be correct when the ions are large
enough.

The macroionic solution represents a bridge connecting the traditional
areas of simple ions and colloids. Now we can address some fundamental
questions, such as What happens when soluble ions reach the nanometer scale?
by studying such novel solution systems.
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I. INTRODUCTION

The polyoxometalate (POM) is defined to a large group of generally
anionic clusters formed from early transition metals—for example, (V(V),
Nb(V), Ta(V)), Mo(VI) and W(VI)—oxo anions linked by shared oxide ions.'
Thus POMs represent a distinctive class of inorganic compounds that are so
important in terms of their electronic versatility and structural variation that
they are fascinating to many areas of science and technology, such as chemical,
materials, biological, and medical sciences and catalysis.” In the last few years,
significant attention continued to focus on POMs on account of their intriguing
architectures because POMs have successfully been employed as inorganic
building units for the aesthetic construction of supramolecular arrays.>”’ The
spherical surface of most of the POM anions gives a better opportunity of
forming hydrogen bonding interactions with the organic—inorganic moieties
because the terminal and bridging oxygen atoms of POM anions are good
hydrogen bond acceptors.® Thus O—H---O, N—H.--0O, C—H- - -0 and
O—H - - - N hydrogen bonding interactions, which can be called supramolecular
cements in terms of the crystal engineering of supramolecular assemblies,”'® are
often observed among POM anions, crystal waters, and other organic—
inorganic coordination complexes present in relevant crystalline molecular
solids.

Detailed discussions on supramolecular structures of giant polyoxometalate
clusters have been reported by Miiller and co-workers.!' !> The number of ionic
lattices formed from anionic POM clusters and organic cations—coordination
complex cations resulting in supramolecular structures is substantial and literally
more than hundreds of new compounds in this class appear annually.>'*'¢2? In
this overview, the supramolecular features of POM-based systems will be
discussed mainly under three headings: (a) supramolecular features of polyox-
ometalate supported transition metal complexes, (b) polyoxometalate-crown
ether complexes with supramolecular cations, and (c) supramolecular water
clusters associated with polyoxometalates.

II. SUPRAMOLECULAR FEATURES
OF POLYOXOMETALATE-SUPPORTED
TRANSITION-METAL COMPLEXES

An important advance in POM chemistry is POM-supported transition-
metal complexes.”> Such metal oxide-based inorganic compounds provide
functional materials with interesting optical, electronic, and magnetic properties
and serve as structural models for understanding the multiple functions of oxide-
supported catalysts.!** Keggin-type anions have mostly been used to support
inorganic complexes because the charge density of Keggin surface oxygen atoms
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can be increased either by reducing some of their metal centers (e.g., Mo"' to
Mo") or by replacing higher valent metal centers with lower valent metal centers
(e.g., MoV by V!V).252° Wang and co-workers have contributed significantly in
this direction. They reported the hydrothermal synthesis and crystal structures of
reduced and capped Keggin derivatives decorated by transition-metal com-
plexes.?” One of these modified polyoxometalates is [PMog 'Moy VEYO.{Co(2,2-
bipy)»(H-0)}4[PMoy Mo} V¥ 0.,4{Co(2,2-bipy)»(H,0)}] - 4H,0, which
consists of [PMog Moy VE O.{Co(2.2-bipy)-(H,0)}4"  polyoxocations and
[PMoy ™Mo} VLY Ou{Co(2,2-bipy)»(H,0)}»]*~ polyoxoanions, in which mixed-
metal tetra-capped [PMogVgO,4] subunits are covalently linked to four and two
cobalt coordination complexes [Co(2.2-bpy),(H,O)]*", respectively, via the ter-
minal oxo groups of the capping vanadium atoms as shown in Figures 1 and 2,
respectively.

In the POM-supported cationic species, [PM0X1M0¥V§VO44{C0(2,2’—
bipy)z(HZO)}4]3+, the mixed-valent heteropolyanion, [PMog Moy V§ Oul’™,
act as multidentate ligands that are covalently linked to four cobalt coordina-
tion complexes, [Co(2,2-bipy)>(H,0)]**, resulting in a paddlewheel type of
arrangement (Fig. 1a). The unique feature of this system can be described by
the presence of a same heteropolyanion, [PMogVgOu4]", in both cations and
anions in the same crystal at the same time. This became possible because of the
modifying effect of the transition-metal complexes on the surface of polyox-
ometalates and different extents of reduction of the heteropolyanion in the
polyoxocation and polyoxoanion. The bipyridine ring of the POM-supported
cobalt coordination complex can exert m-m stacking interactions with its
nearby bipyridine ring of the neighboring POM-supported cobalt complexes,
and the surface of the POM cluster is a good hydrogen bond acceptor. Thus,
through the linkages of m-m stacking interactions and hydrogen bond
contacts, an extended three-dimensional supramolecular network is formed
in the solid-state structure of [PMog Moy VL 04{Co(2,2-bipy)»(H>0)}4]
[PMoy Moy Vi’ 044{C0(2,2-bipy)>(H,0)},] - 4H,0.

Recently, Niu and co-workers reported an interesting example of a Keggin
unit-supported transition-metal complex in compound [Cu(4,4-bipy)],
[SiW1,040{Cu(4.,4"-bipy)}4]J(OH), - H>O (4,4'-bipy = 4,4'-bipydine) that consists
of a neutral polyoxometalate [Cu(4,4’-bipy)],[SiW,040{Cu(4,4"-bipy)}4], two
[Cu(4,4-bipy)]" cations, two hydroxyls, and one water molecule (Fig. 3a) in
which the Keggin anion [SiW,04]*" is covalently bonded to four copper-
bipyridine complex fragments [Cu(4,4-bipy)]” through the terminal oxygen
atoms of the Keggin anions.”® As shown in Figure 3b, the four copper ions,
which are covalently linked to each Keggin anion, form four one-dimensional
[Cu(4,4-bipy)],”" chains along the crystallographic a axis through the N, N
terminals of 4,4’-bipy. Thus each polyoxometalate cluster is covalently bonded
to four Cu-bipy chains via Cu—O, bonds. This results in the formation of a new
type of one-dimensional, fourfold, chain-like structure formed from the Keggin
[SiW ,040]*~ clusters and polymeric [Cu(4,4-bipy)],”" chains (Fig. 3b).
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FIGURE 1. (a) POM-supported cobalt coordination complexes in the polyoxocation,
[PMog ™Moy VEVY0,4{Co(2,2"-bipy)»(H,0)}4**, showing the tetra-capping and tetra-sup-
porting connection mode and disordered P tetrahedron. (b) The same is shown in the
polyhedral representation of the polyoxocation. (Reprinted with permission from ref. 27.).

Other examples of Keggin heteropolyanion-supported transition metal com-
plexes that are structurally characterized, include [Cu'(phen),]JPMoy V"
O4{Cu'(phen),] - Hs0,,”” [Ni(phen)s][PMog ' Mo3 Ogo{Ni(phen)},],”” [Ni(2,2"-
bipy)s]1 sIPWW5 040Ni(2,2 -bipy)>(H,0)] - 0.5H,0,* and [Co(1,10-phen)s]; 5
[PMo}dMoY O4Co(1,10-phen) »(H,0)] - 0.5H,0%’.
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FIGURE 2. (a) View of the polyoxoanion in 1, [PMo)'Mo} Vi 0.{Co(2,2-
bipy)»(H>0)}4]*~, showing the tetra-capping and bisupporting connection mode. (b)
Polyhedral representation of the polyoxoanion in 1, showing the coordination environ-
ments around Mo, V, and Co atoms. (Reprinted with permission from ref. 270.)

Octamolybdate, [MogO»6]* ", a common isopolyanion, is now well estab-
lished for supporting transition-metal complexes that exhibit diversity in
supramolecular structures. In this isopolyanion, eight isomeric forms are known
based on different types of polyhedral and oxo-groups present in these isomers
(Table 1).%
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FIGURE 3. (a) View of the asymmetric unit in compound [Cu(4,4"-bipy)]>[SiW 1,049
{Cu(4,4'-bipy)}4] - (OH), - H,0. (b) Polyhedral representation of the one dimensional,
fold four, chain-like structure viewed along the b axis. (Reprinted with permission from
ref. 28.)

TABLE 1. Descriptions of Eight Isomeric Forms of [MogO»¢]*~ Based on Oxo-
Group Types and Polyhedral Components

Isomer Types of Oxo Groups Polyhedra

a-[MogOag]*  6p2, 61, 14t 6 octahedra, 2 tetrahedra

B-[MogOas]t  6p2, 4p3, 2p0°, 14t 8 octahedra

7-[MosOag]* 1042, 2143, 14t 6 octahedra, 2 square pyramids
3-[MogOas]*  10p3, 2%, 14t 4 octahedra, 4 tetrahedra

e-[MogOag]*™ 4% 61, 16t 2 octahedra, 6 square pyramids
(-[MogOag]* 612 6%, 14t 4 octahedra, 4 square pyramids
N-[MogOa]*  4p2, 813, 14t 6 octahedra, 2 square pyramids
0-[MogOas]* 82 41, 14t 4 octahedra, 2 square pyramids, 2 tetrahedra

Seven isomers of [MogOa]*~, o through m, are found to support
transition-metal coordination complexes via coordinate covalent bonds. The
0-[MogOag]* isomer, which is unique in the sense that it has a maximum number
of polyhedral, is not known to coordinate a transition-metal complex. Among
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FIGURE 4. Thermal ellipsoidal representation of [{Cu(phen)(H>O)>},(Mo0gOx)] in
compound [{Cu(phen)(H,0),},(M0gOy)]- 8H,O (50% probability). The symmetric
transformation was used to generate equivalent atoms: #1, 2-x, 2-y, -z. (Reprinted
with permission from ref. 31.)

these isomers, the B isomer is commonly found to be decorated by metal
coordination complexes. We have shown that the B-[MogO,s]* octamolybdate
coordinates to two bis(aqua)copper phenanthroline complexes through its
terminal oxygen atoms (Fig. 4).>!

As expected, the B-[MosO»g]* consists of eight edge-sharing octahedral
{Mo0Og} units. The Mo-O distances can be grouped into four categories. These
are 14Mo-0O, (O, = terminal oxygen atoms) groups with the bond lengths in the
range of 1.658-1.745 A; six bridged Mo-O,, distances that fall in the range of
1.871-2.352 A; four {us}-type bridging distances with 1.918-2.365 A; and two
{us}-type bridging distances, which are in the range of 2.317-2.521 A. The
structure of the isopolyanion can also be described as two sets of four {Mo-Og}
octahedra lying one above the other and joined by sharing an edge. The copper
complex in this system is a monophenanthroline Cu(Il) complex with two aqua
ligands, which is rarely known in the literature.

A similar octamolybdate-supported copper monophenanthroline com-
plex was reported, but with copper ions in the 1+ oxidation state.*? The
octahedral coordination geometry around each copper is filled by the two
nitrogen atoms of the phenanthroline ligands (N(1) and N(2), with an average
bond length of 2 A, two water (O(14) and O(15)) molecules (as monodentate
ligands) and two terminal oxygen atoms (O(13) and O(3)) of the isopolyanion
(Fig. 4). The axial positions are occupied by a terminal oxygen of the cluster



68  Supramolecular Structures and Polyoxometalates

FIGURE 5. An extended one-dimensional chain formed by hydrogen bonding inter-
actions that include copper-coordinated water O(15) and a terminal oxygen atom O(9)
of the isopolyanion. Color code: isopolyanion, red polyhedral; C, green; N, blue; copper
coordinated water O, purple. The hydrogen bonds are shown as dashed purple lines.

(O(3)) and a coordinated water O(15) in the bond length range of 2. 306 2.477
A which is expectedly longer due to Jahn-Teller distortion for a Cu®" ion. In
this system, the copper-coordinated water O(15) undergoes a hydrogen bond-
ing interaction with the terminal oxygen atom O(9) of the isopolyanion and
thereby results in the formation of a one-dimensional chain (Fig. 5).

In the relevant crystal structure, these one-dimensional chains are laterally
linked by a supramolecular water octamer (vide infra) resulting in a two-
dimensional layer-like arrangement as shown in Figure 6. The other transition-
metal complexes that are supported by the octamolybdate isopolyanion are also
known in the literature.***

Heptamolybdate isopolyanion, [Mo0,0.4]%, is also an attractive metal
oxide-based support because of its easy availability as an ammonium salt and
its use as a potential catalyst for organic oxidation. The recent literature shows
that [Mo,0,4]® isopolyanion can be functionalized by transition-metal com-
plexes. Neumann and co-workers reported a new type of heptamolybdate that
supports [M'(DMSO);*' (M = Ru*" and Os*') in compounds [NHg]s
[Ru"(DMS0);M0,0,4] and [NH4]4[Os"(DMSO);M00,4], respectively.®®> This
heptamolybdate is an example of new structural type in the sense that it has one
approximately tetrahedral coordinate oxygen atom and one pentacoordinated
oxygen atom in a nearly pyramidal configuration (Fig. 7). This is in contrast to
the structure of normal heptamolybdate—paramolybdate, which is a type II
polyoxometalate with a cis-dioxo configuration at all molybdenum sites and has
seven condensed edge-sharing {MoQg} octahedra and two tetracoordinating
bridging oxygens.*® It is remarkable that these two POM-supported transition-
metal complexes exhibit selective catalysis for the aerobic oxidation of alcohols
to ketones—aldehydes with high turn over numbers.*> A new heptamolybdate-
supported supramolecular cobalt complex, [Hapy]s/Co(H,0)sMo0-0,4] - 9H,0,
has been reported by Cao and co-workers®’ (Fig. 8).
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FIGURE 6. Two-dimensional supramolecular hydrogen bonded array in compound
[{Cu(phen)(H,0),},(Mo0gO,6)] - 8H,O that is exclusively formed by lateral hydrogen
bonding interactions between one-dimensional chains. One of the water octamers is
shown in solid lines (center of structure) for clarity. The polyhedral representations of
the octamolybdates are given for a clear view of the water octamer.

FIGURE 7. Structural representation of [Ru'(DMS0);Mo0,0,4]*". (a) Ball and stick.
(b) Polyhedral. (Reprinted with permission from ref. 35.)
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FIGURE 8. Thermal ellipsoidal plot of [Co(H,0)sM0,0,4]*~ in compound [Hapy],
[Co(H;0)sM070,4] - 9H,0. (Reprinted with permission from ref. 37.)

FIGURE 9. A representation of a one-dimensional supramolecular zigzag chain found in
a crystal of [Hapy]4/Co(H>O)sMo0,0,4] - 9H,0. (Reprinted with permission from ref. 37.)

In the crystal structure of [HapylsJCo(H,0)sMo070,4] - 9H,0, the [Co
(H,0)sMo070,4]* anion undergoes intermolecular supramoelcular hydrogen
bonding interactions of the type O(W)---H-..-O(POM), resulting in the
formation of one-dimensional supramolecular zigzag chains (Fig. 9). These chains
are linked laterally by the associated cation (protonated 2-aminopyridine) through
N—H: - -0 and C—H- - - O hydrogen bond interactions to form a heptamolyb-
date-based inorganic-organic hybrid material, [Hapy]sJCo(H,0)sM0-0,4]
9H,0, with alternating layers of inorganic anions and organic cations (Fig. 10).

Cronin and co-workers have demonstrated that a highly charged POM
anion, [HoMoy Mo)20s,]'°~ (Mo16 cluster), which represents a new structural
type,*® decomposes in the presence of divalent transition metal cations (Fe*"
and Mn*"} in high concentrations to produce the isostructural {Mo,M,}-type
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T

FIGURE 10. Two-dimensional supramolecular layer of alternating anions and cations.
(Reprinted with permission from ref. 37.)

Compounds, (HMTAH+)2[F€2(H20)9MO7OZ4] . 2H20 and (HMTAH+)2
[Mn,(H,0)9Mo0,0,4] - 2H,0, which are based on individual heptamolybdate
fragments.”> We have recently synthesized the zinc analog of this system,
[HMTAH],[{Zn(H,0)s}{Zn(H,0)4,{M0,0-4}] - 2H»O, in a simple one-pot
wet synthesis.*® Its crystal structure shows that two different Zn(II)-aqua
complexes, [Zn(H,0)s]*" and [Zn(H,0),]**, are covalently coordinated to a
heptamolybdate anion, [M0,044]°", resulting in an anionic species of polyox-
ometalate-supported zinc—aqua complex, [{Zn(H,0)s} {Zn(H,0)4} {M070,4}1*,
which is stabilized with two protonated hexamethylenetetramine cations (Fig. 11)
in the compound [HMTAH],[{Zn(H,0)s}{Zn(H,0)4{Mo07,0,4}] - 2H,O0.

The compound was synthesized starting from sodium molybdate, zinc
nitrate, and hexamethylenetetramine in an aqueous medium of pH 3.0. The
overall reaction for this cluster formation is shown in Eq. (1). The zinc aqua-
complexes, [Zn(H,0)s]*" and [Zn(H,0),)*", formed in situ from zinc nitrate and
water and, in this reaction, are subsequently coordinated to the POM cluster
anion [Mo0;0,4]°", resulting in the POM-supported zinc-aqua complex [{Zn
(H,0)5} {Zn(H,0)4{M070,4}* (Eq. (2)). In principle, the cyclic amine (hexam-
ethylenetetramine) (HMTA) is capable of coordinating to the Zn>" ion through
its nitrogen donors. However, low pH (3.0) is not favorable for such metal-
nitrogen bond because the metal-nitrogen bond undergoes facile acid hydrolysis.

7[M00,]* 4+ 8H* — [Mo0,054]° + 4H,0 (1)

[MO7024]67+ [Zn(H20)5]2++ [ZH(H20)4]2+
— [{Zn(H,0)5}{Zn(H,0),{Mo,0x}]*" (2)
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Zn2

FIGURE 11. The molecular structure of [HMTAHL[{Zn(H,0)s}{Zn(H>0)4{M07024}] -
2H,0 (ball and stick model). Color code: O, red; Mo, yellow; C, gray; H, purple; Zn, cyan;
N, blue. (Reprinted with permission from ref. 40.)

HMTA is known to be a versatile component in metallo-supramolecular
chemistry because of its possible hydrogen bond donor and acceptor sites. On
the other hand, the nucleophilic surface of the octamolybdate can act as
hydrogen bond acceptor sites. In its crystal structure, four types of hydrogen
bonding interactions are expected: N—H:.--O/O—H-.--N, O-H:: -0,
C—H: - -0, and N—H- - - N. Because the hydrogen atoms on the nitrogen
base and the oxygen atoms in the water could not be located, and only one
nitrogen of each organic amine is protonated, it would not be possible to
distinguish between N—H - - - O and O—H - - - N hydrogen bonds around the
organic amine cation.

As shown in Figure 12, the heptamolybdate anion is hydrogen bonded to
five surrounded zinc—aqua complexes besides two zinc-aqua complexes that are
supported by the cluster anion through coordinate covalent bonds. The organic
amine cations, [HMTAH]", use their C-H bonds to form C-H - - - O hydrogen
bonds with surrounding octamolybdate anions. Figure 13 shows that the organic
amines “NIN2N3N4” and “N5SN6N7N8” in [HMTAH][{Zn(H,0)s}{Zn
(H>0)4{Mo07054}] - 2H,0 are hydrogen bonded with five and four surrounding
heptamolybdate anions, respectively. In addition, the aqua complexes undergo
both O—H:- - -0 and N-H---O / O—H- - - N hydrogen bonding interactions
with both the surrounding heptamolybdate anion and organic amine cations. The
combination of all these supramolecular interactions (N—H- - -O/O—H- - - N,
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FIGURE 12. The hydrogen bonding situation around the [Mo0;0,4]° cluster anion.
Color code: O, red; Mo, yellow; C, gray; Zn, cyan. The purple dotted lines represent the
O-H - - - O hydrogen bonding interaction. (Reprinted with permission from ref. 40.)

O—-H:---0, C-—H:-:-0, and N—H::-N) results in an intricate three-
dimensional supramolecular network with a well-defined channels as viewed by
looking down to the crystallographic ¢ axis (Fig. 14).

Strandberg-type heteropolyanion, formulated as [X;Mos0.3]" (n = 6
when X =P(V) and n = 4 when X = S(VI)), can be viewed as two {XOy} tetra-
hedrons capping either side of an irregular ring of five {MoOg} octahedra that
are linked by one corner-shared and four edge-shared contacts (Fig. 15). The
maximum possible symmetry of this anion is, C, and the structure is, therefore,
dissymmetric. We have reported the optical resolution of this heteropolyanion
[X>Mo50,5]" by using the Pfeiffer effect, an effect in which the displacement of a
racemate equilibrium occurs in favor of one enantiomer on treatment with an
enantiopure optically active compound (known as an environment substance).*!
Wang and co-workers described the transition-metal complexes supported by
this class of heteropolyanion—namely, (H,bpy)o s{[Ni(H,O)s][Ni(Hbpy)(H,-
0)4][MosP20;]} and (H,bpy)0.5{[Co(H,0)s][Co(Hbpy)(H>0)4][MosP20;]}.*
The novelty of this system lies in the fact that two distinct transition-metal
complex cation fragments, [Ni(H,0)s]*" and [Ni(Hbpy)(H,O)4]**, are supported
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(b)

FIGURE 13. The C—H - - - O hydrogen bonding interactions of organic amine cations
with a surrounding POM cluster anion. (a) “NIN2N3N4.” (b) “NSN6N7NS.” Color
code: O, red; Mo, yellow; C, gray; H, purple; Zn, cyan; N, blue. Purple dotted lines
represent the hydrogen bonding interactions.
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FIGURE 14. Three-dimensional supramolecular network (formed by N—H- - -O/
O-H---N,O-H:--0,C—H- -0 and N-H- - - N hydrogen bonding interactions)
having well-defined channels as viewed by looking down to the crystallographic c axis.
(Reprinted with permission from ref. 40.)

on the same diphosphopentamolybdate cluster anion, [MosP,0,5]°", as shown in
Figure 16. It is interesting that the bisupporting polyoxometalate clusters of these
two compounds form layers via a hydrogen bonding interaction, and these layers
are, in turn, parallel-stacked to generate a three-dimensional network with one-
dimensional channels (Fig. 17).

During the past several years we have been working on an Anderson-type
heteropolyanion, [AI(OH)¢MogO;s]> and exploiting its linking propensity with
metal ions—metal complex cations to obtain extended structures of new metal
oxide—based materials. We have demonstrated a chain-like extended structure
based on an Anderson-type polyanion and a lanthanide cation linker in
the compound [La(H»>0),Al(OH)sMo¢Os], - 4nH,0.** The structure of this
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FIGURE 15. (a) Ball and stick model. (b) Polyhedral representation of the Strandberg
anion [S:MosO,3]*". (Reprinted with permission from ref. 41.)

compound is formed by Anderson-type anions [AI(OH)sMogO;s]® linked by
La*" cations to yield a polymer chain running parallel to the crystallographic b
axis (Fig. 18). The structure of the Anderson anion [AI(OH)sMoeO1g]* in this
coordination polymer is similar to the structures reported for other Anderson-
type anions.! This consists of seven edge-shared octahedra, six of which are
Mo-octahedra arranged hexagonally around the central octahedron containing
hetero metal ion, which is AI** in the present case (Fig. 18b). In the crystal
structure of [La(H,0);AI(OH)sMogO3], - 4nH,0., the molybdenum—oxygen
distances can be divided into four groups: molybdenum-terminal oxygen (1.68—
1.73 A), molybdenum-oxygen linked to lanthanum (1.72 A), molybdenum-
bridging oxygen (1.88-1.99 A), and molybdenum-internal oxygen common to
two molybdenum atoms and an aluminium atom (2.26-2.33 A).

In the polymer chain the Anderson anion acts as a bidentate ligand
coordinating two lanthanum(I1I) ions through the terminal oxygen atoms (Fig.
18) of two nonadjacent MoQOg octahedra. Along the chain, lanthanum(III) has a
coordination number of nine and is in the center of a tricapped-trigonal prism
(Fig. 18b) formed by two terminal oxygen atoms from two [AI(OH)sMogOs]*
units (average La—O 2.604 A) and by seven water molecules (average La—OH,
2.546 A). It is interesting that these [La(H,O0);Al(OH)sMo0¢O5], polymeric chains,
which are arranged parallel to the crystallographic b axis, are linked by an
extensive hydrogen bonded network between the zigzag polymer chains (Fig. 18)
to a two-dimensional (2D) network and then to a three-dimensional (3D) network
by hydrogen-bonded interactions between the zigzag layers (Fig. 19). This
extensive hydrogen-bonded network is constructed by the interaction of the water
molecules coordinated to the lanthanum ion, the coordinated hydroxide ions of
the central AI(OH)e moiety, and four solvent water molecules, all of which interact
with the peripheral terminal and bridging oxygen atoms of the heteropolyanion.
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FIGURE 17. Three-dimensional supramolecular network (viewed down the crystal-
lographic b axis) in (H,bpy)o s{[Ni(H,O)s][Ni(Hbpy)(H,-O),4][MosP>O»3]}. (Reprinted
with permission from ref. 42.)

(b)

FIGURE 18. (a) An ORTEP representation showing the linked Anderson anions to
lanthanum cations in a head-to-tail fashion in compound [La(H,0);AI(OH)e.
MogOg], - 4nH,0. The Anderson anions are additionally linked through hydrogen
bonding via O(32) and O(33) waters along the chain. (b) Polyhedral representation of
the one-dimensional zigzag chain running parallel to the crystallographic b axis. color
code: La, purple; Mo, blue; Al, cyan; O, red). (Reprinted with permission from ref. 43.)



Supramolecular Features 79

FIGURE 19. Polyhedral representation of [La(H,0);AI(OH)sMogO 5], - 4nH>O show-
ing a supramolecular three-dimensional network, in which lanthanum-Anderson anion
chains are interlinked via hydrogen bonding. Color code: La, purple; Mo, blue; Al, cyan;
O, red. Solvent waters are omitted for clarity. (Reprinted with permission from ref. 43.)

The construction of this material, [La(H,0);Al(OH)sMogO;5], - 4nH50,
from well-defined discrete building blocks provides the opportunity to synthesize
a new class of one-dimensional (1D) inorganic solids simply by replacing La>"
with other rare earth metal ions such as Sm*", Eu*", and Gd*". Krebs and co-
workers reported a series of lanthanide Anderson one-dimensional chain
compounds of the formula Kg,(TeM0gO,4),.[(Ln(H,0)7)>(TeMo0gO,4)],, - 16nH,O
(Ln = Eu, Gd) and K3,[Ln(H>0)5(TeMo04O»4)],- 6nH,O (Ln = Tb, Dy, Ho,
Er).** They found that the solid-state structures of Ln/(TeMo0g054)®” compounds
strongly depend on the lanthanide cations as evidenced by the fact that in the
case of Eu’" and Gd*" cations the lanthanides attain ninefold coordination by
seven water molecules and two terminal oxygen atoms of the [TeMogOa4]®
anions (Fig. 20a) resulting in an infinite one-dimensional chain for [(Ln(H,0)7),
(TeMogO»4)],, of staircase type that has two linkers between two Anderson
anions. On the other hand, the Tb*", Dy3+, Ho>", and Er’" cations are
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FIGURE 20. Infinite one-dimensional chains of (a) [(Ln(H>0),),(TeMosO4)],(Ln =
Eu, Gd) and (b) [Ln(H,0)s(TeMo0¢0,4)],>"~(Ln = Tb, Dy, Ho, Er). Color code: Mo,
light gray; Te, middle gray; Ln, dark gray; O, white. (Reprinted with permission from
ref. 44.)

coordinated by five water molecules, two terminal oxygen atoms, and one
molybdenum-bridging oxygen atom belonging to the [TeMogO»4° anion
(Fig. 20b) bringing about anionic chains of [Ln(H>0)s(TeMogO,4)],>" ", in which
there is one linker between two [TeMogO»4]® anions.

After success with an “f” block metal cation as linker in assembling an
Anderson-type heteropolyanion, we attempted to use a “d” block metal
complex cation as a connector to assemble this heteropolyanion. We succeeded
in connecting this versatile building unit (Anderson-type POM anion) with a
Cu(Il)-complex ion, {Cu'(2,2-bipy)(H,0),}>", to form a new type of chain in the
compound  [Cu'(2,2"-bipy)(H,0),Cl][Cu"'(2,2"-bipy)(H,0),Al(OH)sMo0cO1 ] -
4H,0.* The crystal structure shows that this compound is made up of spiral-
type chains with [Cu'(2,2"-bipy)(H,0),Al(OH)sMo¢O;s],”~ as anions, chloro-
copper complexes, [Cu''(2,2-bipy)(H,0),Cl],”"" as cations, and lattice waters. The
chain is formed by Anderson anions, [AI(OH)sMogO;s]>~, linked to [Cu"(2,2-
bipy)(H,0),]*" complexes as shown in Figures 21 and 22.

In the polymer chain in compound [Cu'(2,2-bipy)(H,0),Cl][Cu"(2,2-
bipy)(H>O),Al(OH)sMo04¢O1g] - 4H-O, each cluster anion acts as a bidentate
ligand coordinating two {Cu'(2,2"-bipy)(H,0),}*" complex fragments through
the terminal oxygen atoms (Fig. 21) of two nonadjacent MoOg octahedra. There
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FIGURE 21. The structure of [Cu'(2,2"-bipy)(H,0),CI[Cu(2,2"-bipy)(H,0),Al
(OH)MogO,5], showing a spiral-type chainlike array of {Al(OH)¢(MogOs} ™ cluster
anions interconnected through {Cu(bipy)(H,0),}*" bridging copper complex frag-
ments. Two chloro-copper complexes are hydrogen bonded, alternatively, to only one
type of Anderson anion in the chain. (a) Ball-and-stick representation. (b) Polyhedral
representation. (c) Space-filling plot. Color code: Al, cyan; Mo, yellow; O, red; Cu,
purple; Cl, green; N, blue; C, gray; H, white. (Reprinted with permission from ref. 45.)

are two crystallographically independent copper sites making up two different
coordination environments around copper. In the first one, the linker of the
chain is a distorted octahedron (Figs. 21 and 22a and c), which is defined by two
nitrogen coordinations from the 2,2"-bipyridine ligand (Cu(1)-N(1) = 1.986(3),
Cu(1)-N(2) = 1.980(3)), two water ligations (Cu(1)-O(24) = 1.945(3),
Cu(1)-0(26) = 1.986(3)), and two trans terminal oxygen atoms from two
different Anderson anions (Cu(1)-O(6) = 2.738(3), Cu(1)-O(17) = 2.283(3)).
The second copper site (Fig. 22b) is coordinated by two nitrogen atoms from
2,2"-bipyridine ligand (Cu(2)-N(3) = 1.989(3), Cu(2)-N(4) = 2.012(4)), two
water molecules (Cu(2)-O(27) = 1.960(4), Cu(2)-O(28) = 2.206(3)), and a chlo-
ride anion (Cu(2)-Cl(1) = 2.2899(16)) to complete the roughly square pyramidal
geometry of [Cu''(2,2"-bipy)(H,0)-CI]". Two such chloro complexes are always
associated with only Al(1) containing an Anderson anion via hydrogen bonding
in the chain (Figs. 21 and 22b middle).

The O—H - - - ClI hydrogen bonding interactions of two chloro-copper
complex cations with one Anderson anion (alternatively in the chain) instead of
each Anderson anion interacting one cation, [Cu"(2,2-bipy)(H,O),CI]*, are
surprising and unusual. This is possibly the result of optimal crystal packing.
Supramolecular analysis of this crystal structure shows that both intrachain and
interchain O—H - - - O hydrogen-bonding interactions are present. We believe
that the spiral-type structure of the present chain is governed by the proposed
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FIGURE 22. (a) Coordination of an Anderson anion via terminal oxygen atoms on
molybdenum to {Cu(bipy)(H,0),>"} complex fragments in compound [Cu'(2,2"-bipy)
(H>0),CIJ[Cu"(2,2"-bipy)(H,0),Al(OH)¢Mo40,5] - 4H,0. (b) Hydrogen-bonding inter-
action of the cation {Cu(bipy)(H>0),CI}!* via O-H - - - Cl bonds to the same Anderson
anion. (c) Linked Anderson heteropolyanion to {Cu(bipy)(H,0),}*" complex fragments
resulting in the formation of a chain. Thermal ellipsoid plots with 50% probability
(Reprinted with permission from ref. 45.)
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interchain hydrogen bonding because this involves a terminal oxygen atom from
one Anderson anion and a bridging oxygen atom from other Anderson anion
(Figs. 22 and 23). This, in turn, results in two types of orientations of the
Anderson anions along the chain. The spiral nature of the chain is also
influenced by the (lateral) interchain O-H - - - O hydrogen-bonding interactions.
This includes three types of hydrogen bonds. The resulting hydrogen bonding
supramolecular network is presented in Figure 23.

In most of the POM-supported transition-metal compounds, the
charge of the POM-linked inorganic entity is either neutral or negative; the
negative charge in most cases is balanced by transition-metal complex cations.
There are few examples of POM-supported metal ions—metal complexes that
act as cations with halide, acetate, hydroxyl, and POM anions that counter-
balance the positive charges. Such structurally characterized compounds are [e-
PMo,,034(OH)4{La(H>0)4}4]Brs - 16H,0,* [Mn"VE O4{(OCH,CH,),N(CH-.
CHOH)}6ICL." [Agg(PM019V049)(CH;CO0) - 8H,0.* [(VYO)Mo0"'0;;
036(VVO)4l[(OH)o] - 16H,0.*  K3[e-PM01,034(OH)4{La(H,0)4 25Clo 75} ][0~
PMo,,049] - 28H,0, and [NH4J[{Gd(DMF)7}5(M0gO26)[MogOx]. ™

However, the examples in which POM-supported transition metal com-
plexes act both as cation and anion (as ion pair components) are very scarce in the
literature. Two such reported compounds are {[Ni(phen),(H,O)],[Ni(phen);]
[VE'MoY™o0Y040(POL)]} {[Ni(phen),(H0)L[VE Moy Moy O4g(POy)]} - SH,0 -
2EtOH>' and [PMog "Mo0Y VY 0,44{Co(2,2"-bpy)»(H,0)} 4][PMosY Moy VYO, {Co
(2,2' bpy)»(H,0)},]- 4H,0.?” In the former compound, the charge difference (of
one) between the two ion pairs became possible because of the different numbers
of phosphate anions present in the cation and anion. In the latter compound, the
difference in the oxidation states of molybdenum in the cation and anion makes
the charge difference. In both compounds, a Keggin-type POM anion has been
used to support the transition metal complexes.

We have recently established a unique example in which a ‘“discrete”
Anderson-type heteropolyanion-supported copper phenanthroline complex
was obtained by varying its coordination mode from ““‘water” to “‘chloride”,
which can act both as cation and anion in the same compound.®* The following
two compounds exhibit such charge complementarity: [AI(OH)sMogO,5{Cu
(phen)(H,0),},][AI(OH)M06O;5{ Cu(phen)(H,O)Cl},] - 5SHO and [Cr(OH)e-
MO6O1g{CU(thH)(HzO)z}z][Cr(OH)6MO6O18{Cu(phen)(H20)Cl}2] . 5H20 These
two compounds have been synthesized by a procedure similar to that of
the compound [Cu"(2,2"-bipy)(H,0),CIJ[Cu"(2,2"-bipy)(H,0)>»Al(OH)sM0cO;5] -
4H,0, discussed earlier. We believe that changing the organic ligand from
bipyridine to o-phenanthroline results in the formation of a discrete charge
complementariy system instead of the chain-like arrangements in [Cu'(2,2-
bipy)(H,0),CIJ[Cu"(2,2-bipy)(H,0),Al(OH)sM0¢O;5] - 4H,O. We have isolated
compounds [AI(OH)sM o040 5{Cu(phen)(H,0),},][AI(OH)sMo0sO,53{ Cu(phen)
(H,O0)ClL};] - 5SHO and [Cr(OH)sMogO;5{Cu(phen)(H20),},][Cr(OH)sMo0cO15
{Cu(phen)(H,O)Cl},]- SH,O using a simple wet synthesis. The synthesis is
performed in a mixed aqueous-organic medium. The following synthesis scheme
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FIGURE 23. The extensive supramolecular network involving intrachain and inter-
chain O-H---O hydrogen bonding in the compound [Cu"(2,2-bipy)(H,0)-Cl]
[Cu"(2,2"-bipy)(H,0)-Al(OH)sMo0¢O 5] -4H,O. The Anderson anions are shown in
polyhedral representation. Color code: Al, cyan; Mo, yellow; O, red; Cu, purple; H,
white circle. The bipyridine ligands, coordinated to Cu(Il) linkers, are not shown here
for clarity (Reprinted with permission from ref. 45.)

(Egs. (3) to (7)) for the formation of these compounds (C,HgN, = 1,10~
phenanthroline = phen) is proposed.

[MoO,)* + M*(M = Al Cr) + H'" — [M(OH)MosO15]*~ (3)
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Cu*"+ phen 4+ H,0/organic solvent
— [Cu(phen)(H,0), (organic solvent), ]** 4)

2[Cu(phen)(H,0), (organic solvent), ,]*"+ [M(OH)MosOs]’~
— [M(OH) Mo4O;5{Cu(phen)(H,0),},]'* (1c/2c) + 2H,0/organic solvent  (5)

2[Cu(phen)(H,0), (organicsolvent), ,]**+ [M(OH),MoOy5]* + 2CI'~
— [M(OH)4,MogOy3{Cu(phen)(H,0)Cl},]'~ (1a/2a) + 3H,0/organic solvent  (6)

[M(OH)4Mo403{Cu(phen)(H,0),},]'*
+ [M(OH)Moc0,5{Cu(phen)(H,0)Cl},]'"+ 5H,0
— [M(OH)¢MogO15{Cu(phen)(H,0),},][M(OH)MosOs
{Cu(phen)(H,0)Cl},] - 5H,O (7)

We have used MCl; (M = A" and Cr*") in aqueous sodium molybdate
solution to generate in situ the Anderson-type heteropolyanion, [M(OH)e-
MogOs]>~ (Eq. (3)). The isolated compounds contain monophenanthroline
copper complexes; thereby, the formation of a solvated monophenanthroline
copper complex is proposed (Eq. (4)). The reaction of the Anderson hetero-
polyanion with two equivalents of solvated monophenanthroline copper com-
plex produces the cationic components 1¢ and 2¢ (Eq. (5)), and the reaction of
the Anderson anion with the solvated monophenanthroline copper complex and
chloride anion in a 1:2:2 ratio results in the formation of the anionic components
la and 2a (Eq. (6)) of the ionpair complexes [AI(OH)¢MosO;g{Cu(phen)
(H20)1},][AI(OH)sM 06O 13{ Cu(phen)(H,0)Cl},] - SH>O and [Cr(OH)sMogO5
{Cu(phen)(H;0),},][Cr(OH)sM0cO15{ Cu(phen)(H,O)Cl},] - SH,0, respectively.
In the final (ion pairing) step (Eq. (7), each of the ion pair compounds crystallizes
with five water molecules. The crystal structure of [Al(OH)¢MoO;5{Cu(phen)
(H>0),},l[AI(OH) M 06O 1g{Cu(phen)(H,O)Cl},] - SH,O shows the abundance
of a polyoxometalate-supported copper(Il)-bis(aqua)-phenanthroline complex,
[AI(OH)¢Mo¢O;5{Cu(phen)(H,0),},]'", as a cation and the same polyoxometa-
late-supported copper(Il)-aqua-chloro-phenanthroline complex, [A(OH)sMo¢O 5
Cu(phen)(H,O)C]}»]'~, as an anion (Fig. 24).

The cationic POM-supported copper complex is formed by an Anderson-
type anion [AI(OH)¢MogO;s]>~ coordinated to two [Cu(phen)(H,0),]*" com-
plexes through the terminal oxygen atoms of two nonadjacent MoQOg octahedra.
Similarly, the coordination of [AI(OH)sMogO,s]’~ to two [Cu(phen)(H,O)Cl]'*
results in the formation of the anion, [AI(OH)sMogO ;sCu(phen)(H,O)C1},]' . As
in the structures of other Anderson anions, the present cluster anion [AI(OH)e.
MogO:g]’~ has a B-type Anderson structure consisting of seven edge-shared
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octahedra, six of which are Mo octahedra arranged hexagonally around the central
APP" octahedron (Fig. 24). The hydrogen atoms of the hydroxyl groups around
the AI** ions are located from difference Fourier maps, and their positions were
refined.

In the complex cation [AI(OH)sMogO;5{Cu(phen)(H,0),},]'*, the copper
is coordinated by two nitrogen atoms from phenanthroline ligand (Cu(1)-N(1)
= 1.991(3) A, Cu(1)-N(2) = 2.003(3) A), two water molecules (Cu(1)-O(13) =
2.000(2) A, Cu(1)-0(29) = 1.975(2) A), and a terminal oxygen atom from the
Anderson anion (Cu(1)-O(5) = 2.2490(19) A) to complete a roughly square
pyramidal geometry around the copper. Similarly, in the case of anion
[AI(OH)¢Mo4O 15Cu(phen)(H,O)Cl},]' 7, the copper square pyramid is defined
by two nitrogen coordinations from the phenanthroline ligand (Cu(2)-N(3) =
2.001(3) A, Cu(2)-N(4) = 2.002(2) A), one water ligation (Cu(2)-O(27) =
1.983(2) A), one chloride coordination (Cu(2)-CI(1) = 2.2636(8) A), and one
terminal oxygen atom from the Anderson anion (Cu(2)-O(25) = 2.253(2) A)
(Fig. 24). In both cases, the terminal oxygen atom (from the Anderson anion)
occupies the apical position. In the cation and anion, the copper ions are well
separated with a Cu(l)- - - Cu(l) distance of 12.51 A in the cation and a
Cu(2)- - - Cu(2) distance of 11.28 A in the anion. A relatively shorter distance
(8.09 A) between Cu(l) (of the cation) and Cu(2) (of the anion) manifests
the intermolecular interactions, as shown in Figure 25. Indeed, Cu(l) (of
the cation) and Cu(2) (of the anion) interact via hydrogen bonding interactions
involving lattice waters and copper-coordinated water molecules, which results
in a three-dimensional supramolecular network (Fig. 25).

The room-temperature ESR spectrum of [AlI(OH)MogO,s{Cu(phen)
(H,0),},l[AI(OH)sM 060 g{ Cu(phen)(H,O)Cl},] - SH,O shows the axial feature
(as expected for a square-pyramidal Cu" center) withg L = 2.29and gL = 2.08.
At liquid nitrogen temperature, the spectrum remains same. Even though two
different copper complexes, [Al(OH){MogO;s{Cu(phen)(H>0),}»]'" and
[AI(OH)sMogO 5Cu(phen)(H,0)Cl},]'~ (which differ in the chloride and water
coordinations to the copper centers) are present in compound, [Al(OH)sMog
O13{Cu(phen)(H,0),},][AI(OH)sMo0sO,3{Cu(phen)(H,O)Cl},] - SH,O, a single
average ESR spectrum appears in its solid-state instead of a complex feature
from two different complexes. This could be the result of the weak O-H - - - O type
hydrogen-bond interactions between two different copper centers (Cu(l) and
Cu(2) ( Fig. 25) from the cation and the anion, respectively, throughout the crystal
lattice in its solid state.

Thus far, it has been demonstrated that Anderson-type POM anions can
support “d-block’ transition metal coordination complexes that result in both
discrete entities and infinite chain-like arrangements and “‘f-block” complex
cations form versatile one-dimensional chains. “S” block metal cation (e.g., Na™)
can also serve as a potential linker for assembling Anderson-type hetero-
polyanions, as described next.

A three-dimensional coordination polymer, Na3(H>O)s[Al(OH)sMo0¢O;3] -
2H,0, was isolated when we cooked an acidified aqueous solution of AlCI; with
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FIGURE 25. Packing diagram (wire-frame representation) of [AI(OH)sMosO,5{Cu
(phen)(H,0),},][AI(OH)sM 06O g{Cu(phen)(H,O)Cl},]- 5SH,O (4 x4 cells). Cu(l) is
from the cation, and Cu(2) is from the anion. Color code: Al, cyan; Mo, yellow; O, red;
Cu, blue; N, purple; Cl, green; C, dark gray; H, white (Represented with permission
from ref. 52.)

sodium molybdate.”>** The relevant crystallographic unit cell contains 1.5
molecules as an asymmetric unit (Fig. 26). This shows the coordination environ-
ment of the Anderson anion [AI(OH)sMogO;s]>, which coordinates the sodium
cation via the Mo=0O0 terminal oxygen atoms.

The crystal structure of Nasz(H,O)s[AI(OH)sMo0O;5] - 2H,O shows a
three-dimensional framework having “sinuous” channels (Fig. 27), which are
constructed by Anderson-type anions as building blocks sharing sodium cations
(Fig. 26). The three-dimensional framework is formed by a stacking of two-
dimensional layers (Fig. 28a) that are linked laterally by sodium—water chains
running in between these layers (Fig. 28b) through the coordination of Mo=0
terminal oxygen atoms of Anderson anions. In the layer (Fig. 28a), each
polyanion acts as a hexadentate ligand coordinating four Na ions around the
anion through six terminal oxygen atoms of four {MoO4OH),} octahedra.
The coordination site of each Na ion in the layer (Fig. 28a) is a distorted
octahedron formed by two terminal oxygen atoms in trans (axial) positions from
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FIGURE 26. Asymmetric unit (as 1.5 molecules) in Naz(H»>O)s[Al(OH)sMogO;g] -
2H,0. Sodium coordination of the Anderson anion via terminal oxygen atoms on
molybdenum is shown. Thermal ellipsoids at 50% probability. (Represented with
permission from ref. 54.)

FIGURE 27. View of the “sinuous” channels occupied by the guest lattice water
molecules in a three-dimensional polymer framework of Na;(H,0)s[AI(OH)sMogO13] -
2H,0.
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(a) (b)

FIGURE 28. (a) Layer type of network formed by sodium octahedra and Anderson
anions. (b) Sodium—water chain supported by the Anderson anions. (Represented with
permission ref. 54.)
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SCHEME 1

two Anderson anion units, and the equatorial positions of the octahedron are
coordinated by four terminal oxygen atoms from the two different Anderson
anions.

The sodium—water chain (Fig. 28b) can be thought to be formed as follows:
two terminal oxygen atoms of two different Anderson anions from the respective
layers bridge two sodium ions, each of which is additionally coordinated to three
water molecules making them coordinately unsaturated (i.e., penta-coordinated
sodium ions, Scheme 1). The coordination saturation of each sodium ion is then
achieved by interlinking of these dimers via a p,-type aqua bridge, thereby
leading to a one-dimensional sodium chain, which runs between these layers
(Scheme 2). Along the chain, each sodium is octahedrally coordinated and shares
two edges from two opposite sides (20 and 2H-»O, respectively, Fig. 28b and
Scheme 2).
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III. POLYOXOMETALATE CROWN ETHER
COMPLEXES WITH SUPRAMOLECULAR CATIONS

Crown ethers have been extensively used in supramolecular chemistry
because of their potential applications in molecular recognition, transportation,
and catalysis.”® The uniqueness of crown ethers lies in the fact that the
hydrophilic cavity of a crown ether can selectively recognize an ion by
electrostatic interaction based on the size compatibility between the guest ion
and host cavity.’®>® This selective recognition results in the formation of
supramolecular cation structure. A simple example of such a supramolecular
cation is NH, ([18]crown-6), which is formed by selective encapsulation of
ammonium ion by the crown ether [18]crown-6 in which three crown ecther
oxygens form three N-H - - - O hydrogen bonds with three hydrogen atoms of
the ammonium ion, thereby achieving a stable supramolecular cation.”? The
introduction of a POM anion into a matrix of such crown ether—based
supramolecular cation has attracted special attention and opened a new field
in the area of POM chemistry. The importance of this new area can be realized
not only by the fact that the crown ethers, supported by POM cluster anions, can
be used to separate specific metal ions (that depend on the cavity size of the
concerned crown ether) from aqueous solutions by precipitation methods>”®
but also that this represents an effective route for stabilizing unusual supramo-
lecular structures that are otherwise not known.®! One such unusual paradigm is
a fivefold coordination of water molecules around copper(Il) ion. The hydrated
copper(Il) complex was originally described as the octahedrally solvated Cu(II)
ion, [Cu(H,0)¢*" from numerous spectroscopic investigations. However, this
generally accepted picture became no longer true when Pasquarello and co-
workers reported their combined experimental and theoretical investigation on
the structure and dynamics of the hydrated copper(I) complex in aqueous
solution.®” They determined the structure of the hydrated copper(II) complex by
both neutron diffraction and first-principles molecular dynamics, and their
results favor a fivefold coordination around copper, [Cu(H,0)s]*".
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From the energy point of view, the solvated complex [Cu(H,0)s]*"
undergoes frequent transformations between square pyramidal and trigonal
bipyramidal (TBP) configurations by a Berry twists mechanism® %*(Scheme 3).

A fivefold coordination of water molecules around Cu*" ion in a TBP
geometry is one of the possible conformations according Pasquarello et al.
However, a crystal structure evidence of a TBP-[Cu(H,0)s]*" was lacking for
confirming its existence unambiguously until we reported the crystal structure of
a “supramolecular sandwich,” consisting of two crown ethers (18-crown-6), that
stabilizes a TBP-[Cu(H,0)s]*" complex cation with a polyoxomolybdate anion
[MogO,o]*~ in the compound [Cu(H»0)s(C1,H»406)-][M0¢O1o]. The reaction of
[BugN]>,[MogO;6] with C;,H»40¢ (crown ether) and Cu(NOs), - 3H,0 in MeCN/
CH;COOH results in the isolation of [Cu(H,0)s(C1,H»4046)2][M0O16] in good
yield according to the following reaction:

Cu(NO3)2-3H20 + 2C12H240¢ + [BH4N]2[M06019} +2H,0
— [Cu(H,0)5(C,,H205),][M0gO19] + 2[Bu,NINO; (8)

The crystal structure of [Cu(H,0)s(Ci2H»406)2][M0gO1 9] consists of
[Cu(H,0)5(C2H2406)-]*" as a cation and [MogOo]>~ as an anion, as shown
in Figure 29. In the isopolyanion [Mog 'O]*> (also known as Lindqvist type
polyoxometalate anion), each Mo atom is surrounded by a distorted octahe-
dron consisting of one central O, one terminal O, and four bridging Oy atoms
(Figure 29).

In the isopolyanion [Mog 'Oo]*~ (also known as a Lindqvist-type polyox-
ometalate anion), each Mo atom is surrounded by a distorted octahedron con-
sisting of one central O, one terminal O, and four bridging Oy atoms (Fig. 29). In
the crystal structure, the atypical trigonal bipyramidal TBP-[Cu(H,O)s]*" ion is
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FIGURE 29. Thermal ellipsoidal plot of [Cu(H»0)s5(C,H»40¢)>][M0¢O15]. The crown
ethers hydrogen atoms are not shown for clarity. The oxygen atoms (O(16), O(19),
0(20), O(22) and O(26)) of the isopolyanion [Mo¢O14]>", which are attached to the
hydrogen atoms (white circles) of surrounding crown ethers (shown in dotted lines), are
involved in C—H - - - O hydrogen bonding interactions (see also Scheme 4 and Fig. 30 in
the context of molecular clipping). (Reprinted with permission from ref. 61.)

flawlessly sandwiched by two crown ether molecules via O—H - - - O hydrogen
bonding interactions (Fig. 30). The exactness of the supramolecular sandwich is
clearly manifested in its top/bottom view (one-to-one crown ethers) when viewed
down to the crystallographic b axis, as shown in Figure 30c. The local molecular
structure of [Cu(H,O)s]*" in the supramolecular sandwich species [Cu(H,0)s
(C12H2406)2]2+ involves a five-coordinate CuOs chromophore with a trigonal
bipyramidal geometry. The out-of-plane Cu(1)-O(48) distances (related by a
symmetry operation) are identical (1.936 A), and they are perfectly linear with
O(48)-Cu(1)-O(48) = 179.7°. The in-plane Cu-O distances are not significantly
different (average 2.012 A) and longer than the out-of-plane Cu—O distances
by 0.076 A. The out-of-plane angle, which is perfectly 90° in the present study
(Figs. 29 and 30), was rarely observed in previously reported copper trigonal
bipyramidal complexes that showed the out-of-plane angular distortions of
90+ 10°.%¢ However, the in-plane angles show very significant deviations from
the 120° necessary for a regular trigonal-bipyramidal geometry: O(45)-Cu(1)-
0(46), 113.43(16)°, O(46)-Cu(1)-0O(47), 112.86(18)°, and O(45)-Cu(l) —O(47),
133.72(16)° ( Figs. 29 and 30).

The trigonal bipyramidal coordination geometry around the Cu*" ion in
[Cu(H,0)s)*"species (Figs. 29 and 30) is decided by its participation in forming
a supramolecular sandwich with two crown ethers that involves hydrogen
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FIGURE 30. Supramolecular sandwich [Cu(H,0)s(C12H»40¢),]*" consisting of two
crown ethers and a trigonal bipyramidal pentaaqua-copper(Il) ion. (a) Ball-and-stick
representation. (b) Polyhedral representation of [Cu(H,O)s]*" species. (c) View along
crystallographic b axis showing the exactness of the sandwich (one-to-one crown ethers).
Color code: Cu, blue; O, red; C, green; H, purple. Hydrogen bonds are shown in purple
dashed lines. (d) Space-filling plot of the sandwich in different colors. The hydrogen
bonding interactions between axial waters and crown ethers are shown in parelia only.
(Reprinted with permission from ref. 61.)

bonding interactions of copper-coordinated waters with ethereal oxygen atoms
of crown ethers. The formation of the sandwich can be justified by the fact that
each of the equatorial waters of TBP-[Cu(H,O)s]" species spans its two
hydrogen atoms to form hydrogen bonds with both the upper and lower crown
ethers, as if these waters brought both crown ethers closer in forming the
sandwich. This accounts for the significant deviations of H-O-H angles
(111.6°, 119° and 121.4°, respectively) in copper-coordinated equatorial water
molecules from the ideal situation (109°). The Lindqvist-type POM anion
[MogO;o]° plays an important role in ordering and/or arranging the crown
ether molecules in the crystal of [Cu(H»0)s5(Ci,H»40¢),][M0O19]. The cou-
pling and/or pairing of two crown ethers in forming this sandwich is indeed
facilitated by [MogO,o]> anions, which may be called, in the present context,
sandwich “clippers” (Scheme 4).

In the crystal structure of [Cu(H»O)s5(Ci2H»40¢),][M0¢O19], each sand-
wich is anchored (through C—H - - - O hydrogen bonding interactions; Fig. 29)
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by four surrounding isopolyanions; similarly, each isopolyanion is hydrogen
bonded to four surrounding sandwiches (Fig. 31). It is remarkable that each
polyanion extends its four pairs of “C—H- - -O hydrogen bonding hands”
toward four sandwiches in such way that each pair of hands uses one hand to
attach the upper crown ether and the other hand is used to fasten the lower
crown ether of the sandwich. This is equivalent to the situation that each
sandwich is “clipped” by four surrounding isopolyanions. The clipping of the
sandwich by two isopolyanions is presented in Scheme 4 (two out of four
polyanions are shown for clear visualization).

The present TBP-[Cu(H,0)s]** complex that is sandwiched by two crown
ethers shows a tetragonal compression (vide supra) instead of tetragonal
elongation toward the apical positions. The fact that TBP-[Cu(H,O0)s]*"
complex is sandwiched by two crown ethers, which in turn are supported by
surrounding polyoxometalate anions, is seemingly the driving force for the
formation of a compressed trigonal bipyramidal [Cu(H,0)s]*" complex cation.
The existence of this compressed TBP-[Cu(H,0)s]** complex is consistent with
its ESR spectra, which exhibit an axially compressed trigonal geometry as
characterized by a {dzz} electronic ground state. Both room temperature and
liquid nitrogen temperature powder ESR spectra of compound [Cu(H,O)s
(C1p,H»406),][M 04O 9] exhibit an “inverse” g1 > g, > g, pattern.

Polyoxometalates also play an important role in the selection of a metal ion
for its complete encapsulation in the cavity of a crown ether to form an unusual
supramolecular cation structure. For example, the crown ethers (macrocyclic
polyethers), generally, do not readily form complexes with first-row transition
metals in their low oxidation states because such metal ions provide only “‘soft”
coordination (acceptor) sites and crown ethers have “hard” donor atoms.
Naturally, only a few first-row transition metal-crown ether complexes had
been structurally characterized in which a direct bond formation between a transi-
tion metal and the crown ether oxygen atoms became possible; rare examples
of this kind are offered by the smaller ring crown ethers (e.g., 15-crown-5 and
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FIGURE 31. An assembly of [Cu(H,0)5(Ci>H240¢),]*" sandwiches and polyoxome-
talate anions [M06019]27 in the crystal structure of [Cu(H,0)s5(Ci2H»406)-][M0cO19],
showing the molecular clipping of the sandwiches by polyoxometalate anions. (Reprin-
ted with permission from ref. 61.)

12-crown-4 ethers).” % We have shown the inclusion of a Cu®" ion (a cation
smaller than Na™ ion) at the center of a “large-cavity crown ether,” dibenzo-24-
crown-8, via supramolecular hydrogen bonding interactions with an isopolyanion
[MogO16*~ in the compound [Cu(H,0)4(dibenzo-24-crown-8][Mog 'O14].”° The
structure of the supramolecular crown ether complex cation [Cu"'(H,0)4(dibenzo-
24-crown-8]*" is shown in Figure 32.

As shown in Figures 32 and 33, the Cu®" ion sits exactly at the center of
an octagon consisting of crown ether oxygen atoms, which is nothing but the
crystallographic inversion center. In [Cu''(H,0)4(dibenzo-24-crown-8]*",
the copper center is coordinated by two trans ethereal oxygen atoms (O(14))
of crown ether and four water molecules (two O(15) and two O(16) atoms) to
give a distorted octahedral geometry around copper. The coordination of the
crown ether—oxygen atoms at the apical sites of the copper ion (average axial
Cu-O = 2.383(2) 10\) is the geometrical constraint for a “large cavity crown
ether,” dibenzo-24-crown-8. Besides direct coordination of two crown ether—
oxygen atoms to the copper ion, the linkage between the metal center and the
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FIGURE 32. View of the [Cu"(H,0)4(dibenzo-24-crown-8]*" cation, showing direct
Cu—crown ether bonding and the interactivity hydrogen bonding as second sphere
complexation Color code: Cu, blue; O, red; C, green; H, purple. Hydrogen bonds are
shown as dashed purple lines. (Reprinted with permission from ref. 70.)

crown ether is additionally provided by one or more water molecules that are
directly coordinated to the metal ion and hydrogen bonded to the oxygen
atoms of the crown ether. Thus, in the present case, the crown ether also acts as
second sphere ligand. The supramolecular cation [Cu"(H,0)s(dibenzo-24-
crown-8]>" is unique in the sense that, beside the inclusion of Cu”" ion at the
center of its cavity, all eight water hydrogen atoms and the crown ether—oxygen
atoms are exclusively involved in supramolecular interactions (Fig. 32).

The planar conformation’’ of the 24-membered ring of the free ligand,
dibenzo-24-crown-8, changes to a chair-like structure upon complex formation.
This is consistent with the differences in torsion angles in the rings of free
dibenzo-24-crown-8 and in complex [Cu''(H,O —4(dibenzo-24-crown-8]**. Six
hydrogen atoms of four copper-coordinated water molecules get hydrogen
bonded to the crown ether via ethereal oxygen atoms, and the remaining two
hydrogen atoms, of the copper-coordinated water molecules are hydrogen
bonded, to two bridging oxygen atoms (O(5)) of two neighboring polyoxome-
talate anions, [Mog'Oo]> . This results in the formation of a supramolecular
chain-like arrangement along which the isopolyanion [Mog 'O;o]*~ is sand-
wiched by two copper-aqua-crown ether complex cations, [Cu"(H,0)4(di-
benzo-24-crown-8]*", and so on, as shown in Figure 34. We believe that the
isopolyanion plays an important role in the encapsulation of the copper ion at
the center of cavity of the larger ring crown ether. dibenzo-24-crown-8, by
stabilizing a tetra-aqua-Cu(IT) complex [Cu(H,0),*" and forming a sand-
wich like arrangement. Indeed, the O—H- - - O hydrogen bonds involving
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FIGURE 33. Space filling image of the crown ether, dibenzo-24-crown-8, that
encapsulates the Cu?" ion at the center of the cavity. Copper-coordinated waters and
relevant hydrogen bonds are not shown. Color code: Cu, blue; O, red; C, green.
(Reprinted with permission from ref. 70.)

isopolyanion [Mog '0,o]*~ are the strongest among all eight hydrogen bonds, as
far as £ OHO angle is concerned.

When a relatively smaller crown ether, for example, dibenzo-18-crown-6
(DB18C6) is used in similar synthesis with same isopolyanion [Mog 'O1]° ", a
new type of three-dimensional supramolecular assembly consisting of sodium-
dibenzo-18-crown-6(Na-DB18C6) supramolecular cation [Na(CyyH»40¢)
(CH;CN),J*" and the isopolyanion [Mog 'O;o]>~ can be achieved.® This consists
of two isostructural chains (designated as chains A and B) that are arranged
nearly perpendicular to each other. One of these chains is shown in Figure 35.
The chain is formed by C—H - - - O hydrogen bonding interaction in which the
terminal oxygen (O1) of the Lindqvist isopolyanion is hydrogen bonded to C10
of the upper crown ether and C8 of the bottom crown ether and so on. In a
similar manner chain B is formed. In the crystal structure, these chains pack in
an AB- - -AB- - - AB fashion throughout the crystal forming a new type of
two-dimensional arrangement, as shown in Figure 36.

The inter-layer C—H - - - O hydrogen bonding interactions result in the
formation of a three-dimensional supramolecular network with one-dimensional
sandglass type channels (Fig. 37) that have inner dimensions of 15.25 - 10.52
A2, Similar types of channels were obtained in the crystal structure of
[(DB18C6)Na(H,0); 51, [M0cO19] - CH3CN with the inner dimensions of 7.77
- 0.97 A% as shown in Figure 38.”% In this compound, the coordination number
varies from seven to eight and acetonitrile molecules were found inside the
channels, whereas in compound, [Na(C,oH»404)(CH3CN),]5,[M04gO;9] - 4CH;
CN, the coordination number around sodium is eight, which includes six oxygen
atoms from the crown ether and two nitrogen atoms from two coordinated
aceonitrile molecules. The lattice/solvent acetonitrile molecules fill the channels.
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FIGURE 34. View illustrating intermolecular O—H - - - O hydrogen bonded interac-
tions between [Cu'(H,0),(dibenzo-24-crown-8]*" and [Mog'Oyo]*~ which lead to the
formation of a supramolecular sandwich-type chain-like arrangement: (a) polyhedral
representation, (b) wire-frame, and (c) space-filling plot. Color code: Cu, blue; Mo,
violet; O, red; C, green; H, purple. (Reprinted with permission from ref. 70.)

An unusual supramolecular alkali metal-crown ether POM structure has
been shown to be formed in which the Keggin unit [PMo,040]° "~ is coordinated
to Na' cations through the three terminal oxygen atoms in a single M;O03
triplet,”® thereby forming a neutral and discrete molecule (Fig. 39). In this
context, it is worth mentioning that in the crystal of two-electron-reduced
[K(18-crown-6)],-[N(PPh3),][HPM0;,040] - 8MeCN - 18-crown-6, there is no
coordinative interaction between K ions and terminal oxygen atoms of the
polyoxoanions.” It is interesting that, in the relevant crystal structure,
the packing of the heteropolyanions form holes or voids that are filled by the
supramolecular [K(18-crown-6)]" cations via electrostatic interactions.

According to soft and hard acid base (SHAB) principle, the hard oxygen
donor of crown ethers prefer alkali metal ions and lanthanide cations because
these are considered as hard acids. Thus it should not be difficult to obtain
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FIGURE 36. The alignment of ABAB isostructural chians along the crystallographic b
axis. The encapsulated Na* ion, and coordinated and solvated acetonitrile molecules are
not shown for clarity. Color code: C, green; O, red. Isopolyanion is shown in violet
polyhedral. Hydrogen bonding interactions are shown in purple.

supramolecular lanthanide-crown ether complexes that are stabilized with POM
anions. Nogueiraa and co-workers have reported the europium(III)-benzo-15-
crown-5-POM system in which Eu(II]) is coordinated to eight solvent molecules
(6MeOH + 2H,0). The resulting complex is strongly hydrogen bonded to two
moieties of crown ethers that undergo C—H- - -O type hydrogen bonding
interactions toward the oxo groups of Keggin anions to form an extensive
supramolecular network.” Crown ethers-POM supramolecular systems are not
limited to metal ions that are generally encapsulated in the cavity of crown ethers
but are also capable of encapsulating organic amine cations and oxonium cations.
Nakamura, Akutagawa, and their group have reported the formation of a
para-phenylenediamine-crown ether-Keggin supramolecular system that exhibits
intra-molecular proton and electron transfers with the formation of reduced
Keggin anion [PMo;,040]* ’®. They combined the phosphomolybdic acid
(H3PMo0,,049) with supramolecular species of protonated phenylene diamines
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FIGURE 37. The perspective view of compound [Na(CyoH»406)(CH3CN),]5,[M06O19]
- 4CH;CN showing the 1D sandglass channels along the crystallographic a-axis. The
solvent acetonitrile molecules, hydrogen atoms, and sodium ions are not shown for
clarity. (Reprinted with permission from ref. 8.)

(PPDs) and crown ethers by changing the size of the crown ethers from
[12]crown-4, to [15]crown-5, to [18]crown-6, which resulted in the formation of
(HoPPD*"),5([12]crown-4)4[PMo,040]* =, (HPPD™)4([15]crown-5)4[PMo1,040]* ",
and mixed-protonated (HPPD™),(H,PPD?")([18]crown-6)3[PMo;,04]* ", respec-
tively (Scheme 5).

The different protonated states of para-phenylene diamine (PPD) deri-
vatives in these PPD-crown ether-POM complexes afforded interesting and
distinct supramolecular structures. The oxonium ion has also been found to be
encapsulated in the cavity of the crown ethers that are associated with
POMs.””7® Wang and co-workers reported a supramolecular compound,
[C1o,H24064][H3PMo0,040] - 22H,0, that shows the existence of a supramolel-
cular cation, [H;0(C,H»404)]", that stabilizes the H;O " ion at the center of the
crown ether through hydrogen bonding interactions with the crown ether
oxygen atoms.”’ In another oxonium encapsulated compound, the hydrogen
bonding interactions between the oxonium ion and the crown ether oxygen
atoms are electrostatic in nature, and the oxonium encapsulated crown ether
supramolecular cations in the relevant crystal pack alternatively in a parallel
manner in the caves or voids that are formed by the supramolecular interac-
tions among the [PMo,,04]°~ POM anions.”®
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FIGURE 38. Three-dimensional network of [(DB18C6)Na(H,0); 5],[MogO;]
CH;CN with 1D sandglass-like channels along the ¢ axis. The acetonitrile molecules
are omitted for clarity. (Reprinted with permission from ref. 72.)

IV. SUPRAMOLECULAR WATER CLUSTERS
ASSOCIATED WITH POLYOXOMETALATES

Water is a major constituent of planet earth and it plays an important role
in many natural systems. Numerous biological systems depend on diverse
noncovalent interactions in which water plays major role by stabilizing the
native conformation of the respective biomolecules.”” ®! However, water is not
a fully understood liquid due to its anomalous behavior. Thus numerous recent
reports have appeared on extensive investigations of water structures. Studies
on small water clusters and their noncovalent interactions are also significant
because such clusters stabilize supramolecular systems both in solution and in
the solid state. Therefore, there is a clear need to understand how such
aggregates influence the overall structures of their surroundings.®**?

In many chemical systems, small water clusters are responsible for the
aggregation or self-assembly of organic and inorganic molecules.®* The study
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FIGURE 39. The molecular structure of [{Na(dibenzo-18-crown-6)(MeCN)}3
{PMo01,040}] in which the Keggin unit supports three supramolecular sodium-crown
ether complexes via three terminal oxygen atoms of a single {Mo3;0O;3} unit of the
Keggin anion. (Reprinted with permission from ref. 73.)
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of small water clusters through crystallization is of fundamental importance as
well in understanding the physical properties of liquid water and ice. However,
the crystallization of a water cluster itself is difficult to study. Crystallographic
investigations on molecular crystalline hydrates have shown that stabilization
of small water clusters (H,0), is possible in a restricted environment—for
example, in organic or organic-inorganic hybrid framework materials by
hydrogen bonding interactions that occur between the host and the guest water
molecules. A polyoxometalate matrix has recently been recognized in stabiliz-
ing water clusters ranging from the simple water dimer, (H,O),, to complex
(H,0)q0 spherical cluster.”>®> Infantes and Motherwell have reported the
prototypes of water clusters within the Cambridge structural database (CSD),
categorizing them as discrete rings and chains, infinite chains and tapes, and
layered structures.®® Later, Mascal et al. described water oligomers in crystal-
line hydrates by choosing 17 random recent publications that describe
unprecedented assemblies of water molecules and compared these structures
against those already in the CSD.*” The present discussion on supramolecular
water clusters is restricted to the crystallographic observation of water clusters
that are stabilized in POM matrices, stressing the role of POM cluster anions in
generating water clusters, the shape and size of which vary, depending on the
particular type of supramolecular interactions in the concerned POM asso-
ciated crystal.

The simplest and smallest water cluster is the water dimer. We have repor-
ted the crystallographic observation of water dimers in the channels of an
inorganic framework material, Nas,(H>0)6,JAI(OH)sMogO;s), - 2nH,0,>* deri-
ved from the Anderson-type POM cluster anion [AI(OH)sMogO;s]> . The three-
dimensional framework, which has “‘sinuous” channels accommodating water
dimers, is constructed by the Anderson-type anions as building blocks that share
sodium cations (Fig. 27, vide supra).> The supramolecular water dimer
(as guest) is associated with the host by having hydrogen bonds in the channel,
as shown in Figure 40.

The water dimer was realized in the vapor phase for the first time by Dyke
and co-workers.®®%? Their molecular beam resonance experiments showed that
the lowest energy arrangement has a plane of symmetry containing the hydrogen
donor molecule to the right and the symmetry axis of the molecule to the left
(Scheme 6a). The plane containing the hydrogen donor water molecule to the
right bisects the water molecule to the left through the oxygen atom of the
hydrogen acceptor molecule (Scheme 6a). On the other hand, the water dimer,
found in the channel of the isolated crystalline hydrate, Nas,(H,0)g,[Al(OH)¢.
Mo¢Oig],- 2nH,O (Fig. 40 and Scheme 6b), is near linear, but it is not
isosymmetrical with the theoretically predicted water dimer and/or the water
dimer of the vapor phase (Scheme 6a).5*° They differ by the position of one
hydrogen atom (H49B in Scheme 6b), which bisects the water molecule (050
water) out of plane to the left. This is because the water dimer, which exists in
the solid state, is hydrogen bonded to all of the possible sites that include the
POM cluster anions and the sodium-coordinated water molecules (Fig. 40).
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FIGURE 40. Representation of the supramolecular water dimer (guest) consisting of
0(49) and O(50) water molecules and its immediate environment (host) as found in
Naj3,,(H>0)6,[AI(OH)¢Mo0gO15],, - 2eH,O (50% thermal ellipsoids). Covalent chemical
bonds are shown as solid lines (—) and H-bonds as dashed lines (---). O(4) is a bridging
oxygen atom between two molybdenum atoms in an Anderson anion, and O(11) is a
bridging oxygen atom of another Anderson anion.
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The resulting steric constraints decide the present conformation. It is interesting
that both oxygen atoms of the water dimer (Fig. 40) have a ‘“‘formal”
coordination number of four (two hydrogen atoms of each oxygen of the dimer
act as acceptors and the two lone pairs electrons on each oxygen act as donors),
with approximately tetrahedral arrangement. It is thus possible to envision that
the free water dimer (in the channel) is connected to the coordinated water
molecules of the host framework through O-H- . -O hydrogen bonding.
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However, it is reasonable to identify the pair of water molecules in the channel
as a supramolecular water dimer because this pair is not at all involved in
covalent interaction and is solely hydrogen bonded to its periphery. At this
point, it is worth mentioning that, even though we have described this pair of
water molecules as a water dimer, contributions from the peripheral hydrogen-
bonding sites (POM cluster anion and sodium-coordinated waters) are un-
avoidably significant for the existence of this smallest water cluster. Thus the
formation of supramolecular (H>O), in the channel appears to be facilitated by
the peripheral hydrogen-bonding interactions POM cluster anions.

The next larger water cluster is the trimer. Theoretical calculations have
established a six-membered minimum energy cyclic water trimer, which is chiral
and undergoes two types of degenerate structural rearrangements. Not only has
the cyclic supramolecular (H,O); cluster been identified (in liquid water)
experimentally by various spectroscopic methods, including infrared vibration
rotation tunneling (VRT) spectroscopy,”®®! but also the ability of three water
molecules to form a cyclic trimer has been observed crystallographically in the
solid state of the complex hydrate, {[2,2,2]cryptand-2H}[CoCl4]- 1.5H,0.> We
have shown stabilization of an acyclic water trimer (Fig. 41) in crystal of a
POM-supported  transition-metal complex, [AI(OH)sMogO;3{Cu(phen)
(H0),}1][AI(OH)§M 06O g{Cu(phen)(H,O)Cl},] - 5H,0.%? This acyclic water
trimer is, as such, energetically unfavorable, but its existence in the POM matrix
can be justified by its supramolecular hydrogen bonding interactions with its
surrounding, which includes the oxygen atoms (terminal and bridging) of the
Anderson heteropolyanions and the copper-coordinated water molecules (Fig.
41b). As shown in Figure 41b, the water trimer is hydrogen bonded to all of its
possible sites, and the resulting steric constraints determine the conformation of
the present acyclic water trimer. More specifically, the surroundings of the water
trimer, which stabilizes such a high-energy acyclic conformation, include four
bridging oxygen atoms (O(1), O(2), O(3), and O(26)); three terminal oxygen
atoms (O(8), O(19), and O(24)) of the Anderson polyanions; and three copper-
coordinated water molecules (O(13), O(29), and O(27) (Fig. 41b). Contributions
from the peripheral hydrogen-bonding sites (terminal and bridging oxygen
atoms of the Anderson anions and copper-coordinated waters), which play an
important role in the existence of this acyclic small water cluster (H,O);, can be
realized by the fact that some of the H-bond contacts to the peripheral
surroundings of the water trimer are even shorter than those in the intrawater
trimer (Fig. 41b). The water trimer and the other two lattice waters (O(30) and
0O(33)) in the crystal are extensively hydrogen bonded with their surrounding
heteropolyanions, resulting in an intricate hydrogen bonding supramolecular
network (Fig. 42).

Doedens and co-workers reported”® a symmetrical cyclic water hexamer,
(H>O)¢, observed in the polyoxovanadate-based crystalline hydrate Lig[Ni3 V15045
(H>0)1»(80,4)] - 24H,0, that forms a framework type structure in its crystalline
state in which the building unit is the cage-like polyoxovanadate cluster
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FIGURE 41. (a) Hydrogen-bonded water trimer (shown in violet). (b) Hydrogen
bonding situation describing the water trimer (shown in violet) and its peripheral
hydrogen bonding sites. Color code: Mo, yellow; O, red; Cu, blue; H, white. (Reprinted
with permission from ref. 52.)

{V13042(SOy4)}. The body-centered cubic unit cell of a relevant crystal contains
eight equivalent hydrogen-bonded (H,O)¢ clusters with a chair configuration as
shown in Figure 43, which is an edge-on view of the unit cell in which four water
hexamers can be observed. A view of the single water hexamer in this polyox-
ovanadate-based compound, Lig[Ni3;V304,(H»0),2(SO4)] - 24H,0, is presented in
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(b)

FIGURE 42. Linking the Anderson heteropolyanion via O-H - - - O hydrogen bonds
that involve solvent waters including water trimer (shown in violet): (a) ball-and-stick
representation and (b) polyhedral representation. Color code: Al, cyan; Mo, yellow; O,
red; H, white. (Reprinted with permission from ref. 52.)

Figure 44. It must be mentioned in this case that the hydrogen atoms within the
(H,O)g ring show a twofold disorder and the axial hydrogen atom is hydrogen
bonded to one of the terminal oxygen atoms of the polyoxovanadate cage
{V13042(SO4)}. It has also been described that this chair conformation and the
disordered hydrogen atoms of the (H,O)4 ring are found in hexagonal ice (I,) as
well as in the metastable cubic ice (I.).”*

A supramolecular water octamer, (H,O)s has been crystallographically
observed in the crystalline hydrate of an isopolyanion supported copper coordi-
nation complex, [{Cu(phen)(H,0),}»(M0gO»¢)]-8H,O (Fig. 4, vide supra).’’
Theoretical (ab initio) calculations, carried out on water octamers, (H,O)g,
predicted that the octomers can exist in cyclic and cubic forms (Scheme 7).
The octamers with D,4 and S, conformations contain 12 hydrogen bonds and are
energetically favorable, and the cyclic topologies possess fewer (8) H-bonds and
thus are energetically disfavored.”” ', The (H,O)s cluster found in the crystalline
hydrate [{Cu(phen)(H>O),}>(Mo0gO»¢)] - 8H>O is neither in the cubic form nor in
the cyclic/bicyclic form. It is a new type of a discrete water octamer (Fig. 45) that
is stabilized by its hydrogen bonding contacts with the POM cluster anion in
the compound, [{Cu(phen)(H>0),},(M0gO»4)]- 8H,O. The water octamer can
be described by a cyclic water tetramer (consisting of two O(14) and two O(17)
water molecules), which further interacts with two water dimers, resulting in a
water octamer. Thus the water octamer is formed from four copper-coordinated
water molecules (i.e., two O(14) water molecules and two O(15) water molecules)
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FIGURE 43. An edge-on view of the body-centered unit cell of Lig[Ni3V304(H,0)2
(SO4,)] - 24H,0, showing the {V;304(SO.)} cages, the Ni*" ions linking them and the
(H,0); clusters. For clarity, the encapsulated sulfate ions, the water molecules bound to the
nickel ion, and the Li* ions have been omitted. Four of the eight water clusters are clearly
visible; the others are obscured by the cages. (Reprinted with permission from ref. 93.)

and four lattice water molecules (two O(16) and two O(17) water molecules). The
hydrogen bonding interactions between O(17) and O(16) water molecules cannot
be described in terms of the proton donor/acceptor model, because the hydrogen
atoms of the O(16) water molecule were not located in the crystal structure. The
O(16) water molecule accepts a proton from the copper-coordinated water O(15),
as shown in Figure 45.

The stabilization of such unusual and disfavored conformation of water
octamer is thus achieved through supramolecular hydrogen bonding interac-
tions with its surroundings, which include terminal oxygen atoms O(1) and
O(5) attached to Mo(1) and Mo(5), respectively, of the isopolyanion. This
situation is shown in Figure 46.

It has been demonstrated so far that polyoxometalates play an important
role in stabilizing supramolecular water clusters by extending their surface oxo
groups to form appropriate hydrogen bonds with water clusters. Now it will be
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FIGURE 44. The cyclic water hexamer in Lig[Ni3V304>(H>0)12(SO4)] - 24H>0O showing
the disorder of the equatorial hydrogen atoms. Each equatorial hydrogen atom is
hydrogen bonded to the adjacent oxygen atom. (Reprinted with permission from ref. 93.)

SCHEME 7
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FIGURE 45. (a) Water octamer formed from the copper-coordinated waters and lattice
waters. O(14) and O(15) are copper-coordinated water molecules. Cu ions are not
shown. (b) Water octamer showing water coordination to the copper ions. (Reprinted
with permission from ref. 31.)
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FIGURE 46. The immediate environment of the water octamers, (H,O)g, which
includes the oxo groups of the POM anion. (Reprinted with permission from ref. 31.)

shown how a confined space, for example, the internal spherical cavity of a giant
spherical/icosahedral POM cluster, influences the formation of giant icosahedral
(H>0),(n = 20, 40, 60, 80, 100) clusters inside the internal cavity. Miiller and co-
workers have established that several well-defined spherical water assemblies can
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FIGURE 47. Polyhedral representation of nano-capsules that are formed by 12
pentagons (P) and 30 linkers.(L). P = [(Mo)Mos0,;(H,0)e]® and in the present case
L = [MoyO4(CH;COO)]'*. (Reprinted with permission from ref. 101.)

be generated inside the cavities of a series of giant icosahedral clusters.'”" The
fundamental skeleton of such icosahedral clusters can be described generally by
{Pentagon},{Linker};y, in which the pentagonal unit is the aggregation of six
oxomolybdenum polyhedral, [(Mo)MosO,;(H,O)]®, that has a central
{O=Mo"'(H,0)Os} bipyramid sharing the equatorial edges of five {O=Mo""
(H,0)O,} octahedra.'? The linker can be a monomeric unit—for example,
{0O=Mo"(H,0)O4} unit (Mo-102 icosahedral cluster) or dinuclear fragments
[MoYO,)*", which are stabilized by coordinating ligands like HCOO™,
CH;COO™, SO4>~, and H,PO, . The formation of such nanocapsules is shown
in Figure 47. The resulting metal-oxide based nanocapsule, which has 532
symmetry, has been characterized by 20 pores and channels with a nano-size
central cavity.'? Because these nano-size clusters are synthesized from an aqueous
medium, there is no wonder that the internal spherical cavity of such nanocap-
sules would encapsulate a range of spherical water assemblies/clusters. The first
nanocapsule of this series, which was discovered in 1999,'% was genera-
ted with the dinuclear {Mo)O4(CH;COO)}'" linker in compound (NH,)s
[{MO¥O4(CH3COO)}30{(MO)M05021(H20)6}12] - 10 CH3COONH4 - ca. 300
H,O. The inside cavity of the concerned nanocapsule was characterized by highly
disordered water assemblies (amorphous water), and it was argued that the 30
methyl groups of 30 acetate anions that are ligated to dinuclear unit cover the
internal surface and cause a disorder owing to their overall hydrophobic
character. This strong disorder of the water assembly in the methyl groups
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FIGURE 48. The disordered {H,O}s9 water aggregate extracted from the electron
density peaks found in the interior cavity of the nanocapsule in compound
(NH4)42[{MO¥O4(HCOO)}30{(M0)M05021(H20)6}12] - 30 HCOONa - ca. 250 H2O
(Reprinted with permission from ref. 101.)

surrounding the cavity of the nanocapsule in (NHy)u[{MoYO4(CH;COO)}5o
{(MO)MO5021(H20)6}12] - 10 CH3COONH4 ca. 300 H20, can be Sllghtly
reduced when the acetate ligands of the 30 dinuclear units are replaced by 30
formate ligands, which result in the formation of a formate analog, (NHy)4,[{Mo-
V,04(HCOO0)}30{(M0)M050,;(H>0)s}15] - 30 HCOONa - ca. 250 H,0.'”
The total water assembly in the interior cavity of the formate analog
could not be observed crystallographically; however, a disordered aggregate of
~59 H,O molecules could be extracted from the total (real) assembly. The
disordered (H,O)so fragment is built up of reticulated chains of water molecules
with no loops of ring (Fig. 48). Because of strong disorder, the entire water
assembly could not observed crystallographically inside the cavity of both
the acetate and the formate ligated nanocapsules. When the size of the
spherical nanocapsule is reduced by sizing the linker—that is, by replacing
the dinuclear unit with a mononuclear species like {Mo"O(H20)}, a relatively
smaller nanocapsule can be obtained, (e.g., the nanocapsule in the compound
[{Mo0"O(H,0)}30{(M0)M050,;(H,0)4(CH;CO0)} 5] - ca. 150 H,0).'""* It is
interesting that, this shrunken nano-object encapsulates a highly organized
water cluster (H,0),, which has a shape of perfect pentagonal dodecahedron,
in its central cavity. This capsule is surrounded by an another larger pentagonal
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FIGURE 49. The (H,0)4 water assembly having two dodecahedra with the central O-
atom-dodecahedron in blue and the second in red (central water molecule not given)
found in the nanocapsule of the crystal structure of [{MoYO(H,0)}30{(M0)MosO,,
(H,0)4(CH;COO0)} 5] - ca. 150 H,O. (Reprinted with permission from ref. 101.)

(H»0),¢ dodedecahedron through hydrogen bonds and result in a (H,O)49
nanowater droplet (Fig. 49), in contrast to the highly disordered water
assembly found in the cavities of the relatively larger nanocapsules of acetate-
and formate-ligated compounds (vide supra). It is remarkable that the central
(H»>0),¢ dodecahedron clearly shows the pentagonal rings and the tetrahedral
coordination of water molecules (Fig. 49). Even though this (H,0),, dodeca-
hedron with 30 hydrogen bonds is included inside the central cavity of a metal
oxide-based nanocapsule, which is a single discrete entity, it is of fundamental
importance because this is the basic unit of the crystalline clathrate hydrates in
which it is embedded into a three-dimensional network of hydrogen bonds.
Thus it has been shown that the reduction in size of the spherical nano-size
POM clusters plays an important role in the ordering of the water molecules in
a confined spherical space by exerting more stress on the organization of the
encapsulated molecules.

It has already been mentioned that in the case of nanocapsules of
compounds'?*!'” (NH,)42[{M03 O4(CH3C00)}30{(M0)M0505;(H20)g}12] - 10
CH3COONH4 - ca. 300 HQO and (NH4)42[{MO¥O4(HCOO)}30{(MO)M05021
(H20)6}12] - 30 HCOONa - ca. 250 H,0, the organized water clusters could not
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be identified in their internal cavities because the terminal parts of the ligands
(e.g., methyl groups in the case of the acetate-ligated nanocapsule), which dangle
from the internal wall, cover the confined spherical space inside the cavity,
and the hydrophobic character of the methyl groups causes disordering of
the encapsulated water molecules. Thus it is necessary to modify the wall of the
internal surface to obtain ordered/organized water assemblies inside the cavity.
This modification can be done simply by substituting the ligands of the dinuclear
units. Thus treating the nanocapsules that contain acetate ligands with hypopho-
sphite anions results in a complete substitution giving rise to the compound
(NH4)42[{M0¥O4(H2P02)}30{(M0)M05021(H20)6}12] - ca. 300H20~105 The na-
nocapsule in this hyphophosphic compound is superior in terms of water
organization in the central cavity due to the fact that there are 20 voids between
30 x 2 H atoms of (O,P)H; ligands, which are not abundant in the acetate- or
sulfate-ligated nanocapsules.®> These 20 void spaces allow the inclusion of 20
water molecules that interact with the next (H,O)gq cluster shell, resulting in the
formation of a spherical (H,O)g, cluster in the central cavity of the nanosphere of
compound (NH4)42[{M0Y O4(H2PO5)}30{(M0)Mo050,1(H,0)}12] - ca. 300 H,O
(Fig. 50). The (H,O)go cluster is characterized by the involvement of 120
hydrogen bonds. This spherical water cluster has a large and well-defined central

FIGURE 50. The (H,0)gy water assembly found in the central cavity of nanocapsule of
(NH4)42[{MO¥O4(H2P02)}30-{(MO)M05021(H20)6}12] - ca. 300 H20 (Reprinted with
permission from ref. 101.)
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cavity (inscribed radius ~ 5.2 A) and, accordingly, has been described as a
nanobubble of water assembly in a confined space—namely, the internal central
cavity of a spherical POM-based nanoobject. When 20 pores of the POM
nanocapsule is closed by a guanidinium cation and the ligands of the dinulcear
linkers are both hypophosphite and sulfate anions, 100 water molecules can be
assembled into a (H,O);¢g cluster. The structure of this assembly of 100 water
molecules can be described by wrapping two centrally nested (H>O),o dodecahe-
dra by a strongly distorted (H,O)go rhombicosidodecahedron. This can also be
derived by intercalating a (H,O),, dodecahedron into the two-shell (H,O)g,
cluster.'®" Thus large water assemblies/clusters can be generated in a confined
space of the giant spherical/icosahedral nanocapsules of the type {(Linker}sq
(Pentagon);,} POM clusters. These encapsulated water clusters may respond to
physical influences, like the volume of the POM nanocapsules, chemical modi-
fications of the internal capsule surface, and closing of the nanocapsule pores.
Thus far, discrete water clusters have been discussed that are associated
with POM cluster anions. Polyoxometalates may also influence the stabilization
of the water polymer. We have described the crystallographic observation of a
new type of waterpipe (a water polymer) identified in supramolecular channels
that are formed in the polyoxometalate POM-based inorganic—organic hybrid
compound  [Cu,(phen),(CH;COO)(CH3;COOH)(H,0),][AI(OH)sMogO;g] - 28
H>0.'% This compound consists of an Anderson-type POM anion, [AI(OH),
MogOs]’; a dimeric copper complex cation, [Cus(phen),(CH;COO)(CH;
COOH)(H,0),J*"; and 28 lattice water molecules. It is interesting that 13
lattice water molecules (out of 14 water molecules in the asymmetric unit) are
involved in forming a supramolecular (H>O);3 cluster, as shown in Figure 51.
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FIGURE 51. Hydrogen bonding interactions among lattice water molecules, O(15)—
O(28) resulting in the formation of a (H,O);5 cluster. (Reprinted with permission from
ref. 106.)
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FIGURE 52. The generation of a waterpipe formed by the repetition of a (H>O);3
cluster (as shown in Fig. 51). (Reprinted with permission from ref. 106.)

FIGURE 53. The side view of the water tube (white sticks) in between the Anderson
heteropolyanions (polyhedral representation, red color). The copper dimeric complex
cation is not shown for clarity.

The repeating arrangement of the (H,O);5 cluster leads to the construction of a
new type of waterpipe, as shown in Figure 52. The inner diameter dimensions of
the water tube were found to be 8.527 x 8.061 A% The existence of such
unstable pipe (vide supra) has been made possible by interactions with its
surroundings, including an Anderson heteropolyanion and a dimeric copper
complex cation.

There are extensive hydrogen bonding interactions between surface
oxygen atoms of the Anderson anion (terminal, bridging and p3;-O oxygen
atoms) and the water tube oxygen atoms. Figure 53 shows the importance of
the POM cluster anion in stabilizing such a waterpipe.

V. CONCLUDING REMARKS

Transition-metal coordination complexes that are susceptible to showing
facile electron transfer through red-ox reactions are generally good catalysts for
organic transformations of industrial importance. However, the major draw-
back in using these coordination complexes as catalysts is the loss of catalyst in
each run because the soluble metal coordination complex (catalyst) cannot be
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recovered from the homogeneous reaction mixture. POMs, which have avail-
able coordination sites (oxo donors), can easily support coordination com-
plexes on their surface and thereafter can be used as a heterogeneous catalyst
because the POM-supported transition-metal complexes are not generally
soluble in the catalysis reaction mixture. In the first part of this chapter, both
heteropolyanion- and isopolyanion-supported metal coordination complexes
were described. It was shown that a particular type of heteropolyanion—
namely the Anderson-type anion [AI(OH)sMogO;s]> —can be used as a
potential building block to obtain a new class of one-dimensional coordination
polymer using lanthanide ions as linkers. When this lanthanide linker is
replaced by a transition-metal (copper) coordination complex, a spiral type
chain is obtained in which the copper phenanthroline complex is the linker.
Finally, if we choose an “‘s” block metal ion (e.g., sodium ion) as a linker in the
same system of Anderson heteropolyanion, we end up with a three-dimensional
coordination polymer with a framework type structure that has well-defined
channels. Thus a POM cluster anion can be used as a versatile building block to
achieve new metal oxide—based materials of diverse dimensions. The POM
cluster anions in these POM-supported transition-metal complexes undergo a
variety of hydrogen bonding interactions and generate remarkable supramo-
lecular structures.

The second part of the chapter dealt with crown ether encapsulated- or
associated-metal ions or organic cations known as supramolecular cations,
which are coupled with POM anions. It was demonstrated that POM cluster
anions play an important role in identifying a new type of supramolecular
sandwich consisting of two crown ethers and an unusual penta-aqua copper(II)
ion. The formation of such a unique sandwich is otherwise not known. It has
also been shown that a soft metal ion can be included in the hard donor center
of a large-cavity crown ether through its supramolecular interactions with the
POM cluster anion. The important structural feature of POM clusters is
the presence of a bare nucleophilic surface, which acts as a hydrogen bond
acceptor. It was shown that the projection of hydrogen bond donors (e.g.,
organic ligands, crown ethers, and water) toward the POM cluster surface can
lead to remarkable supramolecular structures.

In the last part of this chapter, the importance of POM cluster anions in
generating a diverse range of water clusters was described. The role of giant
icosahedral/spherical nanocapsules on the water assembly that is trapped
within the central cavity of the nanocapsules was emphasized.
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I. INTRODUCTION

Metal organic frameworks (MOFs) or porous coordination polymers
(PCPs) represent an immense and still growing field of research.' These
materials represent hybrids of inorganic and organic components and, as
such, their structural properties span a wide range. One could look at these
materials as analogous to metal oxides where the anion can be replaced by a
virtually limitless number of organic ligands. This conceptual substitution, even
if maintaining the same topology, likely necessitates the formation of pores in
the solid. This is a key distinction between MOFs/PCPs and traditional
coordination polymers and one that is not always well defined; the formation
and retention of an open structure is a paramount synthetic challenge for these
solids.

Conventional and correct thinking would dictate that a porous architec-
ture requires sufficiently strong bonding between components to sustain the
void being formed, such as the Al-O and Si-O bonds in zeolites.> Coordinate
covalent bonding does not, on an individual bond basis, provide comparable
strength to bonds in zeolites. However, several authors have definitively shown
that, by elegant strategies employing cooperative bonding effects, permanent
porosity is attainable in coordination solids.> Porosity can be to differing
degrees but with the common basis that the interior of the solid is accessible to a
fluid phase. The highest degree requires a rigid architecture and the observation
of a reversible gas sorption isotherm; this is now regularly attainable for
coordination solids.* Another level of porosity is observed in coordination
solids where a structural change accompanies removal of the solvent that
occupies the pores. If this process is reversible and a fluid phase can again
access the solid’s interior, this also represents a form of porosity.” The porosity
of coordination solids has been classified into three generations by Kitagawa:
the first being solids that include solvent but that collapse irreversibly on guest
removal (hence not truly porous), the second being those that sustain pores
giving a reversible gas sorption isotherm, and the third being those materials
that shift structure yet reversibly resorb removed guest molecules.® Much effort
is ongoing to develop new design strategies to enable porous solids from
coordination building blocks. Two interrelated challenges facing the prepara-
tion of any porous coordination solid are the use of bonding interactions strong
enough to allow the formation of a porous solid and the retention of a
crystalline architecture.” These two aspects can be conflicting as very strong
interactions between building units can lead to rapid precipitation of less
ordered solids.

With a focus on design, a logical avenue of thought is to pursue building
units with regular and predictable bonding tendencies. Balancing this with the
bond strength requirements mentioned earlier has translated to the large
majority of coordination network research focusing on polytopic carboxylate®
and pyridine-like ligands® as the organic linkers. Correspondingly, metal ions



The Sulfonate Group as a Ligand 127

with regular geometrical preferences have also been the focus, largely
transition-metal ions. Metal phosphonates have been studied primarily as
layered networks.'® They are prototypical “hybrid inorganic—organic” solids,
in which inorganic layers alternate with organic interlayer regions. In these
materials, the pendant organic groups pack in a manner to preclude any
interlayer porosity. Even with densely packed interlayer regions, these solids
have demonstrated function in solid catalysis,'! optical devices,'? and film
precursors.'? More discussion on efforts to generate porous solids from these
materials will follow later in this chapter, however, at this point, the key
illustration is simply that the inorganic backbone provides a rigid and regular
scaffolding from which a wide range of organic groups can be appended while
maintaining the same core structure. Metal sulfonates have been examined with
transition metals as potential analogs of metal phosphonates.'* Under hydrous
conditions, with transition metals and most hard metal ions, the most frequent
observation is the formation of ion pairs between fully hydrated metal cations
and sulfonate anions—that is, no true network is formed."

There are numerous groups that have made very significant contributions
in the areas of sulfonate networks, as referenced throughout this chapter, and
our contribution to the phosphonate field has been modest. With acknowl-
edgment of these works, the invitation for this chapter was a focus on our own
efforts and so the focus will be on the work of the Shimizu group since 1999.
With respect to the design of functional coordination solids, our group has
taken an alternative approach to that of the pairing of components with regular
coordination tendencies outlined earlier. Rather than focusing on building
units with rigidly defined (and constrained) bonding preferences, we have
chosen to study units that have more pliant bonding tendencies with a range of
possible structural motifs within a narrow energetic window.'® This approach
will be clarified and expanded in this chapter, but, essentially, we view our
approach as enabling the formation of not necessarily less-defined structures
but more adaptable ones. In particular, we will discuss the chemistry of
network solids formed by metal-sulfonate (RSO5)'” and metal phosphonate
(RPO5>") building blocks.

II. THE SULFONATE GROUP AS A LIGAND

The sulfonate group in coordination chemistry is generally regarded as a
poor ligand."® The use, therefore, of such a functional group in the formation of
robust networks may seem counterintuitive. Two important clarifications must
be made in the chemistry of the sulfonate group and its preconception as a
weakly coordinating ligand. The first is that, while an O donor group, owing to
the delocalization of the valence electrons, the group can be considered a soft
Pearson base. In most cases, in which it is observed to be weakly coordinating,



128  Supramolecular Coordination Networks

harder transition-metal complexes are the systems under study. This is
corroborated by the fact that, with transition-metal ions in aqueous solutions,
sulfonate ions typically fail to displace water from the primary coordination
sphere.'” Softer metal ions should be favored for coordination by sulfonates.
The second key point is that the bonding tendencies of any functional group in
solution, either in molecular complexes or in discrete assemblies, do not
transfer linearly to its coordinative tendencies in network solids. A network
solid represents the extreme case of cooperative bonding interactions between
components, so-called matrix effects, and so what may be a weak interaction
in a discrete system in solution can have its stability augmented dramatically
in an infinite solid.

With respect to metal ions that sulfonate groups coordinate well to, as a
soft base, the best partners are metal ions with polarizable coordination spheres.
We have found very good success with Ag* and heavier alkaline earth ions, in
particular, Ba®>*. The ensuing sections discuss metal sulfonates initially as more
classical hybrid inorganic—organic solids with layered structures and then
proceed to pillared layered motifs and finally nonlayered structures. Scheme 1
shows the ligands discussed in this chapter.

III. LAYERED METAL SULFONATES

The structure of a prototypical hybrid inorganic—organic solid is that of
continuous inorganic layers with pendant organic groups. The inorganic layers
have a rigid structure and serve to provide a scaffolding of regular anchor
points for the organic groups. In 1998, two groups reported the structure of
silver p-toluenesulfonate, AgL1, 1."” The structure fits that of the classic
inorganic—organic hybrid, as shown in Figure 1a. The silver ion had an irregular
geometry with a coordination sphere of five oxygen atoms. Rather surprisingly,
for all the complexations and reactions in which this compound must have been
employed over the years, the X-ray structure had never been reported. Likely,
this fact stems from the difficulty in growing sufficiently thick single crystals, as
the solid is predisposed to forming very thin plates, coupled with the lack of
accessibility to CCD X-ray diffraction technology before to the mid-1990s.

The single crystal structure of a closely related material to 1 was obtained,
that of silver benzenesulfonate, AgL2, 2.%° The side-on view of 2 (Fig. 2a), appears
to resemble that of 1. Although the organic groups orient differently, the structure
of 2 is still that of an inorganic—organic hybrid. A closer look at the layer structure
(Fig. 2b) shows that not only are the aryl groups oriented differently but they
are anchored to the layer at different points. That is, the silver coordination and
the layer structure were fundamentally different in 2 than in 1.

In 2, the silver (I) ion adopted a six-coordinate geometry and the SOj
groups each bridged six different silver centers (i.e., a saturated p® mode).
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(a)

FIGURE 1. (a) The inorganic—organic hybrid structure of the silver p-toluenesulfonate,
AgL1, 1. Sulfonate-Ag connectivities form the infinite lamellar structure, while the
toluene groups directed into the interlayer region impart significant hydrophobic
character to these spaces. (b) View down onto a single layer of Agl1, 1, with the
toluene groups omitted for clarity, showing the fivefold donacity of the SO5 groups and
the seven-atom coordination about each silver. Ag, dark large spheres; S, light medium
spheres; O, dark small spheres.

In both 1 and 2, there is no water ligated to any of the silver(I) centers, although
the crystals were obtainable from aqueous solutions. A key observation to
extract from these two examples, which diverges from the pattern observed for
metal phosphonates, is that the inorganic backbone does not provide an
inflexible skeleton on which the organic groups are merely pendant. In 1 and
2, the organic groups play a structural affecting role, if not necessarily a
structure-determining one. The differences in the two-layered solids arose
simply from the presence of the methyl group in the 4-position of the phenyl
ring in 1. The larger inference of this small observation was that packing and
aryl-aryl interactions in the interlayer could affect the coordination modes of
both the silver ions and the SO3 groups in the layer itself, a direct deviation
from the chemistry of metal phosphonates. This point was the origin of the
concept of metal sulfonates as adaptable solids. A later section discusses
the dependence of the layered motif with variation of organic group.

The formation of a metal sulfonate solid with a two-dimensional structure
reminiscent of more robust metal phosphonates was an intriguing result.
However, a more important illustration would be that metal sulfonates were
not simply structurally similar to metal phosphonates but that they could
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FIGURE 2. (a) Structure of silver benzenesulfonate, AgL2, 2, showing the overall
lamellar network with phenyl groups protruding into the interlayer region. The grid-like
arrangement of the silver atoms in the ab plane is shown in brown lines. Disorder has
been removed for clarity. (b) View down onto a single lamella of the structure of silver
benzenesulfonate, Agl.2, 2, with phenyl rings and disordered oxygen atoms removed for
clarity. Note the hexagonal arrangement of the silver(i) centers, the nonavalent
coordination mode, and the pg-sulfonate groups.

behave in a similar manner chemically. For solids that are strongly bonded in
two-dimensions, such as graphite,21 metal sulfides,?? and clays,23 a fundamental
physical observation is that the layers can be separated and other molecular
species intercalated between the layers. A preliminary study was performed on
1 with nonylamine and monitored by powder X-ray diffraction (PXRD).'*?
After treatment of 1 with nonylamine and heating to 70°C, indexing the sample
gave a unit cell that showed intercalation. The indexing result showed that two
axes, those in the plane of the AgSO; layer, were closely related if not identical,
whereas the third axis increased markedly. These data were consistent with
retention of the inorganic layers, albeit with minor rearrangement, and the
expected swelling of the structure. We reported a more detailed study on
the intercalation of alcohols into Ag triflate, AgL3, 3a, another layered material
that corroborated these findings.** In this case, single crystal X-ray structural
data of an actual intercalate complex was obtained. Figure 3 shows the
structure of Agl.3(EtOH), 5, 3b, which shows that the ethanol solvate forms
a coordinative intercalate. A series of alcohols of varying chain length were
examined and, by PXRD and thermogravimetric analysis (TGA), it was
confirmed that the entire series was structurally related, with the guest alcohols
adopting an identical coordination mode to the layer as in 3b (Figure 4).
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FIGURE 3. The lamellar network formed by AgL3(EtOH), s, 3a, showing the CF; and
EtOH groups directed into the interlayer region. Ag, dark large spheres; F, light small
spheres; C, dark small spheres. Hydrogens have not been shown for clarity.

Thus the intercalation was topotactic. From progressive swelling of the
layers, the tilt angles of the alcohols were obtained. Another observation made
in both these intercalation studies was that the silver salts showed no
photodecomposition as is often observed with silver(I) salts. The principal
conclusion to these intercalation studies was that, although flexible and
sustained by M-SO; interactions, the Ag sulfonate inorganic layers were
sufficiently robust to display intercalation, a phenomenon more associated
with strongly bonded solids. As mentioned, heavier alkaline earth ions also
coordinate well with sulfonate ions. For simpler monosulfonate ions, it would
be expected that a layered motif would also result. In fact, barium sulfonates
have been employed as lubricants, owing to the regularity of their two-
dimensional motif,” this despite a paucity of single crystal X-ray data on
barium sulfonates. To form a layered sulfonate with an open pillared layered
structure, we examined the tironate anion, 1,3-disulfo-4,6-dihydroxybenzene,
L4.%6 The SO; groups on this ligand do not orient at 180°, and so it was
anticipated that some interlayer porosity would be created. The structure of the
barium tironate complex, 4, is (Fig. 5).

Indeed, the bent conformation of the pillar resulted in micropores in the
interlayer. The stability of this structure was augmented by chelation of
the hydroxyl groups to the Ba centers in addition to the SO; ligation. The
pores in 4 were occupied by water molecules, which was to be expected.
Unexpectedly, the hydrogen atoms of the intrachannel water molecules were
readily observed in the difference map during the single crystal X-ray structure
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FIGURE 4. View down onto a single layer of compound AgL3(EtOH), 5, 3a. Note the
rows of edge-sharing Ag hexagons (blue trace) and the two types (14 and ps) of bridging
sulfonate groups.

determination. This indicated that the water guest molecules were held in a
regular orientation and that the pore was well suited to the shape of H,O
molecules. Given this, a more interesting and structurally related guest
molecule, that being H,S, was examined as a potential guest. The subtle nature
of intercalation in these pores was evidenced by this system. Heating a bulk
sample of 4 to 110°C on the TGA selectively removed only the water molecules
in the channels without altering the structure, as confirmed by PXRD analysis.
This left empty channels imprinted with the shape of the guest water molecules.
When the flow gas was changed to H,S, 0.93 equivalent of H,S, with respect to
1 equivalent of displaced H,O, was observed. The network, 4, with empty
channels was also selective, as other small molecules such as H,, O,, Cl,, SO,,
CO,, Ar, MeOH, and CH,4 were not absorbed. This reversible and selective H,S
uptake constituted the first illustration of functional porosity in a layered metal
sulfonate. More generally, it showed that permanent pores could exist in a
metal sulfonate material. In this solid, the structural integrity (TGA showed
stability to >400°C) was augmented by a chelating catechol moiety in the
tironate ligand. A later example, compound 6, illustrates that a homoleptic
barium sulfonate could be sufficiently robust to allow for interlayer chemistry.
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FIGURE 5. Structure of Ba Tironate Complex, 4, viewed down the a axis. Ba, large
spheres, S, light small spheres; O, dark small spheres. Note the channels and the water
molecules occupying them.

The silver(I) complex of the pseudo-trigonally symmetric trisulfonate
ligand 1,3,5-tris(sulfonomethyl)-benzene, {[Ages(L5)>(H,O)s]-2H,O}.,, 5,
formed a pillared layered solid, as shown in Figure 6.”” The overall structure
is a pillared layered motif, in which sheets of SO5-bridged Ag ions are separated
by mesitylene units. Each molecule of L5 has one sulfonate group coordinating
to one layer and two sulfonate groups ligating to an adjacent layer. Alternating
ligand molecules have their orientations flipped. Notably, the pillars were not
densely packed, which resulted in the creation of interlayer void space in which
water molecules were included. The channels had dimensions of 8.50(5) A by
4.25(5) A and are occupied by two crystallographically unique water molecules.
TGA showed that this network was stable to 320°C after desolvation.

The stability of pillared layered networks with polysulfonate ligands will
be discussed later; however, at this point, it is worth noting that the layered
AgSOj; structure was retained even with the creation of void space with the
mesitylene pillar. An indication of the favorability of the network structure of
compound 5, beyond the stability over 300°C, came from the BaCl, complex
of the same ligand, compound 6.?® Despite the increased charge on the cation, a
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FIGURE 6. Structure of {[Ags(L5),(H,0)s]-2H,0} ., 5, viewed down the « axis. Note
the alternating pattern of mesitylene cores and the one-dimensional channels occupied
by water molecules.

similar pillared layered network structure was formed, which then necessitated
secondary ions in the pores.

The BaCl, complex of 1,3,5-tris(sulfonomethyl)-benzene (L5), also
formed a pillared layered solid, as shown in Figure 7. The formula for 6 was
{Ba,[(L5)(H,0)s]Cl}. The chloride ion was not ligated to the barium ion in this
solid; rather it was situated in pores between the layers. The dimensions of the
channels were ~9.1 by 7.9 A, which translates to 6.7 by 5.1 A, when van der
Waals radii are considered (van der Waals radius of CI = 1.75 A). Water
molecules in the structure were coordinated to Ba®>* and formed long hydrogen
bonds with the Cl™ ions. TGA analysis showed that after dehydration, 6 was
stable to 420°C. Given this stability and the ‘“‘free’” nature of the chloride
ion, an anion exchange experiment was conducted. Before this, the anion
dependence of the structure was examined.

As a general comment, it is not typical that any of the metal sulfonate
structures we have studied form as bulk solids with mixed anions. Without
exception, the few that do form with mixed ions have a very stable three-
dimensional cationic metal sulfonate skeleton, which requires additional charge



136  Supramolecular Coordination Networks

FIGURE 7. Structure of {Ba,[(L5)(H,O)s]Cl}, 6, viewed down the a axis. Note the
alternating pattern of mesitylene cores and the spaces occupied by the charge compen-
sating chloride moieties.

compensation. With L5, we studied the halide series of anions because BaCl,
gave the interesting structure, 6. With BaF,, the only solid isolable was BaF,
itself. With BaBr,, an isomorphous material to 6 was obtained: {Ba2[(L5)(-
H20)5]Br}, 7. Iodide was estimated to be too large for the cationic pillared
layered structure formed by Ba®>" and L5, and a different phase, which was
not able to be determined, was obtained. It is interesting that when the triacid
form of L5 was complexed with Ba(OH),, so that no secondary ion was present,
the mixture remained very soluble in water, indicating that an extended
network was not forming.

Attempts to exchange Br~ for CI™ in 6 were unsuccessful, however,
F~ could be efficiently exchanged. This selectivity is contrary to that typically
observed for ion exchange materials.”” In the presence of 1 equivalent of
fluoride ion, a 75-80 % exchange of the chloride ions was observed in 3h. This
was confirmed by AgCl gravimetric analysis, PXRD;'> F NMR spectroscopy;
and C, H, Cl, and F eclemental microanalysis, which also discounted the
potential formation of BaF,. Anion exchange in coordination networks is
rare and generally occurs only if a large excess of the new anion is present.*”
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Upon standing 6 in F~ for a week, there is complete exchange of CI™ to obtain
{Ba,[(L5)(H,0)s]F}, 8. To our knowledge the exchange in 6 is still the most
facile exchange reported in a coordination network to date. We also proposed a
model for the exchange because the channel is sufficiently large to permit two-
way passage of halide ions (Fig. 8) provided intrachannel solvents were mobile.
This was confirmed by NMR experiments in D,0.

A final noteworthy comment concerning the F~ ion exchange is that
whereas 8 can be prepared by ion exchange from 6 it cannot be prepared
directly from BaF,. This is perhaps the strongest evidence for a heterogeneous
exchange mechanism with retention of framework integrity.

IV. NONLAYERED METAL SULFONATES

Building further on the concept of a solid being adaptable, we sought to
probe whether a silver sulfonate could be directed to form a motif other than
simple AgSO; layers. Two general routes to this were explored. The first
involved employing organic R groups on the sulfonate, which would sterically
disfavor the two-dimensional AgSO; motif. The second involved incorporating
other ligating units into the sulfonate to alter the stoichiometry of silver ions
available to coordinate with the SO3 groups.

The first approach, that of varying the organic spacer, was pursued using
both monosulfonate and polysulfonate ligands. With monosulfonates, it
was clear that only a certain size of R group on the sulfonate could be
tolerated while retaining a two-dimensional motif, and so this was varied

FIGURE 8. Representation of the cross-section of a channel in {Ba,[(L5)(H,0)s]Cl}, 6.
Atoms are depicted at vdW radii distances and show passage of Cl™ (green) and F~
(purple) in the channel. Passage of ions required mobile solvent, which was confirmed by
NMR spectroscopy. Important to note as well is the fact that the ions are not rigid spheres.
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systematically.’! To determine this structural tolerance, it was first necessary to
define an ideal framework as a reference point. For this purpose, AgL2, 2,%
was chosen. This structure shows a nearly perfect hexagonal arrangement of Ag
centers, with each face of a hexagon being capped by a SO; group in a p°
coordination mode. The parameters of the unit cell for this compound traced
onto the inorganic layer are a 5.160 by 5.198 A rhombus (Fig. 9); this
corresponds to an area of 23.45 A2, This was viewed as the area in a plane
required for a sulfonate group to coordinate to silver(I) ions in a simple layered
motif. The sulfonate group itself has a breadth of 3.66 A, which is sufficient for
accommodating the thickness of an aryl ring. Thus with respect to the aryl
group, there must exist a critical lateral breadth that, if exceeded, would
preclude the formation of a simple SO5-bridged layered solid. .

Using the area in a plane defined by the reference compound, 2, of 23.45 A
and dividing this value by 3.66 A would allow an aryl group with a lateral
breadth of 6.41 A to be accommodated while maintaining the lamellar
structure. This prediction was tested with four different monosulfonate
aromatic R groups and silver(I). Figure 10 shows the four sulfonate
ligands employed and their respective lateral breadth parallel to the layer.
Five silver complexes were obtained: [Ag(4-biphenylsulfonate)].,,, AgL6, 9;
[Ag(2-naphthalenesulfonate)] ., AgL7, 10; [Ag (H>0)0.5(1-naphthalenesulfona-
te)] ., Ag(H20)0.5L8, 11a; and [Ag(1-naphthalenesulfonate)],,, AgL8, 11b;
and [Ag(1-pyrenesulfonate)].., Agl9, 12.

FIGURE 9. The view onto a single layer of Ag benzenesulfonate, 2. The rhombus
represents the trace of the unit cell onto the layer (5.160 by 5.198 A) with an area of
23.45 A2 This is taken as an approximation of the minimum area required to
accommodate an AgSOj; building unit in the construction of a simple layered solid.
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FIGURE 10. Lateral breadths of a series of monosulfonate ligands employed to gauge
the resilience of the layered motif in silver sulfonates.

For compounds 9-12, whose lateral breadths are given in Figure 10, the
approximation held as accurate. Only compounds 9 and 10, with biphenyl and
2-naphthyl appendages, respectively, had lateral breadths below the calculated
threshold, and both formed simple layered solids. For the 1-naphthyl appen-
dage used in compounds 11a and 11b, which exceeded the threshold by a
relatively small amount (6.93 A versus 6.41 A), the Ag sulfonate backbone was
displaced to allow the incorporation of a water molecule or, under anhydrous
conditions, shifted to allow the formation of Ag-7 interactions with half of the
naphthyl groups. For compound 12, the 1-pyrene appendage significantly
exceeded the estimated critical breadth to allow a continuum of SO3-bridged
Ag ions (8.14 A versus 6.41 A). In this case, the structure adapted to a greater
extent by forming cation-m interactions between silver(I) centers and al/ the
aromatic moieties. Structural details for all compounds are given in the caption
to Figure 11.
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FIGURE 11. (a) [Ag(4-biphenylsulfonate)] oo, AgL6, 9, with a simple layered structure.
The breadth of the ligand is below the threshold value (6.41A). (b) [Ag(2-naphthalene-
sulfonate)]oo, AgL7, 10, also with a simple layered structure. (c) [Ag(l-naphthalene-
sulfonate)]oo, AgL8, 11a. The breadth of the ligand exceeded the threshold by a
relatively small amount (6.93 A versus 6.41 A); the Ag sulfonate backbone was displaced
to allow the incorporation of a water molecule under hydrous conditions. (d) The layer
view of 11a showing the ligated water molecule and more diffuse structure. (e) [Ag(1-
naphthalenesulfonate)]co, AgL8, 11b, under anhydrous conditions. The structure
shifted to allow the formation of Ag-n interactions with half of the naphthyl groups.
(f) Structure of [Ag(1-pyrenesulfonate)]co, AgL9, 12. In this compound, the 1pyrene
appendage significantly exceeded the estimated critical breadth to allow a continuum of
SO;-bridged Agions (8.14 A versus 6.41 A), so the structure adapted to a greater extent
by forming cation-w interactions between silver(I) centers and «// the aromatic moieties.
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The formation of w interactions with the appended arene and the silver ion
necessitated the conversion of two-dimensional (2D) AgSO; layers into one-
dimensional (1D) columns. Based on the structural prediction and the obtained
results, we proposed a classification for silver sulfonates into three families,
referred to as type 1, type 2, and type 3. Type 1 structures are those sustained
exclusively by bonding between Ag ions and sulfonate oxygen atoms. Type 2
structures involve a continuum of interactions between Ag ions and sulfonate
oxygen atoms but with ancillary ligation by additional simple Lewis bases.
Type 3 networks involve coordination between Ag ions and sulfonate oxygen
atoms but with additional coordination of Ag by the & system of the appended
arene. Beyond providing a predictive reference for the design of silver
sulfonates, this work affirmed the structural role of the organic groups in these
networks. In the case of 10, the 2-naphthyl rings were observed to form a
herringbone pattern that very closely resembled that seen in naphthalene itself.
Clearly, the final structure represented a balance of both optimized coordina-
tive and aryl-aryl interactions.

The publication in which compound 5 was reported concerned variation
of organic cores as a route that disrupts the AgSO; layered structure and
potentially forms open framework materials.”” In addition to the mesitylene
core already mentioned, silver(I) networks were reported with o,0,0”,0t""-
durenetetrasulfonate (L10), to form {[Ag4(L10)(H;0),]}.,, 13, and 1,3,5,7-
tetra(4,4’-sulfonophenyl) adamantane (L11), to form {[Ag4(L11)(H,0),]-
1.3H,0} ., 14. Compound 13, based on the durene core, formed a three-
dimensional structure (Fig. 12) but not that of a pillared layered type.

With the durene core, formation of a layered (type 1) solid was not
possible. Rather, the layers were disrupted and 1D inorganic columns resulted.
Adjacent sulfonate groups ligated to the layers in meta-orientations off the
ring. Given that in the mesitylene analog, 5 also has two methylsulfonate
groups ligated in a 1,3-arrangment (unavoidable for this ligand), it was not
surprising that the 1D columns defined by the durene cores did not define very
large pores. The distance between columns was 9.929(2) A between column
midpoints but, factoring the breadth of the column, the columns were
realistically separated by only a Ag-coordinated water molecule. From TGA,
all the water molecules were lost by 125°C from which point no further changes
were observed until decomposition at 325°C. Going to the much larger
tetrasulfonate ligand based on the tetraphenyladamantane core, L11, was
expected to give much larger pores.

The structure of the silver(I) complex of 1,3,5,7-tetra(4,4'-sulfonophenyl)-
adamantane, 14, (Fig. 13) clearly showed that the structure was composed of
1D columns of Ag-SO; aggregates that were cross-linked in two dimensions by
L11. Two types of channel were defined by the adamantane cores of the ligand.
The first was primarily occupied by coordinated water molecules with approx-
imate dimensions 7.4 by 5.9 A. The second was occupied by disordered water
molecules and had dimensions of 8.3 by 6.0 A. The distances between adjacent
columns were 11.46(1) A and 12.49(1) A. In this structure, guest and
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FIGURE 12. (a) Structure of {[Ag4(L10)(H>O)5]}., 13, where L10 = o,0/,0",0"-
durenetetrasulfonate. The one-dimensional columns point out of the page and
each durene core links four different columns. The three-dimensional framework
is entirely different from the prototype pillared-layer structures, owing to the increased
orientational flexibility of the sulfonate groups assisted by the methylene moieties
linking them to the benzene core. (b) The isolated inorganic columns observed in
{[Ag4(L10)(H,0),]} o0, 13, when periodically along the a axis.

FIGURE 13. (a) The structure of {[Ag4(L11)(H,O)2]- 1.3H,0},,, 14, where L11 =
1,3,5,7-tetra(4,4’-sulfophenyl)adamantane. The cross-linking of inorganic columns are
directed out of the page by the tetraphenyladamantane units. One-dimensional voids are
shown between the organic linkers. Note the presence of guest water molecules in the
channels. (b) Shown is the columnar structure of {[Agy(L11)(H,O),]- 1.3H,0}.., 14,
highlighting the cross-linking role of the tetraphenyladamantane units. Although,
there are one-dimensional channels along both the »- and the c-axes, none propagates
along the « axis.
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coordinated water molecules could be removed and resorbed but the structure
did not persist in the absence of the guest molecules. Compound 14 lost water
molecules, both channel and coordinated, from 25° to 275°C and was then
stable to 375°C.

To extract some design principles from the structures of 13 and 14, the
approach of defining an ideal reference structure was again employed. As with
the monosulfonate study, Ag benzenesulfonate, 2,°° was employed as a
reference and treated as an ideal 2D silver sulfonate. The most pertinent
parameter for structural comparison was determined to be the distance between
sulfonate S atoms in the structures because they represented the anchor points
to the layers/aggregates and did not vary greatly with the identity or orientation
of the organic moiety to which they were linked. This distance in Ag
benzenesulfonate is ~ 5.2 A. It should be noted that this sulfur—sulfur distance
is somewhat flexible. For example, Ag 2-naphthalenesulfonate, 10, maintains a
layered motif by the Ag sulfonate layer, rearranging to 4.53(1) and 6.01(1) A to
accommodate the broader pendant group. However, these two values are still
centered roughly on the 5.2 A value.

Compound 13, with its durene core, was viewed as having two sets of
meta-xylyl spacers constraining the structure. Only half of each ligand was
crystallographically unique, and so there were only two independent sulfonate
groups. The meta sulfur-sulfur distance in L10 is 5.835(2) A, considerably
above the ideal 5.2 A distance defined earlier. This results in the observed one-
dimensional structure rather than a two-dimensional network typical for silver
sulfonates. For comparison, with the mesitylene analog 5, only one side of the
ligand was constrained by the meta-orientation of the sulfonate groups, so
the third SO; group could effectively function as a “filler” to permit the
formation of continuous layers. With compound 14, the tetraphenyladaman-
tane derivative, sulfonate sulfur atoms were situated at a distance of 12.65 A
apart, well beyond that required to preclude a simple layered solid.

The design principles that evolved from this work were that, for silver
sulfonate networks, any spacer that would rigidly position sulfonate groups
farther than 5.2 A apart should disfavor a layered solid and likely form one-
dimensional columns. Going a step further, one could say that a ligand, which
imposed such the same constraint in two dimensions, could dictate the
formation of zero-dimensional (0D) clusters. The Ba complex of L11, 185,
illustrates this potential.*> With each Ba ion carrying double the charge of a
silver ion, half the metal centers are available to cross-link the tetrasulfophe-
nyladamantane ligands. Thus, 15 (Fig. 14) showed the first observation of 0D
clusters in metal sulfonate chemistry.

The second approach that was pursued to direct the formation of silver
sulfonates without layered structures was to attempt to alter not the Ag/SO3
ratio, as that would entail additional counteranions, but the number of silver
ions that were available to interact with the sulfonate ions. This was accom-
plished by choosing pyridylsulfonate ligands because pyridine regularly forms
linear 2:1 complexes with silver(I).*>* The rationale was therefore that if a 2:1



‘Aq1aomoy0u st sytun Surpring jo ad£) $-Ngs 9Y) 01 19)sN[O oY) JO OUBR[qUIISIT Y], "JUSUWUOIIAUS UOT)RUIPIOOD
reprureridiq reuoSejuod paddes-ouowr & i ‘symun 8Qeq Inoj o) Awrure Surreys oSpe o) Aq PIuLIO] ST I9ISN[O oY) ‘A[PATBUISIY TRIPIYEIO0
ST I0)SNJO 9Y) PUNOIE UOTIRUIPIOOD oY) J1un J[SuIs € se pueSI Yord pue AJNUS U0 Se PIIIPISUOD ST I9ISN[O ) JT PUE ‘SPULSI] JUSIJJIP XIS 0}
P3102UU00 ST 193sN[d Yok ST punoduwod oy ur jussard s10)sn(o Bg ILI[ONU-BIA) 9Y) JO suonejuasardar JuaIdpyip om (o pue q) Kjerowr oruegio
oY) AQ PAYUI[-SSOID SIASND [BJOW IBIONU-LI3) JO 20udsaid ay) AON "SI 117 Jo xo[dwod e ay Jo ainjonys pasake] (v) b1 TANOIA

(0) (e)

144



Nonlayered Metal Sulfonates 145

pyridylsulfonate:Ag linear complex was formed as a building block employing
the stronger Ag-pyridine bonds, there would necessarily only be a single
silver(I) center left to interact with the two sulfonate groups. This was examined
with 4-pyridinesulfonate, L12, and 3-pyridinesulfonate, L13.

With L12, the structure-directing role of the 2:1 ligand:silver coordination
is readily borne out in the structure of AgL12, 16, shown in Figure 15.**
The strongest individual linking interaction in the system was the silver-
pyridine bonds (Agl-N1 = 2.163(3) A versus Ag2-O = 2.359(3), 2.410(3) A
to the sulfonate O atoms) to form linear monoanionic bricks. Thus, according
to the design, there would be only one silver cation to cross-link the two free

(b)

FIGURE 15. (a) Structure of the AgL12 (where L12 =4-pyridine sulfonate), 16,
showing a single layer. Note the presence of two distinct Ag centers as well as the
continuous layer structure. (b) View of AgL12, 16, looking in the plane of the layers
showing the relative orientations of four adjacent sheets. The Ag-S bonds are the only

strong interactions in the entire structure, and there are no strong interactions between
the layers.
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sulfonate groups. The silver sulfonate aggregate that formed was a 1D column
rather than the typical layered AgSO; motif formed, not surprising as there
were half the number of silver ions available. The cross-linking of the linear
bricks by the 1D columns ultimately still resulted in the formation of layers, but
layers that were, in a sense, a compromise between those of layered coordina-
tion solids and typical hybrid inorganic—organic solids. Unlike hybrid inor-
ganic—organic solids, these layers incorporated the R group rather than it being
pendant to the layers; however, like these solids, the layers formed continuous
sheets. Like most layered coordination solids, 16 incorporated the R group of
the sulfonate into the layer, but unlike them, in 16 an open-grid layer structure
was not formed. Given the continuous layer structure of 16, intercalation
experiments were carried out.

The primary amines, octyl, decyl, dodecyl, and tetradecylamine, were
individually dissolved in ether and added to a suspension of 16 also in ether in a
1:1 amine/L ratio. Upon treatment with the amines, the texture of 16 became
waxy, but the solid was still air and light stable. Figure 16 shows the PXRD of
these complexes along with host 16. The PXRD patterns of all complexes
indicated layered solids, with the most intense reflections arising from an
equally spaced Bragg family of planes {0 0 n}. The value for the lowest angle
(0 0 1) Bragg reflection for each of the intercalates increased linearly, from
27.88(2) A for 16- octylamine to 39.22(2) A for 16- tetradecylamine,
proportionally to the number of carbon atoms in the amine. These values
were also consistent with formation of, a bilayer arrangement of the guests
rather than an interdigitated structure. The slope of a plot of length of amine
molecule (or the number of C atoms in the amine) versus the increase in
d-spacing shows that the intercalated amines are tilted at an angle of 49° from
the perpendicular.

To determine if the intercalation was selective, the sorption experiments
were repeated using guests containing other functional groups. In the presence
of straight-chain alkanes, nitriles, alcohols, aldehydes, benzene, toluene, and
mesitylene, no guest uptake was observed by gas chromatographic analysis of
the contact solution. PXRD analysis showed no change in the host diffraction
patterns. Selectivity was also examined in the amine series by studying
(n-Bu)NH,, (n-Bu),NH, and (n-Bu);N, in competitive experiments with one
another. Compound 16 was treated with each amine individually and an
equimolar mixture of all three amines and again monitored by PXRD, while
the contact solution was monitored by GC analysis. The tertiary amine was
never adsorbed, but 70% of the secondary amine was removed from solution
in 3 h. The primary amine was almost completely removed from solution (96 %)
in 3 h. Both results showed the expected changes in the PXRD patterns of the
host consistent with layer swelling. In the presence of the primary amine, neither
(n-Bu)>NH nor (n-Bu);N were intercalated at all.

The next example, AgL13, 17, was introduced earlier because it employs
the same strategy as used in 16, that of shifting the Ag/SO; aggregate
stoichiometry, to direct the AgSO; structure away from simple layers. It could
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FIGURE 16. PXRD patterns for (a) 16-tetradecylamine, (b) 16 - dodecylamine, (c)
16 - decylamine, (d) 16 - octylamine, (e) bulk 16, and (f) 16 simulated from single crystal
data.

be presented here, but for the purposes of this chapter it is better classified with
the dynamic crystalline materials.

A. Dynamic and Crystalline Metal Sulfonate Frameworks

Through the course of our studies, it has become apparent that a possible,
though not essential, feature of metal sulfonate networks is a predisposition to
dynamic behavior in the solid state. There are two key contributing factors
to this tendency. The first is the fact that, individually, each M-O (sulfonate)
bond is not strong. The second factor is the coupling of the spherical ligating
ability offered by the SO3 group (through all three O atoms) with a metal center
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FIGURE 17. (a) The 24-membered rings of structure [Ag(L13)(MeCN), 5] (where L13
= 3-pyridyl sulfonate), 17a, linking to the eight-membered rings. (b) View of the
extended structure of 17a down the c-axis, showing the linking of the 24-membered
MeCN-filled channels by the eight-membered rings.

and an equally pliant coordination sphere. This results in multiple metal-ligand
coordination scenarios within a small energetic range.

With L13, in MeCN, the network [Ag(L13)(MeCN)qs], 17a, was
formed.*> This compound showed the expected linear coordination of silver
ions by the pyridyl moieties. The remaining silver ion interacted with the
sulfonate groups to form 24-membered rings (Fig. 17).

The coordination sphere of the SOs-ligated Ag center was a distorted
tetrahedron containing three oxygen atoms, from three different sulfonate
groups that cross-link adjacent 24-membered rings, and a molecule of MeCN.
The rings pack along the crystallographic c-axis in an eclipsed fashion to give
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channels containing the MeCN guests. The channel dimensions are 7.9(1) high
by 14.6(1) A wide, as defined by the transannular Ag—Ag distances of the rings.
Heating to remove the MeCN in this structure was attempted in the hope of
forming a pore in the material. Instead, as observed by PXRD, a phase change
was observed to a more dense phase, as is often the case with coordination
solids. However, treatment of this phase with MeCN liquid or vapor brought
about a reversion to the nascent structure. At the time this work was published,
there were very few examples of such pliant networks,*®although they are now
much more common and their structural transformations accepted as occurring
in the solid state.’’

The crystal structure of the dense phase, compound 17b, which had
trigonal symmetry, showed a three-dimensional (3D) solid containing 1D
ribbons of silver ions (Fig. 18). Knowledge of this structure allowed an
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FIGURE 18. Three-dimensional structure of the dense phase, [Ag(L13)], 17b. The
parallel ribbons of Ag ions permeating the structure are shown in black lines.
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examination into the possible mechanism of how the structure changed
between the open and closed forms. In 17b, only one silver ion was contained
in the asymmetric unit of [Ag(L13)]= but was distributed over three partially
occupied sites in a 2:1:1 ratio, with only one unique molecule of L13 present.
Agl occupied 50% of the silver sites and was the only silver center to bond to
the N atoms of pyridyl rings. It had two longer contacts to sulfonate oxygen
atoms and two even longer contacts to two adjacent silver centers, Ag2 and
symmetry related Aglr. Agl and Ag2 formed the ribbons of silver ions
permeating through this structure, repeating in a Agl-Ag2-Agl unit, with
distances shorter (2.988-3.015 A) than the sum of van der Waals radii (3.44 A).
Ag3 was coordinated by 4 equivalents of sulfonate oxygen atoms.

The mechanism of interconversion of the open and dense forms of 17
(Fig. 19) can be viewed akin to the folding of a cardboard box, where the
pyridyl-ligated Ag units form the top and the sulfonate ligated silver ions form
the sides. The network would respond to removal of the guest MeCN molecules
by filling the void by swinging one side of the box (AgSOj; unit) into the void.

FIGURE 19. Representation of the mechanism of conversion between solvated
[Ag(L13)(MeCN)], 17a(shown at left with MeCN molecules removed from the lower
channel) and the dense phase [Ag(L13)], 17b. The three crystallographic types of Ag
ions, which exist in a 2:1:1 ratio in 17b, are depicted as light, medium, and dark shades,
respectively.
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This silver ion now becomes proximal to the pyridine bound silver atoms.
This motion requires the second, originally equivalent, sulfonate-ligated silver
ions to shift in the same direction but out of the square. Looking at the
silver centers in 17b, the dense phase, this is consistent with pyridine-ligated silver
ions, SOs-ligated silver ions in proximity to the py-ligated silvers, and other
SOs-ligated silver ions in a ratio of 2:1:1. This was exactly what was observed
crystallographically. It is important that this mechanism did not require the
cleavage of any of the stronger Ag-pyridine bonds, only reorientation of the SO3
groups. Undoubtedly, the d'® coordination sphere of silver(I) played an
important role as a partner in enabling these structural dynamics.*® This type
of behavior led to the analogy of the ligating ability of a sulfonate group with a
“ball of Velcro.”

Beyond the reversible MeCN sorption observed for this system, selectivity
with other structurally similar molecules was examined. Treatment of 17b with
other nitriles, even propionitrile, MeOH, EtOH, and THF, yielded no change
in the observed PXRD, indicating selectivity for MeCN. This observation was
corroborated by heterogeneous extraction experiments of MeCN from a mix of
four nitriles suspended in tetradecane. In this experiment, which was designed
to confirm both selectivity and heterogeneity, some uptake of propionitrile was
observed. While initially viewed as somewhat of a negative, the fact that
propionitrile was absorbed only in the presence of MeCN, actually further
corroborated the heterogeneity of this process. If a dissolution/recrystallization
process had been occurring, a pure MeCN phase would have resulted, as the fit
for MeCN was ideal. In a heterogeneous scenario, given the connectivity of the
framework, many channels would have opened simultaneously in the presence
of MeCN and under this circumstance; propionitrile was able to be included.

As mentioned, dynamic coordination solids are now much more fre-
quently reported, although efficiently reversible transformations involving
changes in the metal ion’s coordination sphere are still not common.** The
next example concerns our best example to date of an “adaptable” solid. It is
the Ba complex of 1,3,5-trisulfonobenzene, Bas;(L14),, 18.4 Although in
compound 6, the versatility of the Ba ion enabled a very stable ion exchange
material to form, in this case, the irregular and easily varied coordination
sphere is key to enabling facile structural dynamics.

Compound 18 existed as a fully hydrated (orthorhombic) form, 18a, which
was 17.5 % water by weight. The structure of this compound is shown in Figure
20a. Water is contained both in 1D channels as well as coordinated to the Ba
centers. Considerable difficulty was experienced in collecting the single crystal
structure of this compound because dehydration, accompanied by a change in
crystal symmetry, was observed to occur immediately upon removal of the crystal
from solution. Ultimately, the crystal was selected and mounted under a flow of
blow-off from liquid N, to give the orthorhombic phase. Loss of water from
this sample occurred but, at virtually any stage of dehydration, the crystal could
be frozen and a unit cell collected. However, at most intervals, the full X-ray
crystallographic data set collected would fail to yield a satisfactory structure
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FIGURE 20. Crystal structures of the four isolated phases (1, 2a, 3, and 4) of
compound 18. Key features to note are the closing of pores between molecules of L14
with dehydration and then, at the final stages of dehydration, the slight reopening of
pores.
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FIGURE 21. X-ray diffraction images of a single crystal of 18a undergoing heating
while on the diffractometer: (a) 192 K; (b) 253K; (c¢) 263K; (d) 283K; (e) 333K; (f) 393K.
The image in panel a represents 18a and that in panel f represents 18d. Images in panels
b-d shows spots for both 18b and 18c. Panel e represents a stage of rapid heating en
route to conversion to 18d.

solution. Figure 21 shows the diffracted X-ray patterns obtained by slowly
dehydrating single crystals of 18a with heating on the CCD diffractometer.

Upon aggressive heating, the fully dehydrated (trigonal) phase, 18d, could
be formed and also structurally characterized. The fully dehydrated phase,
18d, can be viewed as forming by the channels in 18a twisting to pinch off
discrete cages. Upon immersion of dehydrated 18d in Paratone oil to mount the
single crystal, an unusual observation was made, in that bubbles of gas were
observed to escape the crystal. Based on such an odd observation, insights into
the intermediate phases were desirable and, ultimately, through careful heating
and patient analysis, two plateaus at intermediate stages of dehydration—18b
(12% water) (Fig. 20b) and 18¢ (3% water) (Fig. 20c)—could be characterized
crystallographically by X-ray diffraction.
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The structures at the intermediate stages showed an unexpected observa-
tion for a dehydration process in the coordination solid. Desolvation in such
systems is typically accompanied by a densification of the solid. In the case of
18, the solid became more dense, forming an efficiently packed material at 3%
hydration with no pores between the arene rings. However, at the ultimate
stages of dehydration, the pores were observed to reopen slightly to form a gap
between arene rings of L14. With the size of Ba, six cations are able to bridge
sulfonate groups and effectively form a continuous belt about two cofacial L14
molecules. The L14 molecules and six Ba ions then frame a cavity in which
gases may be trapped. The dehydrated 18d was stable to in excess of 500°C, a
tremendously high value for a metal-organic material.

The bubbling observed from 18d was an exceptionally odd phenomenon®'
and merited closer examination. Varying the atmosphere (CO,, O,, N,, CHy,
Ar, NH3) during heating yielded a dry solid, which released gas on rehydration.
The gas trapping could be reconciled by considering the intermediate stages of
dehydration of 18 that showed that the structure initially closed and then
reopened. The conclusion was that any gas composing the external atmosphere
during the dehydration of 18 was captured and stored in the material.

To verify this, several experiments were considered to characterize the gas
inside the closed pores of 18d as distinct from the surrounding atmosphere.
Ultimately, a simple colorimetric experiment was performed (Fig. 22). Crystals of
18a were dehydrated to 18d in an atmosphere of NH3(g) and then heated under
vacuum to liberate externally adsorbed NHj3. The dried crystals were then placed
in an aqueous Co(NO;), solution. The Co?" ions readily adsorbed to
the crystal’s surface to give a pink color. This coincided with release of gas
from the crystal as water rehydrated the Ba ions and opened the closed pores.
In ~ 2 min, the crystals changed color from pink to a deep green characteristic of
hexaammine Co(II). As any externally absorbed gases would have been removed
in the desorption cycle, the only source for NH3(g) would be the interior of the
solid, confirming that the external atmosphere was trapped during dehydration.
Figure 22b shows spots of green, indicating where NH; was escaping the crystal.

With respect to structural dynamics, we have specifically chosen the
Ba/organosulfonate couple owing to the diffuse ionic nature of the intermole-
cular interactions and the adaptable coordination preferences of both metal
and ligand components. To illustrate this contrast note that in 18a there are
two crystallographic types of Ba centers, both 8-coordinate but one with two
ligated water molecules and the other with four ligated water molecules; the
remaining sites are occupied by sulfonate O atoms. In 18d, the Ba center is also
8-coordinate but ligated exclusively by sulfonate O atoms. Loss of water from
the coordination sphere could be compensated for by simple rotation of the
SO; group to provide a low-energy continuum of ligation to the Ba centers.

The main illustrations from this particular work are that a solid can be
truly adaptable, leading to facile transformations between different structures.
The second, more practical illustration concerns the gas storage. The vast
majority of molecular materials for storing gases rely on either physisorption or
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(a) (b)

(c) (d)

FIGURE 22. Release of NH; from 18d upon rehydration. Single crystals of 18a were
dehydrated in an atmosphere of anhydrous NHj (30 psi). This sample was then further
heated under vacuum (150°C, 10~ torr) for 2 h to liberate externally adsorbed NH; on
the crystals (a) This crystal was placed in a crystallizing dish containing aqueous
Co(NOs),-6H,0. (b) The pink coloration due to Co>" adsorption is observed
immediately. (c) Within 10-15 s a color change to green, characteristic of hexammine
Co?", is apparent. (d) Within 2 min, the crystal forms small fractures as dissolution
begins, resulting in a pronounced color change to a more intense green. The main
illustration of this experiment is not to show the mechanism of release but rather to
demonstrate that the external atmosphere was trapped in the solid.

chemisorption of gases as their means of storage. A dichotomy in the storage
problem is that materials that store gases efficiently typically do not release them
rapidly, and conversely, rapid release is correlated with ineffective storage at
temperatures > 100°C (or even ambient conditions). Some organic container
molecules have been observed to contain gases in their networks via van der
Waals interactions.*! Compound 18 presents a solid able to absorb the ambient
atmosphere and store it to 150°C while providing instantaneous release of the
gas at room temperature simply by the addition of water to the solid.
The material is robust and highly recyclable.

B. Hydrogen Bonded Second Sphere Coordination Networks

Through discrete structures obtained with the mesitylene ligand, L5, it
was found not only that L5 itself had very high complementarity with the
triangular faces of hexaaquo metal ions (compound 19, [Fe(H,O)(L5], Fig. 23)
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FIGURE 23. Views of the trianionic second sphere moiety of complex FeLS5, 19. (a)
The doubly capping mode of L with [Fe(H,0)q]>*. (b) The six hydrogen bonds formed
between L and the triangular triaquo faces of Fe(H,O)¢>*. The offset column
arrangement along the c-axis and the placement of the MeOH molecules. Note the

up-down alternation of the anionic organic moieties along the a-axis enabling the
efficient packing and strong h-bond interactions with the cationic units.
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FIGURE 24. Structural relationship, with respect to hydrogen-bond donor ability
between two guanidinium (G) cations and an octahedral hexammine complex oriented
along its C; axis.

but that two oxygen atoms of a sulfonate group were highly complementary
with two water molecules ligated in a cis orientation to a metal center.** Aquo
ligands were not stable enough to form robust H-bonded networks, but it raised
the question as to whether an inert hexammine complex could be employed as a
H-bond donor to form networks. The precedent for this approach existed in the
literature in the form of the guanidinium sulfonate inclusion family.** These
solids are composed of H-bonded layers formed by perfectly complementary
trigonal H-bonding between guanidinium donors and sulfonate acceptors. The
vast array of inclusion phenomena observed for this family of compounds
(> 350 structures) owes to the ability of the GS framework to adjust to different
guests via puckering of the layers and “‘turnstile-like” rotation of the pillars.
Looking at Figure 24, one can see that the H-bond donation properties of a
guanidinium cation could be mimicked by the triangular face of a metal
hexammine octahedron. Thus, with a divalent complex, two guanidinium
cations could be replaced in a network with metal complex. This would serve
to enhance the stability of the structure because adjacent layers in a bilayer
structure would be cross-linked.

Owing to the inertness and availability of [Co(NH3)e]* , despite its trivalent
nature, initial studies with this complex were pursued.** It is important to keep in
mind that, while the use of an octahedral metal has some advantages, the
octahedron, beyond the desired C; orientation, can also lay along C, or C4
axes. The bulk of our results on this system showed that, with many combinations
of pillaring disulfonate and guest molecules, the overriding trend was that the
components would arrange in a manner that would minimize porosity.*’

Two general cases were observed in which some interlayer porosity could
be created.*® The first were situations in which secondary anions were included
(e.g., CI7). This served two functions, the first being to form effectively a
divalent metal center as the CI~ would typically “nest” atop on the triangular
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FIGURE 25. Structure of {[Co(NH3)¢CI|(L15)(H>O)s}o, 20, where L15 = 1,4-piper-
azine-bis(ethanesulfonate): space-filling representation, perpendicular to the layers showing
the spatial arrangement of the pillars and the “nesting” of the CI™ ions (large light spheres).

triamine faces, bringing about the desired C; orientation. The second function
was to reduce by 33% the required number of sulfonate pillars required. The
second general case in which porosity could be generated in the interlayer
was in situations in which the breadth of the sulfonate pillar prevented efficient
interlayer packing. One example of each of these cases was reported in
our initial report on these systems, {{Co(NH3)sCI|(L15)(H>O)¢} o, 20, where
L15 = 1, 4-piperazine-bis(ethanesulfonate), and {[Co(NH;3)s](L16), 5(H>O),
(dioxane)} ., 21, where L16 = 2,6-naphthalenedisulfonate. The structures of
these compounds are shown in Figures 25 and 26.

Porosity, in the form of guest exchange, in weakly bonded solids had been
observed in the absence of permanent pores.*’” This type of behavior would be
more expected for solids in which the interlayer was not porous but, at the same
time, was not efficiently packed and so could potentially reorient to accom-
modate a suitable guest species. A library of structural data on members of this
family was screened and [Co(NH;3)s](L17); 5(H>O),}, 22a, where L17 = o,0'-p-
xylenedisulfonate, was identified as a prospective nonporous host.*® Figure 27
shows the structure of 22a along with the inefficient packing of xylyl groups in
the interlayer.
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FIGURE 26. Structure of {[Co(NH;3)](L16); s(H>O),(dioxane)} .21, where L16 =
2,6-naphthalenedisulfonate: the view perpendicular to the layers showing the 2,6-
naphthyl pillars and, in space-filling representation, the included dioxane molecules.

The overall structure represented a compromise between the H-bonded
layers and the interactions between aryl groups in the interlayer. The hydrogen-
bonded sheets appeared to dominate the structure, as strong m-stacking
interactions between aryl rings did not exist. There are two unique rings that
arrange in a repeating 4 BA fashion. Within each trimer, there is slight overlap
of single edges of adjacent rings at a mean distance of 3.52(1) A. Between
trimeric units, the shortest contact was between C6 vertices of 4 rings at
3.780(7) A. Although this was not an efficiently stacked interlayer, it would
certainly not be deemed porous.

Despite not having a porous interlayer, compound 22a was observed to
selectively absorb aniline as a guest molecule. Upon treatment of 22a with
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FIGURE 27. Structure of [Co(NH;3)¢](L17);5(H,0),}, 22a, where L17 = a,0'-p-
xylenedisulfonate, showing the inefficient packing of the organic ligands in intercationic
spaces.

aniline and water (either as liquid or vapor phase), conversion to
{[Co(NH3)](L17); s(aniline)(H,O)s}, 22b, was observed, as shown in Figure 28.
Compound 22b was also a pillared layered solid but with aniline molecules
incorporated between the p-xylene units at a stoichiometry of one aniline molecule
for every three p-xylyl pillars. The pillars adopt a more vertical alignment, and
this was reflected in an increase in the perpendicular layer spacing to 13.55(1) A
(cf. 12.74 A).

There was increased hydration in the hydrophilic layers as three mole-
cules of water were incorporated for each Co center. The interlayer region was
more densely packed in 22b than 22a, as would be expected with the
incorporation of aniline guests. All aryl units in the interlayer region aligned
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FIGURE 28. Structure of {[Co(NHj3)s](L17), s(aniline)(H,O);}, 22b, viewed parallel to
the layers. The aniline guests appear above and below some Co centers and alternate in
their orientation. Water molecules residing above and below each aniline moiety have
not been shown. Note the relatively vertical arrangement of the L17 units. The
subsequent accommodation of the aniline molecules make the interlayer spaces much
denser than those in 22a.

—~O-
~C>=r‘e=f=oz,,a

in rows such that half of each aryl face overlapped with each adjacent row of
aryl rings. For each aniline guest, this resulted in four m-interactions with
neighboring xylyl groups (C—C = 3.371(9) —3.436(9) A). The aniline amino
group also formed two hydrogen bonds with sulfonate O atoms (N—O =
2.958(6), 3.284(7) A), which further augmented the w stacking interactions.
Given the exactness of the fit of the guest aniline molecules in 22b, the
selectivity of uptake of other guests was examined using direct treatment of
the fully desolvated {[Co(NH;3)s](L17); 5}, 22¢, with guests in the presence and
absence of water vapor. Simple aromatic guests, such as benzene and toluene,
as well as the functionalized rings, chlorobenzene, benzonitrile, nitrobenzene,
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and benzyl chloride, were not included. In fact, based on PXRD experiments,
only amines were absorbed by the host. The PXRD of the complex of
1,4-phenylenediamine closely matched that of 22b. There was a steric depen-
dence to the selectivity because, while 3-methylaniline was taken up, giving a
PXRD similar to 22b, 3,5-dimethylaniline was excluded. The water was
required along with the amine guest because interlayer guest inclusion was
accompanied by layer dispersion, requiring additional hydrophilic guests to fill
the layers. While the guest inclusion in this system was clear, the system did not
demonstrate a reversible gas sorption isotherm; more strongly interacting
guests were required to bring about a structural rearrangement.

In the field of crystal engineering, the use of coordination bonds to sustain
permanently porous materials has been studied only for the past decade. The
weaker the sustaining interactions become, the less likely it is that a porous
structure will result. Employing H-bonds, as shown by compounds 19-22, the
formation of even an open structure presents a formidable challenge. In
keeping with the design strategy of forming an open pillared layered solid by
using an octahedral metal complex analogously to two guanidinium cations, it
became apparent that needed a key design shift was the stabilization of an
divalent metal complex that offered a trigonal H-bond donor set. To meet this
requirement, the ligand, tris(aminomethyl)ethane (tame), was employed and
used to form the divalent complex [Ni(tame),]*".*° It was anticipated that the
self-assembly of this divalent metal complex, which offered two trigonal
triamine H-bond donor sets with a pillaring disulfonate, would yield the
desired structural motif. Figure 29 shows the outcome with 4,4’-biphenyldi-
sulfonate (L18) to form [Ni(tame),](L18), compound 23.%°

This was clearly not the desired result. Rather than a structure dictated by
N-H- - -O-S H-bonds, the dominant interaction in the structure was N-H
n-interactions. This was a surprising and disappointing result. An idealized
model of 23 with the desired N—H - - - O—S bonds optimized showed that three
of the disulfonate pillars could indeed surround a [Ni(tame),] cation. However,
when the construction of the complete layered array was attempted, it became
apparent that there was some steric congestion between the H atoms on the
methylene bridges of the tame ligands and the o-H atoms on the aryl rings
bonded to the SO; groups. This subtlety (Fig. 30) was sufficient to prevent
formation of the desired structure, and so a pillaring group without o-H atoms
was sought.

To address the steric congestion caused by the o-H atoms, the mono-
sulfonate compound 2-phenylethynesulfonate (L19) was prepared. This was
self-assembled with the [Ni(tame),] dication to form compound 24.°° Figure 31
shows the structure of 24. The self-assembly had occurred exactly as predicted
to form a hexagonal H-bonded motif between SO; groups and the NH, groups
of the tame molecules (Fig. 31a). The lateral view of the layers (Fig. 31b) shows
the expected alternating polar/nonpolar stacking arrangement resulting from
H-bonded sheets and pendant aromatic groups. The structure of 24 was not
porous, but it was not expected to be because a simple monosulfonate anion
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FIGURE 29. The extended second sphere network derived from hydrogen-bonding
interactions is depicted in [Ni(tame),](L18), where L18 = 4,4’-biphenyldisulfonate. Note
that the strongest interactions are of the N-H - - - n-type.

was used; a pillaring ligand would be required to form a porous structure.
Figure 31b shows that the phenylethyne units interdigitated in the interlayer to
form a dense material.

Based on the promising result of 24, a pillaring disulfonate ligand was
prepared, 4,4'-bis(sulfoethynyl)biphenyl (L20). Complexation of L20 with the
[Ni(tame),] dication vyielded an immediate precipitate, formulated as
[Ni(tame),]L20, 25a, with somewhat broadened powder X-ray diffraction
pattern not reminiscent of a layered solid (Fig. 32a). To order the solid,
refluxing of this powder in water was attempted, and indeed, a phase change
was observed. This second phase, 25b, formulated as a monohydrate, also did
not yield a PXRD pattern resembling a layered material. Upon desolvation of
25b, no change in the PXRD pattern was observed. Gas sorption analyses
showed a surface area of 70 m?/g. Although a modest result, the solid was
shown to be robust. This phase was designated as 25c.
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(a) (b)

FIGURE 30. An artificially idealized model of the Ni(Tame),(L18) hydrogen-bonded
assembly showing (a) three L18 molecules around a Ni(tame), complex and (b) the steric
congestion between a-hydrogens of the aryl rings and the tame methylene H-atoms.

In a further attempt to direct the self-assembly of the Ni(tame) dication
with L20, benzene was added to the reflux mixture. The rationale for this
addition was simply that, in the targeted structure, the aryl groups of L20
would be situated ~ 7.0 A apart. This was well suited for aryl-stacking
interactions given an aromatic guest was present. Upon refluxing 25a in a
water/benzene solution, a second phase change was observed giving a PXRD
that did resemble a layered material, compound 25d. To extract structural data
on 25d, the PXRD pattern was indexed giving a monoclinic unit cell (¢' =
13.865, b' = 7.794, ¢ = 19379 A, /' = 100.63°). Because the Ni(tame),-
sulfonate layers should have been identical in 24 and 25d, a comparison of the
unit cell parameters was made.

Figure 33 shows the hexagonal Ni(tame),-sulfonate layer observed in 24,
with the trace of its unit cell in purple A second very plau51ble unit cell for this
sheet (in green) has parameters a’' = 13.86 Aand b= 8.00 A, v = 90°. This is in
excellent accord with the refined unit cell obtained from the indexing of 25d
(a =13.865 A, b =779 A, v = 90°). The fact that the cell axes in 25d are
actually shorter indicates stronger H-bonds within the layer; an observation
that was quite feasible given the layer structure in 24 would be balanced with the
interlayer aryl contacts. This was strong support that the ideal H-bonded array
had formed. Further evidence supporting this point came from the match of the
calculated and expected perpendicular axis for 25d. With a hexagonal H-bonded
layer and the orthogonal disulfonate pillars, ¢’ is predicted as 19.151 AS
The indexed ¢’ axis for 25d was 19.379 A. Ultimately, a model of the proposed
structure was built on the indexed unit cell, which showed a good correlation
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(a)

(b)

The single crystal X-ray structure of [Ni(tame), 2-phenylethynesulfonate]

L19), 24. (a) The hexangonal H-bonded double layer to each trigonal face of the C;

oriented octahedral metal complex. (b) View perpendicular to the layers showing the

pendant phenylethynyl rings.

FIGURE 31.
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FIGURE 32. PXRD patterns for the Ni(tame)2(L20), compound 25 phases. (a) Bulk
precipitate, 25a. (b) Structure 25b formed by refluxing 25a in water. (c) Structure 25c,
formed by dehydrating 25b. (d) Structure 25d, formed by refluxing 25a in water/benzene.
(e) Structure 25e, formed by desolvating 25d. (f) Pawley fitting for the indexed unit cell of
25e¢. (g) Difference plot between the observed (e) and refined (f) profiles.

with the observed PXRD. The modeled cell was built in P1 symmetry so extra
peaks were observed; however, all peaks observed in the experimental pattern
were present. Based on this evidence, we proposed 25d as having the desired and
designed structure of GS-like H-bonded sheets pillared by L20 (Fig. 34).

Powder XRD on a heated sample of 25d showed no change in the observed
pattern. This would infer a robust architecture, but given the proposed structure,
void space would necessarily have to be generated in this desolvated solid, 25e.
To further confirm the proposed structure of 25d and definitively illustrate the
porosity of this system, CO, and N, sorption isotherms were performed on 25e
(Fig. 35). Both yielded type 1 isotherms characteristic of microporous solids. For
CO,, surface areas of 326, 373, and 380 m2/g for BET, Langmuir, and Dubinin-
Radushkevich (DR) models, respectively, were obtained.

The isotherm did not reach saturation, and no hysteresis was present.
With N,, surface areas of 392, 565, and 561 mz/g were obtained for BET,
Langmuir, and DR models, respectively. The use of charge-assisted H-bonds
resulted in several key observations. First, the weaker interactions allowed the
solid to optimize its structure in the presence of the aromatic guests, a key
illustration of a more supramolecular approach. Second, the solid that resulted
was permanently porous. To the best of our knowledge, 25e was the only
example of a permanently porous solid sustained exclusively by charge-assisted
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FIGURE 33. Structure of a H-bonded layer of 24. The crystallographic a- and b-axes
are shown as a dark rhombus. A plausible unit cell for 25e, with parameters, @' = 13.86
A and b’ = 8.00 A, is outlined as the lighter rectangle.

hydrogen bonds. Third, this was not an example in which porosity was
obtained because the material simply could not pack efficiently, as two other
more dense phases, 25a and 25b, were formed before to the most porous phase,
25e. This was an illustration of the use of complementarity between weak
interactions to yield a highly robust material.

V. METAL PHOSPHONATES

There is an obvious structural analogy between sulfonates and phos-
phonates; however, the two groups vary greatly in the strength of their
bonding interactions with metal cations. That said, there are parallels with
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FIGURE 34. Proposed structure 25e built on the indexed unit cell from PXRD data
showing the pillared layered structure and resulting interlayer void space.

respect to the design of open frameworks, beginning with the predisposition of
each group to form layered solids.'®'* This tendency to form nonporous
two-dimensional structures is more prominent with phosphonate groups, and
so different approaches to generate porosity in a metal-phosphonate system
have been studied. First, within the layered structures, one can replace some
phosphonates in the layer with a nonpillaring group to create some space. For
example, one can add phosphate, phosphite, or a small monophosphonate in
the inorganic layer to create void space.’’ The problem with this approach is
that substitution is random, so even though a porous phosphonate is typically
formed, structural characterization and tunability is a challenge. Second,
phosphonates with small R groups, such as methylphosphonic acid, can be
employed to direct the structure away from the layered motif simply because
of inefficient packing.> These 3D hexagonal structures contain small 1D
channels. Structural variation by this approach is quite limited, because a
small phosphonate is essential. A third approach involves adding a second
functional group to the ligand to chelate the metal ion and direct the structure
again away from simple layers. This can result in an open phosphonate
framework, though often these are heteroleptic structures, with the second
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FIGURE 35. Gas sorption isotherms with CO, (light trace) and N, (dark trace) for 25e.
Both show reversible type 1 isotherms characteristic of a microporous solid.

ligating group dictating the framework formed.”® Last, one can design a
polyphosphonate ligand that itself cannot form a layered structure simply
based on its geometry, akin to the metal sulfonate examples studied earlier.
Lin et al. have used this successfully in the formation of binaphthyl-based
lanthanide bis(phosphonates).>*

Based on the previous sulfonate work in the group, an adamantane-based
tetraphosphonate was synthesized in four steps from I-bromoadamantane.
This ligand, 1,3,5,7-tetrakis (4-phenyl phosphonic acid)-adamantane (L21),
consisted of four phosphonic acid moieties spaced by rigid phenyl groups from
an adamantane core. L21 by design could not adopt the pillared layered motif
typical for bis(phosphonates) because it was locked into a tetrahedral geome-
try. Because L21 was tetrahedral, it was believed that coordination frameworks
synthesized using this ligand would adopt a diamondoid topology. This
deviated from other phosphonate work in that the tetrahedral ligand geometry
controlled the topology of the networks formed, and not the phosphonate
group or the metal used, a so-called inorganic aggregate director.

Originally the crystal structure of Hgl.21 - 4H,0 - 2CHCI; was solved after
crystals of the acid form of the ligand were grown from 0.5M HCl,q, with
diffusing CHCl5.>° This fourfold interpenetrated network had a diamondoid
topology in which the second tetrahedral vertices consisted of hydrogen bonded
water-phosphonic acid clusters, as shown in Figure 36. This result showed the
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FIGURE 36. Fourfold interpenetrating diamondoid topology of H8L21 is observed in
the crystal structure of HgL.21 - 4H,O - 2CHCI;. The second set of nodes in this structure
is formed from tetrahedral water/phosphonic acid clusters.

propensity of the ligand to form diamondoid networks and the diamondoid
networks to interpenetrate.

Between our report of the crystal structure of the ligand and our
publishing the ensuing work, the group of Neumann reported two papers
concerning open framework, but less ordered phosphonate systems with Ti*"
[56] and V*" [57] and L21. No crystal structures were obtained, but the
catalytic activity of the V framework for aerobic oxidation was studied. Given
the rigid geometry of L.21, to facilitate ordering of the solid, metals with pliant
coordination spheres were used. In particular, the d® Cu®>" was used to form a
network, which was structurally characterized by single crystal X-ray diffrac-
tion.®®  Small  blue  octahedral crystals of  [Cuy(H;L21)(OH)
(H,0)3] - H>O - MeOH, compound 26, were grown phase pure from a metha-
nolic solution of L21 and Cu(ClOy),-6H,0O through diffusion of hexanes.
Structure 26 consisted of trigonal trinuclear copper clusters, in which the
copper centers were in a distorted square pyramidal geometry, coordinated by
three separate phosphonate groups and capped by a fourth phosphonate group
to create a pseudo-tetrahedral arrangement of phosphonates around the cluster
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FIGURE 37. Crystal structure of the tricopper cluster in [Cusz(H3L21)(OH)
(H,0)3]- H,O - MeOH, 26. The cluster is composed of three Cu®" centers, three H,O
molecules, doubly-bridging RPO;H™ (P1), and triply bridging OH™ ion (O1), RPO5*~
(P2) groups.

(Fig. 37) The other side of the cluster contained a p*-hydroxyl group to charge
balance. Because the copper clusters were in a pseudo-tetrahedral geometry,
coupled with the tetrahedral ligand, the framework did have diamondoid
geometry. Structure 26 was also twofold interpenetrated to fill some of the void
space generated (Fig. 38).

Even though 26 was twofold interpenctrated, there was still a large
amount of void space in the crystal structure. The bulky copper clusters
prevented efficient interpenetration, and voids filled with H,O/MeOH
remained. The internal surface area of the sample was modeled from the
crystal structure using the MS modeling studio, and the program gave a
predicted internal surface area, assuming full desolvation with a N, adsorbent,
of 2800m?g~". The modeled result led to real gas sorption analysis of 26 using a
CO5 adsorbent. Structure 26 was heated to 120°C under vacuum to activate it,
and a BET surface area of only 200m”g~" was obtained.

Due to the large discrepancy between the modeled and the real values for
internal surface area, it was believed that the framework was collapsing to some
extent. To characterize this, variable temperature powder X-ray diffraction
was performed on 26. Compound 26 was heated from 30 to 280°C, and a scan
was taken every 50°C. The PXRD showed that even at 30°C there was
some loss in crystallinity, based on the broadening of the peaks and by
280°C, there was a significant loss in crystallinity. This result indicated that
there was some destabilization of the structure on desolvation, causing collapse
and the significant decrease in internal surface area from the solvated to
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FIGURE 38. Crystal structure of [Cus(H;L21)(OH)(H,0)3]- H,O - MeOH, 26, show-
ing a single diamondoid net (inorganic clusters: balls and sticks; organic linkers:
wireframe). For clarity, the ligands, L, are truncated and the disordered phenyl rings
are shown in the major orientation.

desolvated product. Despite the loss of internal surface area on desolvation, 26
still remained permanently porous. This shows that inorganic aggregate
director approach to this work was a valid one. The metal clusters formed
were novel and generated as a direct result of the ligand geometry, creating a
porous diamondoid framework.

Another inorganic aggregate director approach was taken using the
ligand 1,3,5-tris(4-phosphonophenyl)benzene (L22), a triphosphonate with a
rigid Ds, geometry.” Again this ligand was designed to deviate from the
pillared-layered phosphonate motif because the trigonal nature of the ligand
will not allow layers to bridge. Upon hydrothermal reaction with Sr(OH), in
the presence of MeOH, L22 formed a twofold interpenetrated, 3D crystalline
solid with the formula Sr,(H,L22)(CH;OH)(H,0)4, compound 27 (Fig. 39).

Compound 27 contained 1D SrO chains linked together by the trigonal
L22. The chain was composed of face-sharing SrOg monocapped pentagonal
biprisms, in which the two crystallographically independent Sr centers were
coordinated by a p2-bridging methoxy oxygen, five phosphonate oxygen atom,
and two water molecules. Each L22 binds to three different chains and vice-
versa, so a three-dimensional framework with large 1D channels along the
a-axis resulted. In a single column, the organic groups were separated by
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FIGURE 39. Crystal structure of Sry(H,L22)(CH30H)(H,0),, 27. The structure is
composed of one-dimensional Sr phosphonate columns cross-linked by the trigonal L22
molecules into a pseudo-hexagonal assembly. Two such structures interpenetrate (light
and dark) and come into contact via n-stacking interactions between central aryl rings of
L22 molecules.

6.92(1) A along the a-axis, a distance suitable for inclusion of another aromatic
system; this is where the interpenetration arose. The one-dimensional inorganic
chains from one network filled the channels of the other network to form the
interpenetrated structure. The pendant organic groups from the second network
sat at a 60° offset from the first network, creating efficiently packed n-stacked
columns of aryl rings (centroid-centroid distance = 3.52(1) A). Though 27 was
interpenetrated, clefts remained between the three peripheral aryl rings.

Thermogravimetric analysis was performed on 27 to test its stability.
Structure 27 had a two-step weight loss of 13.54% between 65°C and 400°C,
corresponding to a loss of four water molecules and the methoxy group. Gas
sorption isotherms of 27 using CO; indicated that this material is porous, with
a BET surface area of 146m®/g. When left standing, it was observed that 27
took up CO, from the air, as was evidenced by IR spectroscopic measurements.
To test this, 27 was desolvated at 100°C and placed under a CO, atmosphere
for 2 h at RT. A 2% weight gain, corresponding to 0.4 mol of CO,/formula unit
was observed. Over three sorption/desorption cycles in the temperature range
of 25-300°C, a 2.5-3% CO, uptake was observed.
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Compound 27 is stabilized by both the 1D inorganic chains and the
organic n-stacked structure, with a microporous network arising. This topology
has design implications, where the most obvious means of increasing porosity
would be to add additional phenyl spacers to L22. This network would retain
the stability of both the n-stacked aromatic system and the 1D inorganic chain,
but increase the internal surface areca because the phenyl spacers would
inadequately fill the space and a third interpenetrating network would not be
possible.

Another method of introducing porosity into a metal-phosphonate
system is through small modification of a simple linear ligand. For example,
1,4-benzenediphosphonic acid readily forms layered structures with most
metals,®® as this allows both robust inorganic layers and close packing of the
interlayer phenyl rings. Through the addition of two hydroxyl groups in
the ortho positions from each phosphonate, the structure is directed such
that a layered structure is no longer the favorable motif.°! This ligand, 1,4-
dihydroxy-2,5-benzenediphosphonic acid (L23) was prepared in three steps
from hydroquinone.

Upon reaction of L23 with Zn(ClO,),-6H,O in dimethylformamide
(DMF), crystals of the formula Zn(H,L23)(DMF),, compound 28, were
formed as a pure phase. Each of the zinc centers in 28 was in a distorted
tetrahedral arrangement, fully coordinated by four oxygen atoms, each from
four separate phosphonate groups. Each phosphonate bridged two zinc atoms,
ultimately creating a 1D chain, in which the zinc coordination was homoleptic
with respect to phosphonate oxygen atoms, as shown in Figure 40a. The phenyl
rings on each ligand sat orthogonal from each other, which served to bridge
each chain, ultimately creating a 3D porous network, with 1D chains running
down the c-axis and bridges occurring in the @ and b directions (Fig. 40b). Even
though 28 was grown from an aqueous solution, no water was coordinated to
the zinc centers. The OH groups on each ligand remained protonated and
uncoordinated.

Through PXRD and TGA measurements, it was determined that 28 was
stable to loss of ~80% of the included DMF molecules, which inferred
porosity. CO, and N, gas sorption analysis gave BET surface areas of 216 m?/g
and 209 m?/g, respectively. Upon complete loss of DMF, a loss of order was
observed by PXRD, but order was regained upon resolvation. The addition of two
hydroxyl groups ortho to the phosphonate groups provided sufficient steric effects
to disrupt the formation of the layered motif and form an open structure in 28.
Stability in this structure is sustained by the 1D chains of phosphonate-bridged
tetrahedral Zn ions, with no solvent molecules coordinating Zn. Stability is
evidenced by the permanent porosity of 28.

The slight modification of phosphonate ligands through the addition of
the ortho hydroxyl group represented a new method of forming open frame-
work phosphonates. The free hydroxyl group in 28 also represented a reactive
site within the pores and may be a means to tune channel functionality.
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FIGURE 40. Single crystal X-ray structure of 28. (a) A single RPO3-bridged Zn chain.
(b) View perpendicular to that in panel a showing the network of pores. (c) A space-
filling depiction of the porous network.
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VI. CONCLUSION

This work has presented a review of some of the research conducted in the
Shimizu group since 1998 concerning metal sulfonates and metal phospho-
nates. The presentation has been largely chronological, beginning with the idea
that metal sulfonates and phosphonates were almost exclusively two-dimen-
sional materials. This was well known for phosphonates and it was equally well
known that these solids possessed functionality stemming from the robust
layered architecture. Subtleties in X-ray structures showed that, for metal
sulfonates, the layered structures are predominant but that their intralayer
bond connectivity is not as fixed as with metal phosphonates. A number of
examples were presented to illustrate that intercalation phenomena are ob-
servable for metal sulfonates despite the layers being sustained by weaker
interactions. Two studies to parameterize the tolerance of the layered motif to
the size of the R group were discussed. Pillaring of layers was presented, and
with alkaline earth sulfonates, it was shown that reversible gas sorption
and anion exchange can occur within the interlayer region. Finally, design
strategies to disrupt the layered motif and form open frameworks were
presented. With metal sulfonates, these open frameworks predominantly
show sponge-like sorption behavior rather than rigid open structures. This is
truly the unique aspect of metal sulfonate networks because they are predis-
posed to not only dynamic behavior but also dynamic behavior with the
retention of crystallinity. These efficient structure-shifting solids offer a broad
range of new solids with switchable properties, an example of which was
illustrated by a gas capture and release material. Beyond sorption phenomena,
coupling these features with metal-based properties such as magnetism, color,
or metal-based reactivity opens the door to new classes of sensors and reaction
vessels.

These same strategies employed with the sulfonates, such as the choice of
large polyvalent organic cores, when employed with metal phosphonates, result
in the formation of permanently porous open structures with reversible gas
sorption isotherms. The fact 0D and 1D phosphonate aggregates can be
stabilized, as opposed to the default layered structure, and by altering the
organic linker is an important result. Not only does this offer prospects for
systems with 1D and 3D pore structures it offers opportunities for new
inorganic aggregates with different properties. That is, the ligand would direct
the inorganic structure rather than the opposite typically observed for metal
phosphonates. Again, this offers a broad prospectus for new porous solids in
which the design of the organic linker plays a key role.

Finally, we have shown that, with appropriate design, even (charge-
assisted) H-bonds can sustain permanent pores. In this case, the complemen-
tarity between sulfonate anions and metal ammine complexes was exploited.
Work on such systems with phosphonate ligands is under study, but the
expectation is clear that such materials should also sustain permanent pores.
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I. INTRODUCTION

The possibility of an organic superconductor, as proposed by Little in
1964' and the discovery of the extraordinary electrical conductivity in the
organic charge transfer salt tetrathiofulvalene (TTF) tetracyanoquinodimethane
(TCNQ) by Heeger in 1973,> fueled much interest among physicists and
chemists in the field of low-dimensional materials. The quest for high-tempera-
ture superconductors motivated numerous studies involving one-dimensional
compounds.> The emphasis, however, has currently shifted toward the char-
acterization of unusual properties that are typically associated with nanoscale
systems.* The electrical, magnetic, and photochemical bistability exhibited by
low-dimensional nanostructures make them attractive candidates for developing
nanodevices.’

A considerable surge of interest is presently noted in linear chain
compounds involving transition-metal backbones. Two distinct approaches
have been followed in their synthesis. In one method, the metal atoms are
placed in linear arrays by employing carefully designed ligands. The number of
donor sites determines the nuclearity of the chain compound. By employing this
“ligand-driven approach,” linear chain compounds containing three to nine
metal atoms have been reported (Figure 1).

A different approach, appropriately termed the “metal-driven approach™
relies on metal-metal bonds (Figure 1). The largest class of one-dimensional
inorganic compounds is square-planar d® complexes, which form columnar
stacks in the solid state. Metal-metal bonds formed by the overlap of their d.-
orbitals stabilize the stack. Oxidative doping of such one-dimensional com-
pounds results in conducting materials as exemplified by partially oxidized
tetracyanoplatinate salts K,[Pt(CN)4]X,3.(H>0), (X = C1, Br), commonly
referred as Krogmann salts. Platinum has an average oxidation state of
approximately +2.3, and compounds exhibit metallic luster and high con-
ductivity.® The metal-driven approach also uses metal-metal bonded dimetal

PRy any
M M——M M
1 X 1)

FIGURE 1
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precursors. Condensation of dimetal precursors resulted in numerous oligo-
meric and polymeric linear metal chain compounds.

In this chapter, we describe linear metal chain compounds, consisting of
at least three metal ions, supported by ligand systems. Extended metal atom
chains (EMACs) of Cr, Co, Ni, and Cu, supported by polypyridylamide
ligands, are discussed.” This is followed by linear and bent Pd chains
sandwiched by unsaturated hydrocarbons. Unsupported linear metal chain
compounds are discussed in subsequent sections. Because synthetic protocols
and the bonding schemes are different for different metals, our discussion is
classified according to metal ions.

II. LIGAND-SUPPORTED METAL CHAINS

A. Linear Chains of Chromium

The trichromium Cr;(dpa)4Cl, was obtained in high yield from the reaction
between 3 equivalents of CrCl, and 4 equivalents of Lidpa in THF.® Initially, the
reaction produces a red dinuclear complex Cr,(dpa)y, which converts to a green
product Cr;(dpa)4Cl, on refluxing, as shown in Scheme 1.° An identical synthetic
method is employed in the preparation of trichromium complexes of the ligands
dPhIP (di(phenylimino)piperidinate)'® and bPAP (2,6-bisphenylaminopyridi-
nate),'' as shown in Scheme 2.

g 2
3 CrCly + 4 Lidpa =/ 2. THF (’;ﬂ? S P Y VN
I S

Reflux, THF
X 7
doa=| | |
N~ °N" N
€]

Recrystallization
from toluene

Y

SCHEME 1
"]
7 N \N \N
NS 8 8
dPhIP bPAP

SCHEME 2
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Partial or complete substitution of axial chlorine atoms in the parent
Crs(dpa)4Cl, by BF4, PF4, and PhC=C" has been reported with varied degree
of difficulties (Scheme 3).* Use of 2 equivalents of AgBF, results in a redox
reaction to produce crystals of [Cri(dpa)sF(BF,)](BF,)."? Although it was
possible to substitute two chlorides by acetylides, crystallization invariably
produced a mixture of the starting material and the diacetylide product. Many
attempts to obtain analytically pure samples were unsuccessful.*®>°* However,
recently, Crz(dpa)4(CCPh), has been prepared in good yields and purity by
using [Cri(dpa)s(MeCN),][PF¢, as the starting material.'

The structure of Crz(dpa),Cl, consists of a linear Cr; chain ligated by a
spiral set of four dipyridylamides, and each terminal Cr atom is bonded to a Cl,
as shown in Figure 2.

The metal-metal separations in these compounds fall in two categories:
symmetrical (D4) and unsymmetrical (C4) (Scheme 4). For Crz(dpa)4Cl,, all
known structures possess unsymmetrical metal-metal distances. Replacement
of chlorides by cyanides results in a symmetrical chain.'* The presence of two
different terminal ligands clearly favors an unsymmetrical arrangement. For
Cr;(dpa)4(X)(Y), the Cr-Cr distances are so different that the Cr§ " chain could

Crz(dpa)4Cly + (2 = n) X~ ——— Cry(dpa),Cl, X5 _, + (2 - n)CI”
n=0,1

SCHEME 3

FIGURE 2
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Cl—Cr==—==Cr==——=Cr—Cl Symmetrical

Cl—Cr----Cr—Cr—Cl Unsymmetrical
SCHEME 4

be described as consisting of a diamagnetic [Cr,]** quadruple bond (2.0 A) and
a high-spin Cr" ion at a nonbonding distance (2.59 to 2.74 A)."> It has been
shown that very weak o donors such as nitrates and tetrafluoroborates give rise
to unsymmetrical complexes with short Cr-Cr quadruple bonds and an isolated
Cr atom, the latter forms a strong bond to the axial ligand. Moderately strong
anionic ligands (Cl, NCS, NCO) give rise to medium-length Cr-Cr bonds. The
exceptionally strong axial ligands such as cyanides and phenylacetylides
stabilize symmetrical trichromium chains with equivalent Cr-Cr bond dis-
tances. The symmetric state is described in terms of a 3-center-3-electron (3c-3¢)
bond consisting of a filled 3-center o-bonding orbital and a half-filled o
nonbonding orbital. The remaining metal-based nine electrons are localized
on the three Cr atoms in orbitals of m and & symmetry. Strong axial c-donors
destabilize the ¢ bond component of the Cr-Cr quadruple bond and raise the
energy of the d.* orbital of the isolated Cr' ion as well. The localized Cr-Cr
quadruple bond is destroyed, and the molecule responds to this by employing
3c-bonding. The axial ligands do not destabilize the delocalized 3c-3e bonding
to the same degree as the localized Cr-Cr bond.'®

Another major factor affecting the occurrence of a symmetrical versus
unsymmetrical structure is the basicity of the bridging ligands. More basic brid-
ging ligands appear to favour symmetrical Cr§' chains, whereas less basic
ligands favour unsymmetrical compounds.

All of the known trichromium compounds are paramagnetic. Variable
temperature magnetic susceptibility data for both symmetrical and unsymme-
trical [Crs]®" compounds follow the Curie-Weiss law with pegr = 4.6-5.1 pg,
corresponding to four unpaired electrons.®® Therefore, it is not possible to
distinguish between symmetrical and unsymmetrical compounds by magnetic
susceptibility data alone. For the unsymmetrical Cr$" compounds, four
unpaired electrons are localized on the isolated high spin Cr*" ion. In the
case of the symmetrical Cr§ " species, four unpaired electrons are delocalized
over the Cr; chain.

The tetranuclear Cr chain [Cry(dpyf)4Cl>]Cl,, (dpyf = bis(2-pyridyl)for-
mamidinato) has been reported (Scheme 5). In the tetranuclear ion
[Cra(dpyf)4CLJ* ", the Cr atoms pair up to form two isolated Cr‘z‘ﬂ+ quadruply
bonded units (ave. Cr-Cr = 2.01 A) with a distance of 2.73 A separating
them.'” The pentanuclear Crs(tpda),Cl, (tpda = di-anion of tripyridyldiamine)
(Scheme 6) and Crs(tpda)sNCS), have been reported.'® Oxidation of
Crs(tpda)4Cl, with 2 equivalents of AgBF, and AgOTf lead to the formation
of oxidized products [Cr'™Cri(us-tpda)sF>][BF4] and [Cr™Cri(ps-tpda)s
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F(CF3S03)][CF3S03], respectively. The origin of F~ ions in these complexes is
from the dissociation of BF; and SO;CF3 anions in THF." The parent
Crs(tpda)4Cl, may exists in two possible structures: (a) a highly delocalized
one and (b) one with localized quadruple bonds as shown in Scheme 7. The type
of structure found for Crs(tpda),Cls is (b). Distances in the essentially linear
chain, CI-Cr-Cr=Cr-Cr=Cr-Cl are from left to right: 2.499(6), 2.578(7),
1.901(6), 2.587(6), 2.031(6), and 2.604(5) A.%°

Crystallographic disorder in the positions of the metal atoms is an
important issue in deciding whether a localized/delocalized model is applicable.
The pentanuclear Crs(tpda)4(NCS), and the heptanuclear Crs(teptra),Cl,
(teptra = tri-anion of tetrapyridyltriamine)®' (Scheme 8) have been reported
as being consistent with the delocalized model, though the elongated thermal
ellipsoids for the Cr atoms in the crystal structures suggest that localized model
is probably a better description.

By employing pyrazine-modulated pentapyridyltetraamine (Hy-mpz =
N N°-bis-[6-(pyridine-2-ylamino)-pyridin-2-yl]pyrazine-2,6-diamine) (Scheme 9),
Peng successfully synthesized linear nona-chromium (II) complex Cry
(Ho-mp2z)4Cl, (Figure 3), which is the highest nuclearity Cr'"" chain to date.*
The length of the whole molecule is 23-25 A. Four ligands wrapped around the
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metal string in syn-syn form as a nonadentate anion helix. The Cr-Cr bond
distances fall into two categories, the shorter one is in the range 1.973-2.097 A,
which is consistent with Cr-Cr quadruple bonds. The longer Cr-Cr distances
range from 2.397 to 2.497 A. Thus the Cr, chain is composed of four quadruple
Cr-Cr bonds and a single terminal Cr'' atom coordinated in a pyramidal CI-Cr-Ng4
unit, in the same style as trichromium and pentachromium chains.

B. Linear Metal Chains of Cobalt

Cos(dpa)4Cl, was prepared in high yields following the reaction of
anhydrous CoCl, with Lidpa in refluxing THF, as shown in Scheme 10.*
Cos(dpa)4Cl,, dissolved in CH,Cl, and layered on top with hexane at ambient
temperature provided the symmetrical s-Cosz(dpa),4Cl,.CH,Cl,. In addition, an
unsymmetrical u-Cos(dpa),Cl,.2CH,Cl, was also isolated in 15% of the total
amount. The structure of [Cos(dpa),Cl,] is shown in Figure 4. The three Co"
ions and two chloride ions are collinear.?* The syn-syn conformation of the four
dipyridylamido ligands allows each nitrogen atom to coordinate with a
separate Co'' jon. The s-Cos(dpa)4Cl, has a symmetrical Co-Co-Co chain
with a separation of 2.3178(9) A between pairs of Co atoms and a distance
of 2.520(2) A for each of the two axial Co-Cl bonds. The metal-metal bonding
in this symmetrical compound is delocalized along the linear tricobalt unit
with a three-center metal-metal bond order of 0.75. The s-Cos(dpa)4Cl,.CH,
Cl, molecule is symmetrical in the temperature range 298 to 168 K and
crystallizes in the orthorhombic space group. Between 168 and 109 K, the
symmetric structure undergoes a phase transition from the orthorhombic
form to a monoclinic form. This breaks the crystallographically imposed
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3 CoCl, + 4 Lidpa ——> Cog(dpa),Cl, + 4 LiCl

SCHEME 10

FIGURE 4

equivalences of the Co-Co distances, though the compound remains symme-
trical within experimental error [Co-Co distances of 2.3224(8) and 2.3214(8)
A at 109 K].

The u-Cos(dpa)sCl,.2CH,Cl, crystallizes in the tetragonal I4 space
group. At room temperature, the Co-Co distances are 2.290(3) and 2.472(3)
A; however, they become more symmetrical as the temperature is lowered,
reaching 2.3035(7) A and 2.3847(8) A. The u-Cos(dpa)4Cl, trimer could be
described as a diamagnetic dimer Cl-Co'"N4-Co'"N, chromophore and a spin
crossover Co''N4-Cl chromophore. The dimer chromophore exhibits a short
Co'"-Co'" distance [2.290(3) A] and a long Co-Cl bond [2.432(4) A] and short
Co-N bonds [1.96, 1.90 A], consistent with full pairing of the electrons in a
o’n*8%8** n** molecular orbital. In the spin crossover square-pyramidal
Co''N,Cl1 chromophore, the mean Co-N distance, 2.121 A, and the Co-Cl
distance, 2.361(4) A, are consistent with those normally found in a square-
based pyramidal Co'' compounds. The Co- - - Co distance between the Co-Co
dimer and the third Co atom is 2.472(3) A.

A powder diffraction pattern from a typical preparation of Cosz(dpa),Cl,
shows that both tetragonal and orthorhombic forms are present, with the
former making up 10-20%. Both forms when dissolved in CH,Cl, give the same



190  Transition-Metal-Based Linear Chain Compounds

"H NMR spectrum. The two forms of the molecule, being energetically similar,
crystallize out simultaneously from CH,Cl, solution.?®

The magnetic moment of Cosz(dpa)4Cl, was measured in CH,Cl, solution
by the Evans method in the temperature range 193-308 K.?® The pi changes
from 2.78 to 4.48 pp as temperature increases. The increase in magnetic
moments with increase in temperature is attributed to the spin transition.
Calculations show that the three Co™! atoms contribute a total of 21 electrons,
which occupy 12 MOs; 16 electrons occupy the bonding and nonbonding
orbitals, and five electrons occupy antibonding orbitals, so that two such orbi-
tals are doubly occupied and one electron is left unpaired in an antibonding
orbital, as shown in Scheme 11. The SOMO is the o, which has Co-Co
nonbonding character and Co-C1 antibonding character.

The ground state for three linearly and symmetrically distributed Co**
ions is doublet (S = 1/2), which is supported by a frozen-glass EPR measure-
ment. As temperature increases, the lowest quartet state is attained by the
promotion of a nonbonding or a weakly antibonding electron to the remaining
unoccupied orbital, the bonding is weakened and the bond order drops to 0.5.
However, the measured magnetic moment of 4.48 pg at 308 K is larger than the
spin-only value for an S = 3/2 state but smaller than that for a high-spin
S = 5/2 state. It indicates that the thermally populated high-spin state could
possibly be either 3/2 or 5/2.

More basic ligands such as Hdepa (di(4-ethyl-2-pyridyl)amide) has been
used to make Cos chains.?’ The line drawing of the ligand is shown in Scheme 12.

cnbjL
g
=,
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SCHEME 11
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Introduction of eight ethyl groups into the tricobalt entity improves solubility
and makes oxidation easier. The plot of magnetic susceptibility of Cos(depa)4Cl,
as a function of temperature clearly indicates complete spin-crossover process
and that the upper stateis S = 3/2. However, Coz(depa)4(CN), exhibits different
magnetic susceptibility data. The S = 3/2 state for Cos(depa),Cl, is 90%
occupied at 350 K, whereas Cos(depa)s(CN), is only 29% populated at room
temperature. The spin crossover process involves removing an electron from a
filled orbital of lower energy (n*) and placing it in the oc*orbital, resulting in
observed quartet state. A larger energy gap between the filled orbitals and the o*
orbitals would disfavor spin crossover. Thus as the 6* orbital moves higher in
energy with increasing axial donor strength (e.g., CN "), the spin crossover
becomes less favorable.

The reaction of Cos(dpa);Cl, with NOBF, yields the one-electron
oxidized form [Cos(dpa)sCL][BF4] (Scheme 13).?® The crystal structure of [Cos
(dpa)4CL][BF,4] shows that the Co-Co-Co unit is linear and essentially symme-
trical. Two independent Co-Co distances are 2.3168 (8) and 2.3289 (8) A. The
terminal Co-Cl and Co-N distances are shorter as compared to the neutral
species. The factor contributing to a decrease in metal-ligand distances is the
removal of one electron from the antibonding orbital of the neutral molecule.

Cyclic voltammogram of Cos(dpa)4Cl, displays two reversible one-
electron waves at B (0x); = +0.32 V, E;» (0x), = +1.24 V. However,
chemical oxidation with NOBF, in CH,Cl, solution resulted the singly oxidized
species [Cos(dpa)4Cl,][BF,]. Electronic absorption spectra for parent and singly
oxidized species are clearly different. The singly oxidized species [Cos
(dpa)4CL][BF,] is EPR silent at low temperature (4.2 K). An investigation
of magnetic properties of the oxidized species in solution by NMR spectro-
scopy and in solid state by magnetic susceptibility measurements revealed
spin crossover behavior that occurs in two gradual steps. The plot of effective
magnetic moment () vs. temperature (7) for [Coz(dpa)sCl][BF,] in a solid

Et Et
d ﬁ
= =
N N N
S

depa
SCHEME 12

Cog(dpa),Cl, + NOBF, — = [Cog(dpa)4Cl,][BF,] + NO(g)

SCHEME 13
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state is shown in Figure 5 (Reprinted with permission from J. Am. Chem. Soc.
2000, 122(10), 2272). Between 1.8 K and 50 K, the compound is essentially
diamagnetic. The gradual nature of the curve, which is devoid of an inter-
mediate plateau, implies a noncooperative spin crossover. This is confirmed by
the lack of thermal hysteresis. The effective moment gradually increases
reaching a value of 3.45 pp at 350 K. The absence of saturation is the evidence
for an incomplete spin-crossover. A similar trend is observed in solution,
though the characteristic temperature is lower compared to that of the solid
state.

Electronic structure calculations suggest that the neutral molecule Cos
(dpa)4Cl, possess a bse*al ground state.?” The unpaired electron occupies the a,
orbital, which is of metal nonbonding and metal-chloride antibonding char-
acter. One-electron oxidation leads to diamagnetic b3e* ground state. The small
energy difference between the a, (LUMO) and e (HOMO) orbitals leads to a
thermally accessible low-lying excited state, leading to S = 1 excited state. At
higher temperature, the higher lying orbitals (metal-centered antibonding
orbital aj, the ligand antibonding orbitals, or a combination of both) can be
populated to give an S = 2 species (Scheme 14).

The reaction of Cos(dpa),Cl, with AgPF¢ in acetonitrile solution yields
[Cos(dpa)4(CH3CN),][PF¢], in which the axially coordinated halide atoms are
replaced by acetonitrile molecules, charge being compensated by PFganions
(Scheme 15).%° The compound crystallizes from the same solution as two different
solvates—namely, a chiral P2; form, [Cos(dpa)4(CH;CN),][PFg],.CH3;CN.2Et,0,
and a centrosymmetric P1 form, [Cos(dpa)s(CH;CN),][PF¢],.3CH;CN. Chiral
crystals in the monoclinic form were isolated in either A or A configuration, and
their absolute structures were determined by X-ray crystallography. Crystals with
different absolute configurations exhibit circular dichroism spectra of essentially
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Cos(dpa),Cly + 2 AgPFg + 2CH5CN = [Cos(dpa)4(CHzCN),][PFl, + 2 AgCI

SCHEME 15

same intensity but opposite signs that indicate that the two enantiomers do not
interconvert in solution. In the centrosymmetric P1 form, the compound was
found as a racemate, with an equal amount of A and A isomers.

Cosz(dpa)sX> (X = NCS™, CN7, (N(CN),)™ ) were synthesized from
Cos(dpa)4(BF4),.*" The compound Cos(dpa)4(NCS), was obtained in three
solvated crystalline forms, Cos(dpa)s(NCS),. 1.5CH,Cl,, Cos(dpa)4(INCS),.
STHF, and Cos(dpa)4(NCS),. 2toluene. In all three structures, the Co; chain is
symmetrical—that is, either two Co-Co distances are identical by crystal-
lographic symmetry, or they are almost identical even though there is no
crystallographic constraint. The molecule Cos(dpa)s(CN), and Cos
(dpa)4(NCNCN), are also symmetrical. Thus it appears that only the Co;
(dpa)4(X), compounds with X = CI and Br** have a tendency to display
unsymmetrical Cos chains. The magnetic behavior for all three compounds is
quite similar, the effective magnetic moment increases gradually from 1.8 to 400 K
without reaching saturation, indicating a spin-crossover process observed in
analogous compounds.

Synthesis, structural characterization, and magnetic studies of [Co,Pd(d-
pa)4Cl,] have been reported.>® The electronic ground state of the mixed-metal
compound is different from the tricobalt homologue. The accommodation
of additional electrons provided by the central Pd" offsets the advantage of
a delocalized bond along the metal chain. It is of interest that the inclusion
of a hetero atom tunes the magnetic and conducting properties of the metal
chain.

Penta-cobalt chain was stabilized using tpda ligand (Scheme 6).>* The
synthesis of the ligand and the pentanuclear cobalt complexes, including both
neutral and one-electron oxidation products, is outlined in Scheme 16.
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In all cases, the pentacobalt chain is helically wrapped by four tpda
ligands and is linear and symmetrical. Two types of Co-Co bond distances are
observed. The average internal Co-Co bond lengths fall into the range 2.22—
2.24 A, whereas external bonds range from 2.27 to 2.29 A. All of the Co-N
distances lie in the range 1.90-1.96 A. The identity of the axial ligands influence
the Co-Co and Co-N bond distances; the weaker axial ligands result in shorter
Co-Co and Co-N bond distances as compared to complexes with strong axial
ligands.

Compounds Cos(tpda)sX, show two reversible redox couples at about +
0.35 and +0.85 V (vs. Ag/AgCl). The first oxidation is metal centered, and the
product has been structurally characterized. The second oxidation product is
stable on the timescale of spectroelectrochemistry but undergoes reduction to
form the corresponding one electron oxidation product under crystallization
conditions.

One electron oxidation products were obtained either by reacting the
neutral complexes with silver salts or by bulk electrolysis at + 0.55 V, a value
that is more positive than the formal potential for the first oxidation. Molecular
structures of one-electron oxidized compounds are similar to those of the neutral
analogs, except for the presence of a counteranion to compensate the positive
charge on the Cos core. The average Co-Cl bond distance in one electron
oxidized species is 0.15 A shorter than that for the neutral analog. This is due to
the removal of one electron from the singly occupied HOMO, which has Co-Co
nonbonding and Co-Cl antibonding characters as suggested by theoretical
calculations. However, the decrease is not significant because the electron is
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removed from the nonbonding & orbital to form a paramagnetic complex with S
= 1. This phenomenon is supported by magnetic measurement studies. Unlike
[Cos(dpa)4Cl,], the Cos chains do not undergo spin crossover at temperatures
<300 K. The effective magnetic moment indicates that the singly oxidized
complex is paramagnetic and that there are two unpaired electrons in the
molecule (S = 1), in which both the nonbonding ¢ and nonbonding & orbitals
are singly occupied. The broadened peaks and large chemical shifts for the
"H NMR resonance signal for both the neutral and one-electron oxidized Cos
complexes are consistent with their paramagnetism.

Naphthyridine-based ligands H,bpyany (2,7-bis (a- pyridylamino)-1,8-
naphthyridine) has been employed in the synthesis of linear metal chain
compounds. The line drawing of bpyany ligand is shown in Scheme 17 and
the diagram of the cationic unit of the hexa-cobalt product [Cog(lg-bpya-
ny)4(NCS),](PFs) is shown in Figure 6. One-electron oxidation with
[Cp,Fe](PFg) in a mixture of CH,Cl, and MeOH leads to the formation of
[Cog(pe-bpyany)4(NCS),](PF¢),. Axial ligands were exchanged with triflates to

SCN Co Co Co Co Co Co NCS
2.256(1)A 2.273(1)A 2.313(1)A
FIGURE 6
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form [Cog(pe-bpyany)4(OTH),](OTf),, which was subsequently reduced with
hydrazine to form [Cog(ls-bpyany)s(OTH),](OTf). Crystal structures of these
compounds are similar and all have roughly D, symmetry without considering
axial ligands. The outer Co-Co distances are slightly longer than the inner three
Co-Co distances due to square pyramidal environment for Co(1) and Co(6)
(Figure 6).

The use of pyrazine modulated oligo-a-pyridylamine resulted in linear
heptanuclear cobalt compounds.’® The ligands employed are shown in
Scheme 18. In Co4(pzpz)4Cl,, the seven Co'" ions are collinear with Co-Co-
Co angles in the range 177.4-179.9°. The heptacobalt chain is helically wrapped
by four deprotonated ligands, all syn-coordinated. The Co-Co distances in Co,
follow the order: (CO'CO)terminal > (CO'CO)intermediate > (CO'CO)innermosls as
illustrated in Figure 7.

(L OO0 00
N/ C’:‘)/ N/ g) - N/ C[:]) - N/ N/ Ctl)/ N/ Ctl) e N/ C[:]) - N/

pzpz tpz
SCHEME 18

! ! |

2.300(2)A 2.260(2)A 2.199(1)A
FIGURE 7
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Magnetic measurements revealed anomalous magnetic behavior with
intermediate magnetic moment values between quartet and doublet states.
From MO theory, the larger a molecule is and more metal atoms it contains
and the lower the energy gap between the HOMO and LUMO. Consequently,
the higher spin state is more accessible. The Co; chain has spin admixed state
fromS = 1/2to S = 7/2.

It is interesting that the e values of complexes incorporating two-
pyrazine-based (pzpz) ligands are much lower than those of one-prazine-based
ligands (tpz). This suggests that the electron configuration of linear metal chain
is adjusted by the ligands. The equitorial and axial ligands dictate the energy
gap between HOMO and LUMO and thus play an important role in
determining the electronic structures.

C. Linear Chains of Copper

The trinuclear copper compound Cus(dpa)4Cl, (dpa = di(2-pyridyl)amido)
has been synthesized following the equation, as shown in Scheme 19. The structure
of [Cus(dpa)sCl,] (Figure 8) shows three linear Cu' ions and two chlorides.*’”
The molecule has a crystallographic twofold symmetry. The Cu- - - Cu distance is

4 Lidpa + 3 CuCl, ———— > Cug(dpa)4Cl, + 4 LiCl

SCHEME 19

FIGURE 8
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2.4712(4) A. Magnetic studies of this complex reveals a ground state of S = 1/2,
which is separated by 560 cm ™' from a higher quartet state. A localized picture,
in which three nonbonded Cu" ions are spin coupled to give a doublet or a quartet
state, has been proposed to explain the magnetism.*®

Oxidation of Cus(dpa)4Cl , involves removal of electrons from the highest
energy orbital, which displays a major contribution on the central copper and
its equitorial coordinating nitrogens. The oxidized [Cu;(dpa)sCL][SbClg] has
Cu- - - Cuseparations of 2.51 to 2.52 A.'®® The modest increase of 0.05 A in the
Cu- - - Cu distances upon oxidation is the result of increased electrostatic
repulsion between the more positively charged Cu atoms than in the neutral
species. The central Cu atom with shorter Cu-N distances (1.89 A, as compared
to the outer Cu-N distances of 2.06 A) is due to oxidized Cu'. This is consis-
tent with the localized picture, the central square planar Cu atom is the one
oxidized to a d® Cu' species and the outer Cu-N, moieties are antiferromag-
netically coupled.

Linear Cuz chain compounds [Cus(pdf)4(CF3S03),, [Cus(pmf),]
(CF3S03),, and [Cus(mpdf)4]J(CF3S05), have been synthesized. The line draw-
ing of the ligands are shown in Scheme 20. X-ray structure of the cationic unit
of [Cus(pdf)4](CF5S05), is given in Figure 9. Three Cu'' ions are surrounded by
four ligand molecules in a propeller mode, each of which being tetra-
coordinating to the three Cu'' atoms.* The central Cu atom is distorted
square planar and the outer Cu atoms are six coordinated with distorted
square-based geometry. The Cu- - - Cu distances are in the range of 2.67 A.
Magnetic measurements reveal strong antiferromagnetic interaction between
Cu' jons with S =1/2 ground state below temperature of 120 K.

A linear trimeric Cu' complex incorporating tspa (tspa = N, N-bis-
(p-tolylsulphonyl)-pyridine-2,6-diaminato) ligands has been reported (Scheme 21).*
The structure of consists of a triethylammonium cation and the tri-copper(I) complex
anion. The structure of the anion is shown in Figure 10. The Cu- - - Cu distances are
2.466(1) and 2.468(1) A. Reaction of [Cu'(CH5CN)J[CIO,4] with 7-diphenyl phos-
phino-2,4-dimethyl-1,8-naphthyridine (dpnapy) (Scheme 22) in CH3CN afforded
[Cus(p-dpnapyy(CHsCN)JICIO ;. *

Ro R,

Ol 10
/tNE'N)\

N H N
N,N’-bis(pyridine-2-yl)formamidine (Hpdf) Ry = CH, R, = H
N,N’-bis(pyrimidine-2-yl)formamidine (Hpmf) Ry =N, R, = H

N,N’-bis(5-methylpyridine-2-yl)formamidine (Hmpdf) Ry = CH, Ry = CHj3

SCHEME 20
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The crystal structure reveals a linear Cu- - - Cu- - - Cu array with both
trigonal and tetrahedral coordination modes for the Cu atoms. The tetrahedral
geometry is due to acetonitrile coordination. The intramolecular Cu- - - Cu
distances are 2.449(2) and 2.721(2) A. Besides bridging ligands, attractive
Cu'- - - Cu' interactions are predicted to be the driving force for the formation
of linear tricopper array.

[Cu;(dPhIP),](CuCly), [dPhIP = anion of 2,6-diphenyliminopiperidine]
was obtained by reacting CuCl with Li(dPhIP) in 2:1 ratio (Scheme 23).** X-ray
structure shows that the central Cu atom is linearly coordinated by two pyridyl
nitrogens, while terminal Cu atoms are 3-coordinated with bonds to two N
atoms from two dPhIP ligands and a CI atom from the nearest [CuCl5 ] unit, as
shown in Figure 11. Each cation has weak interactions with two adjacent CuCl,
anions, and each anion interacts with two neighboring [Cus(dPhIP),] " cations,
forming an infinite zigzag chain of Cu' atoms.

A tetranuclear mixed-valence copper chain [Cu'Cu}'Cu'(dPhIP),][CuCl,]
was isolated from the reaction of CuCl,, CuCl and Li(dPhIP) in 1:2:2 ratio
(Scheme 24). The [Cuyq(dPhIP),J*" cation consists of two inner divalent Cu
atoms with square planar coordination environments, and two terminal
Cu atoms are monovalent with a typical linear ligand arrangement. In spite
of the diamagnetic nature of the compound, molecular orbital calculations
indicate that no direct Cu- - -Cu bonds are present; instead the bridging
ligands affect a strong coupling of the spins (Figure 12).

D. Linear Chains of Nickel

The earliest known polypyridylamido complex, Niz(dpa),Cl, was synthe-
sized in 1968 by high-temperature reaction of NiCly(Hdpa), with "BuOK in
molten naphthalene. An interesting structure, as shown in Scheme 25, was
proposed based on spectroscopic and magnetic measurements.*?

\ \
/ /
N N PPh,
SCHEME 22
4CuCl + 2 Li[dPhIP) —» [Cug(dPhIP),](CuCl,) + 2 LiCl

SCHEME 23
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FIGURE 11

2 CuCl, + 4 CuCl + 4 Li(dPhIP) — [Cu,(dPhIP),J(CuCl,), + 4 LiCl

SCHEME 24

FIGURE 12
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About 20 years later, X-ray crystallographic study showed that the
compound possesses a linear structure.** The structure is very similar to
analogous Co, Cr, and Cu compounds consisting of a nearly linear Ni; unit,
with a Ni- - - Ni distance of ~2.44 A. The central Ni atom is coordinated to
four amido-nitrogens of the ligands and the two terminal Ni atoms involve a
square-pyramidal (NiN4Cl) geometry involving four pyridine nitrogen atoms
of the ligands and an axial Cl atom (Figure 13). The compound Nis(dpa)4Cl,
crystallizes out in two forms: Nis(dpa)4Cl,.2CH,Cl, and Nis(dpa)4Cl,. THF.*
In both the forms, a symmetric chain of nickel atoms is observed. Replacement
of axial chlorides in Niz(dpa),Cl, by cyanides and acetylides have been
accomplished resulting Nis(dpa)s(CN), and Nis(dpa)s(CCPh),.*¢

In a typical Niz(dpa)sX> complex, each terminal Ni atom has two
unpaired electrons, while the central one is typical of diamagnetic square-
planar Ni"'. Magnetic properties reveal antiferromagnetic coupling between

g/ \> Q o / \ 7\

NN = =N N7
Ni — Ni

N _N/ \N_ N %] N _N/ \N_ N

Z\ ) A /g “ 7 YV

SCHEME 25
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terminal Ni"' jons. A possible pathway for the intramolecular exchange
coupling involves the central Ni atom.*” The d.*> orbital of the central Ni
atom contains an electron pair that is polarized by interactions with unpaired
spins in the d.*> orbitals of the terminal Ni atoms (Scheme 26). This spin
polarization leads to antiferromagnetic coupling of the electrons in d,. orbitals.
The other unpaired electrons on the d,..,. orbitals of each Ni atom couple in
similar manner.*® A series of linear trinickel complexes supported by two kinds
of ligands have been synthesized. Structures of mixed-ligand compounds,
including the combinations 2:2 dpa and Lpts (Lpts = N,N'-bis(p-toluenesulfo-
nyl)pyridyldiamido); 2:2 dpa and Lms (Lms = N,N’-bis(4-methylsulfonyl)-
pyridyldiamido); 2:1 Lpts and peptea (peptea = pentapyridyldiamidodiamine);
and 2:2 dpa and LAc (LAc =N, N'- biacetyl-pyridyldiamido*® are shown in
Scheme 27.

Magnetic studies and DFT calculations indicate that the relative basicities
of the donor atoms of the equatorial ligands are sufficient to influence the
ground state of the metal framework.* Further, in the absence of axial
coordination, a chain of Ni''atoms simply consists of stacked square, diamag-
netic NilNy4 units.

Oxidation of Niz(dpa)4Cl, with 3 equivalents of AgPF¢ resulted Nij
(dpa)4(PFy); in high yield.*® X-ray structure determination shows that two PFg
anions occupy axial positions having weak Ni - - - F interactions. The Ni- - - Ni
distance is remarkably short 2.283 (1) A compared to 2.44 A in the parent
compound. It clearly indicates the formation of a partial Ni-Ni bond. This
result is in contrast to what was observed for Cu. The lengthening in Cu- - - Cu
distances from [Cus(dpa),CL]* " (2.47 A) to [Cus(dpa)sCLI* " (2.51 A) has been
rationalized by the assumption that, upon oxidation, an electron is removed
formally from the central Cu atom with the formation of d® Cu! square planar
species. The terminal Cu'! jons are electrostatically repelled by the central Cu'",
resulting in longer Cu- - - Cu distances. In the case of Nij significant metal-
metal attraction is present in the oxidized species, which is consistent with a 3-
center Ni-Ni bonding.'®

Linear trinickel chain compounds Ni;(PhPyF),CL>!' and Ni;(dpza)4C1252
have been reported having structures similar to the dpa analog. The line
drawings of the ligands are shown in Scheme 28. A long polydentate ligand
Hypeptea (pentapyridyltetraamine) reacts with NiCl, to form a protective

BT
e

SCHEME 26
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cocoon around a Nis chain in Nis(H,pepta),Cl,.”* The large polydentate ligand
runs up one side and down the other locking in donor atoms at the axial
positions of the Nis chain as shown in Scheme 29.

An assortment of ligands has been employed to stabilize linear tetra-
nuclear Ni chains. The isolated compounds are [Nig(py-phdpda)s] (Hophdpda =
N-phenyldipyridyldiamine),** [Nig(us-Tsdpda)s(H,0),] (H,Tsdpda = N-
( p-toluenesulfonyl)dipyridyldiamine),> [Nig(ns-DAniDANYy),] (H,DAniDANy =
N, N'-bis-p-anisyl-2,7-diamino-1,8-naphthyridine) (Scheme 30).

DFT calculations reveal that the spin state of nickel ions in the tetra-
nuclear chain depends on the interplay between axial and equitorial

AN [N\ N\
A~ (M
O O

PhPyF dpza
SCHEME 28
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HN-"N: N~ N: NH
O, L0 = [ T
N—Ni-— N NN )| cl,
CHali — N/l {,'LV /l \
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[j\ /Ej\ - :: \\ /_o
phdpda Tsdpda
= =
N N N N
Q C]
DAniDANy

SCHEME 30



206  Transition-Metal-Based Linear Chain Compounds

coordination. For [Nig(us-phdpda)s] and [Nig(ps-DAniDANYy),] complexes
lacking axial ligands, the inner Ni ions are high-spin, and the terminal Ni
ions are diamagnetic. On the contrary, the [Nig(pus-Tsdpda)4(H,O),] exhibits
axial coordination and restores the antiferromagnetic coupling between term-
inal Ni atoms. The electron-withdrawing ability of the sulfonyl substituent
possibly tunes the basicity of the terminal amido ligands and restores the
antiferromagnetic coupling between terminal atoms.

A Nis chain has been stabilized by employing tpda (Scheme 6).>° The
ligands are in all-syn arrangements and five nickel atoms and two chlorides are
collinear. Two unique Ni- - -Ni distances Nil-Ni2 2.385(2) and Ni2-Ni3
2.306(2) A are noted in the X-ray structure of Nis(tpda),Cl, (Scheme 31).

The [Nis(tpda),]*" fragments for [Nis(tpda)sX>] [X = Cl, CN, Nj,
CH;CN, NCS] are isostructural with a variation of terminal Ni - - - Ni distances
2.340-2.400 A.” Molecular orbital calculations reveal that there are no net
bondings between the metals. Magnetic susceptibility and X-ray near-edge
absorption spectrum confirm the existence of two unpaired electrons located at
each of the two terminal Ni' ions and all inner Ni" jons are diamagnetic with
paired electrons. The terminal high-spin Ni atoms are strongly antiferromag-
netically coupled.

The introduction of ethyl groups in tpda increases the solubility of the
compounds and makes oxidation easier, likewise the Ni; chain.’® Oxidation
of [Nis(etpda)4Cl,] (H-etpda = N, N'-bis(4-ethylpyridyl)-2,6-diaminopyridine)
(Scheme 32) led to shorter Ni- - - Ni distances.” 2,7-Bis(a-pyridylamino)-1,

ewewe

Cl—Nj-------- Ni-------- Ni-------- Ni-------- Ni—Cl
2.385(2)A 2.306(2)A
SCHEME 31
[I\S\ NQ\ N/ES
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8-naphthyridine (H,bpany) ligand has been used to synthesize hexanuclear Ni'"
complexes (Scheme 33).°° The inclusion of a naphthyridine unit allows the
reduction of these species. An analogous hexa-nickel string complex [Nig(pe-
bpmany),X,][BF4,®" (bpmany = 2, 7-bis(a-pyrimidylamino)-1,8-naphthyri-
dine) (X = CIl, NCS) (Scheme 34) has been synthesized. The structural details
and magnetic behaviors are similar to that reported for [Nig(pe-bpany)sXs]
[PFe]2.

One electron reduction product [Nig(pg-bpmany)sX,]" was obtained by
reaction of [Nig(pg-bpmany)sX>][BF 4], with N>,H4.H,O in CH,Cl,. According
to the structural analysis of the reduced species, the one electron reduction
occurs at central Ni(3)-Ni(4) unit. The Ni(3)-N(3),, bond shows a significant
increase of 0.106 (13) A from Nig?* to Nig!* compounds. Most likely, in the
Nig'* compounds the extra electron occupies a & bond, mainly constructed
from Ni(3) and Ni(4) d,._ . orbitals. This 8 bond also has M-L o* antibonding
character. This is consistent with the shortened Ni(3)-Ni(4) distance and the
elongated Ni(3)-N(3),, distance. The Nij>" complexes reveal weak antiferro-
magnetic coupling of J = —5 cm™! between two terminal Ni'" ions, consistent
with other multinickel complexes. The corresponding coupling values of about
—60 cm ™! are measured for Nig' © compounds.

Linear array of eight nickel atoms supported by four deprotonated tnda
(tris naphthyridyldiamine) (Scheme 35) has been reported.®?

The [Nig(tnda),X,]* " ion (X = CI, NCS) and the corresponding oxidized
jons [Nig(tnda),X5]*"and [Nig(tnda),X,]° " have been synthesized following
Scheme 36. The [Nig] core exhibits interesting redox properties. In complex
[Nig(tnda)4(NCS),]* ", the Ni2 and Ni7 are in +1 state, the inner Ni'" ions have
low-spin character (S = 0), and the terminal Ni'' are in high-spin state (S = 1).
In the reduced [Nig(tnda),CL,]> ", the extra electron is delocalized between Ni4
and Ni5. One electron oxidation of [Nig(tnda),Cl,]* * removes an electron from
Ni4 and Ni5 ions, and the second oxidation occurs on either Ni2 or Ni7 with
equal probability, resulting the Ni next to the terminal atom to have an average
charge of +1.5.

Single-molecule conductance of linear metal strings [M,,L4(NCS),], (M,, =
Cos, Cr3, Nis, Crs, Cos, Nis and Cry; L = oligo-a-pyridylamine), isolated within
an n-alkylthiol matrix, were measured quantitatively by a scanning tunneling
microscopy (STM) break junction method.®*** In a typical experiment, the
isothiocyanate axial ligands at the termini of the metal string was placed
between a gold STM tip and the gold electrode completing a molecular junction.
At a fixed bias voltage across the electrodes, the STM tip is pulled away from the
substrate, which results in current and conductance of the metal string complex
to decrease in quantized steps.

Although metal chains have identical ligands, similar crystallographic
structures, and physical dimensions, the resistance varies with the identity of
the metal. For example, the resistance values of penta-chromium, penta-cobalt,
and penta-nickel strings are 3.2 MQ, 10.0 MQ, and 24.0 MQ, respectively. The
discrepancy is linked to the extent of coupling of d-orbital electrons between
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the adjacent metal atoms. Extended Hiickel calculations for Nis, Cos, and Crs
revealed the metal-metal bond orders 0.0, 0.5, and 1.5, respectively. Conduc-
tance in metal-string complexes correlates well with the metal-metal bond
order. The stronger the degree of electron delocalization, the more the
magnitude of electrons conducting through the metal chains increases. Further,
electric on/off switching of each penta and hepta chromium strings was
observed. This phenomenon is ascribed to conformations of delocalized
(symmetric) and alternating (asymmetric) bond lengths.®> Electrons in the
asymmetric string are localized, thus resulting in a molecular conductance
inferior to that of the delocalized conformation (Scheme 37).

Continuous efforts are being made to extend the chain length further.
Sophisticated tools of organic chemistry allow fabrication of ligands with
repetitive pyridylamine units. However, the major challenge of progressively
adding binding units to the ligand is the problem of eventual insolubility. The
ligand extended up to 12 pyridylamine units has been made. Complexes up to
nona-nickel (Nig) have been characterized crystallographically. Purification
and crystallization become increasingly difficult for longer oligomers. From the
MALDI-MS spectrum, it has been shown that a string of 17 nickel (Niy7) is
obtainable. Chemical decoration of the ligand with appropriate groups
increases the solubility and the basicity of the ligand as well. It is hoped that
the next generation ligands would provide metal-chain compounds suitable for
nano-scale electronic applications.

alternating Cr-Cr bonds (off state)

SCHEME 37
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E. Linear Chains of Palladium

Conjugated polyenes have been used effectively in the construction of
linear palladium array. The combination of two low-dimensional extended
molecules threaded by chemical bond offer intriguing prospect toward new
functional molecular organization. A linear Pd-Pd-Pd core sandwiched by
triphenyl phosphine ligands in p-n':n%n? mode has been reported (Scheme 38).%°

Multipalladium assemblies sandwiched by unsaturated hydrocarbon
ligands have been developed by Kurosawa and Murahashi. A general synthetic
scheme involves the reaction of 2 equivalents of Pd' and (n—2) equivalents of
Pd’, with two linear polyenes having (n+ 1) {C=C} bonds to construct a linear
Pd, skeleton (Scheme 39).” A homoleptic solvated Pd' dimer [Pd>(CH;CN)g**
has been employed as a monovalent palladium precursor.®® The polyene ligand
coordinate to the Pd, chain in n’n - - - :n* n? fashion. For polyene with n
{C=C} bonds, one {C=C} bond of the terminal phenyl ring participates in
coordination to the Pd,, chain as shown in Scheme 40.

Linear dicationic Pd, chains for n = 3, 4, and 5 have been synthesized.®’
X-ray structure of the [Pd4{n*n*n*n’-Ph-(C=C),-Ph},]*" ion (Figure 14)
reveals that the Pd metal skeleton is highly linear (178.25(4)°) and each
Pd-Pd distance (2.7322(8) A, 2.654(1) A and 2.7322(8) A) is normal and
consistent with four-centered six-electron bond of the Pd, core.

In solution, facile slippage of the polyene ligand along the Pd4 chain is
observed based on 'H NMR study that exhibits averaged 4 vinyl proton signals
even down to —90°C (Scheme 41). If the motion is not rapid enough on the
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NMR time scale, 8 vinyl signals should have been observed. A proposed
intermediate between two n*m*n%n? complexes is a symmetrical n*n*n*n?
species. Use of coordinating solvent pyridine helps in arresting this symmetric
mode and the structure of [Pds{n*n*n>n*Ph-(C=C),-Ph),}]’" has been
determined (Scheme 42).

Movements of mononuclear and dinuclear Pd moieties have been
observed along the m-conjugated five-carbon chain with subsequent bonding
rearrangement providing cumelenyl-type compounds.””

Although linear Pd,, (n = 3-5) chains sandwiched by sp* carbon frame-
works are isolated in the solid state and only lateral slippage of the ligands are
evident in solution, dynamic interconversion between sandwiched and half-
sandwiched species is reported for Pd,-triene system as shown in Scheme 43.7!

The stepwise growth of a Pd chain of up to four metals has been achieved
within the sandwich polyene framework.”” Dipalladium(I) compound sand-
wiched by 1,4-diphenyl-1,3-butadiene (dpbd) is obtained from the reaction of
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[Pd>(CH3CN)g]* " with 5 equivalents of the corresponding ligand in CH,Cl,.
The addition of one Pd’ in the form of Pd,(dba); to [Pd>(po-n’n’-
Ph-(C=C),=Ph)]*" provides the trinuclear Pd chain (Scheme 44). The linear
Pd-Pd-Pd chain is held in the n-corridor of 1,4-diphenyl-1,3-butadiene (dpbd).
X-ray structure reveals deviations of the phenyl rings from the parallel stacking
position to make a direct contact between the terminal Pd atoms and one of
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the ortho-C atoms. The coordination mode of the ligand is ps-n>n*n’. The
subsequent addition of Pd° results in a Pd, chain held by the same ligands
through ps-n*n%n%n? coordination and is capped by acetonitrile ligands. Step-
wise incorporation of metal has tremendous implication in the construction of a
metal chain of a specific length in an organometallic framework. It is also
revealing that the dpbd ligand effectively changes its coordination modes
according to the stepwise growth of the Pd chain.

Photo-irradiation of [Pd;{Ar(CH = CH),Ar},][BAr"], results in an unu-
sual photochemical face inversion of the multihapto-coordinated p-olefin
ligands on a metal-metal chain. This process originates from the unique
electronic structure of the polyene sandwich compounds as well as from the
n-stacking of the pn-conjugated ligands (Scheme 45).7

Reduction of the [Pdy*" complex [Pdi(usn*n*n*n>-'Bu-DPOT),
(pY)-lIB(Ar5)4], (‘Bu-DPOT = 1,8-bis(3,5-di---Bu)phenyl-1,3,5,7-octatetraene)
with Cp,Co in CH;CN gave a [Pd,]° chain (Scheme 46).”* Oxidation of
[Pd,°with 2 equivalents of [Cp,Fe][B(Ar"),] in the presence of pyridine gave
back [Pds(s-n*n*n*n>Bu-DPOT),(py).][B(Ar)4]» quantitatively. Molecu-
lar structure of the [Pd,]° complex was determined by X-ray crystallography.
The Pd-Pd distances (Pd1-Pd2 = 2.6272(8) A, Pd2-Pd3 = 2.6048(7) A, Pd3-Pd4
= 2.6662(8) A) (Scheme 46) are shorter than the Pd-Pd distance in bulk Pd
metal (2.76 A) or in [Pd4*" complexes. In the dicationic complexes, both 1,8-
diaryltetraene ligands bind a [Pd4*" chain in identical modes: ps-n*n*nn’,
binding in the absence of capping ligands at the Pd chain ends, or g4
N n?n%n? in the presence of capping ligands. In contrast, the ligands in a
[Pd4]° complex coordinate to the chain in two different coordination modes, one
in pe-n’n%n%n’ mode and the other one in py-n>n>n%n° mode. [Pd4]° reacts
with dibenzylideneacetone or allyl chloride immediately to form Pd,(dba); or
[Pd(n-allyl)Cl],, thus emphasizing the zero-valent character of the palladium
chain. Quantum calculations bring out the fact that the wide range of charge
capacities for the m-conjugated polyenes from negative to positive values plays
an important part in stabilizing Pd chains in different oxidation states.

Four consecutive C=C units embedded in polycyclic aromatic ligand
(PAL) is demonstrated to stabilize a Pd, chain.”’> The Pd-Pd-Pd-Pd chain is
sandwiched by two perylene ligands (Scheme 47) in n%:n?mn%n? coordination
modes. Most remarkable aspect of the X-ray structure is that the tetra-palladium
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unit in chain form is placed in the Cg carbon array in one of the edge positions.
Two acetonitrile or pyridine molecules cap the end sites. Further, two perylene
planes are stacked in an eclipsed position to each other, leaving void space
between two planes at the other side with respect to the Pd4 chain. The diphenyl
tetraene readily displaces the perylenes from the Pd, chain, revealing weak
interaction of PAL with the metal chain (Scheme 47).

Different conjugation geometries of pm-conjugated ligands from the
linear ones have been reported accommodating multinuclear metal moiety.
Treatment of bis(perylene)tetrapalladium complex [Pda(perylene),L,][BAr],
with 1,2-bis(4-phenyl-1,3-butadienyl)benzene (o-bpbb) results in the quantita-
tive formation of tetra-palladium complex [Pd4(o-bpbb),][BAr ], (Scheme 48).
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The same compound was isolated in 69% yield by applying 2 equivalents of Pd"
and 2 equivalents of Pd’ in the form of [Pd,(CH;CN)g][BF4], and Pd,(dba)s,
respectively, with o-dpbb and a subsequent anion exchange of BF, with BArF.

X-ray structure revealed a Pd, arch-shaped geometry sandwiched
between two o-bpbb ligands (Figure 15).”° The coordination mode is pu-
n®n%n%n’. The Pd, chain is bent at Pd2 and Pd2’ along the cisoid pm-
conjugation framework of C2-C1-C1’-C2'. The internal Pd2-Pd2" bond of
2.584(1) A is shorter than terminal Pd1-Pd2 and Pdl’-Pd2’ distances
(2.701(1) A). The CH(0-C¢H4)CH unit of the o-bpbb ligand is described as
an o-xylylene moiety in view of the n*(C2-C1): n*(C2’-Cl’) coordination
mode and the single bond character of the C1-C1’ bond length of 1.51(1) A
(Scheme 48).

Reaction of p-bpbb (1,4-bis(4-phenyl-1,3-butadienyl)benzene) with
[Pd4(perylene),][BAr'], gives a Pdy chain [Pd4(p-bpbb),][BArf],, which was
identified by a combination of NMR techniques (Scheme 49). It transforms
spontaneously into bis(p-bpbb)pentapalladium complex [Pds(p-bpbb),][BAr ],
in a 1:1 v/v mixture of CD,Cl, and CD3;CN with a yield of 41% after 2 days. It
is suggested that the partial decomposition of [Pd4(p-bpbb),][BArF], generates
Pd(0) species, a part of which is trapped by the remaining Pd,4 complex to form
the Pds complex. It is interesting that the addition of 1 equivalent of Pd(0) does
not improve the yield. The penta-palladium complex [Pds(p-bpbb),][BArF], is
stable in solution over 1 week, as revealed from NMR spectra.

The X-ray structure of [Pds(p-bpbb),][BArf], reveals a V-shaped Pds
chain sandwiched between two p-bpbb ligands via the ps-n*:n%n%n%n° mode.
The Pds chain is bent at the central Pd3 atom (Pd2-Pd3-Pd4 121.81(4)°), which
is coordinated to the p-phenylene moieties. A formal quinoid character of the
CH(p-CsH4)CH moiety of the p-bpbb ligand is suggested by examination of
coordination modes and by the alteration in C-C bond lengths.

FIGURE 15
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The bending of the [Pds(o-bpbb),][BArf], and [Pds(p-bpbb),][BAr'],
chains occur along the cisoid C4 moieties at the phenylene units of the ligands.
The bending angles of Pd, chain (149.93(3)°) and Pds chain (121.81(4)°)
reflect the angles of the pm-conjugated skeleton (150° in o-bpbb and 120° in
p-bpbb). This work suggests the potential utility of carbon w templates in con-
trolling the shape of the metal assembly.

Rearrangement of a Pd, skeleton from a one-dimensional (1D) chain to a
two-dimensional (2D) sheet on the face of polycyclic aromatic hydrocarbon
perylene or fluoranthene has been described.”” One of the perylene ligand in
[Pd4(perylene),L,][BAr], is readily replaced by 1,3,5,7-cyclooctatetraene (cot)
to form a mixed sandwich complex [Pds(perylene)(cot)L,][BArf], (L =
CH;CN or pyridine) (Scheme 50). X-ray crystallographic analysis reveals a
rhombic Pd, sheet between cot and perylene ligands. The rhombic Pd, sheet is
held by 10 carbon atoms of the perylene ligand through a psmZin’nZn?’
coordination mode and 8 carbon atoms of the cot ligand by ps-n*min*n?
coordination mode. The Pd-Pd distances are as follows: Pd1-Pd2 2.749(1)
A, Pd2-Pd3 2.711(1) A, Pd3-Pd4 2.757(1) A, Pd4-Pd1 2.715(1) A, and Pd2-Pd4
2.874(1) A (Scheme 50). A similar chain to sheet transformation of a Pdy
moiety was observed on the face of fluoranthene. However, a chain of Pd4 can
be regenerated by employing tetraene, which substitutes both ligands from
mixed-ligand complex.

A sandwich complex [PPhy][Pd;(C,H~,),Cl5] (Scheme 51), where three
palladium centers form a planar triangular array capped by chlorides, sand-
witched between two planar cycloheptatrienyl ligands, has been synthesized
and structurally characterized.” The Pd-Pd bonds (2.745 to 2.789 A) are within
the range of normal Pd-Pd bond lengths and the two cycloheptatrienyl rings are
slightly deviated from the mutually eclipsed position.

A pentapalladium sheet adopting an edge-sharing triangle-trapezoid
skeleton between two naphthacene rings, [Pds(naphthacene),(toluene)][-
B(Ar"),, (Scheme 52), has been synthesized, and characterized by X-ray
crystallography and NMR spectroscopy. The two naphthacene ligands co-
ordinate to the pentapalladium sheet through 12 carbons via ps-n*n*n%n’n?’-
coordination mode. The Pd-Pd distances in the edge-sharing triangle-trapezoid
metal skeleton are Pd1-Pd2 (2.687(2) A) Pd2-Pd3 (2.770(2) A) Pd2-Pd4
(2.779(2) A), Pd3-Pd5 (2.781(2) A), Pd1-Pd3 (2.7002) A), and Pd4-Pd5
(2.916 A) indicating that the Pd4-Pd5 distance is relatively long.

DFT calculations on Pd, chain compounds reveal that the driving force
to the complex organization is a strong donation interaction from the n system
of hydrocarbons to an orbital with appropriate phase and composition,
delocalized over the metal chain and depopulated by the double oxidation
process. No net bonding interaction can be characterized along the metal
string, and the metal-metal distances are mainly governed by the hapticities of
adjacent atoms. The Pd chain is stabilized by the large delocalization of positive
charge transferred to the hydrocarbon backbones.”
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III. UNSUPPORTED METAL CHAINS

A. Linear Chain Compounds of Rhodium

The self-association of planar d® transition-metal complexes with the
formation of weak metal-metal bonds is prominently featured for Rh'. Discrete
oligomers to infinite stacks have been isolated in the solid state. As discussed in
the following sections, the stability of these 1D Rh' chain molecules has been
attributed to weak metal-metal interactions. Vacancy in the Rh' d-band results
mixed-valent chain compound of rhodium. The ligand-ligand interactions have
been invoked to rationalize the stability of chain compounds as well.

Cationic rhodium(I) isocyanide complexes of the type [(RNC)Rh'] " self
associate to the limit of dimers and trimers (Scheme 53).%° Salts of dirhodium
dications [(PhNC)sRh3][BPh4l, (3.193(1) A),*' [(p-F-C¢H4NC)sRhb]CL,*

o

(3.207(2) A), [(p-O,N-C¢H4NC)sRh3]Cl, (3.25(1) A),*? and [(CeH;;NC)sRh]
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2[(RNC),Rh]* ————= [(RNC)sRh'y]**

3[(RNC),Rh'[* [(RNC);,Rh'5]%

SCHEME 53

FIGURE 16

CL** (3.287(2) A) have been reported. The values in parenthesis are the
corresponding Rh - - - Rh separations.

A trimeric structure is reported for [(i-PrNC);>,Rh%]C15.%* The trimer is
situated on a crystallographic mirror plane involving all three rhodium ions
(Figure 16). The Rh1-Rh2 and Rh2-Rh3 distances are 3.101(1) and 3.074(1) A,
respectively. Both these distances are significantly shorter than the Rh- - - Rh
distances found in dimers. The Rh1 - - - Rh2- - - Rh3 angle (168.05(2)°) deviates
from linearity. The terminal Rh atoms are displaced by 0.110 A and 0.124 A,
respectively, from the plane of the surrounding four carbon atoms toward the
central Rh2. In contrast, Rh2 is only 0.002 A away from its C4 plane.

Monomeric cations have been isolated by employing large R group in RNC
and/or through the use of bulky anions. Examples are [(2,6-Me,CsH3NC)y
RhY][BPh4].** [(C¢H,NC),Rh'|[BPh,], and [(i-prNC),Rh'|[BPh].*> Relative
solubilities of different salts, the degree of solvation, and the rate of nucleation
under crystallization conditions are a few factors that determine the nuclearity
of the isolated salts. Different anions allow crystallization of different forms of
[(RNC),Rh']" salt, but the process is not anion specific. The tetraphenyl borate
produces monomers, whereas chlorides yield dimers and trimers as well.

Monomeric, dimeric and trimeric Rh' compounds are distinguished by
their UV-Vis spectra. Yellow crystals of [(C¢H,;NC),Rh'|(BPhy), dispersed in
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KBr, exhibit a lowest-energy absorption at An., 384 nm, while red-colored
[(CeH; NC)sRh',]Cl, shows its lowest-energy absorption at Am.x 464 nm,
green crystals of [(i-PrNC);»Rh3]Cl; is identified by the corresponding lowest
energy absorption at A, 684 nm. The degree of association of Rh' compounds
in solution is reflected in their absorption spectrum.

Binuclear Rh' complex [Rhy(bridge),]* " (bridge = 1,3-diisocyanopropane)
forms [Rh,(bridge),CIJ3 " in 12 M HCI and [Rhy(bridge)4]$ "in 1 N H,SO,. These
tetranuclear compounds are believed to be the photoactive species in the
production of hydrogen upon irradiation. A similar tetranuclear species
[Rhy(bridge)sCI]> " was structurally characterized by Mann, and co-workers.
The salt Hj;[Rhy(bridge)sCI[CoCly]4- nH>,O was crystallized on addition of
CoCl,.6H,0 to the photoactive solution of [Rhy(bridge);][BF4]> in 12 M HCI.

The tetranuclear [Rhy]®* core is made up of two binuclear [Rh,(bridge)]* *
units linked by a Rh-Rh bond. The chloride bridges [Rhy(bridge)s]® " units to
form a linear infinite chain of repeat unit Rh,Cl (Figure 17).%° The Rh-Rh bond
distance between binuclear units [Rh2-Rh3] is 2.775(4) A, whereas the Rh-Rh
distances [Rh1-Rh2; Rh3-Rh4] within the binuclear units are 2.932(4) A and
2.923(3) A, respectively. This is consistent with a Rh'-Rh"-Rh"-Rh' formulation.
The binuclear units [Rhy(bridge)]* " have approximately eclipsed ligand system
but are nearly perfectly staggered with respect to each other. The presence of
hydronium ion [H * - nH,O] within the crystal structure precluded an unambig-
uous assignment of charge to the tetranuclear cation. In a subsequent publica-
tion, the oxidation level was confirmed by redox titrations.®” The formation of
hexanuclear, octanuclear, and dodecanuclear rhodium-isocyanide oligomers on
incomplete reduction of [Rhy]®" have also been indicated.

Highly conjugated molecules offer prospect in the formation of a 1D
stack through n-m interactions. Cofacial linear oligomers of rhodium have been

FIGURE 17
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synthesized involving ligands derived from 9,10-diamino-phenanthrene
(phda).®® Redox-active ligand phda exists in different forms, as shown in
Scheme 54. A d®-d® dimer [(s-pqdi)Rh'(CO),]> (s-pqdi = 9,10-phenanthrose-
miquinonediimine) was obtained in the reaction of phda with [RhCI(CO),], in
acetonitrile followed by oxidation in air (Figure 18). A similar dimer [Rh'
(s-disn)(CO),]» (s-disn = semi-diiminosuccinonitrile) has been reported.®

Substitutions of CO from [(s-pqdi)Rh'(CO),], by phda in dmf and
subsequent oxidation of the ligand followed by dimerization led to the
formation of Rh' tetramer [(s-pqdi)»(pqdi)sRhi(CO)4]Cl, (Figure 18). The
molecular structure of the cationic unit consists of discrete near-linear tetra-
nuclear Rh' chain with the center of inversion located between Rh2 and Rh2’
atoms. The Rh1-Rh2 and Rh2-Rh2’ distances are 2.848 (1) and 2.858(1) A,
respectively, and Rh1-Rh2-Rh2" angle is 160.2(4)°. The Rhl1 atom is displaced
0.194(5) A from the plane formed by four coordinating atoms (N,C,) toward
Rh2, and Rh2 is displaced 0.070(4) A from the plane formed by four
coordinating N atoms toward Rh2" atom.

Further substitution of CO from [(s-pqdi)»(pqdi)sRh4(C0O),]Cl, by phda
followed by oxidation resulted in the trimeric [RhY'Rh'(s-pqdi)4(pqdi),]Cl
(Figure 18). The linear trinuclear chain involves a [Rhs]’" core with Rhl-
Rh2 distance 2.754(2) A, which is intermediate between that of a Rh'-Rh"
single bond distance 2.624(1) A in [Rha(CH3CN);]*"and a Rh'. - -Rh'
distance 2.833(2) A in [Rh(s-disn)(CO),]», 2.923(1) A in [(s-pgqdi)Rh" (CO),],
and 2.853(2) A in [(s-pqdi)»(pqdi)sRh}(CO),]CL.

The metal-metal bond in [RhYRh'(s-pqdi)s(pqdi),]Cl is assigned as three-
centered 6-electron o-bonds. The pqdi and s-pqdi ligands in compounds [(s-pqdi)
Rh'(CO)ao, [(s-pqdi)a(pqdi)sRhi(CO)ICly and [Rhy'Rh'(s-pqdi)a(pqdi)]Cl are
arranged in eclipsed conformation. The concept of 3-type bonding between
cofacial ligands has been invoked to rationalize the eclipsed arrangement of the
ligands.”

Redox active dioxolene derivatives exist as different isomers of benzo-
quinone, semiquinonate and catecholate by two-step one-electron transfer
(Scheme 55). A linear chain structure with direct a Rh'- - - Rh' bond was reported
with 3,6-di-terz-butyl-1,2- benzosemiquinonate (3,6-DBSQ) radical anion in [Rh'
(CO)5(3,6-DBSQ)].”" It was originally synthesized by the reaction of TI(3,6-DBSQ)
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FIGURE 19

with [RhCI(CO),], in toluene.”? A redox reaction of Rhy(CO);, with o-benzoqui-
none provided an identical rhodium(I)-semiquinonato complex. Crystal structure
reveals that Rh atoms that form the core of the stacked column are near-perfectly
aligned atop one another with angles between Rh-Rh vectors and complex planes
ranging from 86.6° to 88.8° (Figure 19). Two unique Rh'-Rh' distances were noted:
3.252(4) A and 3.304(5) A, values which are similar to Rh-Rh separations for other
stacked Rh' dimers and oligomers.”?

Radical semiquinonate ligands are the paramagnetic centers of the indivi-
dual complex units in the molecular chain. Magnetic measurements of
[Rh(CO),(3,6-DBSQ)] reveal marked temperature dependence with both ferro-
magnetic and antiferromagnetic interactions. The temperature dependence of
susceptibility from 330 K to ~ 105 K was fitted to Curie-Weiss plot with a 6 value
of +20.7 K, indicating the presence of a ferromagnetic interaction. At low
temperature, the susceptibility quenched and was fitted to a Curie-Weiss plot with
a value of 6—11.7 K and with a drop in magnetic moment to 0.63 pp at 5 K. The
complicated magnetic behavior in the solid state indicates the presence of at least
three types of intermolecular interactions within and, possibly, between chains of
molecules. Direct interaction between radical ligands separated by >7 A along
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the column presumed to be weak, indicating magnetic coupling between radical
ligands (3,6-DBSQ) propagated through Rh-Rh interactions along the column.
UV-Vis-NIR spectra of the [Rh(CO),(3,6-DBSQ)], recorded in pentane
over the temperature range, show evidence for oligomer formation. Dramatic
color change occurs from orange-brown at room temperature to dark green at
lower temperature. Strong transition that appears in the NIR region (1500 nm)
at low temperature resembles the solid-state spectrum at room temperature. The
temperature and concentration dependence of the solution spectra credits to
molecular assembly, yielding stacked oligomers. The degree of stacking of the
Rh' monomer in solution can be estimated from the low-energy transition.*%**
Linear chain compounds [Rh(PhenSQ)(CO),] (PhenSQ = 9,10-phenan-
thrasemiquinonato) and [Rh(2,6-DBPhenSQ)(CO),] (2,6-DBPhenSQ = 2,6-
di-tert-butyl-9,10-phenanthrasemiquinonato) have been synthesized via redox
reaction of Rhy(CO);, with the corresponding ligands in THF and n-pentane,
respectively. Four crystallographically independent one-dimensional chain, of
[Rh!(PhenSQ)(CO),] were noted in the unit cell.”> In each one-dimensional
chain, two types of intermolecular distances between central six-membered
rings of PhenSQ ligands (3.14(9)-3.25(6) A and 3.51(6)-3.56(9) A) were noted,
indicating that the ligands have dimerized structures (Figure 20). Intradimer
Rh-Rh distances are 3.117(1)-3.335(2) A, whereas interdimer Rh-Rh distances

FIGURE 20
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are 3.741(2)-3.963(1) A. The one-dimensional columnar stack with eclipsed
conformation is considered to be formed by the overlap of m-orbitals of ligands
because interdimer Rh-Rh distances are longer than the corresponding inter-
planar distances between the ligands.

[Rh'(2,6-DBPhenSQ)(CO),] forms a zigzag chain structure of dimer
molecules stacked in staggered conformation (Figure 21). The Rh1-Rh1-Rhl
angle is 147.97(2)°. The intradimer Rh-Rh distance is 3.1233(8) A, whereas the
interdimer Rh-Rh distance is 3.6414(8) A. The complex molecules are over-
lapped so as to avoid steric hindrance between tert-butyl groups and to increase
the overlap between the central six-membered rings of 2,6-DBPhenSQ. Magnetic
susceptibility measurements of these two compounds indicate that the spin on
each semiquinonato ligand is strongly coupled antiferromagnetically, although
the impurity spin and thermally excited spin were measured at high temperature.

It is argued if the frontier orbitals of the metal 4 and ligand m-orbitals
could be adjusted to the same or closely related energy levels by chemical
modification, mixed-valence or partially oxidized metal chain would be
achieved by intramolecular electron transfer between metals and ligands.”®
Metal-dioxolene compounds have very close energy levels between the frontier
orbitals of metal d and the dioxolene ligands m-orbitals, and intramolecular
electron transfer between the metal and the ligand is a possibility in a thermal

FIGURE 21



Unsupported Metal Chains 229

equilibrium known as “valence tautomerism”.”® In rhodium(I) semiquinonato
complex [Rh(3,6-DBSQ)(CO),].., although the energy levels of the electron-
rich Rh(I) core and electron-deficient semiquinonato ligands are considered to
be relatively close, valence tautomerism was not observed.

By introducing two chlorine atoms at the 4 and 5 positions of the 3,6-
DBSQ ligand, the energy of the ligand ©" was adjusted to be close to or the same
as the energy of one-dimensional Rh d band, made up of metal d.> orbitals.
The first example of a neutral mixed-valence rhodium(I,II) semiquinonato/
catecholato complex [Rh(3,6-dbdiox-4,5-Cl,)(CO),].., in which the 3,6-dbdiox-
4,5-Cl, indicates 3,6-di-tert-butyl-4,5-dichloro-1,2-benzosemiquinonate (3,6-
dbsq-4,5-CI57) or 3,6-di-tert-butyl-4,5-dichlorocatcholate (3,6-dbcat-4,5-C13)
state, is reported.”” The X-ray photoelectron spectrum (XPS) of [Rh(3,6-
dbdiox-4,5-C1,)(CO),].. revealed a mixed-valence state composed of Rh' and
Rh' on the rapid XPS time scale. The ratio of Rh'- - - Rh!' was determined to
be nearly 2:1. This is in contrast to the XPS data of Rh' complex [Rh(3,6-
DBSQ)(CO),].. which exhibits the formal oxidation state of rhodium as +1. A
comparative scheme of the stacking of Rh'.SQ7in [Rh(3,6-dbsq)(CO),].. and
mixed stack of {Rh'.SQ*"} and {Rh". Cat*"} is shown in Figure 22.

The X-ray structure of [Rh(3,6-dbdiox-4,5-Cl,)(CO),].. was determined
at 302 and 56 K with synchrotron radiation. Crystal structure reveals neutral
linear chains of [Rh(3,6-dbdiox-4,5-Cl,)(CO),] molecules, which form trimeric
units in the linear chain at 302 K. The Rh-Rh distances in the trimer are
2.8685(2) and 2.8629(2) A, shorter than the Rh-Rh distances between trimers
(2.8942(3) and 2.8984(3) A) (Figure 23a). The formation of the trimer is
consistent with the formal oxidation state of Rh'**" estimated from the XPS
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spectrum. At 56 K, the trimers in the linear chain are dimerized to form
hexameric units. The Rh-Rh distances in the hexamer are in the range
2.8059(3)-2.8180(2) A, while the Rh-Rh distance between hexamers is
2.8592(3) A (Figure 23b). The observed dimerization of trimers in the 1D
chain originates from Pierels distortion associated with the pairing of unpaired
electrons in the d.> orbitals of Rh®>™" ions.

The C-C and C-O bond lengths of each dioxolene ligand are in the
boundary region of the semiquinonate and catecholate forms. These structural
features indicate that the dioxolene ligands are either charge-localized but
structurally disordered or charge-delocalized. Therefore, it is not possible to
determine the oxidation state of each ligand from the C-C and C-O bond lengths.

Compound [Rh(3,6-dbdiox-4,5-Cl,)(CO),].. exhibits an intense, broad
absorption band that extends from 15,000 cm ™' to IR regions in the solid state.
In contrast, [Rh(3,6-DBSQ)(CO)].. shows an absorption at 6700 cm ™" in the
solid state, which is assigned to the absorption associated with the band
structure formed by d.> orbitals along the linear chain.”! The lower energy
absorption band in the IR region probably consists of several overlapping
bands, including the intervalence charge-transfer transitions of Rh*" «Rh™
and/or ©(SQ™)« ' (Cat*)*® along with the absorption associated with band
structure formed by d.* orbitals. The absorption spectrum of a solution of
[Rh(3,6-dbdiox-4,5-Cl,)(CO),].. in CH,Cl, is quite similar to that observed for
[Rh(3,6-DBSQ)(CO),]. in the same solvent, and this indicates that [Rh(3,6-
dbdiox-4,5-Cl,)(CO),].. exists as a discrete rhodium(I)-semiquinonato complex
in CH,Cl, solution.

Single-crystal electrical resistivity (p) of [Rh(3,6-dbdiox-4,5-Cl,)(CO),]
along the one-demensional chain direction was measured in the temperature
range 80-300 K by a four-probe technique. Compound [Rh(3,6-dbdiox-4,5-
CL,)(CO),].. exhibits high electrical conductivity (¢ = 17-34 S.cm™") at room
temperature in spite of its being a neutral molecule, demonstrating that the
rhodium atoms in [Rh(3,6-dbdiox-4,5-Cl,)(CO),].. are in the mixed-valence
state. The electrical conductivity varies with temperature, confirming semicon-
ducting behavior, and the activation energies in high- and low-temperature
regions are 114 meV (300-179 K) and 64.4 meV (154-80 K), respectively. The
increase in resistivity with decreasing temperature is attributable to dimeriza-
tion of the trimers.

It is remarkable that the mixed-valence state is realized in rhodium(I,II)
semiquinonato/catecholato complex by electron transfer between metal d and
semiquinonate 1~ orbitals. Tuning of the energy levels between the metal d and
ligand 7 orbitals would be expected to facilitate the control of electron transfer
between metal and ligand by external factors, such as light, heat, and/or
pressure. Therefore, this research offers scope for the development of novel
neutral conducting polymers based on metal complexes in which the solid-state
properties could be changed by metal-ligand clectron transfer induced by
external fields. Precise control of the frontier orbitals is essential in achieving
such compounds.
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The most fascinating compound in this series is the novel 1D rhodium
chain, [{Rh(CH;CN)4}(BF,); 5], obtained by the slow reduction of
[Rhy(CH5CN)ol[BF4ls at a Pt electrode.”” The infinite chain results from
radical polymerization of the unstable {Rh'Rh"} dinuclear cation (Figure
24). It represents the first example in which a discrete metal-metal singly
bonded {Rh,(CH3CN);o}*" dimer has been used as precursor for one-dimen-
sional mixed-valent metal chain.'® Further, nitriles offer prospects to chemi-
cally modify the chain. Two unique Rh-Rh distances, 2.9277(8) and 2.8442(8)
A are observed. The MeCN ligands on Rh(1) and Rh(1B), which define the
shorter Rh-Rh distances, are twisted by 44.8°, whereas the ligands on Rh(1)
and Rh(1A) adopt a torsional angle of 15.3°. In the parent molecule
{Rh,(CH5CN),}*", average ligand torsional angle is close to 45°. Charge
transfer experiments suggested the chain compound as a semiconductor.

The mixed-valent, square-planar cation [Rh'(CO),(CH;CN),]* was
reported to form one-dimensional stack in the solid state. The chain is com-
posed of the repeat unit [{RhY'(O,CCF5),(CO),}{RhY(O,CCF3)4}{Rh}!
(0,CCF3)»(CO)4}],., in which an {Rh",Rh™} unit is connected with two dimeric
{Rh',Rh'} units."®" A linear chain composed of dirhodium units is not limited to
acetonitriles and carbonyls. Metal chains of the type [{Rhy(OAc),(LL),}(BF,)],
(LL = 1,10-phenanthroline; 2,2'-bipyridyl) have been prepared by one-electron
reduction of the corresponding dirhodium(ILIT) precursors [Rhy(OAc),
(LL),J*" in aqueous ethanol.'® For the phen compound, three different Rh-
Rh separations are noted in the Rh chain. The carboxylate bridged Rh-Rh
distance is 2.652 A; the unsupported interdimer Rh-Rh distance is 2.739 A; and
the resultant tetranuclear fragments are linked into an infinite chain by Rh-Rh

FIGURE 24
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FIGURE 25

separation 2.832 A (Figure 25). The corresponding Rh-Rh distances are 2.678,
2.793, and 2.921 A for the bpy analog [{Rh,(OACc),(bpy)}(BF,4)]. Electrochemi-
cal fabrication of thin films of [{Rh,(OAc),(phen)}] " chain by electron reduc-
tion of Rho(OAc),(phen)»(BF,), has been reported.'®

B. Linear Chain of Iridium

Linear chain of four and six iridium atoms have been synthesized by Oro
and co workers. The approach involves oxidation of a diiridium(I) core with
iodine resulting in the condensation of n molecules to produce I-[Ir-Ir],-I
displaying a chain of 2r Ir atoms. The value of n has been limited to 3,
conditioned by the stoichiometry of the iodine supply. The diiridium(I) precursor
used is [Iry(u-Opy)2(CO)4] (Opy = 2-pyridonate), which was isolated by bub-
bling CO through a solution of [Ir>(1-Opy)»(cod),] (cod = 1,5-cyclooctadiene) in
toluene.'™ The X-ray structure of [Iry(p-Opy)»(CO),] reveals a head-to-head
(HH or A) configuration for the bridging ligands, which hold the metals in close
proximity (Ir- - - Ir = 2.8693(5) A), generating two different types of iridium
centers, 0,0 and N,N coordinated. Two such dinuclear units form a "dimer of
dimers” in which two A isomers are connected by a weak and unsupported
Ir- - - Ir interaction (2.9808(6) A) (Scheme 56). The interdimer Ir- - - Ir interac-
tion occurs between the less hindered faces, that is, O,0-coordinated iridium
atoms link to form the dimer. The NMR spectrum of the complex in benzene or
toluene shows a 1:1 mixture of HH and HT isomers, from which two HH
isomers crystallize as the AA dimer.

Oxidation of [Ir(1-Opy)>(CO)4] in toluene with diiodine in a 1:0.5 ratio
provides the mixed-valence tetrametallic compound HH,HH-[Ir,(n-Opy),(I)
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(CO)4]» or I-AA-I (Scheme 56).'%° The pure HH,HT-[Ir»(u-Opy)>(I)(CO)4]» or
I-AB-I was isolated when the reaction was carried out in toluene at 0°C. For the
I-AA-Iisomer, two A isomers are joined by an unsupported Ir-Ir bond between
the O,0-0,0 coordinated Ir atoms, whereas for I-AB-I isomer, the corre-
sponding iridium atoms are O,0-N,O coordinated. In both compounds, two
diiridium units, which are linked through an unsupported Ir-Ir bond, are
arranged in an almost transoid conformation. The ligand bridged Ir-Ir distances
(2.7015 (15) A for I-AA-I isomer and 2.6915(11), 2.7114(11) A for I-AB-I
isomer) are shorter than the central unsupported Ir-Ir bonds (2.750(2) A for I-
AA-Iisomer and 2.7793(11) A for I-AB-I isomer). The three metal-metal bonds
are nearly linear (within a deviation of 15° from linearity), and the iodine atoms
are linearly disposed with respect to the metal-metal bonds. The structure of
[Ir2(1-Opy)2(1(CO)4), is shown in Figure 26.

Remarkably, both I-AA-I and I-AB-I are stable in solution. The
equivalence of the four 2-pyridonate ligands observed in the '"H NMR spectrum
of the complex I-AA-I indicates an averaged C,;, symmetry of the molecule in
solution. The I-AB-I exhibits four nonequivalent signals for bridging ligands,
reflecting the absence of any symmetry element (C; chiral). The green complex
I-AB-I was found to evolve into the blue isomer I-AA-I on heating at 60°C in
< 5 min. This transformation, quantitative by 'H NMR spectroscopy,
also occurred at room temperature but more slowly. The preparation and
isolation of pure I-AB-I was possible only at low temperature, avoiding the
isomerization of I-AB-I to I-AA-I. It is concluded that I-AA-I is the thermo-
dynamic product, whereas I-AB-I corresponds to the kinetic product from the
reaction of the mixture of A and B, in equilibrium at a 1:1 ratio, with iodine
(Scheme 56).
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The addition of solid iodine to a solution of A and B isomers of [Ir,(p-
Opy)»(CO)4] in toluene at 0°C in 1:3 molar ratio provided HH,HT,HH-{[Ir,(p-
Opy)>(CO)4)515} (I-ABA-I), containing a linear chain made of six iridium atoms
in a formal oxidation number of +1.33 (Scheme 57).'%°

X-ray structure revealed the hexametallic chain formed by an almost
linear array in which two A isomers sandwich a B isomer (Figure 27). The six
iridium atoms are linked by metal-metal bonds, two of which are unsupported.
The unsupported Ir-Ir distances are (range 2.7757(14) — 2.7929(14) A)alonger
than the ligand bridged Ir-Ir distances (range 2.6849(14) — 2.7096(14) A). The
hexametallic chain was found to be thermally stable in the solid state and under
0°C in solution. The observation of resonance signals corresponding to three
inequivalent ligands in the '"H NMR spectrum indicates C, symmetry of the
species in solution. The hexametallic chain can be broken stepwise maintaining
the configuration of the individual link. Addition of diiodine to I-ABA-I
produced I-AB-I along with I-A-I. Further reaction of I-AB-I with diiodine
provided an equimolar mixture of I-A-I and I-B-I (Scheme 58). Likewise, I-AA-
I produces 2 equivalents of I-A-I on oxidation with iodine.
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Linear Ir4 chains are also accessible with different bridges. The first linear
Iry cluster [Iry(p-C;H4NS,)4(1)2(CO)g] (C;H4NS, = benzothiazole-2-thiolate)
was isolated and characterized as an intermediate in transannular oxidative-
addition reactions.'’” By introducing pyrazolate bridges, a tetrairidium species
[{(CN'Bu)»(DIr(pu-pz),Ir(CN‘Bu),}»] has been synthesized by iodine oxidation
of the dimer [{Ir(u-pz)(CN'Bu),}-].'"® The question posed by this work: Is it
possible to assemble diiridium precursors beyond n = 3? Calculations show
that the exothermic balance of the oxidation of the diiridium precursor sharply
decreases from 40 kcal.mol ™" to 12.5 for n = 2 and 9.8 for n = 3 chain. The
assembly of four precursor units would require an additional unsupported Ir-Ir
bond. In the absence of a hypothetical chain of eight iridium atoms, it was
proposed that IF-ABAA-I would be the most stable based on steric considera-
tions. Calculated exothermicity of 1.7 kcal.mol ™" with respect to I-ABA-I and
A makes its synthesis and characterization a challenging task.'®

A bonding scheme for iridium wire composed of # dimeric units I-[Ir-Ir],-
I has been analyzed. The formal positive charge of the metal backbone is 2n +
2, which corresponds to a total of 16n—2 metal electrons. All MOs belonging to
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the 1, sets are doubly occupied, keeping 4n—2 electrons to be accommodated
on the  MOs. Qualitative fragment MO diagrams involving d.” orbitals (o) for
iridium chain for n = 1-3 are given in Scheme 59. The energy of these MOs
increases with the number of nodes along the chain. All levels are doubly filled,
except the highest one. Close inspection of the LUMO indicates antibonding
character between every pair of adjacent metal atoms. The vacancy of this
highest-energy o MO is therefore responsible for fully delocalized 2-electron/
2n-center bond. The delocalized bonding that firmly holds the dimeric units
together originates from the 2-electron oxidation of the complex by diiodine.
For a count of 4n electrons, all c MOs are filled. In that case, the chain either
breaks apart or experience considerable stretching of the Ir-Ir bond due to the
vanishing of the delocalized bond.

In addition to the delocalized bonding, another source of metal-metal
bonding is metallophilic interaction between metal atoms in closed-shell
electronic configurations.''” The participation of 6s and 6p. orbitals to the
M-M (d.>+d.?) orbital effectively reduces the antibonding character and
contributes to the stability of the metal chain. The 5d— 6s/p. density transfer
is maximal for the Ir' precursor. Metallophilic interactions are therefore
expected to partly counterbalance the decline of the delocalized 2-electron/
2n-center bond strength as n increases. As the fractional oxidation state of
iridium, equal to 1 + 1/n, comes closer to 1, the strength of the delocalized 2-
electron/2n-center bond diminishes among the pair of metal atoms. In the case
of Ir' complexes, corresponding to a full occupancy of the metal ¢ MOs, two
extreme cases are possible, the Ir'dimer and a linear chain of Ir'with infinite
chain length. Linear infinite stacks of Ir' stabilized solely by the metallophilic
d8-d® interactions are not encountered in iridium chemistry.''" A tetrairidium
(dimer of dimers) [Ir»(n-Opy)»(CO),] has been characterized in solid state.'®’

Dihalodicarbonyl iridium compounds constitute an important class of
chain compounds. These compounds are synthesized by treating K,IrXg with
CO under pressure''? or heating in formic acid.''® Single crystal study of
[Ir(CO),Cl,]>% revealed a chain structure. Alkali metal counterions compen-
sate the charge. The fractional oxidation states of iridium in this series vary in
the small range of +1.39 to +1.44."'* These compounds exhibit metallic
copper luster and metal-like conductivity.

Electro-crystallization has been successfully employed for the fabrication
of numerous low-dimensional electronic materials.''> Notably, the well-known
Krogmann’s salts K,Pt(CN)4Xy 3-3H,O (X = CI, Br) were electrochemically
prepared.''®  Organometallic  charge-transfer ~ compound  [(CsMes)s.
Fe,[TCNQ],'""” and related compounds, the Magnus’s green salts
Pt(NH;),- PtCly, Pt(NH;)4-PtCle,'"® and the mixed-valence [Pt(en),][Pt-
Cly(en),](Cl04)4'"? were obtained by the electro-crystallization process. Balch
and co-workers carried out electro-oxidation of (PhyAs)[IrCl,(CO),] on gold
electrodes and reported three distinctly different forms of materials, depending
on the conditions used.'?® Electro-oxidation of (Ph4As)[IrCl,(CO),] in the
presence of tetra(alkyl)lammonium salts resulted in conducting iridium
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complexes (TAA),[IrCly(CO),] [x = 0.55 for tetra-(n-hexyl)-ammonium and
tetra-(ethyl)-ammonium cation; x = 0.62 for tetra-(rn-butyl)-ammonium ca-
tion] in dichloromethane and 1,2-dichloroethane. Constant potential electro-
lysis at 200 mV revealed randomly oriented long needles on the electrode
surface. The composition of the electrochemically generated material was
found to be similar to that of chemically synthesized compounds. Sharp
increase of current at the electrode covered with needle-like materials indicates
that the deposit is conductive.'?! One-dimensional growth, as revealed in the
SEM images, reflects the anisotropic behavior. The efficiency of electro-
deposition depends on the nature of the cations used, because it affects the
solubility of the deposit formed. Solvents do affect the morphology of the oxi-
dized products. In strongly polar solvents such as DMF or DMSQO, the irrever-
sible oxidation of [IrCl,(CO),]~ does not produce any deposit at the electrode
surface. Needle-like crystals are formed in chlorinated solvents, whereas
unstructured film is deposited in acetonitrile. Electro-oxidation of [IrCl,
(CO),]™ at higher potential (600 mV) results in structural changes of the initial
needle-like deposit to spherical black particles and finally desorption from the
electrode surface and diffusion into the bulk of the solution.

Recently, an unsupported Ir' dimer [IrCl,(CO),], has been reported. This
compound provides the opportunity to make linear mixed-valent Ir chains by
electro-reduction.'?* Linear polymeric 1D chains incorporating ¢ Ru® and Os’
have been reported.'>® Electro-reductions of [M'(L)(CO),Cl,] (L = 2,2’ -
bipyridine or 1,10-phenanthroline) produce linear chains [M(L)(CO),],,
obtained as adherent crystalline thin films on conductive supports. Polymer-
ization occurs by an electrochemical propagation process (Scheme 60). The first
step involves the reduction to an unstable radical anion that concurrently loses
one Cl ligand and transforms to a coordinatively unsaturated species. The
reactive 17¢” transient species rapidly forms dimer. Subsequent reduction of
the dimer at the applied potential promotes further chain extension, leading to
oligomers and polymers (Scheme 61).

The polymeric [Ru(L)(CO),], chain that has been determined by XRPD
methods packs pseudohexagonally in the ab plane and grows along ¢, with Ru-
Ru distances close to 3.0 A and a total chain length of 60 A. The flat
Ru(L)(CO), monomers are staggered by 45° or 135° rotations but stack in
random sequence along the chain.

In case of Os, the radical anion [Os"(bpy*)(CO),Cl,]” has been char-
acterized spectroscopically at low temperature. The in situ formation of

A[MY(L)(CO),Cly] + 2ne™ —— > [MO(L)(CO),], + 2nCI-

M = Ru, Os
L = 2,2-bipyridine

SCHEME 60
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[M'(L)(CO),Clo] + &7 ———  [M'(L)(CO)Cly]”
M'(L)(CO)Clol  ——  [M'(L)(CO),Cl] + CI-
[M'(L")(CO),Cll =— [M'(L)(CO),Cl]

2[M'(L)(CO),Cl] ——> Dimer ° > [MO(L)(CO).],
Chain propagation

M = Ru, Os
L = 2,2-bipyridine

SCHEME 61

[0s°(bpy)(CO),],, polymer has been characterized by IR, UV-Vis and EPR
spectroelectrochemistry. The polymer species is an electron-rich electrocatalyst
for CO, reduction and its fair solubility in polar organic solvents is important
for potential use.

C. The Platinum Blues

The first platinum blue compound was reported in 1908. It was obtained
when the yellow complex cis-Pt"Cl,(CH;CN), was reacted with Ag,SO, in
water.'** The resultant dark blue compound, referred as “platinblau” was
formulated as the platinum(I) complex Pt(CH;CONH),(H,0O). Further
examples of Pt-amide blues were followed in subsequent years, but their
geometric and electronic structures were unknown and were subject of
controversies.'* Studies by Rosenberg’s group on the interaction of the
anticancer drug cis-Pt'"(NH3), Cl, with pyrimidines, such as thymine and
uracil, resulted a new set of blue compounds, which were also anticancer
active.'?° This led to a renewed effort to gain a better structural characteriza-
tion of platinum blues.

By using 2-pyridone, Lippard and co-workers were able to characterize a
tetranuclear structure, which is now being recognized as common structural
feature for platinum blues. A combination of structural and spectroscopic
measurements and theoretical calculations revealed the paramagnetic complex
cis-[Pt4(2-pyridonato)s(NH3)s(NO5),J(NO5); - H,0.'?”  The ethylenediamine
analog, [Pty(2-pyridonato)s(en)4(NO3),]J(NO3);-H,0, has been synthesized
and structurally characterized.'”® The choice of 2-pyridonate as bridge is
critical because it provides the discrete tetramer, unlike the long-chain
oligomers that result in the case of pyrimidines. The tetranuclear chain is
formed through an unsupported metal-metal bond between two diplatinum
complexes, which display a face-to-face structure bridged by two ligands in a
head-to-head (HH) position. It has two different types of platinum centers, O,0
and N,N coordinated, and the unsupported metal-metal bond is formed
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between the less-hindered Pt centers, that is, the O,0-coordinated Pt atoms.
The average charge on the metal is +2.25. The Pt-Pt distances are 2.774(1) A
for the outer Pt pairs, connected by an unsupported Pt-Pt bond 2.877(1) A
(Figure 28).

The 2-pyridone platinum blue and other related tetranuclear compounds
bear a close structural relationship with [{Rhy(u-pz)(CN'Bu),}a*t, [{Irs
(u-pz2)(D(CN'Bu)},], (pz = pyrazolates) and [{Ir,(u-bztzt),(I)(CO)4),] (bztzt
= benzothiazol-2-thiolate); [Rh,Cl(bridge)s]’* (bridge = 1,3-diisocyanopro-
pane), termed rhodium and iridium blues.'* 13

DFT calculations on platinum blue compounds provide insight on their
electronic structures. The four d.*(c) orbitals of metals form four nondegene-
rate 6 MOs. The HOMO is singly occupied. The blue color of the compound
is the consequence of the excitation from one of the three filled molecular
orbitals into the half-filled o* orbital. Further, it illustrates that a one-electron
oxidation from the HOMO should lead to a strengthening of the Pt-Pt
bonds.

Matsumoto’s group has carried out complete characterization of [{cis-
Pto(pyrr)s},]” " (pyrr = 2-pyrrolidonate) compounds. The “a-pyrrolidone
green”'¥!' and “a-pyrrolidone violet”'*? have been characterized as
[Pta(pyrr)4(NH3)s](NO3)s 48] o0 3H20 and [Pty(pyrr)a(NH;3)s](PFe)2(NO3)2 s6] -
5SH>0, respectively. The nonstoichiometric composition of these compounds is
attributed to the mixed-valency.

The X-ray structure of “2-pyrrolidone tan” reveals a tetranuclear
structure similar to that of “2-pyridone blue,” except that the axial nitrates
are missing in the former. The Pt-Pt distances are 2.702(6) A, 2.710(5) A, and
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SCHEME 62

2.706(6) A, which are shorter than that found in pyridone blue.'** It indicates
that the average oxidation state is higher in pyrrolidone analog. This pyrroli-
done tan disproportionates into [PBY(NH;)4(pyrr),]* "and [PLI(NH;),
(pyrr),]**.'¥  Chemical oxidation of [Pty(pyrr)s(NH3)s](NO5)e.3H,O by
[S;04]*~ in strongly acidic medium lead to [Pty(pyrr)s(NH;3)s](SO4)»
(Cl04), - 6H,0"*. This tetranuclear Pt compound exhibits excellent affinity
to oxidize water into molecular oxygen.'*”> Although initially termed as 2-
pyrrolidine-platinum tan owing to its dark red color, subsequent studies show
that it belongs to platinum blue category.

The oxidation state and nuclearity relationship in platinum blues are
summarized in Scheme 62.

Platinum-acetamide-blue and platinum-uracil-blue compounds have been
reported. The tetranuclear uracil blue [Pty(1-MeU)4(NH;3)5](NO3)s- H>O,
where 1-MeU is the mono-anion of 1-methyluracil, has structure and properties
resembling 2-pyridone-blues. Platinum blue compounds with uridine, isonico-
tinamide, malonamide, and biuret have been described.!*®

Lippert and Neugebauer have reported the blue cation [{Pt,
(u—C5H5N202)2(NH3)4}2]5+ and the pentanuclear Pt,AgPt, species
[(NH3)4Pt2(u-C5H5N202)2-Ag-(u-C5H5N202)2Pt2(NH3)4]5+.137 A remarkable
octanuclear chain of Pt was reported by Matsumoto and co-workers. The
average oxidation state of Pt in diamagnetic [Ptg(NHCOCH;)3(NH3)¢]
(NO3)19-4H0 is +2.25. Four alternate supported and unsupported Pt-Pt
bond distances in this centrosymmetric structure are 2.880(2) A, 2.900(1) A,
2.778(1) A, and 2.934(1) A (Figure 29).'

A series of partially oxidized 1D platinum chain compounds consisting of
carboxylate-bridged cis-diammineplatinum dimers have been reported.'* The
Pt-dimers are characterized as [Pt,(acetato)>(NH;3)4](NO3),4-2H,O and
[Pta(propionato),(NH;3)4](NO3)>(ClO4)g 4 - 2H>O. In both compounds, the
bridged Pt-Pt distances range from 2.81 to 2.85 A while the interdimer distances
are around 3.0 A. From the solid-state structures it has been shown that the
dimer associations are stabilized by four hydrogen bonds formed between
the amino groups and the carboxylate anions. Employing pivalamidate bridge,
the [PtY'(PVM),(NH;)4](PF¢),- H,O and the oxidized dark green product
[Pt4(PVM)4(NH;3)g](PFg)4(ClOy4) - 2H,O have been synthesized recently. X-ray
structure of both compounds reveals tetranuclear structures. However, the Pt-
Pt bond distances are very different (Scheme 63).'*



67 HANOIA

244



€9 AINHHDS
+BEHNTINAD ] +FECHNYNAD) ]

Y (6)6£08°T Y(Z1E098T Y (6)6£08°T YaDorseT y@nosere Y anorsec

d d d d 1d-------- 11— 1d------- d

N o) 0] N N o (@) N
€ € € €
"\ it ™\ e Iz/ M i\ a

\a u/ \m E/ \ﬂ_n_ ....... e \H _n_ ....... E/

‘ N\ \e Ne

SHN N o NH gyN O NNH e N oN'H eyN O n N°H

245



246  Transition-Metal-Based Linear Chain Compounds

7Pt3+ C|7Pt3+ Rh?2-5+ Pt2+ Pt2+ Pt2+ Pt2+ Rh2-5+ Pt3+ Cl Pt3+
2.5959(6) 2.5959(6) 2.5987(11) 2.7337(11) 2.8450(7) 3.0634(10) 2.8450(7) 2.7337(11) 2.5987(11) 2.5959(6) 2.5959(6)
SCHEME 64

A novel infinite chain of PtgRh, units bridged by CI™ ions has been
synthesized from the reaction of Pt"! dimer [Pto(PVM)»(NH;)4](PFs), - H,O and
mixed-metal dimer [PtRh(PVM),(NH3),Cl3]. X-ray structure reveals that the
Complex cation of {PtRh(PVM)z(NH:;)zClz5]2[Ptz(PVM)z(NH3)4]2(PF6)6
2MeOH - 2H,0},, is an infinite repetition of the octameric segment of
“PtgRh,” units bridged by Cl ions. The formal oxidation state of the metal
ions and metal-metal distances are summarized in Scheme 64.'*’ Single-crystal
electrical conductivity of this chain molecule exhibits semiconducting behavior
in the temperature range 267-295 K and the activation energy was estimated to
be 1.0 eV.

Linear chain Pt-Pd complexes {[Pt>;(NHj3),X>(u-PVM),(CH,COCH3)],
[PdX,4]} [X = CI, Br] have been reported. The pentanuclear mixed-metal chain
is composed of a monomeric Pd" unit sandwiched by two amidato-bridged
dimeric Pt units. Both ends of the chain are capped by acetonyl groups.'*!
Linear trinuclear chain Pt-Tl complexes [{PtX(RNH,),(NHCO'Bu),},TI]"
[X = NO;, CI, OTf] have been synthesized and structurally characterized by
Chen, and co-workers.'"** Mixed-metal compounds [{PtX(NH5),(NHCO"
Bu),},TI|X (X = ClO4, NO3) adopt an extended zigzag chain structure consisting
of repeatedly stacked [{PtX(NH;),(NHCO'Bu),},TI] " units; however, a helical
chain was reported for X = PFg anion. Similar Pt"-TI' coordination polymers
assembled via metallophilic interaction have been reported with 1,2-diaminocy-
clohexane ligands.'*?

IV. CONCLUDING REMARKS

Studies on oligomeric and polymeric linear chain compounds with
transition-metal backbones have been the subject of contemporary interest.
A variety of metal ions possessing 3d, 4d, and 5d valence electrons are
incorporated in the chain structures. Two general schemes have been employed.
In one approach, metal ions are linearly placed via coordination with multi-
dentate ligands. The neighboring metal ions in ligand-supported chains inter-
act, exhibiting interesting conducting and magnetic properties. Covalent
and noncovalent metal-metal bonding results in unsupported metal chain
compounds. It has been shown that metal-metal bonded dimetal comple-
xes are excellent precursors in the construction of metal chains, consisting of



References 247

alternate supported and unsupported metal pairs. Recent advances in the
microscopy experiments allow the measurement of electrical conductivity of
a single oligomeric chain. It is believed that further studies on metal
chain compounds would provide materials suitable for nanoscale device
applications.
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I. INTRODUCTION AND SCOPE

Since their discovery nearly two centuries ago,' boronic acids have
developed a rich history, though it has been only in the past few decades that
the breadth and use of this functional group has truly emerged. Specifically,
boronic acids are boron-containing organic compounds that possess one alkyl
or aryl substituent and two hydroxyl groups (Fig. 1). The resulting sp’
hybridization around the boron confers a trigonal planar geometry to the
boron center and is structurally analogous to a carboxylic acid.” In a manner
similar to carboxylic acids, boronic acids can undergo substitution reactions to
replace the —OH groups with —OR groups to generate boronate esters.
Uniquely though, both hydroxyl moieties can be replaced to afford diesters.
The cyclic versions, which arise from 1,2- and 1,3-diols tend to be more stable
than their acyclic analogs (Fig. 1).> These esters form in aqueous media at
elevated pH or, if an internal Lewis base can coordinate to the boron,
complexation occurs at neutral pH.* In nonaqueous media, ester formation is
facile with the removal of water. The principal interest and utility found in this
boronate ester formation resides in the stable covalent bonds formed with
alcohols (bonding energies of ~536 kJ/mol for B-OR) that also display
reversibility based on nucleophilic displacement that is more facile than the

R\IIB/R R\?/OH HO‘IIB/OH HO\I?/OH
R R R OH
Borane Borinic Boronic Boric
acid acid acid
R-OH 10 (-3 Hz0)
or
(-2 H0) 1 3 diol
H20)
é
R*BIOR R- BO 0
OR o R B0 PR
Acyclic Cyclic Boronate
boronate boronate anhydride
ester ester (boroxine)

FIGURE 1. Boron-containing functional groups. Boronic acids undergo dehydration
reactions on their own (anhydrides) and with alcohols to form acyclic and cyclic diesters.
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more conventional carboxylic esters.’ This covalent yet reversible nature forms
the basis of the utility of boronate ester formation in many diverse applications.

From a historical perspective, boronic acids/esters have perhaps found
their widest applicability as building blocks in organic synthesis, most notably
as reactive intermediates in Suzuki cross-coupling reactions (conversion of
boronic acids to their cyclic esters typically enhances solubility of these
synthons).® Subsequently, boronic acids/esters have found use as components
in numerous other synthetic transformations. While not within the scope of this
review, more detailed descriptions of these facilities have been outlined in
numerous other resources.” Furthermore, the boronic acid-ester equilibrium
has proven to be a useful recognition motif for the creation of molecular
sensors targeting diol-containing analytes, such as sugars. Numerous reviews
can be found for the reader seeking more information on this topic.®

Boron-containing polymers in which the boron is not integral in the main
chain (such as side-chain functionalized polyolefins and conjugated polymer
sensors) or other organoboron polymers that do not include boronate esters
(such as polyboranes) are beyond the scope of this review. The interested reader
is referred to more general references on boron-containing polymers.” Simi-
larly, boronate anhydride—containing analogs, although closely related to
boronate esters, will not be discussed within the context of this review, though
references will be provided when relevant. The scope of this chapter focuses on
macromolecular and polymeric materials development based on the boronate
ester functionality.

As an outline for this review, various supramolecular and macromolecular
architectures have recently been developed that rely on boronate ester formation
to define their structure and function. For instance, small molecule diesters have
displayed supramolecular self-assembly in the solid state based on a unique,
noncovalent phenyl-boron-phenyl sandwich motif. Subsequently, these small
oligomers have been coordinately linked together to generate macrocycles and
other polymers relying on ester formation to obtain the desired products. In
progression, covalently linked poly(boronate ester) macrocyclic and linear struc-
tures have also been formed, demonstrating self-repair capabilities as well as
leading to a new class of wide band-gap semiconducting materials. Finally,
through the incorporation of polyvalent boronates, covalent organic frameworks
(COFs) have been generated, taking advantage of the covalent-reversible nature of
the boronate ester linkage to create highly crystalline, porous network materials.

II. SUPRAMOLECULAR BORONATE ASSEMBLIES

There is abundant information available on supramolecular assemblies
that incorporate boronic acids. The vast majority of these ensembles have been
observed primarily in the solid state, though several are stable in solution. This
section begins with a brief discussion of hydrogen bonded assemblies, followed
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by discussion of a relatively novel assembly strategy based on the formation of
a phenyl-boron-phenyl sandwich. More conventional macrocyclic and linear
assemblies ensue based on coordination phenomena. Here, the most common
strategy relies on coordination between a Lewis basic amine and some electron
deficient atom. The Lewis acid component can either be a cationic metal or the
empty p-orbital on boron.

A. “Traditional” Hydrogen Bonded Supramolecular Assemblies

Given the focus of this review on boronate ester—containing materials, it
perhaps seems odd to begin with a brief discussion of hydrogen bonded
assemblies. However, such a large portion of the supramolecular chemistry
that involves boronate derivative containing building blocks relies on this
motif, thereby warranting mention.

Even simple monoboronic acids, such as phenyl boronic acid, are known
to hydrogen bond into supramolecular architectures.'® Much like carboxylic
acids, boronic acids also tend to dimerize (Fig. 2a). However, given the
additional hydrogen compared to their carbon analogs, boronic acid dimers
often associate through additional lateral hydrogen bonds with adjacent
dimers into ribbon structures (Fig. 2b)."" Similar motifs have been observed
for certain amides.'? Diboronic acids, such as phenylene-1,4-diboronic acid,
form linear chains from linking these ditopic compounds end to end and
subsequently tying these ribbon structures together into sheets (Fig. 2c).'* In a
predictable manner, addition of a compound that can disrupt this lateral
hydrogen bonding, such as THF, can basically unweave the sheets to produce
linear threads (Fig. 2d).!" Difunctional ethers such as 1,4-dioxane again link
these chains together into sheets; however, these assemblies are now less dense
than the original, solely hydrogen bonded networks (Fig. 2e).'!

Maintaining this theme of using boronic acids as co-crystallizing agents
capable of forming heteromeric structures, numerous other assemblies have been
observed. For example, bipyridine and amino-pyridine hydrogen bond accep-
tors have been used with simple monoboronic and diboronic acids to create
macromolecular boxes, ladders, and infinite chains and sheets (Fig. 3a).'*
Alcohol-containing monomers such as 1,2,4,5-tetrahydroxybenzene have also
been assembled with diboronic acids in which both the boronic acid and bis-diol
building blocks serve as hydrogen bond donors and acceptors (Fig. 3b).!"*> This
complex bonding motif forms infinite two-dimensional (2D) corrugated sheets that
negate boronic acid dimer formation. Still other heterodimeric structures have been
reported involving boronic acids with carboxylic acids and carboxylate anions.'®

B. “Novel” Phenyl-Boron-Phenyl Sandwich Supramolecular
Assembly

Boronate ester formation precludes the involvement of the boron contain-
ing moiety serving as a hydrogen bond donor in hydrogen bonding interactions,
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FIGURE 2. Hydrogen bonding motifs found from boronic acids. Simple diesters (a)
link together via lateral hydrogen bonds to form ribbons (b) Diboronic acids form
chains (c) that are linked into sheets by lateral hydrogen bonds (d). Alternate structures
can be obtained by interrupting lateral bonding with monoethers (d) and diethers (e).
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=

FIGURE 4. Electron-deficient boron atoms (yellow) in aromatic boronate esters tend
to stack in supramolecular assemblies between electron-rich n-clouds, forming a phenyl-
boron-phenyl sandwich.

and thus different intermolecular forces dictate the assembly of this function-
ality. Solid-state studies have shown that substituents on the boronate esters
often direct the overall three-dimensional assembly of these compounds.'’
However, regardless of the variations in the solid-state assembly previously
observed, these compounds consistently display a strong stacking preference
wherein the empty p-orbital of the sp>-hybridized, trigonal planar boron atom is
sandwiched between the electron-rich m-clouds of adjacent phenyl rings.'®!”
This phenyl-boron-phenyl sandwich motif is particularly notable for mono and
bis(dioxaborole)s (planar, 5-membered boronate esters) stemming from both
diboronic acid and bis-diol central ester bridges (Fig. 4).'7"'%® The resulting
offset m-stacked arrangements form columnar supramolecular structures that
have been denoted in a number of solid-state analyses but have yet to be
quantified in solution. With the perpendicular distance between adjacent
parallel molecules ranging from 3.3 to 3.6 A in the solid state, there is
precedence on how to control this stacking. Such distinctions in intermolecular
spacing between m-stacked layers can be important in tuning the conductive
properties in electronic materials."”

C. Coordination-Based Macrocyclic Assemblies

The directional bonding afforded by boronate ester formation, allows
selection of the desired geometric outcome by careful design of the constituent
building blocks. Taking advantage of this paradigm, the structure and bonding
in macrocycles and cages containing boron has received great attention and has
been recently reviewed.”® The diversity found in these structures is vast. While
supramolecular structures incorporating three- and four-coordinate boron
atoms, based on boranes, borinic acids, boronic acids, and boric acid all exist,
this discussion focuses on tricoordinate and tetracoordinate boronate ester
derivatives.

Of those cycles that incorporate boronate esters as an integral linkage,
many involve some coordinative event between Lewis acidic and Lewis
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basic moieties found in the building blocks. One approach is to use coordinat-
ing moieties, most often amines, as part of the boronate component that
combines with metal centers in other monomers to enforce cyclization.
Alternatively, the Lewis base may be used to coordinate to the empty p-orbital
on the boron, forming an anionic tetra-coordinate center. In this situation, the
boron is integral for forming not only the ester but also serving as the point of
coordination, leading to cyclic, thermodynamically stable products. It is
interesting to note that the amine coordination is stronger with the ester than
with the acid, while at the same time coordination of the Lewis base with the
acid kinetically enhances ester formation.

Conceptually, this was first demonstrated using a metallated porphyrin
that was functionalized with 2 diols (zinc dicatechol porphyrin) (Fig. 5).>' After
addition of 3-pyridylboronic acid, absorption spectroscopy indicated that the
pyridyl moiety was coordinated to the Zn-porphyrin. The observed affinity
constant for this interaction, however, was more than 30 times what was
expected for a simple pyridyl-Zn-porphyrin complex. It was, therefore, rea-
soned that the diols reacted with the boronic acids to afford the esters that
would result in a cyclic structure (Fig. 5). Indeed, vapor phase osmometry
(VPO) confirmed the 2:2 dimeric nature of the complex. Here the ester served
as the key covalent linkage, though associated coordination was required
between the metal and pyridine to create the cyclic structure.

OH

HO, OH
o) o —a
HO ! OH

o
HO B/OCH3 X B\OCHG
OH ,\lj_ "OCHg = 1.

N
R= “az&/\/kA)\ l
0, OH
B, >—zn—=<
,!‘_ 0 ;n OH
HO ! o_ N
] N, _I
>—Zn—< B
HO o

FIGURE 5. Bis-diol functionalized porphyrins assemble into macrocycles based on
boronate ester formation coupled with metal ligation to a Lewis basic pyridine.
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Alternatively, the metal binding and diol binding functionality could be
incorporated into the same molecule. For example, sugars have been used to
cyclize boronic acid appended 2,2-bipyridine®* and phenanthroline-based****
metal complexes. The order of addition plays a substantial role in defining the
type of structures that are obtained through this tandem assembly process. For
example, if metallation occurs first, the boronic acids are organized in a manner
to bind only one sugar, resulting in a simple cycle (in a 1:2:1 ratio of metal:
boronic acid: sugar) (Fig. 6a).>>** CD was used to show that, depending on the
chirality of the sugar, different helical structures were obtained (p-glucose
produced a P-form helicate, whereas L-glucose resulted in an M-form struc-
ture).>* Subsequently, initial ester formation produces two distant metal binding
sites such that addition of metal now produces helical complexes involving two
metal centers, four phenanthroline units, and two saccharides (2:4:2 adduct)
(Fig. 6b).” Formation of these dimeric, dinuclear helicates was confirmed by
MS. These assemblies also displayed saccharide-specific helical chirality.

One might then expect that using diboronic acid—appended metal binders
would result in oligomeric structures. However, polymeric materials were not
observed, rather, depending on the nature of the bridging saccharide used in the
assembly, helicates and catenates were formed.>> Metallation before boronate
ester formation resulted in the expected 2:1 complex, and those tetraboronic
acids bind two discrete sugars (such as glucose, maltose, and maltahexaose).
Again, the helical twist was defined by the stereogenicity of the sugar. It was
found that short monosaccharides and disaccharides formed helicates,
whereas longer oligosaccharides formed catenates. This results from how the
sugars interact with the boronic acids of the phenanthroline-metal complex.
Using modeling and CD spectroscopic analysis, it was found that short
saccharides bind to boronic acids on the different ligands because they are
closer in space to form helicates (Fig. 7). Alternately, longer sugars produce
catenates because they bind with boronic acids on the same ligand (Fig. 7),
again based on length arguments. It is important that both boronate ester
formation and metal ligation are again required for cyclization.

It has further been shown that cobaloximes display reactivity similar to cis-
diols toward boronic acids.?® It then follows that reaction of methylaquacoba-
loxime with 3-pyridylboronic acid would produce a 2 + 2 adduct as described
earlier (Fig. 8a).>"*® Indeed, X-ray diffraction has confirmed that this combina-
tion results in a cyclic dimer with coplanar pyridyl moieties. It is interesting that
if 4-pyridylboronic acid is used instead, a similar dimeric structure is formed, but
the pyridyl rings are now parallel (Fig. 8b).2* 3 This self-assembly is reversible,
dependening on pH. Subsequently, cycles that are formed near a pH of 7
can be disassembled by lowering the pH < 4 or raising it > 9. These dimers
reform when the pH is returned to near neutral. An analogous trimer is
generated when this cobaloxime is combined with 3-aminophenylboronic acid
(Fig. 8¢).>%3! It is interesting that even in methanol, the cobaloxime-boronate
ester maintains its tetracoordinate hydroxy-ligand, which is involved in hydrogen
bonding within the cycle to the adjacent cobalt-coordinated anilino-nitrogen.
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M/P-helix

M-helix
FIGURE 6. The resulting structures formed from boronic acid—appended phenanthroline
depends on the order of construction. (a) Metallation forms duplexes that bind one sugar,
producing helices in which the stereochemical outcome depends on the nature of the sugar.
(b) Forming the ester before metallation results in larger helical bimetallic complexes
(Reprinted with permission from Ref. 23. Copyright 2000 Elsevier.)

Maintaining approximate C; symmetry, this hydrogen bond helps essentially
“freeze” the cycle and limit most conformational freedom.

Unlike the examples given, the boronate ester can be involved in both the
covalent and coordinative tethers involved in completing the macrocyclization
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FIGURE 7. Phenanthroline diboronic acids complex one metal and two saccharides.
Helicates form with short sugars, whereas catenates form with longer sugars (Reprinted
with permission from Ref. 25. Copyright 2002 Elsevier.)
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FIGURE 8. Cobaloximes have been shown to form boronate esters with pyridyl boronic
acids to produce (a) a dimeric “molecular box,” (b) a ““‘molecular parallelogram,” and
(c) trimeric assemblies
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FIGURE 9. Boronate esters, formed from aryl boronic acids and 2,3-dihydroxypyr-
idine, serve as Lewis acidic coordination sites, leading to the formation of a tetrameric
macrocycle.

process. Here, instead of having the Lewis base ligated to some metal center,
the cycle is formed by the creation of a dative B-N bond.*? Cyclization was
observed on condensation of 2,3-dihydroxypyridine with phenylboronic acids
to form highly symmetrical complexes (Fig. 9)*? as indicated by NMR
spectroscopies. Single crystal X-ray diffraction confirmed that the boronic
acid had undergone dehydration with the aromatic diol to form the five-
membered cyclic boronate ester, and subsequent complexation between the
ester and an intermolecular pyridyl amine resulted in a tetrameric assembly
with perfect S, symmetry. It is interesting that the B-N bond length is relatively
short in these complexes compared to other relevant tetrahedral boronates with
N-donor ligands**3* suggesting enhanced thermodynamic stability. The
kinetic stability of the cycles was demonstrated by performing scrambling
experiments, in which two differently substituted tetramers were mixed in
chloroform. Even after 24 h, no mixed species were apparent by '"H NMR.
Subsequent studies with the isomeric diol, 3,4-dihydroxypyridine, provided
pentameric assemblies when reacted with aryl and alkyl boronic acids (Fig. 10).*
In contrast to the tetrameric assemblies formed with 2,3-dihydroxypyridine
ligands, the stereogenicity of the five boron centers in these later cycles all have
the same configuration. However, much like the tetrameric analogs, enhanced ther-
modynamic and kinetic stability were also observed for these pentamers. Through
NMR and X-ray diffraction studies it was also determined that these pentameric
macrocycles display guest inclusion properties. In particular, benzene was found to
fit within the macrocyclic pore cavity, though the binding affinity was quite low.
Further exploitation of this synthetic methodology was able to take advan-
tage of not only ester formation and B-N interactions but also the condensation
of aldehydes with primary amines. The flexibility of this methodology was
demonstrated in the construction of dendritic nanostructures, in a single step,
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FIGURE 10. Aryl boronic acids interact with 3,4-dihydroxypyridine to form penta-
meric macrocycles, with the boronate ester serving as a coordination site for pyridine.

based on these cyclic boronate cores.*> Several tetrameric and pentameric
products were synthesized. The most impressive of these is akin to a third-
generation dendrimer, in which each generation is connected by a different
chemistry—that is, boronate macrocyclic core, imine branching points, and an
ether branch layer (Fig. 11). Analogous structures have been reported based on
boronate anhydride formation, including branched polyacetylenes®® and simple
boroxines as nonlinear optical materials.?’

D. Coordination-Based Linear Assemblies

Through simple modification of the building blocks, different polymeric
architectures can be obtained. This may take advantage of the directionality
afforded through boronate ester formation or be based on the coordination
geometry of an incorporated metal. From some of the metal-coordinated
macrocycle examples discussed earlier, it is possible to change the assembly geo-
metry by simply altering the metal components. For example, in contrast to the
five-coordinate zinc used to assemble porphyrin macrocycles (Fig. 5), switching
to a six-coordinate magnesium center in the metallated porphyrin allows two
pyridine binding sites, resulting in a linear, ladder-type polymer (Fig. 12a).*' In
this analysis, VPO was not useful for obtaining molecular weight due to low
solubility. However, light scattering measurements indicated a molecular weight
approaching 1 billion, clearly not a simple discrete cycle. Similarly, cobaloximes
have been shown to serve as bifunctional linkers to generate dimeric and trimeric
macrocycles. However, if rhodoximes are used instead in conjunction with 3-
aminophenylboronic acid in alcohol solvents, the linear polymer (Fig. 12b)
precipitates from solution.*' In aqueous media, no ester product is observed,
suggesting that this polymerization may be reversible in response to water.

Assemblies relying on the dative B-N interaction in conjunction with
boronate ester formation to form linear polymers have also been identified.
Unlike the stepwise phenanthroline-boronate assembly, esterification coupled
with ligation occurs simultaneously. In fact, it is likely that coordination
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FIGURE 11.

imine formation in one step.
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n

FIGURE 12. Coordinative linear polymers based on boronate ester formation result
from (a) ditopic coordination of pyridyl boronic acids to bis-diol functionalized
porphyrins and (b) through coordinative interactions between rhodoximes and 3-

aminoboronic acid.
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of the Lewis base by the boronic acid actually facilitates ester formation.
To facilitate polymer formation, diesters were formed based on 1,2,4,5-
tetrahydroxybenzene and coordinated with ditopic N-donor ligands (e.g.,
4.4"-bipyridine and 1,2-di(4-pyridyl)ethylene) (Fig. 13a).*® Modularity was
demonstrated by not only varying the N-donor ligands but also using a
series of alkyl and aryl boronic acids. Crystallographic analyses showed that
the polymer strands have a zigzag geometry (Fig. 13b). These polymers display
low solubility in most organic solvents; however, they are soluble in warm
chloroform. It is interesting that the solid polymers were a dark purple color,
but in solution, the material was light yellow. The authors argue that the strong
purple color of the polymers is due to efficient intrastrand charge transfer from
the tetraoxobenzene to the dipyridyl linker. Dissolution breaks the weak B-N
interactions, which negates this charge transfer, thereby eliminating the low
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FIGURE 13. Di-boronate esters based on 1,2,4,5-tetrahydroxybenzene coodinatively
interact with bipyridyl systems to form zigzag linear polymers (Reprinted with permis-
sion from Ref. 38. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.)
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FIGURE 14. Boronate ester formation produces poly(adenosine) RNA mimics that
coordinate with poly(uracil) to produce organized duplex RNA motifs.

energy visible transition. The process is reversible, where upon cooling, a dark
precipitate re-forms.

Boronate ester formation coupled with coordinative events have also been
used to assemble polymeric structures into superstructure architectures. A
novel RNA mimic has been developed in which adenosine was attached to
a boronic acid functionalized poly(lysine) backbone through boronate ester
formation (Fig. 14).*” Ester formation was carried out at elevated pH to afford
a one-dimensional display of nucleic bases along an anionic backbone (analo-
gous to conventional RNA). CD was used to determine that sugar binding
affinity and the secondary structure adopted by the boronate-tethered, adeny-
lated poly(lysine) could be modified as a function of pH. CD was further useful
for demonstrating that a complementary strand of poly(uracil) bound to this
ensemble (Fig. 14). On the contrary, no significant binding was noted for a
strand of noncomplimentary poly(cytosine). Likewise, individual adenosine
units without the boronated poly(lysine) showed no significant affinity for the
poly(uracil). Given the pH sensitivity of this assembly paradigm, these RNA
mimics can be constructed reversibly, taking advantage of boronate ester
formation to assemble nucleic acids into a one-dimensional motif that could
be used to form a noncovalent chiral duplex structure with a complimentary
poly(phosphate)-based RNA strand.

III. COVALENTLY LINKED BORONATE
ASSEMBLIES

Beyond the coordinative interactions described, boronate ester formation
by itself has been shown to facilitate the generation of macromolecular and
polymeric structures. Taking advantage of the covalent yet reversible nature of
boronate ester formation has allowed for the formation of thermodynamically
stable assemblies. Of course, simple monoesters, diesters, and triesters have
been readily synthesized and characterized.*® Numerous reports have taken
advantage of the formation of cyclic diesters as a means to define selectivity for
molecular sensors,” but these small cycles will not be discussed here. Attempts
to synthesize and characterize macrocyclic, polymeric and extended covalently
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linked frameworks relying on boronate ester formation have been the focus of
more recent advances, and as such will be the focus of this discussion.

A. Covalently Linked Macrocyclic and Cage Assemblies

Covalent macrocycle synthesis is traditionally quite challenging. There-
fore, the ability to generate cycles that seclf-assemble, via boronate ester
formation, provides a more amenable approach to stable covalently linked
compounds. One might assume that the most straightforward approach to
generate cyclic boronate-based structures would be to use a simple diboronic
acid and bis diol of the appropriate geometry to form macrocyles linked with tri-
coordinate boron. However, there are limited examples based on this seemingly
simple design, and most have only recently been realized. In contrast, the most
prevalent design uses an intramolecular Lewis basic amine/imine to form a tetra-
coordinate boronate system that displays enhanced stability toward hydrolytic
degradation.

It is well established that 1,2- and 1,3 diols form cyclic boronate esters, %
whereas 1,4- and 1,5-alkane diols principally give rise to dimeric macrocycles.*'
While the crude product is a mixture of various size cycles and oligomeric
materials, distillation, which likely shifts this dynamic equilibrium toward
the compounds with higher volatility, can be used to isolate the 2:2 complex
(Fig. 15a). Analogously if dithioboronate esters are heated with bisphenols,
cyclic dimeric diboronates are isolated (Fig. 15b).*?

Taking advantage of the more traditional cyclic ester formation between
boronic acids and 1,2- and 1,3-diols can also lead to macrocyclic structures. It
has been shown by NMR, FTIR, and size exclusion chromatography (SEC) that
reaction between phenylene-1,3-diboronic acid and pentaerythritol principally
produces 6:6, hexameric cycles (Fig. 16a).*> As before, the crude reaction
mixture was a dynamic mixture of cyclic and oligomeric products, but the
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FIGURE 15. (a) Long-chain o, w-alkane diols form acyclic, 2:2 boronate ester
macrocycles. (b) Bisphenols also form macrocycles based on acyclic diester formation.
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FIGURE 16. (a) When phenylene-1,3-diboronic acid was coupled with the bis-1,3-diol,
pentaerythritol, traditional cyclic boronate ester formation resulted in macrocyclic
structures. (b) The bis-1,2-diol 1,2,4,5-tetrahydroxybenzene forms similar structures.

hexamer precipitates from solution making isolation facile. Demonstrating the
dynamic nature observed for tri-coordinate boron, dissolution of this isolated
product with gentle warming quickly returns this pure compound to a mixture
of cyclic and oligomeric boronates. The spiro-tetrol can be replaced with the
planar bis-diol, 1,2,4,5-tetrahydroxybenzene, to afford what molecular model-
ing predicts to be planar cyclic structures (Fig. 16b). These later cycles suffer
from poor solubility, though solid-state analyses (NMR and FTIR, no structure
was determined) have shown that ester formation does in fact proceed.
Phenylene-1,4-diboronic acid has also been assembled into macrocycles
using a racemic bis diol.** Again, the dynamic nature afforded with tri-
coordinate boron produces a mixture of products. It is interesting that this
dynamic self-assembly can be directed via templation. For example, when
toluene/methanol was used as a solvent, the 2:2 adduct was isolated with toluene
serving as a guest within the cavity (Fig. 17a). Even more interesting, when
benzene/methanol was used as the solvent, the 3:3 assembly product was
obtained with two molecules of benzene trapped within the macrocycle cavity
(Fig. 17b). These assemblies could be interconverted by switching to the
complementary methanol/solvent mixture. However, if methanol was not pre-
sent, only guest exchange occurred and the cycles did not interconvert. The
authors refer to this “freeze or free”” conversion as a switch based on the presence
of protic media. It has further been shown that in the absence of benzene and/or
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FIGURE 17. Solvent can form templates of (a) 2:2 and (b) 3:3 cyclic adducts from
phenylene-1,4-diboronic acid with a racemic bis-diol.
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toluene, other guest molecules, such as naphthalene and triphenylene, can serve
as templates for macrocycle formation (2:2 and 3:3, respectively).

Again, forming the boronate diester using hydroxy-containing components
from different molecules (i.e., not a traditional cyclic ester) allows for the
formation of cage-like materials. Akin to the coordination-based cycles seen
previously, each of three metal ligands are covalently tethered through a boron-
oxygen bond forming a covalent, tripodal chelator.*> The aryl boronic acid acts
as a hub from which three dimethylglyoxime branches coordinate to one
technetium (Fig. 18a). This coordination forms a relatively small cage-like
complex that contains an isothiocyanate for facile conjugation to biologicals,
which can serve as a radiotracer/radiotherapeutic. While this small cage clearly
has utility, it may not qualify to a broad audience as a ““macrocyclic” entity.
Therefore, let us move on to larger cage structures that include silicon. Perhaps
the most well known boron-containing hybrid materials are borosilicate glasses.
However, discrete borosilicate cycles and cages have also been established
(Fig. 18b.c).*® The synthesis of these compounds was targeted primarily as a
means to access various three-dimensional structures that could be reacted
further to produce new molecular scaffolds in a controlled manner. To this end,
coordination assemblies have been achieved using pyridyl amines and diamines
to investigate higher-ordered structures (Fig. 18d).*

Incorporation of this coordinative amine ligand within the cycle structure
is an alternative approach for generating stable macrocycles. In this regard,
alkyl bridged bis(2-hydroxyphenylmethyl) amines have been reacted with 4,4’ -
biphenyldiboronic acid (Fig. 19a).*® Esterification proceeds with concomitant
coordination of the amine to the resulting ester. The paraquat dication is
complexed by this assembly in a 1:1 manner (Fig. 19b) through ionic interac-
tions (anionic boronate with pyridyl cation), attractive m-m interactions
(between biphenyl components) and C—H —O hydrogen bonds (paraquat
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FIGURE 18. (a) A tripodal technetium chelator is based on three oxime ligands
tethered through an acyclic boronate triester. (b) Borosilicate macrocycles and (c) cages
have been formed as building blocks and (d) assembled via coordinative ditopic Lewis
bases.
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FIGURE 19. (a) Acyclic boronate diesters form macrocyclic assemblies with coordi-
nate amines for added stability. (b) These macrocyles bind paraquat in a 1:1 manner.
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FIGURE 20. 2,6-Pyridinedimethanol binds in a unique bidentate manner with aryl
boronic acids to form tetrameric macrocycles, involving acyclic ester formation and B-N
coordination.

methyl groups and boronate oxygens). The Coulombic attraction between the
boronate dianion and the paraquat dication is integral in this recognition
process, thereby highlighting the importance of the amine coordination.
Using 2,6-pyridinedimethanol and aryl boronic acids, other covalently
linked macrocyclic structures have been obtained that take advantage of theB-N
coordination to stabilize the ester linkage. The resulting tetrameric assemblies
show approximate S, symmetry (Fig. 20).*” The unsymmetric coordination of
the 2,6-pyridinedimethanol to the boronic acid was confirmed by NMR spectro-
scopic techniques. It may seem surprising that acyclic esters are formed because
2,6-pyridinedimethanol typically acts as a tridentate, monochelating ligand
with metal ions.>® In the case of boron, however, the small covalent radius
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and tetrahedral geometry are not sufficient for coordination of all three sites to
one boron atom as it would be for a trigonal-bipyramidal or an octahedral metal
center. The X-ray structure further confirms this bonding motif, showing the
tetrahedral geometry for the boron and the planarity for the ligands.

An alternate approach, and one of the more common designs that leads to
tetra-coordinate boronate linked macrocycles, derives from salicylideneamino
alcohols condensed with aromatic boronic acids (Fig. 21a—d).***' Salicylide-
neamino alcohols are easily prepared ligands that react readily with arylboronic
acids to form the corresponding monomeric or dimeric esters. This assembly
motif again relies on the “open” diester form of the boronate ester, where these
ligands are constructed in a way that the boron atom is chelated by only two of
the three functional groups of the same ligand. The accompanying amine
coordination this time stems from an imine resulting from the condensation
between salicylaldehyde and a hydroxy-substituted amine (aryl, benzyl and
aliphatic). The structural assignments were made based on NMR and crystal-
lographic data. A large series of differentially substituted dimers have been
generated and studies have shown that electronic and steric factors play a small
role in the formation of these cyclic products. Semianhydride, oxo-bridged
macrocycles have also been isolated based on this imine coordination scheme to
form Salen-supported compounds (Fig. 21e).>

Larger macrocycles have also been generated based on altering the
functional group inclusion, such that the amine functionality is combined in
the same molecule with the boronic acid, thereby serving in both the imine and
boronate ester linkages. Subsequently, trimeric and tetrameric cycles have been
generated from o-hydroxybenzenecarbonyl systems with 3-aminophenylboronic
acid (Fig. 22).>* Unlike the previous design, in which steric influences were
minimal, here substitution of the carbonyl component defines the ultimate ring
size. Specifically, aldehydes produce tetrameric assemblies whereas ketones result
in trimeric products. The difference in ring size is due to steric hindrance between
the substituent at the imine group (alkyl for the ketone) and the aromatic moiety
of the boronic acid.

It has further been shown that substitution on the aromatic ring of the
salicylaldehyde units can cause “‘puckering” of the cycle to produce trimeric
calixarene-like compounds. Smaller substituents such as halogen and hydroxyl
tend to produce mixtures of cone-cone and cone-partial cone conformers,>
whereas larger di-z-butyl groups tend to enforce a single cone-cone structure
(Fig. 23).>> All of these compounds exhibit C5 symmetry and are stable against
moisture and air. From variable temperature NMR studies of the di-z-butyl
substituted calix[3]arene, it was demonstrated that the fast dynamic equilibrium
between conformers typically observed for this class of compounds does not
exist. The “locked” conformation was reasoned to result from the rigidity of
the six-membered dative/ester rings that link the aromatic groups, thereby
suppressing rotation. These added substituents enhance solubility over their
unsubstituted analogs such that host-guest properties can be studied in solution
for these novel macrocycles. Beyond simple solvent guests that are dynamically
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FIGURE 21. Numerous macrocycles based on salicylideneamino alcohols, arising from
(a and b) aliphatic and (c and d) aromatic amines, interacting with aryl boronic acids
have been identified. (¢) Analogous semianhydride bridged structures have also been
observed.

exchanged, alkyl-ammonium cations have been shown to bind within the
. 54,55
cavity.
It then follows that these calix[3]arenes could be assembled into carcerand-
or hemicarcerand-type molecules. However, rather than linking existing



278 Boronate-Linked Materials

e

@%
=

1:R=Me, 2:R=Ph

FIGURE 22. Trimeric and tetrameric macrocycles result from o-hydroxybenzenecar-
bonyl systems binding with 3-aminophenylboronic acid. Trimers result from ketone
starting materials, whereas aldehydes produced tetramers.

FIGURE 23. Steric bulk (di-z-butyl groups) added to the phenyl ring of trimeric
o-hydroxybenzenecarbonyl-boronic acid based macrocycles causes puckering, resulting
in cone-cone calix[3]arenes that are capable of guest inclusion (Reprinted with permis-
sion from Ref. 55. Copyright 2004 Royal Society of Chemistry.)

calixarenes, it has been shown that the same chemistry can be employed based
on bis(salicylaldehyde)s to create cage-like targets.’® By simply tying two
salicylaldehyde units together with a methylene spacer, polymacrocyclic struc-
tures were obtained (Fig. 24). NMR and X-ray analyses have shown that two
double-cone fragments are connected by three methylene bridges, possessing
pseudo-D; symmetry. It is interesting that the synthesis was diastercoselective
with all six boron atoms within any given assembly having the same stereco-
chemical configuration, as defined by the B-N interaction. The resulting cavity
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FIGURE 24. Bis(salicylaldehyde)s reacted with 3-aminophenylboronic acid produce
methylene-bridged hemicarcerands with threefold symmetry.

is ~ 1.5 nm in diameter and upon formation includes two benzene molecules
stacked within the pore. These solvents are not efficiently trapped and escape
under ambient conditions to produce a porous, though less crystalline, material.
Analogous o-hydroxyketones can also be used to obtain similar calixarenes,
though the yields are greatly reduced.”®

Simultaneous, multiple ester formation was employed to assemble larger
multitopic assemblies. For example, self-assembled molecular capsules via
boronate esterification have been demonstrated. Two calix[3]arenes, one having
the upper rim functionalized with diols, the other functionalized with boronic
acids, were combined in the presence of a templating agent to form the
heterodimeric capsule (Fig. 25).°" Extensive NMR analysis was performed to
show that the two calixarenes in solution by themselves do not interact. It is only
when tetramethyl ammonium acetate is added that the capsule forms. NMR
diffusion studies have further demonstrated that the ammonium cation is
included within the cavity. In addition, reversible decomposition-reconstruction
of the capsule was observed in response to pH.

B. Covalently Linked Linear Assemblies

Boron-linked polymers are not rare. The most obvious include borosili-
cate glasses and “slime.””*® However, these common materials rely primarily on
borate as the key linking element and not boronic acids. Poly(boronate)s can be
found in the literature as far back as the 1960s,>® and then, after a long drought,
most progress has been made in the last decade. As seen with coordination
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FIGURE 25. Heterodimeric capsules form upon the templated assembly of tris-diol
and triboronic acid calixarenes (Reprinted with permission from Ref. 57. Copyright
2007 American Chemical Society.)

polymers, the directionality of the boronate ester formation is integral in
defining the subsequent geometric outcomes found in the resulting materials.
Linear polymers often arise from the combination of linear diboronic acids and
bis diols. Polymers have also been obtained if flexible building components
were employed or if the product was kinetically trapped. Boronate ester
formation provides a covalent alternative to traditional polymer synthesis
though typically offering a more facile synthetic route, without the need for
added catalyst or exhaustively dry and anaerobic conditions. Alternatively,
compared to their noncovalent equivalents, poly(boronate)s are more stable
and can be readily processed. As seen before, polymers exist with tri-coordinate
boron in the backbone and result in self-repairing materials and novel
conjugated polymers. Similarly, tetra-coordinate boron can be found in the
polymer backbone of poly(boronate)s and have afforded pH responsive gels.

The earliest recorded poly(boronate)s were tri-coordinate systems based on
phenylene-1,4-diboronic acid. Some of the first materials were not in fact esters
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FIGURE 26. Covalent poly(boronate)s were first identified as (a) the borono-hydra-
zone analogs before (b—e) ester linked materials were identified. (d and ¢) Phosphino-
integrated poly(boronate)s display reactivity and structural motifs similar to the
MONOMEric precursors.

but rather their diamino-analogs, such as diazaboroles (also known as borazoles
and boronate amides) (Fig. 26a)®° and borono-hydrazones (Fig. 26b).°' Ester-
linked materials formed by the dehydration of phenylene-1,4-diboronic acid with
pentaerythritol soon followed (Fig. 26¢).°> Neither of these novel polymers were
investigated in great detail due to their low solubility. The noteworthy result
recorded for both polymers was their particularly high thermal stability, 200
460°C and ~400°C in vacuo, respectively. More recently, the same group that
generated the guest-included macrocycles described earlier, have also reported
linear polymers based on phenylene-1,4-diboronic acid.** When combined with
racemic bis diol in methanol a precipitate formed immediately (Fig. 26d). The
isolated product was insoluble in all solvents examined, but the elemental
analysis was consistent with the expected linear polymeric product. Still others
have used phenylene-1,4-diboronic acid to generate poly(boronate)s, which
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included phosphine and phosphinate functionality in the main chain to probe the
influence of valency on the structure and reactivity of the phosphorus containing
component (Fig. 26e).®® The structures of these soluble polymers were confirmed
using NMR and IR while ebullioscopy was used to assess molecular weights
(MW ~ 8000, 12-15 repeat units). These materials underwent facile hydrolysis
of the boronate ester, yet the phosphorus could be oxidized and sulfonated
without disrupting the boronate backbone. Ultimately, it was determined that
the unique steric structures and reactivity for these oligomers mirrored that of
the monocyclic precursors.

More soluble analogs have been generated based on the condensation of
pentaerythritol and 9,9-dihexylfluorene-2,7-diboronic acid (Fig. 27a).%* It was
shown that the molecular weights of these polymers could be controlled by
varying reaction time and/or monomer ratio though the synthetic route
described was much less sensitive to monomer ratios compared to traditional
condensation polymers, providing a more hardy synthetic approach. Molecular
weights of soluble polymers approaching 80,000 were measured using NMR
end-group analysis as well as gel permeation chromatography (GPC). Further-
more, the molecular weight of the material could be controlled/modified
post-polymerization. If desired, the polymer was stable in solution; however,
upon addition of protic solvents, such as water and alcohols, the polymer
decomposed over time. It is interesting that if the polymer was stored as a solid
under reduced pressure, the molecular weight continued to increase by a trans-
esterification process that also occurred at elevated temperatures. Taking
advantage of this decomposition/growth process, hydrolytically damaged
polymer was repaired without the addition of catalyst or reintroduction to
the original synthetic conditions. The sp? hybridized boron of the aryl boronate
ester undergoes substitution more readily than tetrahedral boron, allowing for
more facile repair.®

Analogous polymers incorporating aromatic bis-diols have defined a new
class of conjugated, wide band-gap, semiconducting polymers (Fig. 27b).%
Pi-delocalization arises from overlap between the lone pair of electrons on the
oxygen and the empty p-orbital on boron.®” Absorption spectroscopy of these
polymers combined with molecular modeling (polarizability calculations and
electronic spectral predictions) and crystallographic investigations of model
compounds provided evidence for the extended n-conjugation. The dependence
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FIGURE 27. Poly(boronate)s using fluorene-diboronic acids with pentaerythritol (a)
and 1,2,4,5-tetrahydroxybenzene (b) have shown to act as self-repairing materials (a and
b) and as a new class of wide band-gap semiconductor (b).
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of the absorption properties of these polymers on molecular weight was used to
estimate that delocalization extended over three to five bridging ester units (6—
10 phenyl rings).

The polymers previously discussed represent discrete structures formed in
noncoordinating organic solvents that did not exhibit significant inter-chain
interactions or boronate transesterification (under ambient conditions). Other
more structurally involved glucuronamide-based diboronic acids have been
used with alkyl appended a,m-di-saccharides as the bis-diol building blocks to
generate pH dependent, reversible dynamic polymers in aqueous solution
(Fig. 28).%® These materials form at elevated pH (> 10) as monitored using
"B NMR. Molecular weight was determined based on MALLS measurements
to be ~2 million with a polydispersity near 11. When the pH was lowered to
~ 3, complete dissociation of the polymer was obtained. As the pH was raised,
polymeric structures were again observed.

As was seen, coordinating amines can be built into the monomer structure
to enhance the stability of the ester linkage by generating tetra-coordinate boron.
Polymers based on this design have been created using amino-substituted
biphenyl-4,4'-diboronic acid interacting with saccharides (Fig. 29). The
biphenyl moiety was incorporated to provide a spectroscopic handle to probe
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FIGURE 28. Diboronic acid bola-amphiphiles combined with alkyl tethered disac-
charides form pH responsive poly(boronate)s in aqueous media.
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FIGURE 29. Ester formation coupled with intramolecular dative B-N bond formation
has been used to create tetra-coordinate poly(boronate)s upon introduction of saccharides.

chirality induced upon sugar binding. Di-butyl substituents were added to the
amine ligands to enhance solubility in organic solvents. Molecular weights,
assessed using light scattering, were on the order of 50,000 to 100,000. Chirality
in the assemblies was measured using CD, and as observed in coordinative
polymers,>* the sign of the signal for the polymer depended on the chirality of the
saccharide incorporated into the polymer backbone.

As with coordination events associated with boronate appended poly-
mers, covalent cross-linking can occur to define secondary super-structure
architectures within traditional polymer based materials. The same poly(lysine)
polymer that was coordinatively assembled into duplex structures® was used
with poly-functional saccharides to define the secondary structure of the
polymer.” Upon addition of fructose, the helical content of the poly(lysine)
increased (determined by CD) and the pH at which this maximum was reached
dropped (10.3 to 7.9). Given the distance the sugar is removed from the
polymer backbone, it was reasoned that hydrogen bonding interactions
between saccharides (Fig. 30) and a decrease in the boronic acid pK, were
responsible for these changes. Similarly, when glucose was added to this
boronic acid appended poly(lysine), a higher helical content was observed
(85%) at a lower pH (8.7). It was noted that the CD sign inverted at high pH, as
would be consistent for glucose binding with two boronic acids to form
intrastrand cross-links, therefore resulting in the formation of B-turn structures
(Fig. 30). Thus the hierarchical organization of this boronic acid appended
polymer was controlled by the simple addition of different saccharides.

C. Covalently Linked Network Assemblies

Growing from simple polymeric assemblies, more complex structures
arise from the interactions between polyvalent boronic acids interacting with
poly-functional diols. These products may be dynamic, highly cross-linked
polymer networks, analogous to slime. Alternatively, these assemblies have
taken the form of highly ordered frameworks with persistent pores. Regardless
of the degree of order inherent in these systems, the key assembly motif still
relies on boronate ester formation.

As discussed earlier, linear assemblies can cause gelation via boronate
ester formation.®® Multidimensional or network systems have also been
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FIGURE 30. (a) Poly(lysine) appended boronic acids interact with fructose to form
helix-rich super-structure architectures. (b) Alternatively “ditopic” glucose intramole-
cularly cross-links to the polymer to introduce p-turns.

described—for example, boronate functionalized polysaccharides have been
used as gelators (Fig. 31a).”" Essentially, a boronate ester version of slime,
which is capable of forming in aqueous environments, is used as a viscosifying
fluid to access subterranean oil deposits. Alternatively, it has been shown that
layered assemblies can be made based on boronate ester formation using a
simple layer-by-layer deposition technique.”” Specifically, multilayered struc-
tures were obtained using boronic acid functionalized poly(aniline) along with
RNA (Fig. 31b). Spectroscopic measurements support ester formation as well
as coordinative B-N interactions. Incorporation of the redox-active conjugated
polymer into these layered assemblies provided for the potential-induced
release of RNA from the multilayer.

One of the unique architectural motifs that truly relies on the covalent yet
reversible nature of boronate ester formation is the creation of complex
hierarchical structures referred to as COFs. If boronate ester formation can
be used to obtain discrete macrocyclic structures, it is then reasonable to expect
that linked macrocyclic networks may be generated. These networks assemble
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poly(aniline) and RNA.

HO. HO.

FIGURE 32. Highly interpenetrated hydrogen bonded networks form porous materials
that serve as precursors to covalent organic frameworks.

to form a thermodynamically favored product, as highly crystalline assemblies.
However, before discussing these novel assemblies, a brief discussion is
warranted of a precursor porous material, based on the hydrogen bonded
assembly of tetra-boronic acids. Specifically, a highly interpenetrated network
resulted from 16 independent hydrogen bonds formed between tetraphenyl-
methane (silane) based tetra-boronic acid monomers (Fig. 32).”> Despite five-
fold interpenetration, ~60% free volume was maintained for inclusion of
guests. The afforded channels were highly interconnected such that diffusion
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within the crystal was available through multiple redundant pathways. Guest
exchange, within the geometric constraints of the system, took place without
significantly altering the ordered network. However, complete removal of the
guests leads to loss of crystallinity.

Growing from these noncovalent assemblies, covalently linked poly(bor-
onate) frameworks have proven to be robust porous materials. The enhanced
stability of these assemblies was manifested by the ability to remove guests
included in the crystal while still retaining porosity and maintaining crystal-
linity. To date, there are 10 COFs that have been reported relying on boronate
ester formation as the integral assembly motif (three other networks exist that
were assembled based on boronate anhydride formation). Pore dimensions
range from 7 to 32 A. These ester-linked networks have been assembled to form
hexagonal two-dimensional sheets resembling graphite or boron nitride as well
as three-dimensional cubic structures.

The first reported boronate-linked COF was COF-5 (Fig. 33a).”* This
materials derives from the dehydration between phenylene-1,4-diboronic acid
and 2,3,6,7,10,11-hexahydroxytriphenylene. COF-5 assembles into a hexagonal
structure (P6/mmm symmetry) similar to that of boron nitride with the boronate-
linked sheets aligned in an eclipsed fashion along the c-axis. The resulting
hexagonal pores were ~27 A in diameter with an apparent surface area of 1590
m?/g, as calculated using the BET model. A second, highly analogous COF,
COF-18 A, stems from the reaction between phenylene-1,3,5-triboronic acid and
1,2,4,5-tetrahydroxybenzene (Fig. 33b).”° Falling into the same space group as
COF-5, this planar COF was synthesized in higher yields using a more facile
synthetic method. As indicated by the name, the hexagonal pore diameter is
18 A. Based on the BET model, the apparent surface area was 1260 m*/g with a
pore volume of 0.29 cm?/g. A series of three more 2D COFs have also been
reported, COF-6, COF-8, COF-10, with surface areas determined (fit to a
Langmuir model) to be 980, 1400, and 2080 m?/g, respectively.”® All of these
COFs exhibit rigid, thermally stable pores (to 500°C) with high surface areas.
Detailed NMR and FTIR analyses have confirmed ester formation to be the
determining factor in COF formation.

Using structurally diverse monomers, the porosity (i.e., size and surface
area) of these frameworks can be tailored. An alternate approach, similar to the
studies described earlier and analogous to salicylideneamino alcohol-based
macrocycles,*>'? is to use the same fundamental building blocks but alter the
substituents on those monomers to investigate how this influences the fidelity of
the assembly process as well as the porosity of the resulting materials. In this
regard, frameworks based on the structural paradigm presented in COF-18 A
(phenylene-1,3,5-triboronic acid and 1,2,4,5-tetrahydroxybenzene) were synthe-
sized using dialkyl substituted bis-diols (methyl, COF-16A; ethyl, COF-14 A;
propyl, COF-11 A) (Fig. 34). "7 These substitutions alter the pore dimensions
(16 A, 14 A, and 11 A, respectively), but they do not alter the geometry around
the boronate ester or the network geometry as confirmed by MAS NMR, FTIR,
and PXRD. It is noteworthy that solvent (THF) was trapped in the two larger
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FIGURE 33. Planar, hexagonal COFs based on boronate ester formation produces
porous networks with varying pore dimensions.

pore systems during synthesis but were absent in the smaller pores of COF-14 A
and COF-11 A, thereby illustrating that insertion of the hydrocarbon chains
along the pore walls fills the pores, reducing the diameter such that the host
environment of the pore was altered. Gas adsorption with nitrogen confirmed
that the pores are indeed smaller (COF-16 A: 753; COF-14 A: 805; COF-11 A:
105 m?/g). It is interesting that gas adsorption with hydrogen produced a much
different result. Whereas nitrogen uptake was diminished 10-fold from COF-18
A to COF-11 A, hydrogen uptake was only attenuated 20%. The smaller gas
molecules can access corner pore cavities that are too small to include nitrogen,
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FIGURE 34. Alkyl functionalization within the pores of COFs provides a method for
probing the formation and porous properties of highly analogous materials.

and in reality, more hydrogen was taken up on a per pore basis with increasing
alkyl bulk.

Beyond planar sheet assemblies, three-dimensional COFs have also been
synthesized. The tetrahedral boronic acids used to create porous, hydrogen
bonded networks were condensed with 2,3,6,7,10,11-hexahydroxytriphenylene
to produce COF-105 and COF-108 (Fig. 35).”® The resulting materials have a
cubic structure with an open pore system. It is interesting that these two COFs
do not have identical structures, even though they differ only in that COF-105
has a carbon tetrahedral center and COF-108 has a silicon atom at the
tetrahedral centers. While no surface area measurements were reported for
these boronate COFs, they were reported as low-density crystals with densities
of 0.17 to 0.18 g/cm?>.

IV. SUMMARY AND OUTLOOK

Though the earliest references associated with boronate-linked materials
date back to the 1950s, it has only been in the last 10-20 years that great strides
have been made using these covalent-reversible boronic acid-diol interactions.
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COF-105 COF-108

FIGURE 35. Three-dimensional COFs produce low-density crystalline networks with
redundant pore connectivity (Reprinted with permission from Ref. 78. Copyright 2007
American Association for the Advancement of Science.)

Boronate ester formation has proven to be a facile alternative to traditional
polymer assembly, given the ease of synthesis and dynamic reversibility to
afford error-checking mechanisms during synthesis. Compared to conventional
supramolecular polymers, boronate-linked materials display enhanced stabi-
lity. It is argued that boronate ester formation takes the best from both worlds.

As demonstrated by examples, these relatively novel assemblies hold
promise in a number of different venues. The simple phenyl-boron-phenyl
binding motif provides a unique supramolecular assembly strategy for
researchers to take advantage of. Macrocyclic assemblies have been shown to
serve as host molecules for molecular recognition events. Linear polymers have
shown self-repair capabilities as well as serving as wide band-gap semiconductors.
And porous COFs provide stable network geometries for the inclusion of guests.

Each of these properties can and will be investigated and combined by
researchers looking to advance the field. The guest inclusion properties hold
promise as storage and separation media for gases and small molecules. The
cavities formed in macrocyclic and COF materials will likely be used as is or
functionalized to afford new catalysts, both homogeneous and heterogeneous.
The reversibility of this assembly mechanism is expected to allow for
the creation of self-healing materials and highly crystalline polymers. The -
delocalization observed in poly(boronate)s has already been taken advantage of
to generate blue emissive materials and continued efforts will likely produce
more highly conjugated materials as well. Investigation into the utility of
boronate-linked materials is still in its infancy, and already numerous varied
and promising leads have been identified.
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I. INTRODUCTION

This chapter focuses on the coupling of light-absorbing metal centers to
reactive Rh(III), Pt(Il), and Pd(II) centers. It is intended to highlight recent
progress in this field and basic methods used to study these complexes. While
the study of supramolecular complexes bridged with polyazine ligands is an
active field, the coupling of reactive metals is far less studied. The coupling of
ruthenium and osmium light absorbers to reactive metals has broad application
in diverse areas such as light to energy conversion, sensing, and photodynamic
therapy. Illustrative examples of different structural motifs are provided. Focus
is on the more available basic chemical and photophysical properties of reactive
metal-containing assemblies. Studies are limited in the arena of application
of these promising assemblies to problems of current interest, with highlights of
these initial exciting studies presented herein. The understanding of the basic
ground and excited state properties of mixed-metal supramolecular complexes
is critically important to their future application in a wide arena of light-
activated chemistry. The studies to date show the promise of this class of
molecules in solar energy conversion, emission-based sensing, spectroscopic
probes of biomolecules, DNA modification, DNA photocleavage agents,
anticancer drug development, and photodynamic therapy.

Considerable attention has been focused toward the development of
polymetallic supramolecular complexes capable of light and/or redox-induced
processes.! These systems consist of molecular components with definite and
individual functions combined within the supramolecular architecture to per-
form unique and complex functions. Bridging ligands are used to hold the metal
centers together within the polymetallic architecture as well as provide low lying
acceptor orbitals. The structure of the bridging ligand plays an important
role in the functioning of these systems. Since the discovery of [Ru(bpy);]*"
(bpy = 2,2-bipyridine) and its favorable photophysical and redox properties,
ruthenium(Il) complexes of polyazine type and related chromophores have been
widely used as building blocks for synthesizing redox-active and luminescent
supramolecular metal complexes.' 3 Intermolecular light and/or redox-induced
processes using [Ru(bpy)s]*" type chromophores is limited by the need for
molecular collision before relaxation of the metal-to-ligand charge-transfer
(*MLCT) excited state.* One class of complexes with potential to use intra-
molecular processes for harvesting energy couples polyazine chromophores to
reactive metals. Balzani et al. provide a comprehensive review on polynuclear
luminescent compounds.' This chapter focuses on a class of ruthenium and/or
osmium polyazine chromophores that couple Rh, Pt, or Pd. The electrochemi-
cal, photochemical, and photophysical properties of these molecules are
discussed, probing how component substitution modulates properties of these
assemblies. Applications of these mixed-metal complexes with reactive metal
centers to solar energy conversion and light activated DNA interactions will be
summarized.
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A. Light Absorption

A chromophore/light absorber molecule (LA) absorbs a photon of light
to afford an electronically excited state (*LA), which has distinctive properties
compared to the ground state system, Eq. (1).

LA +hv % LA (1)

Once excited, relaxation of the *LA to the ground state can occur in a
nonradiative fashion, through heat loss, Eq. (2), or in a radiative fashion by
emitting light, Eq. (3).

“LA ™ LA + heat 2)
LA S LA 4 (3)

Relaxation of the *LA to the ground state can also occur through electron or
energy transfer to a quencher molecule (Q), Egs. (4)—(6). The excited state light
absorber (LA) is both a better oxidizing and reducing agent than the ground
state. Electron transfer can occur oxidatively in the presence of a quencher
molecule that is an electron acceptor (EA), Eq. (5), or reductively in the
presence of quencher molecule that is an electron donor (ED), Eq. (6).

LA + Q™ LA +7Q (4)
‘LA + EA™ LA* + EA- (3)
‘LA + EASS LA~ +EA* (6)

The driving forces, (Eredox™® 0F Ereqox™™?), for these reactions depends on the
excited state reduction potential of the LA, E(*LA"" /LAY and the ground
state oxidation potential of the ED, (E(ED”")) or the excited state oxi-
dation potential of the LA, E(*LA"" /LA” © D*) and the ground state reduction
potential of the EA, (E(EA”7)), Egs. (7)—(10), where E®° is the energy gap
between the ground vibronic state of the electronic ground and excited state.

Epqor®d = E(LA"" /LA DY) — E(EDY) (7)
E i = E(CLA" /LA™ D) — E(EAY") 8)
E(*LAH+/LA(11+1)+) _ E(LAH+/LA(H+])+) o EO—O (9)

E(*LAn+/LA('171>+) _ E(LAn+/LA(n71)+) + E070 (10)
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i. Molecular Photovoltaics

A major research area has been the design and development of complex
molecular architectures capable of photoinduced charge separation. Photoin-
duced charge separation is a key component in many schemes for conversion of
solar energy to chemical energy and entails absorption of light by a LA followed
by intramolecular electron transfer. In applying charge transfer states, extension
of the excited state lifetime of the charge-separated state is important for
efficient chemical energy transformations. A simple device for photoinitiated
charge separation would consist of a LA, ED, and EA. In such a system,
absorption of light by a LA would create an excited state of the LA, which
would be reductively quenched by the ED, eliminating the decay of the LA to
the ground state. The excited electron can be transferred to an EA, affording a
spatially separated charge-separated state that consists of a positively charged
ED and a negatively charged EA (Fig. 1). The coupling of two photovoltaics
replacing the electron acceptor with an electron collector (EC) provides a device
for photoinitiated electron collection, ED-LA-EC-LA-ED.

Light } Electron N Electron 0
absorption - transfer - “\‘ transfer - )
L. & b . 4_\
1] 0 4 4
ED-LA-EA ED-LA-EA ED-LA-EA ED-LA-EA

FIGURE 1. Photo-induced charge separation in a ED-LA-EA molecular device (ED =
electron donor, LA = light absorber, EA = electron acceptor).

ii. Ruthenium Charge Transfer Light Absorbers

Ruthenium and osmium polyazine complexes have been widely used as
light absorbers. The complex [Ru(bpy)s]** (Fig. 2) is a well studied LA with high
extinction coefficients in the ultraviolet and visible regions of the spectrum.' >
This complex shows intense absorptions in the UV region that are intraligand
n—n* (IL) and in the visible region that are MLCT transitions. Upon optical
excitation at 450 nm, population of the Ru(dm)—bpy(n*) 'MLCT occurs.

FIGURE 2. Representation of [Ru(bpy);]*" (bpy = 2,2-bipyridine).
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FIGURE 3. The electronic absorption and RT emission data for [Ru(bpy)s](PFg), in
acetonitrile (left) and a Jablonski diagram for [Ru(bpy)s]** (right) (bpy = 2,2-bipyridine;
GS = ground state; MLCT = metal-to-ligand charge-transfer; k. = rate constant for
radiative decay; k,, = rate constant for non-radiative decay; ki, = rate constant
for intersystem crossing, k., = rate constant for rate of reaction).

A MLCT state promotes an electron from a formally metal-based orbital to a
ligand-based orbital, providing a formally oxidized metal center and reduced
acceptor ligand. The "MLCT excited state undergoes a intersystem crossing to
populate the *MLCT state with unit efficiency (Fig. 3). The *"MLCT state can
undergo electron or energy-transfer quenching and/or radiatively (k,.) or non-
radiatively (k,,) decay to the ground state. The *MLCT state of [Ru(bpy)s]*" is
relatively long lived and emissive (Ama™" = 605 nm, excited-state lifetime of the
MLCT state, T = 860 ns in room temperature (RT) acetonitrile solution)
(Fig. 3).* The excited state lifetime is defined as the inverse of the sum of all the
rate constants for deactivation of the excited state in the absence of a quencher.
For [Ru(bpy)s]*", t is given by Eq. (1):

. 1
B kr + knr

(11)

The quantum yield, ®, for an excited state process is given by the ratio of
the rate constants for the process of interest, divided by the sum of all the rate
constants for the deactivation of a state for a directly populated state. For
an indirectly populated state, this ratio is multiplied by the fraction of light
that populates this state, Eq. (12). For emission from the *MLCT state of
[Ru(bpy)s]** in the absence of a quencher, ®°™ is:

k,

Q)(_’l‘n — (Dx
"MLCT k}‘ _|_ knl‘

(12)

where @, s the quantum efficiency for generation of the MLCT state. The
o, . for [Ru(bpy);]*" and most Ru(Il) polyazine light absorbers is I.
The emissive excited state of [Ru(bpy);]*" provides a probe to study excited
state dynamics.

Theuse of the tridentate ligand, 2,2":6",2"-terpyridine (tpy), in place of bpy in
[Ru(bpy)s]*", affords [Ru(tpy),]*" (Fig. 4), whose excited state reactivity is
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FIGURE 4. Representation of [Ru(tpy).]*" (tpy = 2,2":6',2"-terpyridine).

'MLCT _g LF

SMLCT

IGS

FIGURE 5. Jablonski diagram for [Ru(tpy).]** (tpy = 2,2':6',2"-terpyridine; GS = ground
state; MLCT = metal-to-ligand charge-transfer; k, = rate constant for radiative decay; k,,, =
rate constant for non-radiative decay; kis. =rate constant for intersystem crossing).

relatively less explored. The complex [Ru(tpy),]*" shows no detectable emission in
fluid solution at RT and possesses a short *MLCT excited state lifetime of 0.25 ns
in aqueous solutions.® The short excited state lifetime for [Ru(tpy),]*" limits the
application in intermolecular electron or energy transfer schemes.® The short
excited state lifetime of the "MLCT state is attributed to the presence of low-lying
ligand field (LF) states that are thermally accessible at room temperature (Fig. 5).
The low-energy LF states are a result of the poor bite angle of the tpy ligand. LF
excited states rapidly decay nonradiatively, k,,, to the ground state.

iti. Osmium Charge Transfer Light Absorbers

The use of osmium in place of ruthenium within the coordination
architectures leads to changes in the properties of the LAs. Osmium possesses
higher-energy dn orbitals that lead to stabilization of the MLCT states and
complexes with red-shifted absorptions and emissions relative to their ruthenium
analogs. The higher degree of spin orbit coupling of osmium relative to
ruthenium also modulates system properties. The Os(dm)— bpy(n*) 'MLCT
transition of [Os(bpy)s]*" occurs red shifted relative to [Ru(bpy)s]*" at 640 nm.”
The Os(dn)— bpy(n*) *MLCT state emits at 746 nm in acetonitrile with t = 60
ns.” The considerably shortened excited state lifetime relative to [Ru(bpy)s]*" is
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FIGURE 6. Representative polyazine terminal ligands.

consistent with the stabilization of the *MLCT state of [Os(bpy)s]*" and the
energy gap law. The complex [Os(tpy),]** displays an intense '"MLCT absorption
at 477 nm and an intense “MLCT absorption at 657 nm. The *MLCT excited
state emits at 718 nm with @™ = 0.014 and t = 269 ns in acetonitrile.® The
longer excited state lifetime of the osmium complex relative to [Ru(tpy),]*" is
very unusual and is attributed to the stabilization of the *"MLCT state and the
destabilization of the °LF state, which limits the thermal population of the *LF
state for the osmium complex. The ability to control the photophysical proper-
ties by variation of the metal and/or the ligands within the light absorber is a very
attractive feature in the construction of molecular architectures for energy- or
electron-transfer schemes. Figure 6 illustrates some common terminal ligands
(TL) used in the construction of ruthenium and osmium polyazine charge
transfer LAs.

B. Solar Water Splitting

One application of ruthenium and osmium charge transfer LAs is the
harvesting of solar energy. Solar water splitting uses energy from the sun to
split water into hydrogen and oxygen. The splitting of water is an energetically
uphill process. The overall reaction for water splitting is a multielectron process
and can be represented as Eq. (13):
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1
H20() = Hag) +5O0xg) (13)

Splitting into the relevant reduction and oxidation half reactions gives
Eqgs. (14) and (15):

2H" (4 +2e7 — Hyy (14)

1
HZO(I) - EOz(g) +2e” + 2H+(uq) (15)

The free energy change for reaction (13) corresponds to 1.23 V per electron
(vs NHE).” This energy is smaller than for water splitting via a single
electron mechanism, which corresponds to 5 V per electron (vs NHE).'® Solar
light in the visible and ultraviolet regions possessing energy > 1.23 V (Fig. 7) is
capable of driving the water-splitting reaction via a multielectron process. Water
does not absorb in the visible region, thus photochemical agents that do absorb
in the visible region are necessary for water splitting. The complex [Ru(bpy)s]*"
and other light-absorbing analogs possess *MLCT states of sufficient energy to
split water into hydrogen and oxygen, yet direct photocatalysis does not occur.
The need for multielectron reactions to drive water splitting at 1.23 V makes this
an ideal forum to apply mixed-metal polymetallic complexes of the type
described herein.

Energy (eV)

16 / f I \,
12
0.8
0.4

FIGURE 7. Solar spectrum. (Adopted with permission from www.Ibl.gov/Science-
Articles/Archive/MSD-full-spectrum-solar-cell.html.)
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Complicated multicomponent systems incorporating light-absorbing units
(LA), electron relays, and redox catalysts are necessary for solar energy conver-
sion schemes. A multi-component system that can photochemically produce
hydrogen from water employing [Ru(bpy)s]*" as the LA, [Rh(bpy)s]*" as the
electron acceptor, and metallic platinum as the catalyst has been reported.'! In
this system, [Rh(bpy);]>" acts as an electron relay. Energy and electron-transfer
efficiency using [Ru(bpy);]°*" LA and related analogs is limited by the necessity
for collisional contact with the other components during the excited state of the
LA. Such limitations have stimulated interest in the design of polymetallic
multicomponent systems capable of multielectron photocatalysis.

C. Metal Complexes as DNA Targeting Agents

The cis-Pt""Cl, moiety is known to covalently bind to DNA and is the
reactive subunit in the well-studied anticancer drug cisplatin, cis-[Pt(NH3),
Cl,]."*"® Rhodium and ruthenium complexes have been shown to photocleave
DNA. Ruthenium and osmium polyazine complexes with emissive *“MLCT
states are studied as DNA light switches. Rh(III) complexes intercalated into
DNA serve as electron acceptors for excited ruthenium chromophores via long-
range electron transfer.'*'> One class of supramolecular complexes couple
ruthenium or osmium polyazine LAs to biologically significant reactive metals
that interact with DNA. These assemblies exploit intramolecular electron and
energy transfer processes. Coupling of the ruthenium and osmium charge
transfer LAs to reactive metals would unite the intense, visible light-absorbing
properties of the chromophore with the favorable reactive properties of the
biologically significant reactive metal center.

D. Supramolecular Charge Transfer Complexes

Supramolecular complexes as described herein are composed of an
assembly of individual inorganic and organic components that act together to
provide an overall function to the molecule. Such systems have been also
proposed as photochemical molecular devices by Balzani.'® The overall function
of the supramolecular complex can be modulated by careful selection of the
individual components. Because the individual components within the supra-
molecular complex are chemically bonded, bimolecular reaction for energy or
electron transfer is eliminated, increasing the efficiency of the photochemical
processes. The covalent coupling of subunits provides significant perturbation of
the component’s basic properties.

In the construction of polymetallic charge transfer complexes, bridging
ligands (BLs) are used to chemically bond the individual components within the
supramolecular assembly. A wide range of BLs have been used for this purpose.'
Some common BLs consist of simple ligands such as CN™ and polyazine-type
BLs separated by rigid and nonrigid spacers (Fig. 8)."!">* Polyazine type BLs
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FIGURE 8. Representative polyazine bridging ligands.
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separated by short rigid spacers are generally preferred, since directional electron
or energy transfer occurs more efficiently in these systems.! While polyazine
bridging ligands could be used to prepare a wide assortment of supramolecular
complexes, the greater part of this work has focused on the coupling of similar
metal centers with similar coordination environments. By contrast, many
applications desired for supramolecular complexes containing polyazine LAs
can be efficiently achieved by structurally diverse systems built of varied building
blocks, each bringing its own unique set of properties to the supramolecular
architecture. In this vein, coupling polyazine LAs to reactive metals such as Rh,
Pt, or Pd may impart unique and potentially useful properties to the supramo-
lecular assembly. The study of the basic chemical properties of such systems is
important for understanding the perturbations introduced by the coupling of
these varied components into the complex supramolecular assemblies. The
knowledge gained in these studies should provide for future design of appro-
priate assemblies for optimized functioning.

E. Cyclic Voltammetry of Charge Transfer Light Absorbers

Electrochemistry is an analytical tool that can be used to determine redox
potentials of an analyte as well as the fate of a molecule upon addition or
removal of electrons. Of particular importance to photochemists is the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). Cyclic voltammetry is one of the most commonly used
electrochemical techniques and is based on the change in potential as a linear
function of time. An electrochemical reaction is reversible if 7,%/i,° = 1 and AE,
= 59/n mV, where i," is the anodic peak current, i, is the cathodic peak current,
and AE, (AE, = AE," — E)) is the potential peak separation for the anodic
(E,") and cathodic (E,°) peaks. The oxidation or reduction potential for a
reversible electrochemical process is given by E;, = (E,“ + E,)/2 and is
recorded vs. a reference electrode. All electrochemical data provided herein are
converted to V vs. saturated calomel electrode (SCE) to make the comparison
more facile. A reversible redox couple implies that the complex undergoes facile
electron transfer with the electrode and that no chemical reaction follows the
electrochemical step.

If a chemical reaction follows an electrochemical step, the cyclic voltam-
mogram is typically irreversible and i,/i, # 1 and/or AE, # 59/n mV. Cyclic
voltammetry can be used to estimate the relative energy of the frontier orbitals
of a series of complexes for each coordination site. A cyclic voltammogram
for [Os(bpy)s]*" shows a reversible oxidation with E, »,= 081 V and three
reversible reductions starting at —1.29 V.” The oxidation is representative of
Os"™ " while the reduction represents sequential bpy”~ for each coordinated
ligand. The electrochemistry shows that frontier orbitals of [Os(bpy)s]*" involve
an osmium-based HOMO and a bpy-based LUMO. This is consistent with
the photochemical properties of [Os(bpy)s]*" in which the lowest energy
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spectroscopic transition is Os(dm) — bpy(n*) MLCT in character and the lowest
lying excited state is "MLCT in nature.

II. SUPRAMOLECULAR COMPLEXES COUPLING
Ru(Il) OR Os(II) POLYAZINE LIGHT ABSORBERS
AND Rh(III) REACTIVE METAL CENTERS

The electrochemical and photophysical properties of a variety of mixed-
metal supramolecular complexes incorporating Ru(II)/Os(II)-polyazine LAs
to reactive Rh(III) systems have been investigated. The coupling of Rh(III) to
ruthenium and osmium chromophores has been explored in some detail due
to the known energy and electron transfer quenching of *MLCT states of
ruthenium and osmium by Rh(III) complexes in bimolecular processes.! The
systems studied to date most frequently included tris(bidentate) or bis(tridentate)
coordination on Rh(IIT). While these studies provide considerable insight into
the intramolecular excited state dynamics, these coordination environments
typically prevent reactivity at the rhodium site.

A. The Complexes [(bpy)zRu(BL)Rth(PPh3)2]3+

Petersen et al. reported the electrochemical, photochemical, and photo-
physical properties of [(bpy),Ru(BL)RhH,(PPhs),]*", where the ruthenium and
rhodium metals were bridged through the BL = bpm, dpp, or dpq (bpm = 2,2-
bipyrimidine, dpp = 2,3-bis(2-pyridyl)pyrazine, and dpq = 2,3-bis(2-pyridyl)-
quinoxaline) (Fig. 9).*

These systems use BLs that provide intercomponent coupling and a
photoreactive rhodium dihydride system. The authors demonstrated that these
complexes undergo photoinduced reductive elimination of hydrogen when
irradiated at wavelengths < 436 nm (Fig. 10).**

i. Redox Properties of [(bpy),Ru(BL)RhHy(PPh;),]>*

Electrochemistry is used to determine the frontier orbitals involved in
electron transfer. The electrochemistry of [(bpy),Ru(BL)RhH,(PPhs),]*" (BL =
bpm, dpp, or dpq) shows two oxidations during an anodic scan and
four reductions during a cathodic scan (Table 1).>* In the anodic scan for
[(bpy)>Ru(BL)RhH,(PPh;),]*" (BL = dpp or dpq) the two oxidations appear at
1.70 and 1.56 V representing a Ru"™ and Rh™"!"Y oxidation, respectively, with
only the Ru'""™ oxidation being reversible. For [(bpy),Ru(bpm)RhH,(PPh;),]*",
an overlapping anodic wave is observed at 1.65 V for Ru"™ and R
oxidations. The reductive scans for all three complexes show a series of four
reversible reductions that are BL- and bpy-based with only the first two BL-based
reductions behaving in a Nernstian manner (Table 1).>* The first reduction is
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N—Rh—PPh; + H2

PPhg

[(bpy),Ru(dpp)RhH,(PPhy),1* [(bpy),Ru(dpp)Rh(PPhy),I**

FIGURE 10. Representation of photoinduced reductive elimination of hydrogen by
[(bpy)>Ru(dpp)RhH,(PPh3),]*" (bpy = 2,2-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine).

attributed to the BLY~ couple, followed by the BL™/>~ and two bpy” ~ couples.
The BL”~ reduction potential varies considerably, occurring at the most
positive potential in [(bpy),Ru(dpq)RhH,(PPh;),]*", —0.44 V. Such a positive
shift in the reduction potential of the BL is consistent with the lower energy m*
orbitals of dpq relative to dpp and the bpm ©* orbitals. The occurrence of the
BL />~ couple before bpy” ™ reduction indicates bridged complexes, in which
the BL(m*) orbitals are stabilized on bridging two electropositive metals. The
electrochemistry predicts the Rh(drn) nature of the HOMO and the BL(x*)
nature of the LUMO of these complexes.

ii. Spectroscopic Properties of [ (bpy),Ru(BL)RhH,(PPh;), Yol

The electronic absorption spectra for [(bpy)>,Ru(BL)RhH,(PPhs),]*" (BL
= bpm, dpp, or dpq) are consistent with typical ruthenium polyazine LAs
with absorptions in the UV and visible regions. The visible regions for
[(bpy),Ru(BL)RhH,(PPh;),]*" (BL = dpp, dpg, or bpm) are dominated by
two major transitions (488 and 425 nm for [(bpy)>Ru(dpp)RhH,(PPh;),]*", 572
and 397 nm for [(bpy),Ru(dpq)RhH,(PPhs),]**, and 551 and 413 nm for
[(bpy)>Ru(bpm)RhH,(PPh;),]**) (Table 2).>* The lower-energy bands appearing
in the visible region are attributed to an overlap of two MLCT transitions, one
due to charge transfer from a ruthenium dr orbital to a ©* orbital of a BL (Ru—
BL MLCT) and the other due to charge transfer from a rhodium d= orbital to a
n* orbital of a BL (Rh—BL MLCT), with the Rh—BL MLCT transition
occurring as low energy shoulders (Table 2). This observation is consistent with
the observed electrochemistry, in which the first oxidation is rhodium-based and
the first reduction is BL-based. The higher-energy transitions at 425, 397, and 413
nm for [(bpy),Ru(dpp)RhH,(PPhs),]>", [(bpy),Ru(dpq)RhH,(PPhs),]*", and
[(bpy)Ru(bpm)RhH,(PPh;),]**, respectively, are attributed to Ru—bpy
MLCT transitions.

iii. Photophysical and Photochemical Properties of

[ (bpy):Ru(BL) RhHy(PPh3),]**

The complexes [(bpy),Ru(dpp)RhH,(PPhs),]** and
[(bpy)Ru(bpm)RhH,(PPhs),]** display emissions from the Ru—BL *MLCT
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state with the Ay ™ centered around 770 nm. The @™ = 9.2 x 10 3andt = 106ns
for [(bpy),Ru(dpp)RhH,(PPhs),]**, while the @™ = 1.9 x 10 % and t = 41 ns
for [(bpy),Ru(bpm)RhH,(PPh3),]*" (Table 2).>* The smaller t for the weakly
emissive [(bpy),Ru(bpm)RhH,(PPhs),]*" is consistent with the energy gap law®
and typical of bpm-bridged complexes. The smaller excited state lifetime for
[(bpy),Ru(bpm)RhH,(PPhs),]*" relative to [(bpy)>Ru(dpp)RhH,(PPhs).]*" is
attributed to the ability of the bpm ligand to couple the ruthenium and rhodium
metal centers to a greater extent relative to dpp, allowing the rhodium center to
facilitate the deactivation of the Ru—BL *MLCT state’* The complex
[(bpy),Ru(dpq)RhH,(PPh;),]** did not display an observable emission, consistent
with the lower energy of the dpq(m*) orbitals, relative to dpp(n*) and bpm(r*)
orbitals making this emission outside the detection limit of their instrument. These
complexes are of interest as models for possible rhodium hydrides in solar energy
conversion schemes.

B. Cyanide-Bridged Ru(II)-Rh(IIT) Complexes

Endicott et al. examined the redox properties for a series of complexes,
including the Ru(II)-Rh(IIT) complexes, [(bpy)>(CN)Ru(CN)Rh(NH;)s]*",
[(bpy),Ru{(CN)Rh(NH:)s},]"", [(bpy)2(CN)Ru(CN)Rh(NH3), D),
[(bpy)2(CN)Ru(CN)Rh(NH,);B)I**, and [(bpy)>(CN)Ru(CN)Rh(NH:),CN)*
(Fig. 11).%° Using cyanide as the BL provides a means to electronically couple
the bridged metal centers.

i. Redox Properties of Cyanide-Bridged Ru(Il)-Rh(Ill) Complexes

Electrochemistry can be used to understand the frontier orbitals associated
with electron transfer processes. The oxidative electrochemistry of the
[(bpy)>Ru(CN),] subunit shows a Ru'™-based oxidation at 1.00, 1.18, and
0.92 V (in acetonitrile using a 0.1 M Et4NCIO4 supporting electrolyte)
for  [(bpy)2(CN)Ru(CN)Rh(NH:)s]",  [(bpy),Ru{(CN)Rh(NH3)s},]°", and
[(bpy)>(CN)Ru(CN)Rh(NH3),I)I**, respectively (Table 1).® Coordination of a
second Rh(III) shifts the Ru'™" oxidation to a more positive potential in

ok

Rh(NH3)s

FIGURE 11.  Representations of [(bpy)»(CN)Ru(CN)Rh(NH;)s]*" (left) and
[(bpy)>Ru{(CN)Rh(NH;)s},]°" (right) (bpy = 2,2"-bipyridine).
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[(bpy)>Ru{(CN)Rh(NH3)s},]*" relative to [(bpy)o( CN)Ru(CN)Rh(NH3)s]*".
The reductive electrochemistry of [(bpy),(CN)Ru(CN)Rh(NH3)s]*" and
[(bpy)>Ru{(CN)Rh(NH3)s},]®" reveals two bpy”~ based reductions at -1.70
and -1.94 V in acetonitrile. The electrochemistry predicts a Ru(dn)-based
HOMO and a bpy(n*)-based LUMO in these complexes.

ii. Spectroscopic Properties of Cyanide-Bridged Ru(Il)-Rh(III)

Complexes

The Ru(II)-Rh(III) cyanide-bridged complexes show absorptions that are
characteristic for ruthenium and rhodium polyazine complexes. The electronic
absorption spectra of a series of cyanide-bridged Ru(II)-Rh(III) complexes
recorded in DMSO-H,O solutions correlate well with the electrochemical proper-
ties. Coordination of a second Rh(III) shifts the lowest energy transition, which is
Ru—bpy MLCT in nature, to higher energy in [(bpy),Ru{(CN)Rh(NH3)s},]°"
relative to [(bpy)>(CN)Ru(CN)Rh(NH3)s]**. This positive shift is consistent
with the stabilization of the Ru(dr) orbitals of [(bpy),Ru{(CN)Rh(NH3)s},]*"
and correlates well with the electrochemistry where the Ru'"™ oxidation
moves to more positive potential with Rh(II) addition.?® The Apa™ of
the Ru—bpy MLCT transitions for [(bpy),(CN)Ru(CN)Rh(NH;)s]* and
[(bpy),Ru{(CN)Rh(NH;)s},]*" are 430 and 413 nm, while the corresponding
Amax'" for the monometallic precursor, [Ru(bpy)»(CN),], occurs at 457 nm.?

iti. Photophysical and Photochemical Properties of Cyanide-Bridged

Ru(Il)-Rh(IlI) Complexes

Emission spectroscopy is used to study the excited state dynamics of
the Ru(II)-Rh(IIT) cyanide-bridged complexes. The cyanide-bridged
Ru(I)-Rh(II) complexes exhibit emissions from the Ru—bpy *MLCT
states.”® The emission maxima shifts to higher energy with each successive
Rh(IIT) metallation. For example, A" at 298 K in DM SO-H,O solution for
[(bpy)2(CN)Ru(CN)Rh(NH3)s]*"  and  [(bpy)2Ru{(CN)Rh(NH;)s},]" "are
604 and 576 nm, respectively, with excited state lifetimes of 0.31 and
0.04 ps. For comparison, the corresponding Ap."" for the monometallic
precursor, [Ru(bpy),>(CN),], occurs at 634 nm with an excited state lifetime
of 0.43 ps at 298 K. At 77 K, the Apa™ occur at 556 and 543 nm for
[(bpy)>(CN)RU(CN)Rh(NH:)s]** and  [(bpy)sRu{(CN)Rh(NH:)s},]*", with
concomitant enhancements in the excited state lifetimes of 5.7 and 8.4 ps,
respectively (Table 2). For comparison, at 77 K, the monometallic precursor,
[Ru(bpy),»(CN),], has an excited state lifetime of 4.3 ps. The excited state
emission and lifetime determinations were reported to be complicated for
[(bpy)2(CN)Ru(CN)Rh(NH3),DJ*" and [(bpy)>(CN)Ru(CN)Rh(NH3)4Br)]*"
due to photodecomposition and interference from the strongly emitting
[Ru(bpy),(CN),] impurities. This interesting study provides insight into the
coupling of LAs and reactive metals with the small cyanide bridging ligands
and highlights that complexes with reasonable *MLCT lifetimes can be
produced which can be exploited in light activated processes.
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C. Polyazine-Bridged [(bpy),Ru(dpp)Rh(bpy),]°*

Kalyanasundaram et al. investigated the photophysical properties and the
excited state intramolecular interactions in [(bpy),Ru(dpp)Rh(bpy).]’" (Fig. 12).*’
The dpp BL is a widely studied polyazine system that provides electronic coupling
of the bridged metals. The tris(bidentate) coordination of the rhodium center
prevents reactivity at this metal site. This early study of a bridged complex with a
reactive metal highlights the complicated excited state dynamics in systems with
only two metal centers.

j5+

FIGURE 12. Representation of [(bpy),Ru(dpp)Rh(bpy),]’" (bpy = 2,2-bipyridine,
dpp = 2,3-bis(2-pyridyl)pyrazine).

i. Redox Properties of [ (bpy),Ru(dpp)Rh(bpy),]”*

The electrochemical properties of the dpp-bridged Ru(II)-Rh(III) com-
plex provides insight into the orbital energetics. The reductive electrochemistry
of [(bpy)Ru(dpp)Rh(bpy),]>" shows an irreversible reduction at —0.65 V
(Table 1).>” DeArmond has shown that reductive electrochemistry of
[Rh(bpy)s]’" consists of a quasi-reversible reduction at ca. —0.80 V in
acetonitrile attributed to Rh™/™" reduction. The irreversible nature of this
Rh"MT reduction is due to bpy loss to form [Rh'(bpy),]".%® In the homo-
bimetallic complex, [(bpy)>Ru(dpp)Ru(bpy),]**, the first reduction is dpp(m*)-
based and occurs at ca. —0.70 V. Thus the dpp(n*) orbitals and the Rh(dc*)
orbitals in [(bpy)>Ru(dpp)Rh(bpy),]"" are very close in energy. The electro-
chemistry of [(bpy).Ru(dpp)Rh(bpy)-]’" predicts a low-lying metal-to-metal
charge-transfer excited state (MMCT) due to the Ru(dn) nature of the HOMO
and Rh(do*)-based LUMO.

ii. Spectroscopic Properties of [ (bpy):Ru(dpp)Rh(bpy),]°*

The dpp-bridged Ru(II)-Rh(III) complex displays typical absorptions
for ruthenium and rhodium polyazine complexes in the UV and visible
regions.”” The UV region in the electronic absorption spectrum of
[(bpy)>Ru(dpp)Rh(bpy),]°" in acetonitrile reveals two bands at Amay> = 312
and 295 nm characteristic of Rh(III)-based transitions and ligand-based m— m*
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transitions, respectively. The visible region is dominated by Ru—dpp MLCT
transitions at Apa'® = 514 and 351 nm (Table 2). Consistent with the
greater stabilization of the dpp(rm*) orbital upon metallation, the Ru—dpp
MLCT transition of [(bpy).Ru(dpp)Rh(bpy),]°" is considerably red shifted
compared to the corresponding transition in the monometallic precursor
[(bpy)>Ru(dpp)]*" occurring at 468 nm.

iii. Photophysical and Photochemical Properties of

[ (bpy)>Ru(dpp) Rh(bpy ), ]°*

Emission spectroscopy is used to understand the excited state properties of the
dpp-bridged Ru(II)-Rh(IIT) complex. The complex [(bpy).Ru(dpp)Rh(bpy),]*"
displays a weak emission at A, "™ = 778 nm with T = 37 ns in acetonitrile at
RT from the Ru—dpp *MLCT state (Table 2).>” Both the ™ and ™ for
[(bpy)zRu(dpp)Rh(bpy)z] >* are red shifted with respect to [(bpy).Ru(dpp)]*"
Mnax™™ = 468, Ainax™ = 682 nm) with a blue shifted absorbance with respect to
[(bpy)zRu(dpp)Ru(bpy)z]‘H O™ = 526, Anax™™ = 790 nm). The luminescence
intensity of Ru—dpp *MLCT of [(bpy),Ru(dpp)Rh(bpy),]>" is considerably
reduced with respect to the homobimetallic, [(bpy)Ru(dpp)Ru(bpy).]**, with a
concurrent reduction in the excited state lifetime (t = 37 and 140 ns for
[(bpy)-Ru(dpp)Rh(bpy),]‘and  [(bpy).Ru(dpp)Ru(bpy)]*’, respectively). At
77 K, the Amax™ of [(bpy),Ru(dpp)Rh(bpy)-]>Fis red shifted with a concurrent
increase in T to 1.71 ps. The t of [(bpy),Ru(dpp)Rh(bpy),]°" at 77 K is similar
to the t = 238 pus of [(bpy).Ru(dpp)Ru(bpy)]*’, suggesting that
additional intramolecular quenching processes occurring at room temperature
due to the Rh(IIT)-polypyridyl unit of [(bpy),Ru(dpp)Rh(bpy),]>* are prohibited
at 77 K. The electrochemical and photophysical data suggest that photoexcitation
in the Ru—»dpp MLCT state may lead to transfer of the promoted electron to
Rh(III) to create a MMCT (metal-to-metal charge-transfer) state, which can decay
to the ground state, quenching the *MLCT emission at RT. This study demon-
strated that intramolecular electron transfer plays a significant role in the excited
state dynamics of [(bpy),Ru(dpp)Rh(bpy),]>", leading to weaker luminescence
and short excited state lifetime for the Ru—dpp *MLCT state compared to

[(bpy)>Ru(dpp)Ru(bpy).]*".*’

D. Tridentate-Bridged Complexes:
[(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)I> (n=0-2)

Indelli et al. investigated the electrochemical and photophysical properties
of Ru(IT)-Rh(IIT) complexes of the form [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’* (Fig.
13), to understand the photoinduced electron and energy transfer processes (n =
0-2; ttpy = 4'-p-tolyl-2,2":6,2"-terpyridine, tpy-(ph),-tpy = 2,2":6',2"-terpyridine
units are either directly linked together (n= 0) or connected through one or two (n
= 1 or 2) phenyl spacers in the 4-position).”” The use of the tridentate
coordination provides stereochemically defined systems, but the tpy type ligands
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[(ttpy)Ru(tpy-(Ph) ,-tpy)Rh(ttpy)**  (n=1)

FIGURE 13. Representations of [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>" (n = 0 (top),
n = 1 (bottom)) (ttpy = 4'-p-tolyl-2,2":6,2"-terpyridine).

display significantly shorter lived *MLCT excited states. The bis(tridentate)
coordination of the rhodium center prevents reactivity at this site. The variation
of the link is employed to probe the role of linker and inter-chromophore distance on
the observed properties.

i. Redox Properties of [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’*

Electrochemistry of the Ru(II)-Rh(III) systems provides a means to
understand the orbital energetics within the supramolecular architecture. The
Ru""™ couple of [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’" (n = 0, 1, or 2) appears at
1.31, 1.29, or 1.27 V, respectively, (in CH;CN solution using 0.1 M BuyNBF, as
the supporting electrolyte) (Table 1).* A positive shift is observed in the Ru""/"!
oxidation with decreasing Ru-Rh distance. This positive shift in the
Ru'™™ oxidation suggests a ruthenium center with a more stabilized dr orbital
in [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’" (n = 0) relative to [(ttpy)Ru(tpy-(Ph),-tpy)
Rh(ttpy)]*" (n = 1 or 2). The Ru"™" oxidation for [(ttpy)Ru(tpy-(Ph),-tpy)Rh
(ttpy)]>" (n = 0) occurs at a significantly more positive potential than for
the corresponding Ru'™! oxidation of [Ru(ttpy),]*" (1.25 V)*® and at the
same potential as the homobimetallic analog [(ttpy)Ru(tpy-(Ph),-tpy)Ru(ttpy)]**
(n = 0).3° The reductive electrochemistry shows an irreversible Rh!'™/!/!
reduction at —0.54 V for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>" (n = 0) and at
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-0.56 V for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’" (n = 1 or 2). The Rh!™"!
reductions are followed by two reversible ttpy” reductions at —1.22
and —144 V, —1.18 and —-141 V, and —-120 and —-137 V for
[(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>" (n = 0), [(ttpy)Ru(tpy-(Ph)-tpy)Rh(ttpy)>",
and [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’", respectively (Table 1). The electrochem-
istry predicts a Ru(dn)-based HOMO and a Rh(dn*)-based LUMO in these
structural motifs, with the Ru(dn) orbitals of [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>*
(n = 0) being the most stabilized.

ii. Spectroscopic Properties of [ (ttpy)Ru(tpy-( Ph),-tpy)Rh(ttpy) A

The heterobimetallic Ru(IT)-Rh(III) complexes absorb in much of the UV
and visible regions of the spectrum. The Ama® of the MLCT transitions
[(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>" (n = 1 or 2) coincide with the Am. ™
of [Ru(ttpy),]*" at 490 nm in acetonitrile (Table 2).** By contrast, the
Amax’”> of the MLCT transition is considerably red shifted in
[(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’" (n = 0) and occurs at the same position
as the hma ™ of the MLCT transition of [(ttpy)Ru(tpy-(Ph),-tpy)Ru(ttpy)]*"
(n = 0) at ~520 nm.>® The UV regions of the electronic absorption spectra are
dominated by Ru(Il) and Rh(III) coordinated ®—n* IL transitions, with the
shoulders at 360 and 330 nm attributed to the Rh(Il1I) component. The absorptions
in this region shift to lower energies with increasing number of spacers.

For [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>" (n = 1 or 2), the electrochemis-
try correlates well with the monometallic [Ru(ttpy),]*" and [Rh(ttpy),]>*
molecular components and the Ama.® of the MLCT transitions coincide
with the corresponding transition for [Ru(ttpy),]*". This suggests electronic
isolation between the ruthenium and rhodium components. By contrast,
the oxidative electrochemistry shifts to a more positive potential in
[(ttpy)Ru(tpy-(Ph),~tpy)Rh(ttpy)]>" (n = 0) compared to [Ru(ttpy),]*", while a
red shift is observed in the Xmax"‘bs. These shifts in the electrochemical and
spectroscopic data of [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]"" (n = 0) suggest the pos-
sibility of perturbation of the redox and light absorption properties of the Ru(II)
by the electron-withdrawing Rh(III). The authors suggest that the identical shifts
observed for the homobimetallic complex [(ttpy)Ru(tpy-(Ph),-tpy)Ru(ttpy)]**
(n = 0) rule out the possibility of perturbations in the redox and spectroscopic
properties by Rh(III) in [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]" (n = 0) and
indicate that these perturbations arise due to the lower-energy n* orbitals of
the tpy-(Ph),-tpy (n = 0) ligand compared to tpy-(Ph),-tpy (n = 1 or 2).

iti. Photophysical and Photochemical Properties of

[ (ttpy) Ru(tpy-(Ph),~tpy) Rh(ttpy) I°*

Emission spectroscopy provides a probe to study the excited state proper-
ties of the [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]°" systems. The photophysical prop-
erties of the complexes were investigated at 300, 150, and 77 K.** At 150 K
in fluid aerated 4:1 ethanol/methanol solutions, the Ru(II)-Rh(III) complexes
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exhibit emissions from the Ru-based excited states. At 150 K, the Apax ' for
[(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’" (n = 1 or 2) occur at 655 and 648 nm,
respectively (Table 2), similar to [Ru(ttpy)s]’” (max"™ = 645 nm) with similar
intensity in absorbance matched samples. This indicates that no quenching
of the Ru-based emission occurs at this temperature. Consistent with this, at
150 K, the 1 of the Ru-based excited states are similar and are 3.0, 3.5, and 3.2 ps
for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’* (n = 1 or 2) and [Ru(ttpy)-]*", respec-
tively (Table 2). The Ama™ for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)] (n = 0)
occurs considerably red shifted at 720 nm and occurs at a similar energy to
that of [(ttpy)Ru(tpy-(Ph),-tpy)Ru(ttpy)]*" (n = 0, Apax™™ = 708 nm). The
emission from the Ru-based excited state of [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>*
(n = 0) is efficiently quenched with a concurrent reduction in the excited state
lifetime (t = < 0.1 ps) with respect to the corresponding emission of
[(ttpy)Ru(tpy-(Ph),-tpy)Ru(ttpy)]*" (n = 0, t = 3.5 ps). The excitation spectra
matched closely to the absorption spectra for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]**
(m = 1 or 2) at RT. A precise excitation spectrum was not obtained for
[(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>" (n = 0). No quenching of the emission
from the Ru-based excited state was observed at 77 K. For example, at
77 K in a solid matrix of 4:1 ethanol/methanol, the emission intensities and
the excited state lifetimes for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]”" (n = 1 or 2)
were similar to [Ru(ttpy),]*" (v = 13.0, 13.2, and 13.5 ps, respectively, for
[(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]*" (n = 1 or 2) and [Ru(ttpy),]*"), while emission
intensities and the excited state lifetimes for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>*
(n = 0) were similar to [(ttpy)Ru(tpy-(Ph),-tpy)Ru(ttpy)[*'(n = 0) (t = 12.5
and 12.9 ps, respectively, for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)’* (n = 0) and
[(ttpy)Ru(tpy-(Ph),~tpy)Ru(ttpy)]*" (n = 0) Table 2.”

An energy state diagram that illustrates the orbital energetics and the
electron and energy transfer processes of the Ru(II)-Rh(III) complexes is
illustrated in Figure 14, which also summarizes excited state dynamics of the
Ru(IT)-Rh(IIT) heterobimetallics. The electrochemical and the photophysical
properties suggest (a) electron transfer from Ru(Il) to Rh(I11) (ke), (b) electron
transfer from Ru(II) to excited Rh(III) (k¢'), (c) energy transfer from excited
Rh(III) to Ru(Il) (k.,), and (d) charge recombination (k,. ). These studies
demonstrated that at 77 K and 150 K, energy transfer occurs from Rh(III) to
Ru(II) in all complexes, while electron transfer occurs from Ru(II) to Rh(III)
only in [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]’" (n = 0) at 150 K. The different
behavior for the n = 0 species is rationalized in terms of better electronic
coupling and smaller reorganizational energies for this complex. At low
temperature in a frozen matrix, electron transfer quenching is not observed,
while energy transfer is postulated to occur. The freezing of electron transfer
quenching but not of energy transfer in rigid glasses reflects the different
reorganizational energies involved in the two processes. The study of these
complicated excited state dynamics in a stereochemically defined system keenly
highlights the factors impacting intercomponent interactions within a mixed-
metal assembly.
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[(ttpy)Ru(tpy-(Ph) ,-tpy)Rh(ttpy)**  (n=1)
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FIGURE 14. Energy level diagram for [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>" (n = 0,
1, or 2). GS = ground state; MLCT = metal-to-ligand charge-transfer; MMCT =
metal-to-metal charge-transfer; k, = rate constant for radiative decay; k,, = rate
constant for non-radiative decay; ki, = rate constant for intersystem crossing; ke, =
rate constant for electron transfer; k., = rate constant for energy transfer.

E. Ru(IT)-Rh(I1I) Complexes Bridged with a Flexible Spacer:
[(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),|>*

Indelli et al. reported a study of the intercomponent electron
and energy transfer processes of the Ru(II)-Rh(III) complex
[(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]>" (Fig. 15) (Me,phen
= 4,7-dimethyl-1,10-phenanthroline, Mebpy = 4-methyl-2,2'-bipyridine,
Me,bpy = 4,4-dimethyl-2,2'-bipyridine) by studying the electrochemical,
photochemical, and photophysical properties of this complex and its mono-
metallic synthons [(Me,bpy),Rh(Mebpy-CH,-CH,-Mebpy)](ClO4); and
[(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)](PFs),.>' The BL used in this study
typically provides for electronic isolation of the metals due to the saturated
aliphatic linker.
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FIGURE 15. Representation of [(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)
Rh(Me,bpy),]>* (Me,phen = 4,7-dimethyl-1,10-phenanthroline, Mebpy = 4-methyl-
2,2"-bipyridine, Me,bpy = 4,4’-dimethy-2,2'-bipyridine).

i. Redox Properties of

[ (Me;phen),Ru( Mebpy-CHy-CHy-Mebpy) Rh(Mesbpy ), °*

Electrochemistry predicts the relative energy of the frontier orbitals in the
Ru(II)-Rh(III)-bridged systems. The electrochemistry of the Ru(IT)-Rh(III)
complex coincides well with the monometallic synthons and the oxidative and
reductive electrochemical waves were assigned by comparison with the electro-
chemistry of the monometallic synthons. The oxidative electrochemistry shows
a reversible Ru""™oxidation at 1.13 V (in acetonitrile using 0.1 M BuyNPFg
as the supporting electrolyte) (Table 1).>' The reductive electrochemistry shows
two reversible reductions corresponding to the reduction of the polypyridine
ligands at —1.45 and —1.66 V and a quasireversible reduction at -0.92 V due to
Rh"™/™T reduction (Table 1).*! The electrochemistry predicts a Ru(dr) HOMO
and Rh(dn*) LUMO.

ii. Spectroscopic Properties of

[ (Me;phen);Ru(Mebpy-CHy-CHy-Mebpy ) Rh(Me;bpy ) °*

The Ru(II)-Rh(III)-bridged complexes show absorptions that are typical
for ruthenium and rhodium polyazine complexes. The electronic absorption
spectrum of [(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]>" in acet-
onitrile coincides with the additive absorption spectra of the monometallic
synthons.*! The visible region of [(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh
(Me,bpy),]°" is dominated by Ru— polypyridine based MLCT transitions, with
energies of the Ru— Me,phen and Ru— Mebpy-CH,-CH,-Mebpy MLCT
excited states being almost identical. The UV region is dominated by ligand-
based m—n* transitions with the bands centered at 280 and 295 nm, corre-
sponding to ligand-based transitions of the Ru(II) component; those at 302
and 313 nm correspond to ligand-based transitions of the Rh(III) component.
The Rh(III) component does not display any observable transitions in the
visible region of the spectrum. The similar electrochemical and photochemical
properties of the Ru(II)-Rh(III) system with respect to the monometallic
synthons suggest weak intercomponent interaction of the components in this
Ru(IT)-Rh(III) system consistent with the unsaturated nature of the BL.
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iii. Photochemical and Photophysical Properties of

[ (Me;phen);Ru(Mebpy-CHy-CHy-Mebpy) Rh(Me;bpy ) °*

Emission spectroscopy was used to probe the excited state properties of
[(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]>*. This complex exhi-
bits a weak emission from the Ru— polypyridine based SMLCT state (Ama™ &
610 nm, Op.rp™ =~ 1.0 x 107%) (Table 2).*' The emission profile is
identical to the corresponding Ru— polypyridine based *MLCT emission of
[(Mesphen),Ru(Mebpy-CH,-CH,-Mebpy)|(PFg)s (Apax' ™ = 610 nm, @™ =
0.11, © = 1.8 ps) in deaerated acetonitrile at RT. The intensity of the
emission is reduced considerably for the Ru(II)-Rh(III) complex with respect
to [(Me;phen),Ru(Mebpy-CH,-CHy-Mebpy)](PFg), (Pry™/Prurn™ = 90,
DOrurp™™ and DO, ™ are quantum yields of emission
of [(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]** and
[(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)](PFg),, respectively). The emission
lifetime of [(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]*"displays
a short-lived component (6 ns) and long lived component (> 30 ns)
at RT in acetonitrile.”! The excitation spectrum of
[(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]°" differs from the
absorption spectrum at RT. At 77 K, in a 4/1 ethanol/methanol matrix, the
Ru(II)-based emission is not significantly quenched with T = 6.8 ps, similar to
[(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)[(PFg),. At 77 K, the excitation spectrum
of the Ru(I)-Rh(III) complex is similar to the absorption spectrum. The energy
level diagram for [(Mesphen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Mesbpy)]*" is
represented in Fig. 16 and is similar to the [(ttpy)Ru(tpy-(Ph),-tpy)Rh(ttpy)]>"
system discussed above. The electrochemical, photochemical, and photophysical
properties  of  [(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]**
demonstrate intercomponent electron and energy transfer processes in this
system, including electron transfer from excited Ru(I) MLCT states to Rh(III),
electron transfer from Ru(II) to excited Rh(III), charge recombination from
Rh(II) to Ru(III), and energy transfer from excited Rh(III) to Ru(II). This early
study of the coupling of Ru(II) to Rh(III) with nonconjugated linkers shows the
promise of this structural motif to provide systems with unexpectedly efficient
quenching of the chromophore’s *MLCT state.

F. Dendrimeric Ru(II)/Os(IT)-Rh(IIT) Complexes:
[M{(dpp)Rh(ppy).}3l(PFe)s

Balzani et al. have reported the electrochemical, photochemical, and photo-
physical properties of many dpp-bridged complexes.!*!'® The Ru(II)/Os(II)-
Rh(II) complexes, [Ru{(dpp)Rh(ppy).}3](PF¢)s and [Os{dpp)Rh(ppy)>}3](PFe)s
(Fig. 17) (ppy = phenylpyridine anion), reported by Balzani et al. incorporate the
dpp BL and a C-N type cyclometallating terminal ligand (TL) in the construction of
complex molecular architectures.*> The dpp BL provides electronic coupling of the
bridged metals. The tris(bidentate) coordination environments of rhodium inhibit
reactivity at this site.
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[(Mesphen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy),]**

'Gs

FIGURE 16. State diagram for [(Me,phen),Ru(Mebpy-CH,-CH,-Mebpy)Rh(Me,bpy).]°*.
GS = ground state, MLCT = metal-to-ligand charge-transfer, MMCT = metal-to-metal
charge-transfer, k, = rate constant for radiative decay, k,,, = rate constant for non-radiative
decay, ki = rate constant for intersystem crossing, k., = rate constant for electron transfer,
ke, = rate constant for energy transfer.

i. Redox Properties of [ M{(dpp)Rh(ppy ).}3](PFg)s

Electrochemistry is useful to estimate the relative energies of the frontier
orbitals upon variation of the subunit in supramolecular assemblies. The
oxidative electrochemistry for [Ru{(dpp)Rh(ppy),}3](PFs)s (in dichloromethane
using BuyNCIOy, as the supporting electrolyte) shows an irreversible one electron
oxidation at 1.25 V due to the Ru'™" couple (Table 1).>> An irreversible one
electron oxidation of the osmium core in [Os{dpp)Rh(ppy),}3](PFe)s occurs at a
less positive potential of 0.75 V consistent with the higher energy dr orbitals on
osmium (Table 1). The irreversible multielectron oxidation process, which
follows the oxidation of the central osmium core at 1.50 V, is attributed to the
simultaneous one eclectron oxidation of the three independent peripheral
rhodium-based units indicative of electronic isolation of these metal centers.
The reductive electrochemistry of [Ru{(dpp)Rh(ppy),}s](PF¢)s displays three
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FIGURE 17. Representation of [M{dpp)Rh(ppy)>}s]>" (M = Ru or Os) (bpy = 2,2'-
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, ppy = phenylpyridine anion).

reversible reduction processes at —0.48, —0.60, and —0.70 V, corresponding to
the three sequential dpp” ~ reductions (Table 1). The reductions at —1.19, —1.37,
and —1.60 V correspond to the successive second reduction of each BL, dpp /*".
The reductive electrochemistry of [Os{dpp)Rh(ppy),}s](PF¢)s displays three
similar processes that are quasireversible. The electrochemistry predicts a

Ru(dm)- or Os(dn)-based HOMO and dpp(n*) LUMO.

ii. Spectroscopic Properties of [ M{(dpp)Rh(ppy).}3](PFg)s
The dendrimeric Ru(IT)/Os(II)-Rh(IIT) complex shows characteristic

absorptions that are typical for polyazine LAs. The complexes
[Ru{(dpp)Rh(ppy)2}3](PFs)s and [Os{dpp)Rh(ppy).}3](PFs)s display dpp-based
n—n* transitions in the UV region and M(dn)—dpp(7*) (M = Ru or Os)
MLCT transitions in the visible at Ayay*® = 471 and 515 nm, respectively, in
dichloromethane (Table 2).** The red shift in the Amax 2 of the osmium complex
is consistent with the higher energy dm orbitals of osmium. The osmium
complex also possesses significant intensity in the lower energy tail of the Os(dn) —
dpp(n*) CT transitions at > 600 nm representing direct population of the *MLCT
state, gaining intensity by the significant spin-orbit coupling in osmium.

iii. Photophysical and Photochemical Properties of

[M{(dpp)Rh(ppy )>}3](PFs)s

Emission spectroscopy is useful for understanding the excited state
properties of the dendrimeric Ru(I1)/Os(I11)-Rh(III) complexes. The complexes
[Ru{(dpp)Rh(ppy)2}3](PF¢)s and [Os{dpp)Rh(ppy).}3](PF)s display emissions
from the M(dn)—dpp(n*) (M = Ru or Os) *MLCT states at RT at 681 and
821 nm with t = 330 and 55nsand ® = 0.018 and 0.0058 for M = Ru and Os,
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respectively (Table 2).*? The differences in the photophysical properties rule out
the involvement of the peripheral rhodium components in the luminescence of
these complexes and strongly suggest that these difference are due to the
ruthenium or osmium polypyridine core. At 77 K, an increase in the lifetime of
[Os{dpp)Rh(ppy).}3](PF¢)s is observed (t = 0.62 ps) with the expected shift in
the Amax- " to higher energy. A biexponential decay (t = 1.05 and 3.40 ps) is
observed for [Ru{(dpp)Rh(ppy),}s](PFe)s, suggesting that two different emit-
ting states, Ru—dpp MLCT and a Rh—dpp MLCT, may be responsible
for the dual exponential emission at 77 K. This study demonstrated how the
redox properties change with component modification and how the combina-
tion of N-N type polyazine BLs and C-N (cyclometallating type) chelating
sites allow the expansion of the molecular architecture to extend the number
and the type of metals and/or ligands that can be incorporated in multi-
nuclear luminescent and redox-active complexes. The use of cyclometallating
ligands provides a means to tune over large ranges the orbital energetics of the
Rh(III) site.

G. Extended Supramolecular Architectures with
Fe(IT)/Ru(IT)/Rh(I1I)

Petersen et al. reported the synthesis, characterization, and the photo-
induced processes in a series of trimetallic complexes containing Fe(II), Ru(II),
and Rh(III) of the form [(CN)4Fe(BL)Ru(bpy)(BL)Rh(tpy)(MQ")](PFe)s (BL
= dpp or bpm; MQ" = N-methyl-4,4"-bipyridinium) (Fig. 18).** The trimetallic
complexes consist of three molecular components: (a) the tetracyanoferrate unit,
which is the ED; (b) the Ru(II) polyazine unit, which acts as the LA; and (c) the
Rh(III) polyazine unit, which contains the ligands tpy and MQ", which is
the electron acceptor. The electrochemical and photophysical properties demon-
strated that the trimetallic complexes display good communication between the
ED and LA metal centers.

Time-resolved experiments conducted on [(CN)sFe(BL)Ru(bpy)(BL)Rh
(tpy)IMQ)](PF¢), (BL = dpp or bpm) and the redox properties (bridging
ligands are more easily reduced than Rh(III) and MQ") suggested the forma-
tion of a transient Fe"/Ru'' intermediate of the form [Fe'-Ru'-L~ -Rh"]
with a t < 70 ns. Component modification on the Rh(III) center to have a more
negative Rh™™! redox potential has been suggested as a means of designing
species with a more spatially-separated charge-separated state. Tables 1 and 2
show some electrochemical and spectroscopic data of the Fe(II)/Ru/(IT)/Rh(I1I)
complexes.

H. Stereochemically Defined Tridentate-Bridged
Ru(II)-Rh(IIT) Complex

Brewer et al. reported the synthesis and characterization of
[(tpy)Ru(tppz)RhCI5](PFg), (Fig. 19), which couples a ruthenium light absorber
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FIGURE 18. Representation of  [(CN)4Fe(bpm)Ru(bpy)(bpm)Rh(tpy)(MQ)*"
(bpy = 2,2-bipyridine, bpm = 2,2-bipyrimidine, tpy = 2,2":6',2"-terpyridine, MQ* =
N-methyl-4,4'-bipyridinium).

to a rhodium electron acceptor to create the first tppz-bridged light-absorber-
electron-acceptor dyad.”* The bimetallic system, [(tpy)Ru(tppz)RhCl5](PFg),
(tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine), consists of a Ru(Il) LA component
and a Rh(III) reactive metal covalently attached through a tppz BL to afford a
stereochemically defined LA-BL-EA system.

FIGURE 19. Representation of [(tpy)Ru(tppz)RhCl3*" (bpy = 2,2"-bipyridine, tppz
= 2.,3,5,6-tetrakis(2-pyridyl)pyrazine)..

i. Redox Properties of [ (tpy)Ru(tppz) RhClz]( PFy),

Electrochemistry provides the relative energies of the frontier orbitals in
Ru(II)-Rh(III) dyads. The cyclic voltammogram of [(tpy)Ru(tppz) RhCl3](PFg),
(in acetonitrile using BuyNPF¢ as supporting electrolyte) displayed a reversible
oxidation at 1.55 V, a quasi-reversible reduction at -0.28 V, followed by three
reversible reductions at —0.65, —1.03, and —1.45 V (Table 1).** The oxidation at
1.55 V is attributed to the Ru'"™ couple. The quasi-reversible reduction
at —0.28 V, which becomes irreversible with decreasing scan rate, is attributed
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to R\ reduction. Similar to systems of the type [Rh(LL),CL]"(LL = bpy
or dpp),*® the rhodium reduction is followed by loss of the two chloride ligands
to form a square-planar Rh' species. The reductions at —0.65, —1.03, and
—1.45 V are attributed to tppz /%, tppz ", and tpy” ", respectively. These
electrochemical data indicate that this mixed-metal system possesses a ruthe-
nium-based HOMO and a rhodium-based LUMO, predicting a lowest lying
Ru(dn) - Rh(do*) *MMCT excited state.

ii. Spectroscopic Properties of [ (tpy)Ru(tppz)RhCl;](PFs),

The electronic absorption spectra of the Ru(II)-Rh(III) complexes display
transitions characteristic for ruthenium polyazine complexes. The tppz and tpy
n—n* absorptions appear in the UV region.** The lowest energy absorption at
516 nm is due to the Ru(dm)— tppz(n*) MLCT transition (Table 2). This
MLCT transition is blue shifted with respect to the corresponding absorption
of the homobimetallic system [(tpy)Ru(tppz)Ru(tppz)](PFs)4, which occurs at
548 nm. This blue shift is attributed to the presence of the chlorides making the
Rh(IIT) more electron rich.

iii. Photophysical and Photochemical Properties of

[ (tpy) Ru(tppz) RKC3 ] ( PF,),

Emission spectroscopy was used to study the excited state dynamics
of [(tpy)Ru(tppz)RhCl5](PF¢),. The Ru(dn)— tppz(n*) MLCT state once opti-
cally populated is known to undergo intersystem crossing to populate the
often emissive *"MLCT state. The Rh(do*) LUMO provides for facile intramo-
lecular electron transfer to produce the Ru(dm)— Rh(do*) *MMCT state
(Fig. 20). This electron transfer leads to a quenching of the emission normally
observed from the Ru(dm)— tppz(n*) *MLCT excited states. For example,
[(tpy)Ru(tppz)RhCI5](PF¢), displays a weak emission at RT in deoxy-
genated acetonitrile solution from the Ru(dm)— tppz(n*) *MLCT state,
ASm. = 830 nm, @™ = 2.0 x 107* 1t = 22 ns (Table 2).** Compared to
[(tpy)Ru(tppz)Ru(tppz)](PF¢)s, which lacks a rhodium electron acceptor,
ASm = 830 nm, @™ = 1.10 x 1073 t = 100 ns, the emission from the
Ru(dn) - tppz(n*) *MLCT state of [(tpy)Ru(tppz)RhCl5](PF), is reduced by
80% due to intramolecular electron transfer leading to the population of the
lower lying Ru(dm) - Rh(do*) *"MMCT state (Fig. 20). Emission quenching for
[(tpy)Ru(tppz)RhCL3](PF¢), via electron transfer is efficient with a ke of
3.5 x 107s7 "

Energy-transfer quenching of the emissive *MLCT excited state by
the Rh(III) is unlikely in this system due to the lower energy of the *MLCT
excited state, which will shift it below the energy typically expected for the
rhodium >LF state. At 77 K, an intense structured emission is observed in an
ethanol/methanol glassy solvent with a concomitant increase in the excited state
lifetime (t = 330 ns) (Table 2).** This excited state lifetime is comparable to the
reported excited state lifetime of [(tpy)Ru(tppz)Ru(tppz)](PF¢)s at 77 K (t = 360
ns). Similar excited state lifetimes for [(tpy)Ru(tppz)RhCl;](PFs), and
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FIGURE 20. State diagram for [(tpy)Ru(tppz)RhCl3](PFg),. GS = ground state,
MLCT = metal-to-ligand charge-transfer, MMCT = metal-to-metal charge-transfer,
k, = rate constant for radiative decay, k,, = rate constant for non-radiative decay, k.
= rate constant for intersystem crossing, k., = rate constant for electron transfer.

[(tpy)Ru(tppz)Ru(tppz)](PFe)4 are expected, if intramolecular electron transfer,
prohibited in the frozen matrix, is responsible for the decrease in *“MLCT emission
at RT.

I. Photoinitiated Electron Collection

The coupling of two LAs to a single rhodium-based electron collector (EC)
should afford photoinitiated electron collection. Photoinitiated electron collec-
tion is a process by which light energy is used to collect reducing equivalents.
Photoinitiated electron collection has been of long-term interest, although elusive
due to the complexity of multielectron photochemistry. The development of
supramolecular assemblies that function as photoinitiated electron collectors
allows for the development of solar hydrogen production schemes using these
complexes.'>!'® The first functioning photoinitiated electron collector in a
molecular system was reported by Brewer.*> The supramolecular assembly
couples two ruthenium LA units to a central iridium that functions to electro-
nically isolate the two LA subunits. The [{(bpy),Ru(dpb)},IrCl,](PF¢)s system
when excited with visible light in the presence of the electron donor, N,N-
dimethylaniline (DMA), photochemically reduces by two electrons to form
[{(bpy)>Ru(dpb)}»IrCL]*". MacDonnell and Campagna®® reported two Ru-Ru
bimetallic complexes of the molecular architecture [(phen),Ru(BL)Ru(phen),]*"
(BL = phenanthroline-pyrazine-benzene-pyrazine-phenanthroline (tatpp) or
phenanthroline-pyrazine-quinone-pyrazine-phenanthroline (tatpq)), that photo-
chemically collect up to four electrons on the bridging ligand (BL) in the presence
of triethylamine (TEA). These systems couple two ruthenium LA units through an
extended aromatic BL. Bocarsly has studied a series of Pt(IV) centered trimetallic
complexes of the form [(NC)sM"(CN)Pt'Y(NH;),(NC)M'(CN)s]* (M = Fe, Ru,
or Os) that undergoes photoinitiated electron collection on metal centers using two
Fe, Ru, or Os LAs.>” Nocera has made significant contributions to the field of
multielectron photochemistry. Nocera®® designed a dirhodium photocatalyst,
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[Rh,"°(dfpma)(PPh3)(CO)] (dfpma = MeN(PF,),), that undergoes photoche-
mical multielectron chemistry.

i. LA-BL-Rh-BL-LA Supramolecular Assemblies

Brewer et al. have designed trimetallic supramolecular assemblies that
combine two Ru(II)/Os(II) LAs to a single Rh(III) acceptor through polyazine
BLs.>* 7 A wide array of such complexes have been studied, which provides
considerable insight into the perturbations of subunit properties upon assembly
into these trimetallic assemblies.*® *’ In addition, this structural motif has found
application in photoinitiated electron collection,**** solar energy conversion,***
and light-activated DNA cleavage.***’ The supramolecular assemblies provide
TL-LA-BL-Rh-BL-LA-TL molecular architectures (LA = Ru or Os, X = Cl or
Br, TL = 2 bpy ligands, 2 phen ligands, or tpy and CI ligands, BL = dpp, dpq
(2,3-bis(2-pyridyl)quinoxaline), dpb (2,3-bis(2-pyridyl)benzoquinoxaline), or
bpm). The trimetallic complexes, including representative examples having the
general formula [{(bpy)>M(BL)}>,RhX>]" (M = Ruor Os, BL = dpp, dpq, dpb,
or bpm, X = Cl or Br) and [{(tpy)MCI(BL)},RhCL]*" (BL = Ru or Os, BL =
dpp or bpm), have been synthesized and their electrochemical and photochemical
properties investigated.*~** The complexes have spectroscopic, redox, and photo-
chemical properties dictated by the components used. The rhodium coordination in
these complexes, in contrast to most previously studied systems, includes poten-
tially labile monodentate halide ligands, providing for the possibility of photo-
reactivity in these assemblies. The synthesis of the complexes follows a building
block approach with incorporation of the Rh(III) center being the final step.

ii. Redox Properties of LA-BL-Rh-BL-1L A

Electrochemistry of the LA-BL-Rh-BL-LA molecular architectures demon-
strates the typical metal-based oxidations and the ligand-based reductions. Table 1
summarizes the electrochemical potentials of the trimetallic complexes. A
representative cyclic voltammogram of [{(bpy),Ru(dpp)}>RhCL,]’" is illustrated
in Figure 21. Oxidative electrochemistry shows overlapping Ru'/™ oxidations at
1.59 V, indicating some degree of electronic isolation of the two ruthenium subunits.
The reductive electrochemistry shows an irreversible Rh™™"! reduction at —0.42 V
followed by two reversible dpp” ~ reductions at —0.81 and —1.05 V.3° The oxidative
and reductive electrochemistry predicts the Ru(dn) nature of the HOMO and the
Rh(do*) nature of the LUMO. Upon changing the BL from dpp to dpq, the
reductions move to the more positive potentials —0.17 and —0.36 V, consistent with
the lower-energy n* orbitals of dpq relative to dpp. Consistent with the electro-
chemistry observed for similar complexes, the Rh™/™! reduction is followed by
rapid loss of chlorides.”® The systems with BL = dpb or bpm display orbital
inversion with the BLY ~ reductions occurring before the Rh™™"! reduction.**!
The electrochemistry implies that when the BL is dpp or dpq, the LUMO is
Rh(dn*)-based, while for the dpb and bpm systems it is BL(n*)-based. These
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FIGURE 21. Cyclic voltammogram of [{(bpy),Ru(dpp)},RhCL,]>* (bpy = 2,2-
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine).

BL(%*) and Rh(do*) orbitals can be in very close energetic proximity in this
structural motif. Similar to the dpp-based system, the Ru'/™! oxidations for the
dpg- and dpb-based systems occur as a reversible oxidation at ~ 1.50 V. The Ru"/™
oxidation for the bpm system occurs at 1.66 V. Substitution of the Cl on the
rhodium in the dpp-based system with Br affords [{(bpy)>Ru(dpp)}>RhBr,]*"
having similar electrochemical properties.*> The Rh™™! reduction in
[{(bpy)Ru(dpp)},RhBr,]>* occurs 40 mV more positive than the chloride analog
at —0.38 V, consistent with the weaker o-donor ability of Br~ vs CI™.

The tpy ligand provides some stereochemical control in
supramolecular complexes by eliminating A and A isomeric mixtures
associated with the tris(bidentate) metal centers. Substitution of the TL, bpy
in [{(bpy),Ru(BL)},RhCL]’" (BL = dpp or bpm), with tpy and CI affords
[{(tpy)RuCI(BL)},RhCL]*" (BL = dpp or bpm).** The Ru'™ oxidation of
[{(tpy)RuCl(BL)}»RhCL,]** (BL = dpp or bpm) occurs as a reversible couple at
a less positive potential than the bpy-based system at 1.08 V. This is consistent
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with a more electron rich ruthenium center due to Cl coordination in place of a
pyridine ring. The reductive electrochemistry of [{(tpy)RuCl(dpp)}>RhCL]*",
shows an irreversible Rh"™/™! reduction at —0.53 V followed by two quasi-
reversible reductions at —0.92 and —1.25 V due to dpp” for each BL.* It is
interesting that the rhodium reduction of [{(tpy)RuCl(bpm)},RhCl,]** appears
as two closely spaced irreversible reductions at —0.31 and —0.43 V, respectively,
for Rh™™ and Rh™" reduction process. This indicates some added stability of
the Rh(II) oxidation state in this complex. Scanning to more negative potentials
reveals the sequential one-electron reductions due to bpm®~ for each BL. The
electrochemistry of [{(tpy)RuCl(BL)}»RhCL]*" (BL = dpp or bpm) suggests
the Ru(dn) nature of the HOMO and the Rh(do*) nature of the LUMO. The
electrochemical behavior of [{(tpy)RuCl(bpm)}>»RhCl,]** with a Rh(do*)-based
LUMO is in marked contrast to [{(bpy)Ru(bpm)},RhCL]’" with a BL(n*)-
based LUMO. The differences in the orbital energetics of the LUMOs in the two
complexes exemplify the significance of component modulation and the close
energetic proximity of the Rh(do*) and the BL(c*) orbitals in these structural
motifs. Replacing the light-absorbing ruthenium metal with osmium in
[{(bpy)-Ru(dpp)}>RhCL]’" and [{(tpy)RuCl(dpp)}>RhCL,]** systems affords
[{(bpy),0s(dpp)}>RhCL>* and [{(tpy)OsCl(dpp)}>RhCl,]**.#** Osmium is ea-
sier to oxidize than ruthenium due to the higher energy dr orbitals in osmium.
Consistent with this, the Os"™ oxidations of [{(bpy)>Os(dpp)}>RhClL,]*" and
[{(tpy)OsCl(dpp)}»RhCL]*" occur at the less positive potentials of 1.17
and 0.81 V, respectively.*** The Os"™™ oxidation for the tpy-based
system occurs at the least positive potential, consistent with the more
electron rich osmium in [{(tpy)OsCl(dpp)}>RhCL]*" due to coordinated Cl.
The complexes [{(bpy),Os(dpp)}>RhCL]°" and [{(tpy)OsCl(dpp)}>RhCL]*"
possess irreversible first Rh"/™!' reductions at —0.44 and —0.56 V,
respectively, followed by sequential reduction of the two dpp BLs at
—0.81 and —1.05 V for [{(bpy),Os(dpp)}>RhCL,]>* and —091 and
—1.25 V for [{(tpy)OsCl(dpp)},RhCL]*". The Rh"™M™' reductions for
[{(tpy)RuCl(dpp)}>RhCL](PFq); and  [{(tpy)OsCl(dpp)}2RhCl](PFe); are
shifted to more negative potentials of —0.44 and —0.56 V, respectively, than
systems with two bpy TLs. The [{(bpy)>-M(BL)},RhX,]>" (M = Ru or Os,
BL = dpp or dpq, X = Cl or Br) and [{(tpy)MCI(BL)}>,RhCL]*" (M = Ru or
Os, BL = dpp or bpm) systems all possess Ru(dr) HOMOs and Rh(dc*)
LUMO:s. These systems provide a structural motif with an optically populated
MLCT state but a lowest-lying *MMCT state. All systems with lowest-lying
SMMCT states that have been tested are DNA photocleavage agents. They are
unique because they cleave DNA in the presence or absence of O,.* %6
Furthermore, these systems are able to collect two electrons on the rhodium
center, making them important as photoinitiated electron collectors.

iii. Spectroscopic Properties of LA-BL-Rh-BL-LA
The trimetallic complexes coupling two ruthenium or osmium LAs to a
central rhodium absorb efficiently throughout the UV and visible regions of the



Supramolecular Complexes 331

spectrum with transitions characteristic of each subunit of TL-LA-BL compo-
nent. The electronic absorption spectra of these complexes display TL- and BL-
based m— r* transitions in the UV region and M(dn) —» TL(n*) and M(dn)—
BL(n*) MLCT transitions in the visible region. The energies of the lowest lying
transitions for the trimetallic complexes are given in Table 2. The electronic
absorption spectra of [{(bpy),Ru(BL)}>RhCL]>* (BL = dpp, dpq, dpb, or
bpm),*®*' are similar exhibiting intense 1—n* TL and BL transitions in the
UV and Ru(dn)— bpy(n*) and Ru(dn)— BL(n*) MLCT transitions in the visible.
The Ru(drm)— bpy(n*) MLCT transition occurs between 410 and 420 nm for
all complexes. Consistent with the electrochemical properties and the decreased
HOMO-LUMO gap, the Ru(dn)— BL(n*) MLCT transitions shift to lower
energy as the BL is varied from dpp (Ama™® = 520 nm) to dpq (hmax™> = 584 nm)
t0 bpm (hmax™™ = 594 nm) to dpb (™™ = 662 nm). The electronic absorption
spectra of [{(bpy),Ru(dpp)},RhX,]*" (X = Cl or Br) are virtually identical,***
showing light absorption properties are not greatly affected by substitution of the
halide on the rhodium center. The electronic absorption spectra for the tpy-based
systems [{(tpy)RuCl(BL)},RhCL]*" (BL = dpp or bpm) are also very similar to
the bpy analogs.*® Significant spectral differences are observed in the visible
regions for this series of complexes, consistent with the modulation of the ener-
getics by the TL and BL and as indicated by electrochemistry. The [{(tpy)RuCl
(bpm)},RhCL]*" and [{(tpy)RuCl(dpp)}>RhCL,]** systems show Ru(dm)—
bpm(n*) and Ru(drn)—dpp(n*) MLCT transitions at lower energies (hmax"
= 656 and 540 nm, respectively) compared to [{(bpy)>Ru(dpp)}>RhCL]>"
(hmax"™ = 520 nm) and [{(bpy)2Ru(bpm)};RACLI™ (hnax"™ = 594 nm). >
The complexes [{(bpy)>Os(dpp)}>RhCL]* and [{(tpy)OsCl(dpp)}>RhCl,]**
have similar spectroscopies to their ruthenium analogs. The Os(dr)— dpp(n*)
MLCT transitions occur at slightly lower energies, reflective of the higher
energy Os(dn) orbitals observed in electrochemistry. The electronic absorption
spectra of the osmium complexes also show higher intensities in their low-
energy tails due to the higher spin-orbit coupling contribution in Os enhancing
the *MLCT absorption.** %3

iv. Photochemical and Photophysical Properties of LA-BL-Rh-BL-LA

Emission spectroscopy is used to probe the excited state dynamics of
the Ru(Il)/Os(II)-Rh(I11) trimetallic complexes. Optical excitation of the
Ru/Os(dn) 'MLCT states in this structural motif, leads to intersystem crossing,
populating the *MLCT states that are often emissive. In systems that possess
Ru/Os(dn)-based HOMOs and Rh(dn*)-based LUMOs, the presence of low-
lying Rh(do*) orbitals affords low-lying *"MMCT states that can be populated
by intramolecular electron transfer. Intramolecular electron transfer to popu-
late the *MMCT states quenches the emission from the *MLCT states, giving
short excited state lifetimes. The complexes [{(bpy),Ru(dpp)}>,RhX5]*"
(X = CI and Br)** display weak emissions from the Ru(dm)—dpp(n*)
SMLCT states at AS%, = 760 nm (@™ = 7.3 x 107> and 1.5 x 1074
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FIGURE 22. State diagram rhodium centered supramolecular assemblies incorporating
low-lying MMCT states, showing only lowest-lying excited states. GS = ground state;
MLCT = metal-to-ligand charge-transfer; k., = rate constant for radiative decay; k,, =
rate constant for non-radiative decay; ki, = rate constant for intersystem crossing.

respectively) at RT in deoxygenated acetonitrile solutions following Ru(dn)—
dpp(n*) "MLCT excitation at 520 nm. Compared to the model system
[(bpy)>Ru(dpp)Ru(bpy),](PF¢)4 without a rhodium electron acceptor (Afpax =
744 nm, @™ = 1.38 x 107°), the emissions from the Ru(dm)—dpp(n*)
*MLCT state of [{(bpy)Ru(dpp)}>RhCL]*" and [{(bpy)Ru(dpp)}>RhBr,]"
are reduced by 95% and 89%, respectively (Fig. 22). The rates of electron
transfer to populate the *MMCT states from the *MLCT states for
[{(bpy).Ru(dpp)},RhCLI"  and  [{(bpy)>Ru(dpp)}>RhBr,]>" are similar,
ke = 12 x 10® s7' and 52 x 107 s7', respectively.”*** The complex
[{(bpy)Ru(bpm)}>RhCl,]>* is weakly emissive at RT in acetonitrile solution
(\&m =800 nm, T = 10 ns).** The other mixed-metal trimetallic complexes do not
display detectable emissions in the visible region. This is not surprising considering
the expected lower-energy "M LCT states in these systems. Generally, lower-energy
SMLCT states display weaker emissions and are shorter lived, consistent with the
energy gap law.”> Table 2 summarizes the electrochemical and photophysical
properties of the mixed-metal trimetallic complexes.

v. Photoinitiated Electron Collection on a Rhodium Center

Both [{(bpy).Ru(dpp)},RhCL]*" and [{(bpy).Ru(dpp)}RhBr,]" in the
presence of an ED can undergo photoinitiated electron collection at the rhodium
center. These represent the first complexes to undergo light-activated electron
collection at a metal center with the molecular assembly remaining intact. In the
presence of the electron donor, N,N-dimethylaniline (DMA), the complexes
[{(bpy)2Ru(dpp)},RhCL]" and [{(bpy).Ru(dpp)},RhBro]*" undergo photore-
duction, which is followed by halide loss to produce the coordinatively
unsaturated Rh(I) species, [{(bpy).Ru(dpp)}.Rh']’". Photoinitiated electron
collection at the rhodium center allows use of these complexes as photocata-
lysts.>**? The decreased electron withdrawing and increased electron donating
ability of the Rh(I) center in [{(bpy),Ru(dpp)}-Rh'}>*, destabilizes the dpp(r*)
orbitals, shifting the Ru(dr) —dpp(n*) MLCT band to higher energy (Fig. 23).
The electrochemical reduction and the resultant spectroscopy are correlated with
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FIGURE 23. Electronic  absorption  spectra  for the conversion of
[{(bpy)>Ru(dpp)}>RhCL]’* to the two-electron-reduced form [{(bpy),Ru(dpp)},Rh']>*
electrochemically (a) and photochemically (b). The complexes were photolyzed at 470
nm in the presence of DMA. (bpy = 2,2"-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine,
DMA = N,N-dimethylaniline).*

a photochemical experiment, establishing that this complex is reduced by
multiple electrons photochemically at the metal center.*

vi. Photochemistry with LA-BL-Rh-BL-LA Architectures

The photochemically reduced Rh(I) species formed by photoinitiated
multielectron collection can interact with substrates and participate in light to
chemical energy conversion schemes. The complexes [{(bpy)Ru(dpp)}>RhX>]>*
(X = Cl and Br) are the first photoinitiated electron collectors to
photochemically produce hydrogen from water.>**  Photolysis of
[{(bpy)Ru(dpp)}>RhX>]>" (X = Cl and Br) in the presence an electron donor
affords the Rh(I) complex [{(bpy),Ru(dpp)}>Rh']’* and two halides. In the
presence of water, photolysis produces hydrogen.

In addition to the application as a solar hydrogen photocatalyst,
[{(bpy)>Ru(dpp)},RhCL,]*"is the first supramolecular system shown to photo-
cleave DNA in an oxygen-independent manner.*® The use of [{(bpy)>Ru(dpp)}»
RhCL,]*" as a photodynamic therapy agent has also been communicated.*” DNA
photocleavage occurs through a low-lying Ru(dn)— Rh(dc*) metal-to-metal
charge-transfer (PMMCT) when irradiated with low-energy visible
light, with or without molecular oxygen. Similarly, the complexes
[{(bpy)>Os(dpp)}>RhCl,]>*and [{(tpy)RuCl(dpp)}>RhCl,]>* also possess low-
lying Ru(dn)— Rh(do*) *MMCT states and photocleave DNA when excited
with visible light. By contrast, [{(bpy),Ru(bpm)}>RhCL]*", which does not
possess a low-lying Ru(dm)— Rh(do*) *MMCT state, does not photocleave
DNA. This study demonstrated the significance of the Ru(dm)— Rh(dc*)
SMMCT in the photocleavage event.*® The application of the Ru(II)/Os(II)-
Rh(III) systems in DNA photocleavage and hydrogen generation show the value
of coupling reactive metals to LAs in broad applications.
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1. SUPRAMOLECULAR COMPLEXES COUPLING
Ru(II), Os(IT) AND Pt(II) POLYAZINE LIGHT
ABSORBERS TO REACTIVE METAL CENTERS

The electrochemical and photophysical properties of a variety of mixed-
metal supramolecular complexes incorporating Ru/Os(II)-polyazine LA to reac-
tive Pt(II) systems have been investigated.*® ®” Coupling a polyazine LA to a
reactive Pt(IT) center may impart both the rich redox and photophysical properties
of the polyazine LA to the spectroscopic and reactive properties as well as the DNA
binding ability of Pt(II). The use of a supramolecular design, allows component
modification to enhance device function and light-absorbing properties.

A. Cyanide-Bridged Ru(II)-Pt(II) Complexes:
[(bpy)2(CN)Ru(CN)Pt(dien)|(C1O,), and
[(dien)Pt(NC)(bpy),Ru(CN)Pt(dien)|(C10.,),

Scandola et al. have investigated the redox and photophysical properties of
the  Ru(Il)-Pt(II) complexes [(bpy)>(CN)Ru(CN)Pt(dien)](ClO4), and
[(dien)Pt(NC)(bpy),Ru(CN)Pt(dien)](ClO4)4 containing the [Ru(bpy),(CN),]
and [Pt(dien)]*" (dien = diethylenetriamine) moieties in 1:1 and 1:2 ratios
(Fig. 24).*® The use of cyanide as a bridge provides strong electronic coupling of
the metal centers.

ok ok
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FIGURE 24. Representations  of  [(bpy)2(CN)Ru(CN)Pt(dien)](ClO4), and
[(dien)Pt(NC)(bpy),Ru(CN)Pt(dien)](ClO4)4 (bpy = 2,2"-bipyridine, dien =
diethylenetriamine).

i. Redox Properties of [ (bpy):(CN)Ru(CN)Pt(dien) ] (ClO,), and

[ (dien) Pt(NC) (bpy );Ru(CN) Pt(dien) | (ClO,),

The electrochemistry in DMF shows the typical metal-based oxidations
and ligand-based reductions characteristic for ruthenium polyazine complexes
(Table 3).* The redox couples in the [(bpy)>(CN)Ru(CN)Pt(dien)](ClO,), and
[(dien)Pt(NC)(bpy),Ru(CN)Pt(dien)](ClO4)4 complexes are more positive than
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the corresponding redox chemistry of [Ru(bpy)>(CN),]. The reductive electro-
chemistry shows bpy”~ reductions at —1.62, —1.50, and —1.68 V for
[(bpy)2(CN)Ru(CN)Pt(dien)](ClOy),, [(dien)Pt(NC)(bpy)>Ru(CN)Pt(dien)](ClOy)4,
and [Ru(bpy),(CN),], respectively.*® The small shift toward positive potentials in
the Ru(Il)-Pt(I) complexes relative to [Ru(bpy),(CN),], is attributed to the
increase in the positive charge in [(bpy)>(CN)Ru(CN)Pt(dien)](ClO4), and [(dien)
Pt(NC)(bpy),Ru(CN)Pt(dien)](ClO4)4, making the reduction more facile.
The oxidative electrochemistry shows reversible Ru'™ oxidations at
1.03, 086, and 073V for [(bpy)(CN)Ru(CN)Pt(dien)](ClOy),,
[(dien)Pt(NC)(bpy)>,Ru(CN)Pt(dien)](ClO,)4, and [Ru(bpy),(CN),], respectively.
The positive shift in the oxidation potential of the Ru(II)-Pt(I) complexes
relative to [Ru(bpy),(CN),] is attributed to the electron-withdrawing ability of
platinum, which stabilizes the Ru(dr) HOMO. The authors suggest the
less-positive  Ru™™ couple for [(dien)Pt(NC)(bpy)>Ru(CN)Pt(dien)](ClO.),
(0.86 V) relative to [(bpy)>(CN)Ru(CN)Pt(dien)](ClO4), (1.03 V) as due to the
presence of Pt-Pt axial interactions in [(dien)Pt(NC)(bpy),Ru(CN)Pt(dien)](CIO.),.

ii. Spectroscopic Properties of [(bpy),(CN)Ru(CN)Pt(dien)](ClOy),

and [(dien) Pt(NC)(bpy);Ru(CN) Pt(dien) | (ClOy),

The Ru(II)-Pt(I) complexes show absorptions throughout the UV and
visible regions of the spectrum. The electronic absorption spectra of the
complexes were reported in DMF and water and are shown to be solvent
dependent. The absorption maxima in the visible region moving to higher energy
with increasing number of platinum centers is consistent with the electrochemical
properties (Table 4).* The visible region of the electronic absorption spectra are
dominated by the Ru(dr)— bpy(n*) MLCT transitions appearing at Apay">> =
460, 426, and 505 nm in DMF for [(bpy),(CN)Ru(CN)Pt(dien)](ClOy),,
[(dien)Pt(NC)(bpy),Ru(CN)Pt(dien)](ClO4)4, and [Ru(bpy)»(CN),], respectively.
More subtle changes are observed in aqueous systems with Ama,™ ranging
between 408 and 428 nm.

iii. Photochemical and Photophysical Properties of

[(bpy),(CN)Ru(CN)Pt(dien) | (ClOy), and

[ (dien) Pt(NC) (bpy);Ru(CN)Pt(dien) ] (ClO,),

Emission spectroscopy was used to study the excited state dynamics in
Ru(II)-Pt(Il) cyanide-bridged complexes. Emission spectra of the complexes
exhibit parallel shifts to absorption. Relative emission intensities of 3 and 1 for
[(bpy)>(CN)Ru(CN)Pt(dien)](ClO4)> and [(dien)Pt(NC)(bpy)>Ru(CN)Pt(dien)]
(ClOy)4, respectively, are observed relative to [Ru(bpy)»(CN),]. The complexes
[(bpy)2(CN)Ru(CN)Pt(dien)|(ClO4),, [(dien)Pt(NC)(bpy),Ru(CN)Pt(dien)|(ClO4)s,
and [Ru(bpy)»(CN),] emit from the Ru(dm)— bpy(n*) *MLCT state, with
Amax = 630, 580, and 680 nm; t = 630, 90, and 205 ns in DMF and A, ™
= 590, 580, and 620 nm; T = 140, 60, and 250 ns in water, respectively, under
deaerated conditions at RT.*® The emission profile for all complexes at RT and
77 K are very similar, suggesting that the bridged platinum does not introduce
new low-energy states in the Ru(I)-Pt(II) system.
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All three cyanide-bridged complexes are powerful excited state reductants.
The emissions from the Ru(dnt)—bpy(n*) >*MLCT states of
[(bpy)2(CN)Ru(CN)Pt(dien)](ClOy),, [(dien)Pt(NC)(bpy)>Ru(CN)Pt(dien)|(ClOy)4,
and [Ru(bpy),(CN),] are efficiently quenched by methylviologen dication in
aqueous solutions, in which k, = 2.2 x 10°, 7.4 x 108, and 3.5 x 10° M"'s”,
respectively. Functionalization through the cyanide bridges modulates the
excited and redox properties of [Ru(bpy)>(CN),], while maintaining the original
photochemical properties of this complex. Despite the conjugated nature of the
small cyanide bridge, many of the desirable properties of the Ru''(bpy), sub-
unit are maintained in this structural motif.

B. A Ru(I)-Pt(II) Complex as a Chemodosimeter

The cyano-bridged trinuclear heterobimetallic Ru(Il)-Pt(II) complex,
[Ru(phen),{(CN)Pt(DMSO)CL},]*" (Fig. 25), was reported as a chemodosimeter
for selective sulfhydryl-containing amino acids and peptides by Wong et al.** The
[Pt"(DMSO)CL,] components within the Ru(II)-Pt(II) complex act as electron
acceptors, leading to quenching of the emission from the Ru(dm)— phen(n*)®
MLCT state.*’ Selective binding of the Pt(II) center to the sulfhydryl-containing
amino acids and peptides leads to cleavage of the cyano-bridge and the
restoration of the Ru(dm)— phen(n*) *MLCT emission of the polyazine
LA. The proposed Ru(dm)— phen(n*) MLCT transition occurs at Amg> =
384 nm. The MLCT transition is blue shifted from the corresponding transition
of [Ru(phen)>(CN)s] (Amax™™ = 452 nm). The Ru(dn)— phen(t*) *MLCT
emission also shifts to higher energy (Amax- " = 595 nm) compared to [Ru(phen),
(CN)3] (Anax™® = 621 nm) with decreased intensity (Table 4). Addition of thiol
amino acids shifts the A" from 595 to 621 nm, with significant enhancement
in intensity. This study demonstrated the use of a Ru(IT)-Pt(II) complex in which
the Pt(II) center acts as a selective binding site and the Ru(II) center participates
in signal transduction.

FIGURE 25. Representation of [Ru(phen),{(CN)Pt(DMSO)Cl,},]*" (phen = 1,10-
phenanthroline).
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C. Ru(II)-Pt(IT) Complexes Bridged by Flexible Spacers

Rillema et al. compared the redox and photophysical properties of the
Ru(I)-Pt(IT) heterobimetallic complex [(bpy)>Ru(Mebpy-CH,-CH,-Mebpy)
PtCL](PFs), (Fig. 26) with the monometallic and the homo-
bimetallic complexes, [(bpy).Ru(Mebpy-CH,-CH,-Mebpy)](CF3S03), and
[(bpy),Ru(Mebpy-CH,-CH,-Mebpy)Ru(bpy),](CF3S0;),.°" The use of these
flexible unconjugated bridges provides weak coupling of the metals.

\ 7/
FIGURE 26. Representation of [(bpy),Ru(Mebpy-CH,-CH,-Mebpy)PtCLJ*" (2,2
bipyridine, Mebpy = 4-methyl-2,2'-bipyridine).

i. Redox Properties of [ (bpy),Ru( Mebpy-CH,-CH,-Mebpy ) PtCL, ] (PFy),

The redox chemistry (in propylene carbonate using Et;NCIO,4 as the
supporting electrolyte) (Table 3) suggests weak coupling in the Ru(II)-Pt(II)
bridged complex. The oxidative electrochemistry of the Ru(II)-Pt(II) complex
shows a Ru"™™" couple at 1.19 V and the reductive electrochemistry shows
bpy” ™ couple at —1.39 V.3 The Ru(II)-Pt(II) complex reveals an additional
reduction at —1.28 V due to Mebpy”~ reduction.”® The electrochemical
properties of the Ru(II)-Pt(II) complex predict a Ru(dn)-based HOMO and a
Mebpy(rnt*)-based LUMO in this structural motif.

ii. Spectroscopic Properties of

[ (bpy):Ru(Mebpy-CH,-CHy-Mebpy ) PtCl ] (PFy),

The Ru(I)-Pt(II) complexes display absorptions characteristic of ruthe-
nium and platinum polyazine complexes. The electronic absorption spectra of
the complexes in propylene carbonate are very similar to Ru(dr)— ligand(m;*)
and Ru(dm)— ligand(n,*) MLCT transitions occurring at Ama.*® = 457 and
360 nm and ligand-based t—7* transitions between 250 and 289 nm (Table
4).>° The homobimetallic complex, [(bpy),Ru(Mebpy-CH,-CH,-Mebpy)Ru
(bpy)-](CF5S03)4, shows twice the absorptivity of [(bpy),Ru(Mebpy-Mebpy)]
(CF3803), and [(bpy)>Ru(Mebpy-CH,-CH,-Mebpy)PtCl,](PF¢),, consistent

abs

with the presence of the two LA units. The absorption at Ay, = 324 nm
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in [(bpy)Ru(Mebpy-CH,-CH,-Mebpy)PtCl,](PF¢), is attributed to the
Pt(dn) —»ligand(n*) MLCT transition. All the complexes display emissions
from the Ru(dn)— ligand(®*) *MLCT state with ® ~ 0.06 and T = 1009, 1037,
and 1034 ns for [(bpy),Ru(Mebpy-Mebpy)|(CF3SO03),, [(bpy).Ru(Mebpy-CH,-
CH»-Mebpy)Ru(bpy),](CF3S03)4, and  [(bpy)Ru(Mebpy-CH,-CH>-Mebpy)
PtCl,](PF¢)>, respectively. The redox and photophysical properties of these
complexes are similar to [Ru(bpy)s]*", indicating weak coupling, providing the
groundwork for additional studies exploiting the properties of the Ru LA and
reactive Pt metal subunits.

FIGURE 27. Representation of [(bpy),Ru(bpm)PtCL,]** (bpy = 2.,2'-bipyridine, 2,2
bipyrimidine).

D. A bpm-Bridged Ru(II)-Pt(IT) Complex:
(bpy)2Ru(bpm) PtCL|**

Rillema et. al have communicated the Ru(Il)-Pt(Il) system,
[(bpy)>Ru(bpm)PtCl,]*"(Fig. 27), bridged by a rigid bpm spacer ligand.”' The
bpm bridge provides significant coupling of bridged metals and a symmetric
AA chelate to both metals.

i. Redox Properties of [ (bpy);Ru(bpm)PtCl, 7t

The Ru(II)-Pt(II) complex shows a Ru'"™oxidation at 1.35 V (in
propylene carbonate using Et;NClO4 as the supporting electrolyte) (Table
3).>! For comparison, the Ru'"™oxidation for the monometallic synthon,
[(bpy)>Ru(bpm)]**, occurs at 1.35 V, while the Ru"/™oxidation for the homo-
bimetallic complex, [{(bpy)>Ru}»(bpm)]**, occurs as two one electron oxidations
at 1.51 and 1.68 V. The oxidative electrochemistry suggests that good commu-
nication exists between the two metal centers of [{(bpy),Ru},(bpm)]*', whereas
poorer communication exists between the two metal centers of the Ru(II)-Pt(II)
complex. The reductive electrochemistry for the Ru(II)-Pt(I) complex shows
ligand-based reductions at —0.35 and —1.02 V. corresponding to bpm®~ and
bpm />, respectively. For comparison, the corresponding reductions for
[(bpy),Ru(bpm)** appear at —1.02 and —1.46 V, whereas they appear at
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—0.42 and —1.09 V for [{(bpy)>Ru}»(bpm)]*". The positive shifts in the
reduction potentials for the Ru(Il)-Pt(I) complex suggest the stabilization of
the bpm ligand orbitals on platinum coordination. The electrochemistry predicts
a Ru(dm)-based HOMO and bpm(n*) LUMO in this complex.

ii. Spectroscopic Properties of [(bpy),Ru(bpm)PtCL]**

The electronic absorption spectrum for [(bpy),Ru(bpm)PtCl,]** displays
the normal ligand-based m—n* transition in the UV region and the MLCT
transitions in the visible region.”® The Ru(dm)—bpm(n*) MLCT transition
oceurs at Amax*® = 571 nm, at lower energy than in [(bpy)>Ru(bpm)]* (rmax™™
= 484 nm), consistent with platinum coordination. No excited state properties
are reported for the Ru(II)-Pt(IT) complex. Complexes bridged by bpm are often
weakly emissive at best. This bpm-bridged complex, in contrast to the previously
discussed systems, displays significant perturbations of the LA properties upon
coordination of the Pt(II) reactive metal.

E. Ru(IT)-Pt(Il) dpp-Bridged Complexes:
[(bpy)2Ru(dpp)PtMe,|** and [(bpy);Ru(dpp)PtCL|**

Yam et al. communicated the redox and photophysical properties of the
Ru(ID)-Pt(II) complexes [(bpy).Ru(dpp)PtMe,]*" and [(bpy),Ru(dpp)PtClL,]**
(Fig. 28).°? X-ray crystallographic analysis of [(bpy)>Ru(dpp)PtCL](PFs),
revealed a ruthenium center with a distorted octahedral geometry and a platinum
center with distorted square planar geometry. The dpp BL is the most widely
studied polyazine BL and provides significant coupling of the bridged metals and
often emissive LA subunits.

i. Redox Properties of [ (bpy),Ru(dpp)PtMe,]*" and

[ (bpy)2Ru(dpp) PtCLy|**

The electrochemistry (in acetonitrile using BuyNPF¢ as the supporting
electrolyte) revealed ligand-based reductions and metal-based oxidations
(Table 3).>> The reductive electrochemistry of [(bpy),Ru(dpp)PtMe,]*" showed
four reversible reductions between —0.84 and —1.83 V, with the least negative

FIGURE 28. Representations of [(bpy),Ru(dpp)PtMe,]*" and [(bpy).Ru(dpp)PtCL]*"
(bpy = 2,2"-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine).
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reduction at —0.84 V due to dpp”~, followed by dpp”? and two sequential
bpy” ™ couples. The stabilization of the dpp(n*) orbitals on metal coordination
affords a significant shift in the ligand reduction potentials to more positive
values for the Ru(Il)-Pt(II) complexes. The reduction potentials of
[(bpy)>Ru(dpp)PtCL,]> (—=0.54 V for dpp”~) are shifted to more positive
potentials than the homobimetallic synthon, [{(bpy),Ru}-(dpp)]*" (-=0.67 V
for dpp”™), and the monometallic synthon, [(bpy).Ru(dpp)]** (=1.06 V for
dpp?"), consistent with coordination of the more electron deficient PtCl,. The
Ru(I)-Pt(I1) complexes show an irreversible Pt(II)-based oxidation and rever-
sible Ru™™ oxidation. The Ru™™ couples appear at 1.63 and 1.57 V for
[(bpy),Ru(dpp)PtMe,]*" and [Ru(bpy)-(dpp)PtCL,]*", respectively. For com-
parison, the Ru'™™ couple of [(bpy),Ru(dpp)]*" occurs at a less positive
potential of 1.31 V. The electrochemistry predicts a Ru(dn)-based HOMO
and dpp(rn*)-based LUMO in these systems.

ii. Spectroscopic Properties of [ (bpy)>Ru(dpp)PtMe,]*" and

[ (bpy);Ru(dpp) PtCLJ**

The electronic absorption spectra for the Ru(I1)-Pt(II) dpp-bridged
systems show the typical absorptions expected for ruthenium and platinum
polyazine complexes. Both [(bpy)>Ru(dpp)PtMe,]*" and [(bpy)>Ru(dpp)PtCL,]*"
show intense Ru(dm)— bpy(n*) and Ru(dn)—dpp(n*) MLCT transitions in
the visible range between Xmaxabs = 422-440 and 500—524 nm, respectively,
with the Ru(dn)—dpp(n*) MLCT transitions occurring at lower energies
(Table 4).>> The dpp-based MLCT transitions shift to lower energies versus
the monometallic synthon, [(bpy),Ru(dpp)]*", consistent with the stabilization
of the Ru(dn) orbitals with Pt(IT) coordination.

iii. Photophysical and Photochemical Properties of

[ (bpy)>Ru(dpp) PtMe,]** and [ (bpy ),Ru(dpp) PtCL]**

Emission spectroscopy provides a probe into excited state dynamics.
Emissions from the Ru(dn)— dpp(n*) *MLCT states occur at Amax™ = 735
nm; t = 0.33 ps in acetone for [(bpy)>Ru(dpp)PtMe,]*" and hmax™ = 800 nm;
T = 0.45 ps in acetonitrile for [(bpy),Ru(dpp)PtCl,]*", compared to Apa™ =
682 nm; T = 0.38 ps for [(bpy)>Ru(dpp)]*"at RT (Table 4).> The observed
emission energies agree well with the ordering of the dpp(n*) energies detected
electrochemically. The lifetimes of the *MLCT states of the bimetallic com-
plexes are unexpectedly long. In a more detailed study, Yam et al. reported the
modulation of the electrochemical and photophysical properties by varying
the BL, the substituents on Pt, and the reactive metal.>> The dpp BL
electronically couples the Ru and Pt metal centers and significant changes in
the properties are seen relative to the monometallic synthons. In contrast to
most bpm-bridged complexes, dpp-bridged LA units often display relatively
intense and longer lived emissions from the BL-based *MLCT states.
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F. Ru(II)-Pt(I) Complexes Bridged by a BL. Ligand with
Two Inequivalent Sites.

Barigelletti et al. investigated the redox and photophysical properties
of a pair of isomeric complexes [(bpy).Ru(AB)PtCl](PF¢), and
[(bpy)>Ru(BA)PtCL](PFe), (AB = 2,2":3',2":6",2""-quaterpyridine) (Fig. 29).>*
The BL AB contains two bipyridyl chelating sites: one that is less sterically
hindered, (A), and one that is more sterically hindered (B) (Fig. 8) to which the
ruthenium and platinum centers are alternatively coordinated, leading to
complexes [(bpy),Ru(AB)PtCl,](PF¢)> and [(bpy)>Ru(BA)PtCIL,](PFg)-.

i. Redox Properties of [ (bpy);Ru(AB)PtCl,](PFgs), and

[ (bpy):Ru(BA) PtCL ] (PFy);

The energetics associated with the frontier orbitals in the Ru(II)-Pt(IT)
isomeric complexes were probed by electrochemistry. The oxidative electro-
chemistry of the Ru(I)-Pt(II) complexes in acetonitrile displayed irreversible
oxidations that were suggested to be Ru'/™-based at 1.35 and 1.48 V for
[(bpy)2Ru(AB)PtCl,](PF¢), and [(bpy),Ru(BA)PtClL,](PF¢),, respectively
(Table 3). The return wave for this Ru"/™ oxidation displayed lower current
at lower scan rates and became similar in current to the forward wave at fast
scan rates.”* Overlap of the Pt oxidation may lead to the observed irreversi-
bility. The ruthenium center coordinated to site B is more difficult to oxidize,
which implies greater stability of the Ru(dn) orbitals coordinated to this site.
The reductive electrochemistry of [(bpy),Ru(BA)PtCl,](PF¢), consists of four
reversible ligand-based reductions, at —0.95, —1.30, —1.52, and —1.75 V. The
reductive electrochemistry for [(bpy),Ru(AB)PtCl,](PF¢), consists of two irre-
versible reductions at —1.01 and —1.35 V, with the return waves displaying less

[(bpy)2Ru(AB)PICIoI** [(bpy)2Ru(BA)PICIoI*

FIGURE 29. Representations of [(bpy),Ru(AB)PtCL,]*" and [(bpy),Ru(BA)PtCI,]**
(bpy = 2,2"-bipyridine, AB = 2,2:3',2":6",2""-quaterpyridine).
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current, one broad reversible reduction at —1.52 V, followed by a fully reversible
reduction at —1.69 V.>* The first two reductions are attributed to the indepen-
dent reductions of the bpy-like sites of AB, while the other reductions are due to
reduction of the bpy ligands on ruthenium. For comparison, the oxidative
electrochemistry of [(bpy)Ru(AB)](PFs), consists of a reversible Ru'"/™
oxidation at 1.33 V, while the reductive electrochemistry consists of three
reversible ligand-based reductions at —1.23, —1.46, and —1.69 V, with the
reduction at —1.23 V due to reduction of AB. The positive shift in the AB
ligand-based reductions in the Ru(II)-Pt(II) complexes is attributed to the
greater stabilization of the AB(n*) orbitals with Pt""Cl, coordination.

ii. Spectroscopic Properties of [ (bpy),Ru(AB)PtCL](PFs); and

[ (bpy)>Ru(BA)PICL](PFy),

The Ru(II)-Pt(II) positional isomers display absorptions throughout the
UV and visible regions of the spectrum. The electronic absorption spectra of
the complexes show intense ligand-based absorptions in the UV region and
MLCT transition in the visible region. The lowest energy absorption due to the
Ru(dn)— AB(n*) MLCT transition occurs at Ama>° = 455 and 452 nm for
[(bpy)2Ru(AB)PtCL,](PF¢), and [(bpy),Ru(BA)PtCl,](PF¢),, respectively
(Table 4).>* For comparison, Ru(dn)—AB(n*) MLCT transition of
[(bpy)>Ru(AB)](PF), occurs at hmax ' = 453 nm. The almost identical absor-
ptions for the Ru(Il)-Pt(II) complexes and [(bpy)>Ru(AB)](PF¢), suggest that
the Pt""Cl, has little impact on the light absorption properties. The Ru(dn)—
AB(n*) MLCT transition is slightly red shifted when the ruthenium center is
coordinated to site A. The effect of the coordination site of ruthenium is more
pronounced in the emissive properties.

iti. Photophysical and Photochemical Properties of

[ (bpy);Ru(AB)PtCL](PFy); and [ (bpy),Ru(BA)PtCL](PF),

The excited state properties of the Ru(II)-Pt(II) positional isomers can be
determined by emission spectroscopy. Both [(bpy),Ru(AB)PtCl,](PF¢), and
[(bpy)>Ru(BA)PtCl,](PFg), display an emission from the Ru(dm)— AB(n*)
*MLCT state With Ape™ = 640 and 624 nm; ® = 2.3 x 107% and 7.5 x
107% and © = 280 and 13 ns, respectively, in RT acetonitrile (Table 4).3*
The dramatic difference in the excited state properties at RT is attributed to the
increased steric hindrance imposed by the B site, which causes the ruthenium
metal-centered ’LF states to be destabilized and move closer to the *MLCT
state. The decreased energy gap between the *LF and the *MLCT states results
in the thermal population of the *LF states at RT, leading to a weaker emission
and a shorter 1 in [(bpy),Ru(BA)PtCL](PF¢),. At 77 K in butyronitrile, T = 4.8
and 6.0 us for [(bpy)>Ru(AB)PtCIL,](PFy), and
[(bpy)>,Ru(BA)PtCL,|(PFy),, respectively, and are similar to [(bpy)>Ru(AB)](PFs)»
(t = 5.9 ps).>* This similarity in t at 77 K supports the presence of a thermally
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accessible *LF state, as thermal population is limited at 77 K in frozen glass.
These studies demonstrated that the asymmetric BL provides positional
isomers that have significantly different redox and excited state properties
imposed by the inequivalent coordination sites of the BL. Much of the work in
Ru(IT)-Pt(IT) complexes is preliminary. Detailed studies focus on basic chemical
and photophysical properties. Their applications in light-activated processes
are often not yet explored.

G. DNA Binding of the Ru(Il)-Pt(IT) Complex:
[(tpy)Ru(dtdeg) PtCl|Cl3

The molecular structure and the coordination to the DNA model base 9-
ethylguanine of a Ru(II)-Pt(Il) complex, [(tpy)Ru(dtdeg)PtCI|Cl; (dtdeg =
bis[4'-(2,2":6',2"-terpyridyl)]diethyleneglycol ether) have been reported by Reed-
ijk et al.”® This complex was reported to interact with DNA through electro-
static interactions and covalent binding through the platinum site (Fig. 30).
The presence of these multiple modes of DNA interactions are provided by the
supramolecular structure. The flexible ether linkage provides weak electronic
coupling of the attached metal centers.

FIGURE 30. Interaction of [(tpy)Ru(dtdeg)PtCI]Cl; with 9-ethylguanine (bpy = 2,2’
bipyridine, dtdeg = bis[4'-(2,2":6",2"-terpyridyl)]diethyleneglycol ether).

H. Ru(Il)-Pt(I) Complexes with Amino Linkages:
[(bpy)2Ru(BL)PtCL|(PF¢), (BL = bpy(CONH(CH>);NH>),
and phenNHCO(COOHbpy))

Sakai et. al reported the characterization of Ru(II)-Pt(I) complexes
with amino linkages, [(bpy),Ru(bpy(CONH(CH,);NH,),)PtCl,](PF¢), and
[(bpy)>Ru(phen NHCO(COOHbpy)PtCL](PFy), (Fig. 31).°%7 The applications
of these complexes as DNA binding agents as well as hydrogen photocatalysts
were investigated.
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FIGURE 31. Representations of [(bpy),Ru(BL)PtCL](PF¢), (BL = bpy(CONH(CH,);
NH,), (left), phenNHCO(COOHbpy) (right) (bpy = 2,2’-bipyridine).

i. Photophysical Properties and DNA Binding Ability of

[ (bpy):Ru(BL)PtCL;](PFg);

The photophysical properties of [(bpy),Ru(BL)PtCL](PF¢), (BL =
bpy(CONH(CH,);NH>),) were investigated. The electronic absorption spectra
of [(bpy)>Ru(BL)PtCl,](PFg), and its monometallic synthon with protonated
amines, [(bpy),Ru(BL’)[(CF;CO,), (BL = bpy(CONH(CH,);NH3),), are very
similar with typical MLCT and ligand-based transitions in the visible and UV
regions, respectively.”® The Ru(II)-Pt(I) complex displays a ruthenium-based
emission that is more intense than the corresponding emission of the mono-
metallic synthon. A concurrent increase in t is observed upon platination (1t =
244 and 518 ns for [(bpy),Ru(BL")](CF3;CO,)4 and [(bpy),Ru(BL)PtCl,](PF),,
respectively).”® The shorter t in the monometallic synthon is attributed to
nonradiative deactivation of the *MLCT state, which is promoted by the highly
flexible ammoniopropyl unit. Upon platination, the formation of the rigid
metallocycle retards this deactivation process, leading to enhanced emission
and longer t in the Ru(II)-Pt(I) complex. Enhancement of the ruthenium-
based emission intensity of [(bpy),Ru(BL)PtCL,]J(PFg), is also observed in the
presence of guanosine 5'-monophosphate disodium salt (5-GMP)-, or calf
thymus DNA. In addition, studies demonstrated that the photocleavage of
pBR322 DNA in the presence of visible light was enhanced in the presence
of the Ru(II)-Pt(II) complex, exemplifying the impact of covalently coupling
the LA with the reactive metal center.

ii. Photophysical Properties and Photocatalytic Activity of

[ (bpy );Ru(BL) PtCl,] ( PFs),

Sakai et al. also investigated a Ru(Il)-Pt(I) bimetallic system,
[(bpy),Ru(BL)PtCL,]*" in which a platinum component is linked to the
ruthenium LA through an amide linkage on the phenanthroline ligand,
phenNHCO(COOHbpy) (Fig. 8).° This complex is capable of photochemically
producing hydrogen from water in the presence of the electron donor,
ethylenediaminetetraacetic acid (EDTA).”” The light absorption properties of
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the Ru(Il)-Pt(II) complex are similar to its monometallic synthon
[(bpy),Ru(BL)*" (BL = phenNHCO(COOHbpy)) with typical absorptions in
the UV and visible regions. The Ru(II)-Pt(II) system displays a ruthenium-based
emission at Ay, " = 610 nm in an air-equilibrated aqueous solution with about
one third the intensity of the monometallic synthon. The decreased emission
intensity is attributed to intramolecular quenching processes, including electron
transfer. Photocatalytic hydrogen production from water occurs with ® ~ 0.01,
and five turnovers in 10 h. Similar Ru(IT)-Pt(IT) systems investigated by Sakai et
al. since then with aliphatic bridging spacers and bridging spacers that retain
aromaticity, have shown to be ineffective hydrogen photocatalysts.® The
mechanism of hydrogen production is unclear and could be due to decom-
plexation of the platinum to form catalytically active colloidal platinum.>

I. Systematic Studies of Ru(1I)/Os(II)-Pt(II) Complexes
with Polyazine Bridging Ligands

Brewer et al. have designed a series of complexes of the form
[(bpy)>M(BL)PtCL,J(PF¢), (M = Ru or Os, BL = dpq or dpb) and
[(tpy)RuX(BL)PtCL](PFy), (BL = dpp or dpq, X = Cl (n = 1) or PEt,Ph
(n = 2)), incorporating polyazine Ru/Os(II) LAs to bioactive cis-PtCl, sites
through aromatic polyazine BLs (Fig. 32).9°%> Combining the covalent DNA-
binding ability of the Pt(IT) center with an aromatic BL capable of intercalating
into the planar stacked bases of the DNA double helix affords complexes that
represent potential bifunctional DNA binding agents. In addition, coupling of a
LA to the Pt(IT) center combines the chromophore properties with potential for
spectroscopic tagging of DNA or photoactivated reactivity with DNA.

i. Redox Properties of [ (bpy);M(BL)PtCl,](PFg),
The energetics of the frontier orbitals involved in the electron-transfer
processes of Ru(I1)/Os(II)-Pt(IT) polyazine-bridged complexes can be determined

FIGURE 32. Representations  of  [(bpy).Ru(dpq)PtCL](PFs),  (left) and
[(tpy)RuCl(dpq)PtCl,](PFg) (right) (bpy = 2,2'-bipyridine, tpy = 2,2":6',2"-terpyridine,
dpq = 2,3-bis(2-pyridyl)quinoxaline).



350  Mixed-Metal Supramolecular Complexes

through electrochemistry. The electrochemistry of the complexes was recorded in
acetonitrile, using BuyNPFg as supporting electrolyte (Table 3). In the complexes
[(bpy),M(BL)PtCL)(PF¢), (BL = dpq or dpb; M = Os or Ru), the oxidative
electrochemistry displays Ru™™ or Os™™ couples between 1.01 and 1.68, with the
Os"™M oxidation occurring at lower potentials.®” The ruthenium-based systems
display an irreversible oxidation that appears as a shoulder, just before the
reversible oxidative process. This irreversible oxidation represents the oxidation
of the platinum center, Pt"™Y. In the osmium bimetallics, the platinum oxidation
occurs just before onset of solvent oxidation and after the Os"™" couple. In both
the ruthenium and osmium-based systems, the dpb-based systems are easier to
oxidize than the dpq systems, suggesting that the dpb ligand can act as a = donor
to the ruthenium or osmium center, making the oxidation process more facile. The
reductive electrochemistry of [(bpy)>M(BL)PtClL,](PFs), (BL = dpq or dpb;
M = Os or Ru) displays four ligand-based reductions with the BL” ~reductions
occurring between —0.16 and —0.35 V and BL™/?~ reductions occurring between
and —0.80 and —0.97 V, respectively.** The BL” ™ reductions in the bimetallic
systems occur at significantly more positive potentials than their monometallic
synthons, [(bpy).M(BL)](PF¢), (BL = dpq or dpb; M = Os or Ru), consistent
with the stabilization of the BL(n*) orbitals upon platinum coordination. In
addition, the dpb reductions occur at more positive potentials relative to the dpq
reductions, consistent with the lower energy dpb(n*) orbitals.

Substitution of the 2 bpy TLs in [(bpy)>M(BL)PtCl,](PF¢), with tpy and Cl
affords [(tpy)RuCl(BL)PtCL,](PFs) (BL = dpp, dpq, or dpb).®' The complexes
[(tpy)RuCI(BL)PtCl,](PFs) (BL = dpp, dpq, or dpb) display electrochemistry
consistent with their formulation, with the Ru™™" oxidations at 1.09 (dpp), 1.06
(dpq), and 1.08 V (dpb), changing only slightly as the BL is changed. The Ru'/™
oxidations of the tpy-based systems, [(tpy)RuCIl(BL)PtCL,](PF¢) (BL = dpp,
dpq, or dpb), occur at more negative potentials relative to the bpy-based systems
consistent with the presence of a o-donating chloride ligand in lieu of a bpy
making the ruthenium center more electron rich. The reductive electrochemistry
displays reversible reductions with the BL” “and BL™/>~, followed by the tpy®~
reduction. The BL” “reduction varies as the BL is changed and occurs at —0.55,
—0.37,and —0.25 V for BL = dpp, dpq, or dpb, respectively, consistent with the
ordering of the BL(n*) energies: dpb(n*) < dpq(n*) < dpp(n*). The reductive
electrochemistry establishes the BL(nt*) orbitals as the site of localization of
the LUMO. In the monometallic synthons [(tpy)RuCIl(BL)](PF¢) (BL = dpp,
dpq, or dpb), the BL™>" reduction occurs after the tpy”~ reduction. The
occurrence of the BL™/?~ reduction before the reduction of tpy”~ reduction in
the bimetallic complexes is indicative of the stabilization of the BL(n*) orbitals by
coordination to the PtCl, moiety and a general property of this class of molecules.
The reduction potential for this second couple varies dramatically as the BL is
changed, shifting to more positive potentials from dpp to dpq to dpb, consistent
with its assignment as BL™/?~. The third reduction in these bimetallic complexes
leads to adsorption to the electrode surface. The potential of this reduction varies
little as the BL is changed, consistent with the tpy” ~ nature of this couple.
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Substitution of the Cl on the ruthenium of [(tpy)RuCIl(BL)PtCl,](PFy)
with a *'P NMR TAG affords TAG-TL-LA-BL-RM (RM = reactive metal)
molecular architectures (Fig. 33). The Cl on the ruthenium center can be easily
replaced by phosphine groups or other ligands. Complexes of the type
[(tpy)Ru(PEt,Ph)(BL)PtCL,](PF¢), (BL = dpp or bpm) have been character-
ized.®® Incorporation of the bpm BL eliminates the cis-trans isomers that result
from the AB chelation of the dpp, dpq, or dpb BLs, and affords pure complexes
free of isomeric mixtures. The oxidative behavior of these bimetallic
complexes is complicated by energetically similar Ru(dn) and Pt(dr) orbitals
and the irreversible nature of the Pt(II) oxidation. The oxidative electrochemis-
try of [(tpy)Ru(PEt,Ph)(bpm)PtCL](PFs), displays a quasireversible Ru'"/™!
oxidation at 1.59 V followed by an irreversible Pt!"'V oxidation at 1.78 V.
Scanning anodically in a solution of [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs), shows
two overlapping oxidative processes with a much less pronounced reductive
process upon switching the scan cathodically. The oxidation at 1.51 V is assigned
as a Ru'"™ oxidation, whereas the oxidation at 1.66 V is due to oxidation of the
Pt(II) center. The Ru'™”™" oxidation of the [(tpy)Ru(PEt,Ph)(dpp)PtCL](PF),
occurs at a more positive potential relative to [(tpy)RuCl(dpp)PtCL](PFg),
consistent with the greater stability of the Ru(dn) orbitals of
[(tpy)Ru(PEt,Ph)(dpp)PtCL](PFs), imposed by the strong field phosphine ligand
in place of the weak field chloride. Three reduction waves are observed for each
bimetallic complex and are assigned as sequential BL” ", BL™/>~, and tpy®”~
reductions. The first two reductions of the bpm BL occur at —0.39 and —1.09 V,
respectively, whereas the sequential one-electron reductions of dpp occur at more
negative potentials, —0.55 and —1.19 V. The electrochemical data of the Ru(II)/
Os(II)-Pt(IT) complexes predict a Ru(dr) or Os(dr)-based HOMO and BL(%*)-
based LUMO. Table 3 summarizes the redox potentials of the polyazine-bridged
Ru(II)-Pt(IT) complexes.

ii. Spectroscopic Properties of [ (bpy),M(BL)PtCL](PFg),
The electronic absorption spectra of [(bpy),M(BL)PtCl,|(PF¢), (BL =
dpq or dpb; M = Os or Ru) demonstrate typical ligand-based n—n* and n—

FIGURE 33. Representation of [(tpy)Ru(PEt,Ph)(dpp)PtCL](PF¢), (tpy = 2,2":6',2"-
terpyridine, dpp = 2,3-bis(2-pyridyl)pyrazine).
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n* transitions in the UV region and M(dn)— bpy(n*) and M(dn) —» BL(x*) (BL
= dpq or dpb, M = Ru or Os) MLCT transitions in the visible region.®* The
M(drn)— BL(n*) MLCT transitions occur at 582 (dpq) and 630 (dpb) nm for
the ruthenium systems and at 598 (dpq) and 638 (dpb) nm for the osmium
systems (Table 4). The transitions in the 410—420 nm region are attributed to
M(dn)— bpy(n*) MLCT transitions. The bpy-based ©— n* transitions occur in
the UV at ~ 290 nm, whereas BL-based transitions appear between 340 and 350
nm for the dpq systems and between 380 and 390 nm for the dpb-based systems. In
[(bpy)>Ru(BL)PtCLJ** (BL = dpq or dpb), the Ru(dn) and Pt(dr) orbitals are
energetically similar, but the light-absorbing properties of these systems
are dominated by the ruthenium chromophore. The platinum component absorbs
at a higher energy with a lower absorptivity.

The electronic absorption spectra of [(tpy)RuCIl(BL)PtCL](PFs) (BL =
dpp, dpq, or dpb) are typical for complexes of this type and show absorptions
in much of the UV and visible regions.®’ The UV region is dominated by tpy-
based m— n* transitions at 272 and 316 nm. The lowest-energy BL-based t©— *
transition shifts as the BL is varied. The dpp or dpq bands appear as low-energy
shoulders on the tpy-based peak at 316 nm. The dpb complex displays a distinct
n—7* transition at 380 nm. The visible region is dominated by Ru(dn)—
tpy(n*) and Ru(dm)—BL(n*) MLCT transitions with the Ru(dw)— BL(7*)
MLCT transition occurring at lower energy. The Ru(dn)—tpy(n*) MLCT
transition occurs at 460 nm for all three complexes, whereas the energy of the
Ru(dn)—»BL(n*) MLCT transition is modulated by the BL, occurring at
Amax’®® = 544 nm (dpp), 632 nm (dpq), and 682 nm (dpb). This is consistent
with the stabilization of the BL(n*) orbitals through this series. As expected,
the Ru(dn)—>BL(n*) MLCT transition for the bimetallic complexes is red
shifted relative to those for their monometallic synthons due to the stabilization
of the BL(n*) orbitals by platinum coordination. In addition,
[(tpy)RuCI(BL)PtCl,|(PF¢) (BL = dpp, dpq, or dpb) displays Ru(dn)—
BL(n*) MLCT transitions that are red-shifted from those of their bpy analogs,
[(bpy)>Ru(BL)PtCL,](PFs), (BL = dpp, dpq, or dpb).>*" This red shift is
consistent with the more electron-rich ruthenium center in the tpy-based
systems.

The electronic absorption spectra of [(tpy)Ru(PEt,Ph)(BL)PtCl,](PFg),
(BL = dpp or bpm) display ligand-based and MLCT-based absorptions in the
UV and visible regions.®” The energies of the absorption bands in the visible
region of the spectra vary as a function of BL, with the Ru(dr)— bpm(rn*)
MLCT transition being red shifted (hmax™™* = 560 nm) relative to the Ru(dn) —
dpp(n*) MLCT transition (Amax*™® = 506 nm). This is in accord with the
electrochemical properties of these complexes. The Ru(dn)—dpp(n*) MLCT
transition (Amax> = 506 nm) of [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PFs), occurs at
higher energy relative to that of [(tpy)RuCl(dpp)PtCLI(PFs) (hmax'™® = 544
nm). The stabilization of the Ru(dn) upon substitution of the weak field chloride
by the strong field phosphine ligand in [(tpy)Ru(PEt,Ph)(dpp)PtCL,](PF), is
consistent with observed blue shift in the Ru(dn) - dpp(n*) MLCT transition
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of [(tpy)Ru(PEt,Ph)(dpp)PtCl,](PF¢),. The spectroscopic properties of
[(tpy)RuCl(dpp)PtCL,](PF¢) in the visible region are dominated by Ru(dn)—
tpy(n*) and Ru(dn)—dpp(n*) MLCT transitions. The Pt(dr)—dpp(n*)
MLCT transition occurs as a high energy shoulder on the lower-energy,
more intense Ru(dm)—>dpp(n*) MLCT transition. The complex
[(tpy)Ru(PEt,Ph)(dpp)PtCL](PF¢), displays an emission from the Ru(dw)—
dpp(n*) *MLCT state at Aya™= 750 nm in acetonitrile with t = 56 ns. For
comparison, the monometallic synthon, [(tpy)Ru(PEt,Ph)(dpp)](PFs),, displays
an emission from the Ru(dm)— dpp(n*) *MLCT state at Ama"™= 720 nm in
acetonitrile with t = 6 ns.%? This lengthening of t in the bimetallic complexes
relative to the monometallic synthon is attributed to a decreased thermal
population of the low-lying ’LF state due stabilization of the emissive
MLCT with platinum addition. The lowest-lying absorptions in the electronic
absorption spectrum of the Ru(II)-Pt(IT) complexes are provided in Table 4.

iii. DNA Binding by [ (bpy),M(dpb)PtCL,](PF),

The interaction of [(bpy),M(BL)PtCl,]JCl, (BL = dpb; M = Os or Ru)
with  DNA has been explored.*®** Both [(bpy),Ru(dpb)PtCL,]JCl, and
[(bpy),Os(dpb)PtCl,]Cl, bind with DNA in a concentration- and time-dependent
fashion. The monometallic complex, [(bpy),Ru(dpb)]Cl,, does not covalently
bind to DNA. This study confirmed the necessity of the Pt(Il) center and
suggested that the bimetallic complexes form covalent bonds to DNA through
the platinum site.®* The chlorides bound to the Pt(II) center are substitutionally
labile, giving these complexes the ability to covalently bind to DNA. The type of
covalent interactions were later determined to be primarily intrastrand cross-
linking in nature. Such interactions are similar to the type of interactions
between DNA and cisplatin.®* The complexes [(tpy)RuCI(BL)PtCL,](PF,) (BL
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[(tpy)Ru(PEL,Ph)(bpm)PtCL](PF),  [(tpy)Ru(PEt,Ph)(dpp)PtCl)(PFy), cis-[Pt(NH;),Cl,]

FIGURE 34. DNA-binding study for [(tpy)Ru(PEt,Ph)(BL)PtCl,](PFs), (BL = dpp or
bpm) by agarose gel electrophoresis using linearized pBluescript DNA. Lane S is the
molecular weight standard, 23,9.4,6.6,4.4,2.3, and 2.0 kb; lane C is the DNA control with
no metal complex added. The other lanes are labeled with the basepairs to metal complex
ratios, varying from 5:1 to 300:1. Each of these lanes contains 100 ng plasmid DNA.
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= dpp, dpq, or dpb) and [(tpy)Ru(PEt,Ph)(BL)PtCl,](PF¢), (BL = dpp or bpm)
were also found to bind to DNA.®" It is interesting that these bimetallic
complexes typically bind to DNA more rapidly than cisplatin and affect DNA
migration through agarose gels more dramatically. Figure 34 represents a DNA-
binding study for [(tpy)Ru(PEt,Ph)(BL)PtCl,](PF¢), (BL = dpp or bpm) by
agarose gel electrophoresis using linearized pBluescript DNA. The agarose gels
display increased metal complex binding to DNA binding at small base pair to
metal complex ratios.

J. Dendrimeric Ru(II)-Pt(I) Complexes Bridged by
Polyazine Bridging Ligands

Few examples of mixed-metal supramolecular complexes incorporating
multiple Ru(IT) and Pt(II) centers have been reported.®®” These systems use
dpp or dpq BLs to couple Ru(Il) and Pt(II) subunits. The BL provides
electronic coupling of the bridged metals.

i. Redox and Spectroscopic Properties of [ Ru{(dpq)(PtCl,)};](PFs),

The electrochemical and photochemical properties of a tetrametallic
Ru(IT)-Pt(IT) complex, [Ru{(dpq)(PtCl,)};](PF¢), (Fig. 35), were reported by
Rillema et al.. This complex incorporated one ruthenium and three platinum
centers.®® The reductive electrochemistry in propylene carbonate is reported,
with the BLs being reduced sequentially at —0.08, —0.25, and —0.79 V (Table 3).
The electronic absorption spectrum of [Ru{(dpq)(PtCl,)};](PF¢), in propylene
carbonate shows the Ru(dn) - dpq(n*) MLCT transition in the visible (Ama ™
= 553 nm). This transition occurs at a lower energy than in the monometallic
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FIGURE 35. Representation of [Ru{(dpq)(PtCl,)}s]** (dpq = 2.3-bis(2-pyridyl)
quinoxaline).
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synthon, [Ru(dpq)s](PFe)s (hmax'™ = 502 nm). The red shift in the
Ru(dn)—>dpq(rn*) MLCT transition for [Ru{(dpq)(PtCl,)}s;](PF¢), relative to
[Ru(dpq);](PF¢), is consistent with the stabilization of the dpq(r*) orbitals upon
platinum coordination.

ii. Multifunctional DNA Binding and Photocleavage Agent:

[{(bpy):Ru(dpp)}:Ru(dpp)PtCl,](PFqs)s

Brewer et al. reported the multifunctional tetrametallic Ru(II)-Pt(II)
complex [{(bpy)>Ru(dpp)}>Ru(dpp)PtCl,](PFe)s exhibiting both DNA binding
and photocleavage properties.®” This complex couples a cis-Pt""Cl, binding site
to a three ruthenium polyazine unit (Fig. 36). The complex was characterized by
electrochemical and photochemical techniques. The electrochemical properties
are dictated by the number and type of subunits with oxidations being metal-
based and reductions being ligand-based. The oxidative electrochemistry reveals
a reversible Ru™™" oxidation at 1.54 V for the two peripheral metals (Table 3).
The reductive electrochemistry shows the dpp reductions between —0.45 and
—1.30 V, with the dpp ligands attached to the platinum center being reduced first
at —0.45 V. The reductions of the dpps bridging the ruthenium centers occur at
—0.65 and —0.75 V. The complex [{(bpy).Ru(dpp)}>Ru(dpp)PtCL,](PF¢)s is an
efficient light absorber throughout the UV and visible regions. The UV contains
n—7* transitions for bpy (290 nm) and dpp (320 nm). The Ru(dr)— bpy(n*)
MLCT transition occurs at 416 nm. The absorptions at 520 — 540 nm correspond
to the Ru(dn) — p-dpp(n*) MLCT transitions. The extinction coefficient for the
overlapping MLCT transitions at 542 nm is 35,000 M~! cm™", consistent with
the number of overlapping transitions in this region. Studies demonstrated that

FIGURE 36. Representation of [{(bpy)>Ru(dpp)}>Ru(dpp)PtCL,]*" (bpy = 22
bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine).
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[{(bpy)>-Ru(dpp)}>Ru(dpp)PtCl,](PF¢)e can interact with DNA through plati-
num by forming coordinate covalent bonds. Studies also demonstrated that this
complex can photocleave DNA through the ruthenium polyazine chromophores
in an oxygen-mediated pathway. [{(bpy),Ru(dpp)}>Ru(dpp)PtCL](PFs)s repre-
sents the first polyazine supramolecular complex to covalently bind and photo-
cleave DNA.

IV. SUPRAMOLECULAR COMPLEXES COUPLING
Ru(Il) POLYAZINE LIGHT ABSORBERS TO
REACTIVE Pd(I1) METAL CENTERS

In the course of constructing molecules for solar energy conversion
schemes, some attention has been given to polynuclear systems that combine
ruthenium polypyridyl LAs to catalytically active Pd(II) centers. The systems
use rigid and flexible spacers that provide electronic coupling between the
ruthenium and palladium centers.>*%%~7°

A. Ru(II)-Pd(IT) Complexes Bridged by dpp and bpm
Ligands: [(bpy),Ru(dpp)PdCl,|(PF¢), and
[(bpy)2Ru(bpm)PdClL](ClOy),

Yam et al. reported the electrochemical and photophysical prop-
erties of the Ru(Il)-Pd(I) complexes, [(bpy)Ru(dpp)PdCl,](PF¢), and
[(bpy)>Ru(bpm)PdCL,](Cl0,4),.>>  The  X-ray crystal  structure  of
[(bpy)>Ru(dpp)PdCl,](PFg), was also reported.

i. Redox Properties of [ (bpy),Ru(dpp)PdCl,](PFs), and

[ (bpy )2Ru(bpm) PdCl;](ClO,);

Electrochemistry estimated the energetics of the frontier orbitals involved
in electron transfer events of the polyazine ligand bridged Ru(II)-Pd(II) com-
plexes. The electrochemistry of [(bpy),Ru(dpp)PdCL](PFs), shows a Ru'"M
oxidation at 1.56 V and ligand-based reductions between —0.54 and —1.76 V
(Table 3).% The dpp” ~ reduction occurs at the least negative potential of —0.54 V.
The electrochemistry of [(bpy),Ru(bpm)PdCl,](ClO,4), shows two metal-based
oxidations at 1.57 and 1.61 V and ligand-based reductions between —0.32 and
—1.71 V. The bpm”~ reduction occurs at the least negative potential of —0.32 V.
The bpm® ~reduction occurs at a more positive potential than the dpp® ~ potential,
consistent with the lower energy bpm(n*) orbitals. Electrochemistry predicts a
Ru(dm)-based HOMO and a bpm(n*) LUMO in this structural motif.

ii. Spectroscopic Properties of [ (bpy),Ru(dpp)PdCL ] (PF;s), and

[ (bpy)>Ru(bpm) PACL,](CIO,),

The electronic absorption spectra of the polyazine-bridged Ru(II)-Pd(II)
complexes show the typical ligand-based m—n* transitions in the UV and
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metal-based transitions in the visible.”® The Ru(dn)— bpm(n*) MLCT transi-
tion of [(bpy),Ru(bpm)PdCl,](ClO,), occurs at a lower energy (Amax'®* = 556
nm) relative to the Ru(dn)—dpp(n*) MLCT transition of
[(bpy),Ru(dpp)PdCL](PFg)s (Amax™® = 526 nm) (Table 4).>*> The electronic
absorption spectroscopy agrees well with the electrochemical properties of these
complexes. Consistent with the stabilization of the BL(n*) orbitals upon metal
coordination, the Ru(dm)— BL(n*) MLCT transition is red shifted in the
Ru(II)-Pd(IT) complexes relative to those of their monometallic synthons,
[(bpy).Ru(BL)](PFs),  (BL = dpp or Dbpm). The complex
[(bpy)>Ru(dpp)PdCIL,](PF¢), displays an emission from the Ru(dn)— dpp(n*)
SMLCT excited state (o™ = 700 nm; T = 0.37 ps in acetonitrile at RT)* at
lower energy than the corresponding emission for [(bpy),Ru(dpp)](PFe)> (Amax
= 682 nm).> By contrast, [(bpy),Ru(bpm)PdCL](ClO,), does not display a
detectable emission from the Ru(dr)— bpm(n*) *MLCT excited state, consistent
with the decreased energy gap due to the lower energy of the bpm(n*) orbitals and
the typically weak emissions of bpm complexes. This report is one of the early
and few studies of Ru,Pd coupled complexes and shows that the LA properties of
the Ru subunit are maintained while still perturbed by Pd coordination.

B. Ru(IT)-Pd(IT) Complexes Bridged by an Extended
Polyazine Ligand: [(‘Bu,bpy),Ru(tpphz)PdCL,](PFq),

Rau et al. reported a Ru(I)-Pd(Il) bimetallic system,
[(¢-Buybpy),Ru(tpphz)PdCL](PFg), (tpphz = tetrapyridophenazine) (Fig. 37),
that photochemically produces hydrogen in the presence of the electron donor,
TEA, and also selectively catalyzes the hydrogenation of tolane.®® The BL,
tpphz, connects the LA and a catalytically active Pd center through a polyazine
BL with low-lying n* acceptor orbitals. The reductive electrochemistry of
[(¢-Buybpy),Ru(tpphz)PdClL,](PFg), in acetonitrile displays a reversible phena-
zine-based reduction at —0.64 V, an irreversible Pd(IT) reduction at —0.83 V,

FIGURE 37. Representation of [(‘Bu,bpy),Ru(tpphz)PdCl,](PFy), (‘Bu,bpy = 4,4'-di-
tert-butyl-2,2-bipyridine, tpphz = tetrapyridophenazine).
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and reversible bpy-based reductions between —1.09 and —1.43 V (Table 3).°®
The phenazine-based reduction occurs at a slightly less negative potential in the
Ru(I)-Pd(IT) complex relative to that of its monometallic synthon,
[(z-Buybpy)>Ru(tpphz)](PF¢),. This is in accord with the stabilization of the
tpphz(n*) orbitals upon metal coordination.

i. Spectroscopic Properties of [ ("Busbpy );Ru(tpphz)PdCL ] (PFy),

The complex [(‘Busbpy),Ru(tpphz)PdClL,](PFs), displays the typical
ligand-based transitions in the UV region and MLCT transitions in the visible
region in the electronic absorption spectrum. The lowest-energy MLCT transi-
tion occurs at Apax™ = 445 nm in acetonitrile solutions (Table 4). The Ru(IT)-
Pd(IT) complex displays a weak ruthenium-based emission at 650 nm with T =
27 ns in an air-saturated acetonitrile solution (Table 4). By comparison,
[(‘Bu,bpy)>Ru(tpphz)](PF¢), displays a ruthenium-based emission at 638 nm
with © = 154 ns. The ruthenium-based *MLCT emission is significantly
quenched in the Ru(Il)-Pd(II) system. It is proposed that photoexcitation
affords a Ru™-phenazine-Pd" radical, which is reduced to Ru'" by TEA. It
is possible that further reduction produces metallic palladium, which acts as the
hydrogen evolution catalyst.*’

C. Ru(IT)-Pd(II) Complexes Bridged by bpm Type Ligands:
[(bpy)Ru(BL)PdMeCI**

Akita et al. reported the electrochemical and photophysical properties
of a series of Ru(I)-Pd(II) complexes including [(bpy)>Ru(BL)PdMeCI}**
(BL = bpm, Mebpm, or Br,bpm) and their solvated analogs
[(bpy),Ru(BL)PdMe(Me,CO)*" (BL = bpm or Me,bpm).”® The electrochem-
istry (in acetonitrile using BuyNCIO4 as the supporting electrolyte) shows
typical Ru™™ oxidations and ligand-based reductions. The Ru™™ oxidation
of [(bpy)>Ru(Br,bpm)PdMeCl}*"is not observed in the solvent window. In-
corporation of an electron-donating group on the bpm causes a small negative
shift in the Ru'"" oxidation, consistent with a ruthenium center that is more
easily oxidized. The reductive electrochemistry displayed ligand-based reduc-
tions with the BLY ~ couple occurring initially, consistent with the stabilization
of the BL(n*) orbitals. Introduction of electron-donating or withdrawing
substituents on the bpm affords negative or positive shifts, respectively, in
the reductive electrochemistry. A unique feature in the Ru(I1)-Pd(IT) complexes
is that significant shifts in the Ru(dn)— bpm(n*) MLCT transitions are not
observed compared to their monometallic synthons [(bpy)>Ru(BL)]*" (BL =
bpm, Me,bpm, or Br,bpm). This is in contrast to the reductive electrochemical
data. The authors suggest the possibility of the spectroscopic orbitals being
different from the redox orbitals. These complexes act as photocatalysts in
the dimerization of n-methylstyrene. The Ru(II)-Pd(IT) complex containing the
Brobpm as the BL shows the highest photocatalytic activity. The possible role
of metallic Pd formation was not addressed.®”
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D. A Ru(I)-Pd(IT) Complex Bridged by a Flexible

Polyazine Bridging Ligand: [(bpy),Ru(DMB)PdCL,]**

Hammarstréom et al. investigated the stability of a Ru(II)-Pd(II) photo-
catalyst, [(bpy),Ru(DMB)PdCL]*" (DMB = Mebpy(CH,)-C¢H,(OCH;),

(CH,),Mebpy) (Fig. 38), during photochemical hydrogen production from a
proton source.

FIGURE 38. Representation of [(bpy),Ru(DMB)PACL]*" (DMB = Mebpy(CH,)-
CsHa(OCH3),(CH2),Mebpy).

i. Redox and Spectroscopic Properties of [ (bpy),Ru(DMB)PdCl, Jt

The electrochemical and photochemical properties of the complex were
investigated. The oxidative electrochemistry revealed a typical Ru'™™" oxida-
tion, followed by an irreversible oxidation attributed to DMB®™ oxidation
(Table 3).° The reductive electrochemistry revealed an irreversible reduction
attributed to Pd" reduction. The electronic absorption spectrum
revealed the typical absorptions observed for ruthenium polyazine complexes.
The Ru(dn)—bpy(n*) MLCT state energy of the Ru(II)-Pd(II) complex
coincides well with that of [(bpy),Ru(DMB)]*" at Apax™® = 455 nm.

ii. Photochemistry of [(bpy),Ru(DMB)PdCL,]**

In the presence of triethylamine, [(bpy),Ru(DMB)PdCL]* photocatalyzes
proton reduction to produce hydrogen.”” A control experiment using the LAs
[(bpy)Ru(DMB)*"or [Ru(bpy)s]*" in the presence of [Pd(Me,bpy)Cl,] and
triethylamine also afforded comparable amounts hydrogen to the covalently
bound Ru(I)-Pd(II) system. This experiment suggested that hydrogen production
with the Ru(II)-Pd(II) system is not necessarily an intramolecular process. To
investigate the possibility of colloidal Pd formation during photocatalysis, XPS
and TEM measurements were carried out on samples of the reaction mixture. The
XPS and TEM measurements revealed colloidal Pd, which suggested that
the reduction of the Ru(II)-Pd(II) complex produced metallic Pd.®’
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V. CONCLUSIONS

The discovery of the desirable redox and photophysical properties of
[Ru(bpy)s]*" and related chromophores has led to the development of compli-
cated supramolecular assemblies that can absorb light and participate in solar
energy conversion schemes. This has lead to a very active area of supramole-
cular design using ruthenium-based polyazine chromophores in a vast array of
structurally interesting complexes. As this area of research has progressed, the
molecules have become increasingly complex with an interest in applying these
systems in diverse arenas. Much work in the area of polyazine-bridged metal
complexes has focused on Ru(I1) and Os(11) systems. This area was not reviewed
herein. Focus was provided on systems with Ru(IT) or Os(II) polyazine light
absorbers coupled to reactive Rh(III), Pt(II), and Pd(II) centers. It is interesting
that many systems have been prepared and basic properties explored without
investigating photoreactivity.

The redox and excited state properties of ruthenium polyazine chromo-
phores can be modulated over a considerable range by component modification.
This is a very attractive feature of supramolecular complexes and much that is
known results from the aforementioned Ru(II), Os(II) studies. Bridging ligands
are used to hold the metal centers together and dictate intercomponent coupling
in polymetallic supramolecular assemblies. In supramolecular systems, intra-
molecular electron or energy transfer quenching is facilitated overcoming the
limitations of often inefficient bimolecular electron or energy transfer
quenching.

The choice of the bridging ligand plays a pivotal role in the construction
of polymetallic assemblies. The structure and orbital energetics of the bridging
ligands are crucial to the functioning of the molecules. Variation of the bridging
ligands allow control of energy and electronic coupling of excited states in these
polymetallic assemblies. Flexible unsaturated bridges provide complexes with
redox and spectroscopic properties that are closely approximated by the
additive properties of the monometallic synthons. Rigid aromatic bridging
ligands provide complexes in which the properties of the synthons are
significantly perturbed by the supramolecular assembly.

One attractive area of research is the coupling of ruthenium type
polyazine chromophores to reactive metals. This allows the combination of
intense visible light-absorbing properties of the chromophore with the favor-
able reactive properties of the reactive metal center imparting unique properties
to the supramolecule. Ru(II) and Os(II) polyazine light absorbers frequently
possess emissive “"MLCT states that are discussed herein and used to explain
interexcited state dynamics in the coupled reactive metal assemblies.

Coupling of ruthenium or osmium polyazine light absorbers to rhodium
has been investigated in some detail. Most of these systems include bis(triden-
tate) or tris(bidentate) coordination on Rh(III), impeding reactivity at the
rhodium site following photoreduction of rhodium. This structural motif has
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allowed the exploration of excited state electron transfer to the Rh(III) center
without photodecomposition. Given the short time frame of research in this
field, very interesting and complex systems are known, many with surprising
properties. By contrast, systems in which the rhodium centers contain labile
ligands that can be lost after photoreduction of the rhodium center impart
reactivity at the rhodium site after photoreduction, facilitating reaction with
substrates. Systems have been designed that couple multiple light absorbers to a
single rhodium site, with labile monodentate ligands coordinated to rhodium.
These unusual molecules allow for multiple excited state electron transfer
processes, leading to photoinitiated electron collection at the rhodium center.
Loss of the labile ligand on rhodium upon electron collection affords a Rh'
species that can interact with substrates leading to rich photochemistry. Such
systems have been shown to photocatalyze water reduction to hydrogen,
unprecedented in molecular photoinitiated electron collectors. In addition
this LA-BL-Rh-BL-LA structural motif has provided a series of visible light
activated, oxygen independent PDT agents.

Coupling ruthenium or osmium to reactive platinum or palladium
imparts some unique properties to the supramolecules. Multifunctional DNA
binding and photocleavage agents have been designed as well as solar energy
conversion catalysts. Incorporation of ruthenium or osmium polyazine chro-
mophores and reactive cis-Pt"'Cl, sites leads to interesting supramolecules with
properties that are sometimes unexpected. Ruthenium(II)-Pt(IT)/Pd(II) com-
plexes have been shown to display interesting photoreductions, producing
hydrogen from proton sources. The mechanism for proton reduction is a
subject of some controversy. Proposals include formation of metallic platinum
or palladium or multielectron reductions without platinum or palladium
decomplexation using a homogeneous catalyst. Further studies are needed to
develop optimized systems to address this very important issue and the
promising results, due to the urgent need for alternative energy sources.
Much effort is now directed in this field. We hope long-term funding will be
committed to energy research and the general field of supramolecular photo-
chemistry, as the potential in energy harvesting and biomedical applications
suggest such funding will have significant impact.

Mixed-metal supramolecular complexes incorporating Ru(I1)/Os(II) poly-
azine complexes to reactive metals combine the rich photochemical properties
of the polyazine LA to the unique properties of the reactive metal. The basic
studies conducted to date on these and related Ru and Os polyazine-bridged
assemblies have provided considerable insight into the properties of these
supramolecules and the perturbations introduced upon supramolecular assem-
bly. Complexes of the type described herein have potential for making significant
advances in solar energy conversion schemes, sensing, anticancer drug develop-
ment, and PDT. The ability to modulate the electrochemical and photochemical
properties of these complexes by component modification is a particularly
attractive feature in many applications. Much remains to be learned in this area
of supramolecular chemistry, including the role of subunit identity on electronic
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coupling, the nature and interaction of excited states, and the mechanism of
multielectron photochemistry that can be carried out by these systems. Design
of complicated supramolecular assemblies for photoactivated reaction schemes is
an exciting and dynamic field that crosses disciplinary lines. Design, development,
and study of supramolecular light-absorbing systems that incorporate reactive
metals, therefore, remain an important and open area of research.
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I. INTRODUCTION

This chapter deals with a subject we find especially appealing; the use of
supramolecular and hybrid organic—inorganic systems for the development
of novel sensing concepts. Supramolecular chemistry is basically devoted to the
study of the interaction between molecules, in many cases invoking or adopting
concepts and strategies from nature.' Traditionally, the worlds of supramo-
lecular chemistry and inorganic materials have been poorly interrelated.
However, since the turn of the millennium, scientists have begun to explore
myriad possibilities and opportunities that the synergistic use of single concepts
rooted in these fields might offer. These strategies have led to a rethinking of
basic supramolecular strategies and inorganic concepts, resulting in the crea-
tion and exploration of so-called hybrid materials.

A particularly exciting direction within the field of functional organic—
inorganic hybrid materials, often related to the nanoscopic dimensions in-
volved, is the design of new supramolecular signaling protocols. The concept of
“signaling” refers to the transduction of a recognition event through changes
of a certain physical property, such as a shift or intensity change in color,
fluorescence, or a redox wave, and is the basis of most indicators and sensors.
The supramolecular signaling process commonly comprises two steps:
(a) selective coordination of the guest by a binding site and (b) transduction
of that event by the modulation of a physical or chemical process within the
probe. Alternatively, mass sensitive protocols have been developed, relying on
quartz crystal microbalances and other piezosensors. Traditionally, this general
concept of supramolecular signaling has been applied to the development of
chromo-fluorogenic chemosensors following the molecular-based ‘“‘binding-
site—signaling-unit”” approach. Although this protocol contains many attractive
features, such as the possibility of tailor-made chemosensors for target guests, it
also has some limitations, especially with respect to signal amplification and
when targeting small organic molecules for which no artificial recognition motif
is easily available. In an attempt to overcome these limitations, new concepts
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related to the preparation of novel “hetero-supramolecular” hybrid organic—
inorganic materials for signaling applications have been reported. As we will
see later, these hybrid ensembles usually take advantage of the blending of
inorganic materials with classical supramolecular principles. In the sensing
of various anionic,>* cationic, or neutral species,®’ this simple concept allows
for the creation of hybrid sensing ensembles to target analytes for which
selectivity is hard to achieve by conventional methods.

The typical examples discussed in this chapter suggest that the wise
combination of supramolecular principles and solid structures might lead to novel
synergic strategies with unprecedented tunability of the properties of the nano-
scopic solids and new perspectives of applicability of supramolecular concepts in
relation to signaling. Special attention is paid to cases in which the functional
combination of traditional supramolecular chemistry tools, such as the topology
and arrangement of functional groups with preorganized solid structures, results
in ensembles that are able to show enhanced sensing performance.

This chapter will thus not deal with the synthesis and characterization of
hybrid structures® '' or with the application of hybrid materials in classical
fields, such as separation/extraction, catalysis, or physisorption.'*!? Instead,
new functional sensing concepts having an improved level of performance or
sophistication will be highlighted.'* 2" Special attention will be paid to hybrid
systems that clearly show synergic functional effects that are not found in
molecular-based systems or with unmodified nanoscopic solids alone.

II. ENHANCED COORDINATION BY
PREORGANIZATION. SURFACE CHELATE
EFFECT AND SIGNALING

Perhaps one of the most common ways to obtain hybrid materials at the
nanoscopic scale is to organize (for instance, via anchoring processes) certain
functional molecular units on the surface of nanoscopic inorganic scaffoldings,
such as nanoparticles (NP) or nanostructured solids. In fact, the processes of
functionalization of such surfaces, typically gold and silica as we will see later,
is today well understood, and it is possible to choose a large number of
commercially available substances for the chemical modification of the surfaces
with a number of different organic groups. From a supramolecular point of
view, one typical and very remarkable functional effect that is observed upon
functionalization of the surface with specific binding groups is the enhancement
of guest recognition. This refers to the fact that preorganization of the binding
sites results in a significant improvement of guest coordination at the surface in
terms of binding constants compared to the free receptor in solution. Examples
of surface-assisted enhancement of recognition have been mainly reported for
gold nanoparticles (AuNPs) containing suitable ligands. A general scheme
for guest coordination with surface functionalized NPs is shown in Figure 1.



372 Supramolecular Hybrid Materials

(@) (b)
—( Coordinating groups
Guests i : :: ﬁ

FIGURE 1. Surface-functionalized NPs. (a) NPs with a high density of binding units
on its surface. (b) Multidentate coordination with NPs.

This enhancement of guest coordination upon preorganization of binding
sites at a surface can be seen, for instance, in an example of Beer et al., who
prepared hybrid AuNPs functionalized with zinc metalloporphyrins.** These
hybrid AuNPs are able to bind chloride and dihydrogen phosphate in DMSO
with association constants (log K) of 4.3 and 4.1, respectively. These associa-
tion constants are two orders of magnitude higher than those measured for the
free zinc metalloporphyrin with chloride (<2) and dihydrogen phosphate (2.5).
The same effect has been observed for AuNPs functionalized with calix[4]arene
derivatives and quaternary ammonium salts.>* The calix[4]arenes were attached
to the nanoparticle surface by the use of alkanethiol chains of two different
lengths and hybrid nanoparticles with two different amounts of the appended
calix[4]arene were prepared. "H-NMR titrations in CDCl; of the different sets
of hybrid nanoparticles with quaternary ammonium cations showed that the
binding is stronger than that measured with the free calix[4]arene in solution.
The authors also observed that the efficiency of binding was enhanced as the
number of calix[4]arene units on the surface of the gold nanoparticle increases.
The increase in the length of the spacer between the AuNP surface and the
calix[4]arene also led to considerably enhanced recognition in a solvent of
medium polarity such as CHCI;. This is an interesting case of radial coordina-
tion amplification that seems to be an exclusive feature of nanoparticles. In a
more recent work, the same authors prepared hybrid nanoparticles functiona-
lized with alkanethiol-containing calix[4]arenes and sulfanylalkyl oligo(ethy-
lene glycol) that works in aqueous environments.**

This thermodynamic effect of the enhancement of classical recognition
features is basically due to entropic factors related to the preorganization of the
coordination sites on the surface that reduce the conformational flexibility of
the receptors and increase their effective concentration at the surface. This
results in a remarkable improvement of the recognition characteristics. From a
molecular viewpoint, surface functionalization creates a multidentate coordi-
nation environment that displays a statistical advantage in relation to coordi-
nation when compared to the molecular receptor. This effect has also been
called the “‘surface chelate effect” and is not a unique feature of surfaces
functionalized with binding sites. It has also been reported for coordinating
dendrimers that show a “‘positive dendritic effect,” which is related to



Enhanced Coordination by Preorganization 373

the capability of dendrimers to achieve a better recognition as the generation of
the dendrimer increases.>> The ability to show enhanced coordination is at the
heart of the basic concept of supramolecular chemical amplification; the step
from the molecule itself to the hetero-supramolecular ensemble thus results in
new properties, which are not simply an extrapolation of the solution conduct
to the surface, but to its own unique features.

However, the simple enhancement of the coordination, which is driven by
the “‘surface chelate effect,” is not sufficient for the preparation of sensing
protocols, and the recognition process must be coupled with a signaling event.
The mode in which this can be achieved—that is, in which enhanced coordina-
tion is coupled with signaling—is exemplified as follows. The support is a solid
consisting of a Mobil Composition of Matter mesoporous silica material
(MCM-41) that was functionalized with alkylaminoanthracene groups.?®*’
This organic group contains both a secondary amine that acts as an anion
coordination site in the protonated state and an anthracene unit anchored to the
amino group via a methyl bridge that acts as a reporter unit. The solid was tested
in acidic water of pH ~ 2.8. At this pH, the amines are protonated and able to
interact via electrostatic and hydrogen bonding forces with a given anion, in this
case ATP. The addition of ATP to acidic aqueous suspensions of the solid
resulted in remarkable fluorescence quenching. In addition to the MCM-41
support, alkylaminoanthracene groups were also anchored to the surface of
fumed silica not possessing a mesoporous structure. It is interesting that it was
found that the association constant of the MCM-41 material as measured by
fluorescence quenching was larger than that of the silica gel derivative and that
of aminomethylanthracene as molecular indicator, respectively. This enhanced
ATP response in the ordered mesoporous solid is clearly due to the “surface
chelate effect” related to an increase of the effective concentration of binding/
signaling units at the surface that results in an enhancement of the signaling of
the guest. Such a cooperative effect is not possible when the probe is anchored
onto the locally flat surface of the silica gel derivative.

This functional aspect—that is, the enhanced coordination by preorga-
nization—has also been employed for the design of a new generation of
materials that show enhanced adsorption capabilities. For instance, removal
of Hg”" with thiol-functionalized mesoporous hybrids is remarkably superior
to the use of similarly functionalized but “flat” supports.”® Related to this
characteristic of enhanced coordination that is observed in hybrid functiona-
lized mesoporous supports, some recent examples show that this effect can be
used to design materials able to perform both signaling and adsorption. A first
example involves the use of a mesoporous material that is decorated with thiol
groups, which are further reacted with a squaraine dye and resulted in the
formation of a 2,4-bis(4-dialkylaminophenyl)-3-hydroxy-4-alkylsulfanylcyclo-
but-2-enone (APC) derivative that is covalently anchored to the inorganic silica
matrix.?” This hybrid solid behaves as a chemo-dosimeter for Hg?". Hg*" reacts
with the APC fragment resulting in a release of the squaraine dye to the
solution, which turns deep blue and fluoresces strongly (Fig. 2). In contrast,
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FIGURE 2. Route for the preparation of a dual sorption and sensing material for Hg>"
cation (first step) and indication and sorption reaction (second step).

the same solid remains silent in the presence of other thiophilic transition-metal
ions, alkali and alkaline-earth metal ions or compulsory water-present anions
such as chloride, carbonate, sulfate and phosphate. The solid is not only able to
signal the presence of Hg*" down to ppb concentrations but also, at the same
time, is an excellent adsorbent for the removal of mercury ions from aqueous
solutions. The amount of adsorbed mercury ranges from 0.7 to 1.7 mmol g ',
depending on the degree of functionalization. Model compounds based on silica
gel or fumed silica showed no sensing features and points out the functional
aspect discussed earlier in relation to the enhanced coordination by preorgani-
zation in confined spaces (i.e., the pores). These functionalized solids are a
promising new class of polyfunctional hybrid supports that can be used as both
remediation and alarm systems via selective signaling and removal of target
species of environmental importance. Recently, another example has been
reported to act as both a fluorescent chemosensor and adsorbent for Cu**.*
Apart from the previous examples, the recent literature shows an increase
in the number of reports dealing with the design of hybrid mesoporous silicas
containing chromogenic or fluorogenic probes for the indication of metal ions.
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Most of the reported examples involve the use of MCM-41, MCM-48,
hydrothermally stable mesoporous molecular sieves (SBA-15) or silica nano-
tube matrices in which certain selective probe molecules are covalently
anchored to the pore walls. In addition, the very low detection limits observed
for some of these systems suggest that the “surface chelate effect” also plays a
role here. Following this approach, chemosensors for the signaling of Hg>",*!
Cu?", 3¢ Fe** 37 and Zn*" *>3* have been described. Optical pH sensors using
mesoporous structures have also been reported.”

In an attempt to avoid complex procedures for the synthesis of reactive
indicator precursors for covalent anchoring, Matsunaga*® and El-Safty*!*?
have prepared a family of optical sensory materials for the detection of certain
metal ions in which the probes are electrostatically attached to the pore walls.
In a first example, a mesoporous SBA-15 with pores of diameter 5-30 nm
was used as a support and was functionalized with an organic spacer carrying
a trimethylammonium end group. The negatively charged Cd** indicator
molecule 4-(2-pyridylazo)-resorcinol (PAR) was then electrostatically anchored
in the pores. Binding of Cd*" by PAR resulted in a color change from orange-
yellow to violet.

In a further work, new nanostructured cage materials were prepared
involving the binding of the dyes to the silica surface via electrostatic and
hydrogen bonding interactions. For instance, the authors, in a first step,
anchored N-trimethoxysilylpropyl-N,N,N-trimethylammonium groups into
the cavities that, in a second step, were allowed to anchor electrostatically
cationic dyes such as pyrogallol red (PR) and tetraphenylporphine tetrasulfonic
acid (TPPS). In a somehow similar procedure, cationic dyes such as a, B, v,
d-tetrakis(1-methylpyridinium-4-yl)porphine (TMPyP) were attached in an
electrostatic manner by attaching first -SO3~ groups onto the nanocage surface.
Finally, the neutral dye, dithizone, was anchored into the cages through
hydrogen bonding interactions with the silanol groups at the surface (Fig. 3).
It was found that these systems could be used for the selective and sensitive
detection of Sb*", Hg?", Cd**, and Pb*" at subnanomolar levels. In a later
work, the same authors reported the effect of the geometry and shape of the
pores and the particle morphology on the colorimetric detection of Sb>*. They
prepared similar nanocaged monoliths and used PR as the dye trapped in the
nano-size cavities.

Different Cd*" probes in water were prepared by the same authors using
TMPyP, diphenlcarbazide (DPC), 4-n-dodecyl-6-(2-thiazolylazo)resorcinol
(DTAR), and 4-n-dodecyl-6-(2-pyridylazo)phenol (DPAR) as signaling units
on a mesoporous support. DTAR and DPAR were anchored by simple van der
Waals and hydrogen bonding interactions with the abundant hydroxyl groups
on the mesoporous surface. In addition to this interaction, the long alkyl
chains on these dyes offer the adequate hydrophobicity to prevent leaching of
the probes in aqueous solutions. The DPC chromophore was immobilized
via the incorporation of the cationic surfactant dilauryldimethylammonium
bromide (DDAB) on the mesoporous structure and further reaction with
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FIGURE 3. Nanocaged monoliths containing selected dyes for the colorimetric
signaling of various metal ions.

DPC.* Similar mesocaged nanosensors have been prepared for the indication
of Bi*" by using a similar inorganic matrix and diphenylthiocarbazone (DZ) as
suitable dye.**

Enhanced coordination by preorganization in mesoporous solids is also
one of the important features of the design of abiotic binding pockets for
selective colorimetric displacement assays. The signaling protocol involves
several steps: (a) first, the pores are functionalized with adequate binding sites;
(b) second, the pores are loaded with a dye that coordinates to these anchored
sites; and (c) finally, the presence of a target anion in the solution, which forms
a stronger complex with the binding sites and induces the displacement of the
dye and diffusion into the bulk solution, enabling the colorimetric detection of
the guest (Fig. 4).*> As in other displacement assays*® *® a selective response is
reached by the adequate choice of binding sites and dye. The stability constant
between the binding pockets and the dye has to be lower than that with the
target but larger than that with potentially interfering analytes.

A first example reports a mesoporous MCM-41-type solid containing
guanidinium groups as binding sites within the mesopores and methylthymol
blue as the dye. Guanidinium groups are known to undergo hydrogen bonding
interactions with carboxylate groups. A remarkably selective response for
citrate was found and indicates that the binding pockets are able to recognize
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FIGURE 4. Optical detection protocol using displacement assays in bioinspired
mesoporous systems. (a) Functionalization of mesoporous walls with selected binding
sites. (b) Loading of functionalized material with certain dye. (c) Displacement of the
dye with target anion.

this anion through favorable coordination with respect to other carboxylates.
As it has been shown, a two-dimensional (2D) silica material that lacks the
homogeneous porosity of mesoporous solids functionalized with guanidinium
groups and contains a certain amount of adsorbed methylthymol blue shows a
very poor response. This behavior stresses the importance of the enhanced
coordination observed in this mesoporous three-dimensional (3D) structure in
the overall sensing process. In the same paper, similar protocols were developed
for the chromogenic sensing of borate. In this case, an MCM-41 solid was
functionalized with a mannose derivative that was further treated with
a boronic acid dye that can react with a sugar through the formation of a
boronic ester bond. In sensing experiments, the addition of borate in water at
ppm concentrations induced a partial displacement of the boronic dye and
resulted in a simple and selective colorimetric assay for borate in aqueous
solution. The solid did not show any sensing feature in the presence of other
compulsive water present anions and cations.

Recently, a hybrid material for the colorimetric sensing of phosphate in
water using displacement assays was reported.*” The sensory system consists of
suitable nano-size binding pores of an MCM-41-type material functionalized
with simple amino binding sites that were then filled with carboxyfluorescein.
Addition of phosphate ion to a suspension of the functionalized solid in water
resulted in a preferential interaction of the analyte with the tethered amines and
displacement of the dye from the pores into the solution. Addition of sulfate ion
also induced some color, but to a significantly lesser extension, whereas nitrate
and halide anions induced no displacement of the dye. This sensing protocol is
undemanding and opens the possibility of developing new chromo-fluorogenic
probes by the combination of simple coordination groups and the noncovalent
anchoring of dyes to mesoporous materials.
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III. ENHANCED SIGNALING BY
PREORGANIZATION

Some of the examples reported in this section show clear effects of
amplified signaling derived from a collective response of anchored groups. One
illustrative example of this effect was reported by Montalti et al. who used silica
nanoparticles covered with dansyl moieties on the surface for pH sensing.™
Clear signs of chemical amplification were found because the protonation of
few dansyl moieties resulted in a remarkable quenching of both the protonated
and the surrounding unprotonated groups. For instance, they also developed
another representative model using silica nanoparticles that were functional-
ized with a dansyl-polyamine-appended molecule as a binding and signaling
unit.>! For this functionalized hybrid, the addition of the metal ions Cu®",
Co*, and Ni*" resulted in a strong quenching of the fluorescence at nanomolar
concentrations because coordination of a single probe quenches several other
probe units in close proximity. Enhanced signaling was demonstrated by the fact
that a single Cu”" was able to cause a fluorescence decrease, which corresponded
to the total quenching of 13 dansyl moieties. In these two cases, the signal
modulation involved a larger number of units than those actually coordinated.

A related supramolecular functional approach relies on the use of addi-
tional cooperative effects associated with the independent anchoring of binding
sites and signaling units in close proximity to the surface of a support. This
allows the coordination of guests at the binding sites to induce quenching of the
fluorophore that is closely neighbored on the silica surface (Fig. 5). This
approach allows an easy selection of the ligand-fluorophore ratios to tune
the final response of the ensemble. In addition, as shown in other examples in this
chapter, this approach overcomes synthetic problems connected with the
conventional preparation of complex receptors and, at the same time, provides
a facile method for the use of combinatorial strategies and the selection of
commercially available or simple small molecules for probe preparation.

Tecilla and Tonellato used the same strategy for the development of
a fluorescent sensor for Cu". In this case, the authors used silica nanoparticles
functionalized with both ligands for the selective Cu’" coordination
and fluorescent dyes.>* Binding of Cu®* to the anchored ligands lead to strong
fluorescence quenching and allowed the detection of Cu?" concentrations down
to the nanomolar level in DMSO-water solutions. As in the earlier case, the
authors also confirmed that binding of a single metal ion lead to the quenching
of up to 10 fluorescent groups surrounding a receptor unit, thereby producing
the amplified signal.

A variation of this approach is the use of dansyl-doped silica nanopar-
ticles synthesized from the co-condensation of tetraethoxysilane and dansyl
triethoxysilane derivatives. Addition of Cu”" resulted in coordination of the
metal with the acidic silanol groups of the surface and induced fluorescence
quenching of the dyes entrapped in the nanoparticle.> A similar method has
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FIGURE 5. A difunctionalized surface ensures the required spatial proximity for
communication between binding sites and signaling units. The back arrows indicates
quenching induced by the guest.

also been used in sol-gel films.>* The effect of improved signaling by indepen-
dent preorganization of ligands and signaling units is not unique for silica
nanoparticles, but it has also been realized for polymeric nanoparticles,”
micellar systems,56 and in extended surfaces such as in bifunctionalized, self-
assembled monolayers or Langmuir-Blodgett films.>’

Self-assembled monolayers (SAM) on gold or glass are interesting
examples of bifunctionalized 2D surfaces in which directional preorganization
facilitates communication between the binding group and signaling subunit in a
similar way as described earlier. In this respect, the works of Crego-Calama and
Reinhoudt were remarkable and have led to the development of chemosensing
materials for cations and anions by using a combinatorial approach in which
glass monolayers were functionalized with different fluorescent groups and
certain types of binding sites.

In a first paper, these researchers self-assembled monolayers of two
fluorescent probes (dansyl and coumarin) and certain binding units (amine,
amide and urea) on glass and used these fluorescent hybrids for metal ion
sensing in organic solvents (Fig. 6).>® The fluorescence response of this family
of bifuctionalized SAMs was quite similar and addition of Pb*", Zn*", and
Ca®" cations induced different degrees of emission quenching. Specifically,
addition of Pb*", Zn*", and Ca*" to bifunctionalized monolayers containing
dansyl fluorescent units and amine binding sites induced different degrees of
fluorescence quenching, the most important one being observed, with Pb*"
(92%). On changing to monolayers that were functionalized with coumarin
fluorophores and amide binding sites, the same quenching behavior upon
addition of metal ions was observed, with Pb*" being the most potent quencher.
A different behavior was obtained with a SAM functionalized with coumarin
and amine binding sites because an enhancement in emission intensity of 20%
was observed upon addition of Zn>". The dependence of the behavior of
the two fluorophores on the choice of the binding site clearly indicates that the
ensemble shows a collective response.

Following the same approach mentioned earlier, new SAMs for fluores-
cence recognition of both metal ions (Cu**, Co*", Pb>" and Ca*") and anions
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FIGURE 6. Self-assembled monolayers of two fluorescent probes and certain binding
units on glass used for metal ion sensing in organic solvents.

(AcO™, NO3~, H,PO, and HSOy") in organic solvents were developed.59 Glass
monolayers were first functionalized with N-[3-(trimethoxysilyl) propyl]ethyle-
nediamine and second with fluorescent (TAMRA, lissamine and TRITC) and
coordinating (amino, aryl-urea, alkyl-urea, aryl-amide, alkyl-amide, sulphona-
mide, urea and thiourea) moieties. Depending on the fluorophore and binding
site used, remarkable quenching and enhancement of the emission intensity
were observed upon addition of metal ions. As a general trend, addition of
Cu?* and Co*" induced quenching, whereas addition of Pb*" and Ca®" induced
moderate enhancements of the emission intensity. In a step toward actual
sensory applications, microcontact printing techniques were also used for the
development of efficient microarrays for sensing. For instance, whereas
fluorescent SAMs that were functionalized with anion binding sites showed
several degrees of quenching in the presence of acetate and dihydrogen
phosphate, hydrogen sulfate triggered an enhanced fluorescence output.

To evaluate potential applications of such microarrays in real aqueous
samples, the same authors used a combination approach to prepare a library of
sensitive glass SAMs containing different fluorophore-binding sites.® The
performances of the materials were assessed by measuring the changes in
fluorescence intensity upon addition of aqueous solutions of Cu**, Co*", Ca*",
and Hg”> * . The modified SAMs were prepared in three steps: (a) synthesis of
amino-terminated monolayers by functionalization of glass substrates with 1-
cyano-11-trichlorosilylundecane followed by reduction of the cyano moiety; (b)
immobilization of the fluorophore on the amino-terminated monolayers by
reaction with dansyl chloride, 7-dimethylaminocoumarin-4-acetic acid succini-
midyl ester, and 5- and 6-carboxytetramethylrhodamine succinimidyl ester
(TAMRA); and (c) immobilization of the binding sites on the surface by
reaction of the SAMs prepared in the second step with benzenesulfonyl
chloride, which produces an aryl-sulfonamide binding site, or 4-isopropylphenyl
isocyanate, which produces an aryl-urea binding site. In addition, the SAMs
prepared in the second step were used without further functionalization
and possess simple amine binding sites. Nine fluorescent SAMs were prepared
by this procedure, and their response toward metal ions at submillimolar
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concentrations in water was tested. None of the SAMs proved to be selective
because all metal ions led to different degrees of quenching. However a
“fingerprint” response for each of the metal ions was observed.

IV. ASSEMBLY-DISASSEMBLY

The sensing protocol discussed in this section is based on the ability of
functionalized AuNPs to show remarkable optical changes upon guest-induced
aggregation processes. This color modulation that is observed upon aggregation
is due to a coupling of the dipoles that result in shifts of the plasmon
band to the red when the interparticle distances in the aggregates decrease to
less than the average particle radius.®’°> Based on this phenomenon, exponen-
tially increasing attention has been devoted to its use for analyte-induced
aggregation/deaggregation sensing protocols. The majority of the examples
involving AuNPs realized so far were published in the field of biomacromole-
cule analysis and will not be reviewed here.®>%* Instead, we will focus on works
dealing with the signaling of inorganic or small-molecule analytes—that is,
work related primarily to supramolecular chemistry.

The principle of operation can be seen in the following example designed
for the optical detection of K* and Na™. Lin et al. functionalized AuNPs with
alkanethiol-appended 15-crown-5 for K' sensing. Upon exposure of the
functionalized AuNPs to K*, 2:1 sandwich-type complexes were formed,
resulting in the aggregation of AuNPs and a color change from red to blue.
This approach avoids the interference of Na™ because this cation does not tend
to form sandwich-type complexes and does not induce aggregation (Fig. 7). The
same authors also improved the system by co-attaching thioctic acid and
alkanethiol-appended 15-crown-5, again for K' sensing, or 12-crown-4, a
smaller crown that targets Na', onto AuNPs. Apparently, the introduction
of carboxylate functions greatly enhances the binding of the cation by
cooperative electrostatic forces. Both materials were also tested under realistic
conditions for the colorimetric detection of K™ and Na™ in urine samples.®>-*¢

Lin et al. also used AuNPs functionalized with thioctic acid and
alkanethiol-appended 15-crown-5 for the colorimetric signaling of the toxic
metal cation Pb>" in methanol-water mixtures. In this medium, the functiona-
lized AulNPs are aggregated most likely due to hydrogen bonding interactions
between the carboxylic acid residues appended to its surface. Addition of Pb**
resulted in coordination of this cation by the crown ether and dispersion due to
electrostatic repulsion between positively charged nanoparticles.®” Selective
signaling of Pb>" has also been achieved by controlled disassembly of AuNP
aggregates involving a Pb**-specific DNAzyme.®® Some other examples have
been reported for other toxic metal cations such as Hg>*.%

Aggregation-amplified colorimetric sensing using AulNPs has also been
used for neutral molecules. One example involves the detection of thiols using
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FIGURE 7. Selective potassium-induced aggregation of AuNPs functionalized with
crown ether-thiol groups through the formation of sandwich complexes.

citrate-capped AuNPs to which Nile red (NR) was noncovalently adsorbed.”
The signaling event is related to a displacement assay (fluorescence modulation)
that is additionally coupled with an aggregation phenomenon (colorimetric
modulation). The as-synthesized NR-AuNPs are not fluorescent because of
FRET between NR and AuNPs. When 2-mercaptoethanol is added, the fluores-
cence is restored as a consequence of the displacement of adsorbed NR units into
the solution. At the same time, a color change is observed due to ligand exchange
of 2-mercaptoethanol on the surface of the AuNPs and the liberation of citrate.
This exchange reduces the electrostatic repulsion among the nanoparticles, which
readily aggregate. The authors found that aggregation also occurs with positively
charged thiols (e.g., cysteamide), whereas the presence of negatively charged
thiols (e.g. mercaptoacetate) did not induce color modulations. The authors
proposed that it might be possible to distinguish between certain thiols by the rate
at which the color of the NR-AuNPs changes (e.g., slow for reduced glutathione,
fast for cysteine and homocysteine, and no change for disulfides such as oxidized
glutathione).

AuNPs have also been used for the detection of noncharged nerve agents.
However, in this case the sensing protocol relies on a different concept not
related to a modification of the aggregation state of the NPs but with their
biocatalytic growth.”! The sensing ensemble uses acetylcholine esterase (AChE).
This enzyme is known to hydrolyse acetylthiocholine (ATCh) to yield the
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reduction agent thiocholine (TCh). In addition, the presence of TCh
stimulates the growth of AuNPs to diameters of 300-500 nm when a certain
quantity of AuCl,; was present. Upon processing of ATCh by AChE, the
plasmon band of the NPs increases in intensity. Moreover, at higher substrate
(or enzyme) concentrations, the band also becomes broader and appears at
shorter wavelengths, presumably due to the fact that higher processing rates
lead to a preferred formation of smaller particles. Because the growth of the
AuNPs is controlled by the concentration of ATCh and the activity of
the enzyme, the sensory concept is based on the inhibition of the biocatalytic
growth in the presence of nerve gases. Thus in the presence of 1,5-bis
(4-allyldimethylammoniumphenyl)pentane-3-one dibromide and diethyl-p-
nitrophenyl phosphate (paraoxon), phosphorylation of the active site of the
enzyme occurs and its enzymatic activity is inhibited. The researchers created a
colorimetric assay for nerve agents by implementation of AuNP seeds into glass
plates.

The use of functionalized AuNPs for anion sensing is less common. An
example shows that the addition of certain anions caused dramatic changes in
the plasmon band (i.e., intensity decrease and slight red shift in wavelength) of
amide-functionalized gold nanoparticles via hydrogen bond formation between
the anions and the amide ligands on the particle surface. The authors observed a
remarkable chemical amplification effect and an increase of the detection limit
of about three orders of magnitude for anions using surface-modified gold
nanoparticles in relation to that originally expected for the anion binding ability
of the free receptor.”” In a related work, Kubo et al. used isothiouronium-
alkanethiol-capped AuNPs to selectively detect oxoanions such as acetate and
HPO,> in aqueous methanol solutions.”

Another type of inorganic nanoparticles with distinct optical properties,
which have received almost exponentially increasing attention in the past few
years, are the semiconductor nanocrystals or “quantum dots” (QDs),”*7® QDs
are semiconductor nanoparticles with a diameter typically in the 2-10 nm range
and making up as few as 100 to as many as 100,000 atoms. Due to their small
size, semiconductor QDs show optical features that are located in between
those of discrete molecules and those of bulk semiconductors. The confinement
of electrons to a certain small size can be theoretically explained by a general
particle-in-a-box quantum mechanical model. The model predicts that the
difference in energy between the highest occupied and the lowest unoccupied
discrete orbitals of the valence and the conduction band (equivalent to HOMO
and LUMO) depends on the size of the box. For instance, a decrease in particle
size leads to an increased HOMO-LUMO gap and a shift of the band position
to shorter wavelengths (hypsochromic shift). In addition, QDs usually show
intense and very broad absorption spectra and very narrow emission spectra.
The use of QDs for optical sensing has been recently reviewed.”” %° Moreover,
in most cases QDs are used as “passive” labels in imaging, diagnostics, and
bioanalytics®'** but have rarely been used as active functional nanoparticles in
the sense that AuNPs are commonly used (vide supra).
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Chen and Rosenzweig for a specific case of functionalized CdS quantum
dots have reported one of the very few examples of analyte-induced aggregation
of hybrid nanoparticles that is not based on gold. In their work, CdS QDs
capped with L-cysteine showed an increase in the luminescence in the presence
of Zn*", whereas ions such as Cu®*, Ca®*, and Mg”" remained silent. The effect
was explained by the formation of QD clusters in the presence of Zn*" as
revealed by microfluorometry.®> Another example involving aggregation was
reported by Konishi and Hiratani who observed, upon addition of Cu™, that
the band is notably enhanced and red shifted. A positive response was also
observed for Cu?" and to some degree for Ag". The authors suggested that the
emission enhancement is due to aggregation through the formation of a
multicluster network where Cu” ions act as bridges between CdS clusters.>®

However, the most common use of QDs as active chemosensors does not
involve aggregation. On the contrary, the basic concept underlying the use of
QDs in the sensing processes discussed later involve the fact that the emission
of QDs is very sensitive to changes at their surface that can occur for instance
via coordination or substitution of Cd by other metal cations. For instance, He
et al. have reported the use of CdSe QDs modified with mercaptoacetic acid for
the selective determination of Ag" by way of quenching of the fluorescence at
543 nm and enhancement in the 570-700 nm range. These changes in emission
properties of the QDs are attributed to the chemical displacement of Cd** for
Ag" ions on the surface due to the very low solubility of Ag,Se.®” A similar
assay was recently realized for Cu?" using CdSe/CdS QDs that were modified
with mercaptoethanol groups. The detection depended on the binding of Cu*"
onto the surface of QDs, and resulted in a chemical displacement of Cd** and
the formation of CuSe.*®

Some assays with QDs involve metal ion coordination with the molecules
of the appended coating. For instance, CdTe QDs with 3-mercaptopropionic
acid have been used for the selective sensing of Cu®*. The signaling event is
a partial quenching upon metal coordination to the functionalized surface.®
A second example was reported by Gattas-Asfura and Leblanc, who designed
CdS QDs coated with a pentapeptide. This system demonstrated high selectiv-
ity toward Cu®" and Ag" in the presence of other biologically important metal
ions. The authors report that complexation of only one of the surface peptides
was required to quench the luminescence significantly, thereby showing clear
features of signal amplification.”® Highly luminescent CdTe nanowires have
also been used for selective Cu®' sensing in the presence of other relevant
cations.”!

In contrast to metal ion sensing, QDs have been barely used for anion
signaling. Toward this objective, Sanz-Medel et al. reported the functionaliza-
tion of CdSe QDs with tert-butyl-N-(2-mercaptoethyl)-carbamate for the
selective and sensitive detection of cyanide in methanol by analyte-induced
luminescence quenching.”> In a further work, the authors prepared water-
soluble CdSe QDs coated with 2-mercaptoecthane sulfonate also for cyanide
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signaling in aqueous solution.”® Polyphosphate-containing CdS QDs have also
been used for the optical signaling of iodide.”*

Besides charged species, neutral guests have also been determined with
hybrid QDs. By analogy to classic displacement assays of ligand-based
ensembles, Singaram et al. used modified QDs in a displacement assay for
glucose.”® These authors prepared an ensemble in which core-shell CdSe/ZnS
QDs were functionalized with carboxylate groups and a boronic acid-sub-
stituted benzylviologen (BBV). No emission was observed in neutral aqueous
solution because electrostatic forces lead to coordination of the BBVs to the
QDs. Addition of glucose to the ensemble resulted in the binding of glucose to
the BBV through the boronic acid group and liberation of the QDs, thereby
recovering luminescence. Water-soluble CdSe/ZnS core-shell QDs carrying
tetrahexyl ether derivatives of p-sulphonatocalix[4]arene groups on the surface
have also been employed for the optical detection of the neurotransmitter
acetylcholine.”®

In a recent example, Kim et al. showed how the combination of several
types of nanoparticles could also be wisely used for the design of signaling
protocols. They designed a FRET-based inhibition assay to determine the
avidin concentration in solution with AuNPs and QDs.”” The ensemble
involves the use of streptavidin-conjugated QDs that interact with biotin-
AuNPs through well-known streptavidin-biotin chemistry. This system was not
luminescent due to FRET interaction between QDs and AuNPs. Addition of
avidin to this ensemble caused the luminescence to increase gradually because
the AuNPs were displaced from the streptavidin-functionalized QDs as a
consequence of avidin—biotin interactions (Fig. 8).

Finally, after having presented representative examples of particle-based
assembly- disassembly protocols, we conclude this section with hybrid signaling
systems that show that there is still plenty of room for the design of novel
heterosupramolecular ensembles for specific applications. For instance, Suzuki
and Kawaguchi immobilized AuNPs and Au/AgNPs in a polymer microgel and
managed to swell or shrink the particle-doped polymer in a controlled fashion
by simple temperature adjustment.”® Because the temperature-controlled
volume modulations of the organic partner bring the inorganic partners either
in closer contact or farther apart, reversible color changes due to a tuning of
the interparticle distance and concomitant shifts in the plasmon bands can
be achieved. An elaboration of this concept allows the development of a
reversible nanothermometer, enabling the precise measurement of temperature
down to the nanoscale regime.””'%° Kotov et al. realized the task by connecting
two different NPs, an AuNP and a CdTe quantum dot, through a PEG
polymer as a “molecular spring.” The system is designed in such a way that the
resonance conditions between AuNP plasmon and CdTe exciton lead to
luminescence enhancement (instead of the commonly observed quenching).
The temperature-based tuning of the distance of the two NPs then modulates
the luminescence intensity through the degree of coupling.
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FIGURE 8. Inhibition assay based on the luminescence quenching of streptavidin
immobilized QDs by biotin fucntionalized AuNPs. AV is the externally added avidin.

V. SELECTIVITY BY POLARITY AND SIZE.
BIOMIMETIC SIGNALING

In this section we discuss how inspiration from nature can lead to the
preparation of hybrid systems able to perform a dual functional activity—
that is, discriminating between closely related species and at the same time
indicating the designated target analytes through chromo-fluorogenic responses.
This principle of operation has been mainly realized for biomimetic hybrid
systems that are based on preorganized three-dimensional (3D) nanoscopic
porous solids. The general idea is to include a suitable binding site into the
cavities of a mesoporous solid to form ‘“‘recognition centers” and then attach
additional groups to the walls of the pores that fine-tune the recognition center’s
polarity. As will be described, these systems show advanced features because, in
addition to simple recognition at the binding site, there is additional supramo-
lecular control that is governed by the size and polarity of the nanoscopic pore.
This approach usually results in a remarkably enhanced response and selectivity
with respect to analogous molecular probes. In terms of bio-inspired concepts,
these systems try to mimic the principle of operation of enzymes, which succeed
in processing target substrates by extracting them into specific binding pockets.
The strategy of mimicking binding pockets, however, is not unique to this field
of sensing with mesoporous hybrid materials; another approach tries to simulate
the coordination biochemistry involved in metallo-regulatory enzymes.'! These
concepts are embedded in a wider concept of biomimetic chemistry as a part of
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FIGURE 9. Model of a biomimetic material for the sensing of long-chain carboxylates.
Hydrophobic forces bind the tail to the wall, enabling hydrogen bonding interactions of

the head group of the analyte with the urea group of the phenoxazinone dye. The result
is a color and fluorescence modulation.

the science that tries to imitate nature’s methods, mechanisms, and pro-
cesses, 18:102-104

The basic principle of operation is sketched in the first example (Fig. 9),
which was designed to selectively indicate the anions of fatty acids or fatty
carboxylates. The hybrid system consisted of a mesoporous MCM-41-type
material that was functionalized in two steps. First, a urea-phenoxazinone
derivative is anchored onto the surface of the mesoporous solid. Mesoporous
materials of the MCM-41-type contain pores of 2-3 nm and a remarkable high
specific surface (~1200 m? g ') that corresponds mainly to the surface of the
inner pores. Therefore, the anchoring of the sensor molecule at low concentra-
tions results in a functionalized material that contains the signaling receptor
almost exclusively within the pores. The urea-phenoxazinone derivative is the
signaling-recognition unit because it is able to act at the same time as an anion
receptor through hydrogen bonding between the carboxylate groups of the
target guest and the urea group and as the signaling reporter through a
modulation of the electron distribution in the phenoxazine group upon
carboxylate—urea coordination, which results in changes in absorption and
fluorescence. In a second step, the inner surface of the mesoporous support was
further functionalized with trimethylsilane with the aim of transforming the
hydrophilic inner walls of the silica skeleton into hydrophobic pockets by
transformation of OH groups to Si(Me); moieties.'® This solid displays a
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remarkable response to fatty- or long-chain carboxylates in water thereby
exhibiting a bathochromic shift of the absorption band and an enhancement of
the fluorescence emission. The authors demonstrated that short-chain carbox-
ylates; inorganic cations; anions; and biological species such as triglycerides,
cholesterol, bile acids, and organic phosphates gave no remarkable response—
that is, the solid is highly selective. The performance of the hydrophobic hybrid
solid suggests that, after extraction of the fatty carboxylates into the pores, the
water content in the hydrophobic layer at the inner wall is presumably reduced
so that hydrogen bonding between carboxylate and urea can occur. The
integration of functionality and signaling is clearly shown if one takes into
account that neither the urea-phenoxazinone probe molecule nor the hybrid
material that is solely functionalized with the urea-phenoxazinone probe (but
not being hydrophobized) are able to sense the target analytes in water. In
biomimetic terms, selective signaling is achieved here in a similar way as many
proteins— that is, the substrate is extracted into a hydrophobic pocket in which
the active site—substrate complex is shielded from competitive water molecules.

Another example uses a similar mesoporous solid that was first functio-
nalized with a pyrylium derivative, able to undergo color changes in the
presence of primary amines, and then reacted with hexamethyldisilazane for
passivation.'® The result is a sensory solid that contains hydrophobized
nanoscopic pockets that react in pure water only with medium-chain amines
that are hydrophobic enough (such as n-octylamine) but do not respond to
longer-chain (e.g., n-dodecylamine) or hydrophilic (e.g., n-propylamine) amines.
Apparently, short-chain amines are too hydrophilic to enter into the mesopores
and induce a chromogenic reaction. Moreover, long-chain amines appear to
close the pores by reaction with the pyrylium groups near the pore openings,
thus hampering the diffusion of the analytes due to steric crowding. Again, the
integration of functionality and signaling is stressed when one compares
the response of the functional solid with that of the pyrylium probe molecule
alone and that of simple 2D materials with “flat” surfaces, such as silica gel or
fumed silica that are functionalized with the pyrylium dye and passivated by
trimethylsilylation but do not possess the mesopores. Whereas the indicator
molecule reacts nonspecifically with any primary amine, the latter can discrimi-
nate against too hydrophilic short-chain amines but display color modulations
with both medium- and long-chain primary amines.

A very similar colorimetric discrimination of amines was reported for
a system that employs a dicyanomethylene-2-chloro-3-amino-indene dye as a
signaling reporter and a hydrophobized (trimethylsilylated) mesoporous
MCM-41-type solid.'®” The same conceptual idea was also followed for a
hybrid ensemble that contains a styrylpyrylium derivative anchored at the walls
of hydrophobized mesopores. In this case, the sensory material changes its
color from blue to red by reaction with primary amines. As a remarkable
feature, the styrylpyrylium-appended hydrophobized mesoporous solid was
able to react with biogenic amines such as histamine from fish extracts and
remained silent in the presence of amino acids or long-chain fatty amines.'*®
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Using a similar approach, Lin’s group reported two other examples of
functional discrimination by size and polarity for enhanced signaling. For
example, a mesoporous material was first functionalized with o-phthalic hemi-
thioacetal moieties that are able to react with amines to produce a highly
fluorescent isoindole chromophore. The solid was then hydrophobized with
different groups such as propyl, phenyl, and pentafluorophenyl.'® It is inter-
esting that some of these solids displayed a remarkably selective and differenti-
able response to dopamine versus the less lipophilic glucosamine. The authors
also demonstrated that this selectivity was not observed when using amorphous
silica functionalized with the same organic groups, thereby stressing the
importance of the 3D mesoporous structure. In a further interesting study,
the authors coated mesoporous materials with poly(lactic acid).''® This coating
acts as a “molecular gate keeper” that is able to regulate the penetration of
certain amines into the nanoscopic pores using coulombic forces. A large
difference in the diffusion rates into the pores and, therefore, a selective signaling
of the neurotransmitter dopamine in relation to tyrosine and glutamic acid was
observed. The discrimination relies on the ratio between the charges at neutral
pH of the gate keeper (negatively charged) and the charge of the guests—that
is, whereas dopamine is positively charged, tyrosine and glutamic acid are
negatively charged. Thus the latter are repelled by the negatively charged
poly(lactic acid) coating (Fig. 10).

Discrimination by size and polarity in combination with colorimetric
signaling was also observed for microporous materials—for example, when a
pyrylium derivative is anchored to the inner pores of zeolite Beta. Zeolite Beta
is characterized by a 3D channel system for which access to the pore voids is
limited by 6.8 A aperture that is composed of 12 silicon atoms. A size-based
discrimination was observed and only amines smaller than the pore openings
induce color modulations. For amines of similar size, an additional discrimina-
tion by polarity that is induced by the hydrophobic environment of the inner
zeolite was also found (Fig. 11).'"!

These results demonstrate that selective molecular recognition can be
achieved by integrating functionality related with polarity and size discrimina-
tion with a signaling event. In fact, within a biomimetic perspective, the
confinement of signaling groups into the modified solid structure leads to
additional recognition advantages that take profit of both the extraction of the
guest from water that is limited by polarity and size and the selective reactivity
of the binding site with the guest. These recognition benefits are especially
obvious when one compares the response of the “binding pockets” with
the analogous molecular probes or with “flat” non-mesoporous supports
(vide ante).

Discrimination by polarity has also been used for the design of robust
sensors for vapor detection. For instance, a mesoporous silica material con-
taining a covalently anchored phenoxazinone probe has been used as an optical
sensory hybrid for the detection of volatile organic compounds (VOCs).
The indication mechanism relies on the property of certain phenoxazinone
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FIGURE 11. (a) A chromogenic hybrid material containing a pyrylium dye anchored
on the zeolite Beta walls. (b) The color changes observed in this hybrid material upon
addition of certain amines.
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derivatives to behave as fluorescent solvatochomic dyes.''* As in the earlier
cases, the mesoporous material was first functionalized with the dye and then
refunctionalized with hexamethyldisilazane, which results in a fine control of
the inner surface polarity and yields a rather hydrophobic hybrid sensory
material. This derivative shows enhanced performance as optical sensor
for VOCs when compared with the analogous non-hydrophobized material.
For instance, the former allows the indication of VOCs over a larger polarity
range, and the color and fluorescence changes distinctly, exceeding those of the
latter, hydrophilic material. In addition, the hydrophobic material shows a
faster response, better reversibility, and displays minimal interference from
environmental humidity. Moreover, when compared with other inorganic hosts
for VOCs detection such as zeolites,'"® the mesoporous hybrid has the
advantage of larger pore diameters, which enable faster diffusion rates and
better surface tailoring. This hybrid approach may also show advantages
compared to sensory polymers because of the facile covalent functionalization
of inorganic supports, the highly ordered 3D structure and the avoidance of
swelling problems.''*!'!3

By analogy to the aforementioned, porphyrin-doped mesoporous silica
films have been used for the detection of TNT vapors by quenching of the
porphyrin emission.''® The authors demonstrated that the use of mesoporous
phases shows distinct advantages in terms of response when compared with
functionalized amorphous silica.

VI. SWITCHING, GATING, AND SIGNALING

One of the most exciting areas within hybrid materials research is
the anchoring of certain addressable or switchable molecular entities on the
surface of (usually porous) inorganic scaffolds that allow the active control of
the conformation, physical properties or aggregation state of the organic groups
by external stimuli. Following this approach, several materials with controllable
wettability,'!” adhesion features,''® roughness,'"” and biocompatibility'** have
been developed in recent years. In addition, systems for which host—guest
complexation at the surface is controlled by electrochemical or photochemical
means have also been reported.'*!'?* For these systems, the solids are basically
modified with switchable molecules that respond to light, redox stimuli, or
thermal changes. In many cases, this has been achieved by using polymers and
self-assembled monolayers (SAMs), the changes in morphology of which result
in modulations of the macroscopic properties of the modified surfaces.

In relation to recognition and signaling with functionalized surfaces, a
suggestive approach involves the design of so-called ion channel sensors. These
systems usually consist of a conducting solid (e.g., an electrode) and a layer of
anchored molecular entities containing certain binding sites. When a certain
guest coordinates with the binding sites on the anchored layer there is a change
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in the net charge on the layer that results in a regulation of the oxidation or
reduction of an electroactive ion (i.e., the redox marker). Thus the coordination
of a guest with the anchored substrate determines the accessibility of the
electrode surface for the redox marker, which results in an overall guest-
controlled switching effect.'*®* Also, ion-channel sensors have the inherent
possibility of signal amplification because the reduction or oxidation of a
greater number of markers can be controlled by the binding of a fewer number
of guests to the host monolayer. Since the introduction of this concept by
Umezawa’s group, considerable interest has been devoted to its use in
analytical chemistry, and a number of sensors have been reported for a wide
range of species from simple metal ions to complex guests. Organization of the
molecular recognition agents or receptors on the surface includes in many cases
the formation of SAMs via covalent attachment of receptor molecules. Some
representative examples are described in more detail here.

Ion channel sensors (ICSs) have been usefully applied to the recognition
and quantification of polyions such as protamine (a polycation with an average
charge of +20) and heparine (a polyanion with an average charge of —70).
Heparin is extensively employed as anticoagulant, whereas protamine is used to
neutralize the anticoagulant activity of heparine. For their determination, gold
electrodes were modified by the formation of SAMs of thioctic acid.'** Upon
deprotonation of the anchored thioctic acid molecules, a negatively charged
layer on the electrode is generated that induces protamine adsorption through
electrostatic forces (Fig. 12a). These sensors could detect protamine levels as
low as 0.11 uM when [Ru(NH3)¢*" was used as the redox marker. The
development of ICSs for heparin was closely related to that prepared for the
detection of protamine.'*> Again, SAMs of thioctic acid were prepared on the
surface of an eclectrode. Subsequent treatment with protamine created a
positively charged layer able to interact with the negatively charged heparin
(Fig. 12b). This interaction provided the electrode surface with an excess of
negative charges, thereby repelling the marker ions [Fe(CN)¢]* and [Mo(CN)g]*
from the electrode surface. In a solution containing inorganic species at
physicological blood concentrations as a background, heparin could be detected
in a linear concentration range of 3.3 nM-0.1 uM.

ICSs have also been developed and used for the quantification of metal
ions. For these purposes, gold electrodes were modified with a phosphate ester
monolayer and showed response toward trivalent and divalent metal ions in the
presence of a background of alkali cations.'*® In the absence of metal ions,
the surface of the electrode is negatively charged due to the presence of
phosphate groups and the reduction of [Fe(CN)¢> marker is hindered.
Addition of trivalent and divalent metal ions, such as A", La®", Ba>", Sr*",
Ca*", and Mg>", induced the formation of a positively charged monolayer after
bonding of the cations to the phosphate groups. Neutralization of the
phosphates permitted access to and reduction of the negatively charged
markers at the electrode surface. Trivalent cations could be detected down to
submicromolar concentrations. In a similar approach, Gadzekpo et al.
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FIGURE 12. (a) Protamine detection with a gold electrode modified with a SAM of
thioctic acid and [Ru(NH3)¢]> © probe. (b) Heparin detection with the protamine—
thioctic acid—gold electrode and [Fe(CN)g]*~ probe.

functionalized gold electrodes with thioctic acid and studied the response of the
modified electrodes in the presence of alkali, alkaline earth, and trivalent
cations by means of cyclic voltammetry.'?” Again, the reduction of [Fe(CN)g]*
as marker was hindered in the absence of metal ions due to electrostatic
repulsion by the carboxylate layer on the surface. The presence of La®‘and
other divalent metal ions then led to an increase in current. Thus ICS showed
selectivity toward La*" on a background of divalent and monovalent metal ions
with a detection limit of 10 nM.

Selective electrochemical detection of K™ over Na™ was achieved by using
gold electrodes functionalized with bis-thioctic ester-terminated derivatives of
oligoethylene glycol by cyclic voltammetry and impedance spectroscopy.'?®



394  Supramolecular Hybrid Materials

Functionalization of gold surface with this oligoethylene glycol derivative
induced the formation of a SAM, which exhibited a pseudo-18-crown-6
structure. Upon addition of the redox marker [Ru(NH3)¢*" to the chemically
modified surface of the electrode, a clear anodic process was observed due to
reduction of the marker. In the presence of K, the anodic process disappeared,
indicating that K" forms a stable inclusion complex with the pseudo-18-crown-6
moieties on the surface that leads to the repulsion of the positively charged redox
marker. On the other hand, addition of Na* induced negligible changes in the
voltammetric response of the redox marker. In another attempt to selectively and
sensitively recognize alkali metal ions, gold electrodes were chemically modified
with SAMs of 12-crown-4 and 15-crown-5 macrocycles.'” Electrochemical
impedance spectroscopy was used to monitor the interactions of both crown
ether SAMs with Na® and K*, using [Ru(NH;)¢]>" as the redox marker. The
binding of metal ions with crown ether moieties on the surface of the electrodes
induced a significant increase in charge transfer resistance that was higher for
Na* than for K™ for the electrode modified with 12-crown-4, while the 15-crown-
5 SAM showed the opposite trend.

In a more recent example, thiol-derivatized 4-acyl-5-pyrazolone was used
to prepare a modified electrode that allowed the selective detection of trivalent
metal ions.'?® The chelating group has a typical B-diketone motif suitable for
the coordination of “hard” ions (e.g., trivalent lanthanoids) and displays a
negative charge at a working pH of 5.5 due to deprotonation of the pyrazolone
moiety. Binding of the trivalent lanthanoid ions, La®*, Gd*", and Yb*" as well
as AI’* to the modified electrode surface led to the formation of a positively
charged SAM that induced an increase or a decrease in the redox current of
[Fe(CN)¢]> or [Ru(NH;)e]*", respectively. Addition of divalent (Mg>", Sr*™,
Ca”", and Ba®") and monovalent metal ions (Li" and Na™") revealed negligible
changes in the redox current. In a work by Aoki et al., Ca®*-selective detection
was achieved with an ICS based on the immobilization of the ionophore, ETH
1001, onto the surface of a gold electrode.'*! The sensory hybrid layer was
prepared by functionalization of the surface of a Au electrode with 10-
mercaptodecanesulfonate and 11-hydroxy-1-undecanethiol. In a second step,
ETH 1001 was immobilized into the mixed SAM through hydrophobic
interactions between its alkyl chains and those of the alkanethiol. In the
absence of Ca”", the surface of the gold electrode expressed a high density of
negative charges, and as a consequence, the redox reaction of the [Fe(CN)g]*~
marker was inhibited. Upon binding of Ca®>* with the surface-confined ETH
1001, a decrease in the global negative charge on the surface took place,
allowing access of the redox probe.

ICSs have also been successfully employed for anion sensing. For
instance, Umezawa et al. prepared an ion-channel sensor that is selective for
phosphate ion in aqueous solution by surface functionalization of a gold
electrode with a SAM of a bis-thiourea receptor. They studied the behavior of
the material in the presence of several inorganic anions by cyclic voltammetry
with [Fe(CN)g]*~ as the redox marker.'* In the absence of anions, the surface
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of the electrode is fully accessible for the redox marker, undergoing a quasi-
reversible reduction. Upon addition of phosphate ions, the shape of the
cyclovoltammogram changes to that of a more irreversible process. This result
clearly indicates that the binding of phosphate with the receptors (through four
hydrogen bonds) located on the surface leads to the formation of a negatively
charged monolayer that hinders the redox reaction of the marker through
electrostatic repulsions. The detection limit of this ICS for phosphate is at the
submillimolar level. Moreover, the ICS is virtually insensitive to other
inorganic anions such as S04, AcO~, NO;, and Cl". In a previous work,
the same authors prepared an ICS by immobilization of a xanthene derivative
that contains two thiourea moieties on a highly oriented pyrolytic gra-
phite electrode, which also showed selectivity for the phosphate anion.'** In
the absence of anions, the electrode’s surface is fully accessible for the
[Fe(CN)e]>~ marker, whereas binding of phosphate with the receptor inhibited
marker oxidation.

Adenosine nucleotides were also electrochemically detected with ICSs.
For these purposes, gold electrodes were functionalized by covalent anchoring
of macrocyclic polyamines. [Ru(NH3)¢]>" was used as redox probe for the
voltammetric detection of ATP, ADP, and AMP. The response mechanism
originates from the inhibition of the redox reaction of the marker upon
formation of supramolecular complexes between macrocyclic polyamine hosts
and adenine nucleotide guests at the surface of the electrode.

Bioelectronic devices were prepared by the immobilization of certain
biomolecules onto a conductive or semiconductive support. Using this ap-
proach, ICSs for the electrochemical recognition of cAMP, oligonucleotides,
and avidin were prepared. For instance, a peptide receptor for cAMP
comprising 17 amino acid residues was adsorbed onto a gold disk electrode
and the resulting ICS was tested against the presence of several cyclic
nucleotides.'* A selective response for cAMP was observed because coordina-
tion with the adsorbed peptide induced a decrease in the redox current of the
[Fe(CN)g]*~ marker due to the formation of a negatively charged monolayer at
the electrode surface. Gold electrodes functionalized with SAMs of a 13-mer
peptide nucleic acid (PNA) probe and 8-amino-1-octanethiol were used to
detect a complementary oligonucleotide.*® At pH 7.0, the electrode surface
was positively charged due to the presence of protonated amines and access for
[Ru(NH;)¢]*" was denied by electrostatic repulsions. Hybridization of PNA
probes and negatively charged complementary oligonucleotides then neutra-
lizes the positive charges and also provides an excess of negative charges at the
surface, thus facilitating the contact of the marker with the electrode’s surface
and the redox reaction. This ICS allows the detection of the oligonucleotides at
the femtomolar level and, as a general trend, as the number of oligonucleotides
in the chain increases, the detection limit is improved. The binding interaction
between avidin and biotin has also been monitored with an ICS."*” A SAM
of biotin on the surface of a gold electrode was prepared and the response upon
binding with avidin in the presence of [Fe(CN)¢]>~ was studied. At pH values

134
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lower than the isoelectric point of avidin, the response of [Fe(CN)¢]>  at the
avidin-covered electrode increased because of the electrostatic interaction
between avidin entities and [Fe(CN)g]* ions. A detection limit as low as 0.29 nM
was measured for avidin.

By analogy to layered electrochemical ICSs, highly selective methods of
electroanalysis have also been developed on the basis of gold nanotube
membranes that mimic ligand-gated ion-channels.'*® A related field of active
research is the development of modified protein pores'*® and channels that can
act as sensors. '

Other interesting developments within the context of this section relate to
“adaptive materials.” The idea relies on the use of tailored materials that can
perform more than one function of a sensor—for example, molecular recogni-
tion, self-calibration, activation/passivation, and/or protection. A promising
application for adaptive sensor materials resides with electrochemical analysis.
The major problem in the praxis of electrochemical sensors is the adsorption of
surface-active substances onto the working electrode. Unspecific adsorption
causes electrode fouling, which has a negative impact on sensor characteristics.
Usually, protective polymer or gel coatings are used to minimize adsorption of
unwanted surface-active molecules. An alternative approach relies on the use
of adaptive nanowires."*! For instance, alkanethiol-coated gold nanowires that
contain a short magnetic segment (nickel) were used to protect a glassy-carbon
disk electrode. This protection was achieved by switching magnetically the
surface orientation of the nanowires between vertical (active, open surface)
and horizontal (passive, closed surface) position. These “adaptive” electrodes
have been successfully employed in the voltammetric determination of Cd*" in
the presence of common surfactants (gelatin and polysorbate 80). Whereas bare
electrodes display a substantial decrease of the Cd*" peak in the presence of both
surfactants, the adaptive nanowire electrode exhibits a highly stable response
with negligible changes of the peak current over multiple measurements.

The concept of ““adaptive materials’ has also been applied to the develop-
ment of optical sensors. Again, the main idea concerns the protection of the
active components of the sensory material from unspecific interferences con-
tained in the bulk solution. Thus the principle of operation includes the
activation/passivation of the sensory layer by an external stimulus. Spiropyran
and related systems have been used for the development of surface-based
adaptive optical sensing materials.'** For instance, polymethyl methacrylate
(PMMA) films were functionalized with spiropyran molecules, rendering the
functionalized solid colorless and inactive toward divalent metal ions. Upon
irradiation with UV light, the spiropyran isomerizes to its open zwitterionic
merocyanine form that is brightly purple and can actively bind certain divalent
metal ions through the negatively charged phenolate oxygen atoms. Irradiation
with green light leads to the dissociation of the merocyanine-M?" complex and
the regeneration of the inactive spiropyran layer (Fig. 13). Accordingly, each
state of the system, active and passive, is easily perceptible with the eye. This
approach presumably extends the lifetime of sensors and allows one to obtain
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FIGURE 13. The photo-controlled metal cation binding at a spiropyran-modified
PMMA film.

reference or zero values at the beginning of each measurement. More sophisti-
cated materials capable of switching reversibly between active and passive forms
and simultaneously providing a number of transduction modes for acquiring
information about the molecular environment in the vicinity of the binding site in
the active mode can also be envisioned.

We finish the chapter with some examples related to the use of nanoscopic
gate-like switching mechanisms for the development of new signaling systems
using bioinspired hybrid mesoporous materials. A gate-like ensemble here
refers to a mesoporous 3D skeleton that is functionalized with molecules that
can be switched (by different means) to control either the release of a confined
guests from the porous host or the entrance (or access) of molecular species to
certain sites or into the pores. The triggers used for switching the state of the
gate can be of chemical (e.g., ionic species) or physical nature (e.g., light).
Most of these gate-like systems have been developed as scaffoldings for cargo
delivery. However, applications in delivery are only one side of the medal.
Recent works have demonstrated that nanoscopic gate-like scaffoldings can
also be successfully employed in sensing protocols. Inspiration for the designed
systems as described later comes from the gating mechanism biological systems
employ primarily for trafficking through ligand-gated protein channels. The
artificial sensing approach realized so far uses a hybrid architecture that
consists of a mesoporous MCM-41 silica support that contains suitable
coordination sites at the pore outlets and an indicator dye in the pore voids.
In terms of gate-like devices, the sensing protocol is based on the idea that the
addition of a certain “key’” guest “closes the gate” and inhibits the delivery of a
colored or fluorescent substance from the pores into the bulk solution. These
systems are distinctly different from the classical “binding site-signaling unit”
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paradigm because in these gated devices, the complexation of comparatively
few guests at the chemical gate posts of the ensemble inhibits the liberation of a
large number of dyes, thus showing clear features of signal amplification. This
approach detaches the recognition protocol from the signaling event, making
signaling independent of the stoichiometry of the guest-binding site complex as
usually happens in classical signaling procedures.

A first proof of concept was reported for an MCM-41 mesoporous support
containing [Ru(bpy)s]*" in the inner pores and simple amine groups as gate posts
on the external surface. Such polyamine/polyammonium receptors are well-
known receptors for anions through a combination of hydrogen bonding
and electrostatic interactions. Among several anions tested, ATP and ADP
were selectively able to close the gate, whereas other anions such as CI', SO.>
or GMP were too small or formed too weak complexes with the functiona-
lized surface to effectively close the pore openings and stop leaching of the
[Ru(bpy)s]*" indicator (Fig. 14)."*

A related approach has been reported for imidazolium-functionalized
mesoporous materials also containing the [Ru(bpy)s;]*" dye in the inner pores
for the selective colorimetric detection of fatty acids. As in the previous case,
again mesoporous MCM-41 with pores of 2.5 nm in diameter was used as the
solid scaffolding. [Ru(bpy)s]*" was included into the pores and imidazolium
groups were grafted as simple and suitable binding sites onto the external

Mesoporous Mesoporous O
wall wall
(NfN
O Ru(bipy )52* S S S N N/)
eo,‘ ~o o \O/\ﬁ
[S)

OHOH

FIGURE 14. ATP signaling protocol via inhibition of dye delivery using nanoscopic
gate-like scaffoldings. The mesopores of the system are loaded with a [Ru(bpy);]** dye
and polyamines are covalently anchored to the external surface (the gate is open on the
left). Addition of ATP results in the inhibition of dye delivery due to strong ATP-
polyamine interactions (the gate is closed on the right).
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surface.'* In the absence of carboxylates, the gate is open and dye delivery is
observed. Addition of linear carboxylates of different lengths (CH3(CH,),COO,
n = 2,4,6,8, 10) resulted in a different blockage of the pores. However, gradual
pore blockage as a function of the chain length » was not observed but rather an
“on-off” behavior—that is, complete dye delivery in the presence of small
carboxylates from acetate to octanoate and complete pore blockage for carbox-
ylates with a longer chain. The degree of the closing of the molecular gate-like
ensemble upon interaction with the imidazolium groups is most likely due to a
combination of two effects related to the size of the carboxylates and the
increasingly hydrophobic nature of the object formed in the gating area of
the pore outlets upon elongation of the hydrocarbon chain of the carboxylate.
Apart from this protocol, a sensing paradigm that uses the opening of pores can
also be envisioned. However, the latter would require the equipment of the pore
outlets with specific recognition or reactive sites and has not yet been realized.
Due to the possible use of different 3D supports, diverse analyte-gate post
chemistries and the availability of a wide range of appropriate dyes, a variety of
novel signaling systems based on gate-like scaffoldings can be anticipated.

VII. CONCLUSIONS

In this review, an account of representative and authoritative examples
published in the field of supramolecular hybrid materials for signaling applica-
tions has been given. Sensing concepts arising from the combination of
supramolecular functions of suitable molecules and preorganized nanoscopic
inorganic supports, often covalently linked, have been introduced and dis-
cussed. All the examples have in common synergistic effects that are not
achievable at the molecular level or with nanostructured solids alone. In some
cases, these hybrid systems yielded improved selectivity and sensitivity; in
others they enabled the signaling of targets that are otherwise difficult to
achieve with on-site or in situ methods. The main features of the examples in
Section II make up enhanced coordination effects observed upon equipping the
surface of nanostructured inorganic materials with a high density of one or
more binding and/or signaling sites and show how this effect can be coupled
with signaling protocols. Section III discussed selected examples that show
amplified signaling as a result of the collective response and cooperative effects
associated with the independent anchoring of binding sites and signaling units
or indicator units in close proximity to the surface of inorganic supports. In all
of these cases, optically silent siliceous matrices were used. In contrast, the
examples in Section IV are related to the use of gold nanoparticles and
quantum dots. For instance, guest-induced aggregation effects that result in
remarkable shifts of the plasmon band of AuNPs were shown. The subject of
Section V was the selectivity that can be reached by tuning the pore size and
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polarity of functionalized porous hybrid materials. The main features presented
in Section VI focus on the modification of the morphological aspects of hybrid
materials that lead to sophisticated gating and switching mechanisms and how
the integration of such functionalities could be used for sophisticated sensing
systems. The common feature of all the aforementioned exciting chemistry is
the synergistic use of concepts from nanotechnology to biomolecular and
supramolecular chemistry that create properties and functions that are difficult
to achieve in molecular-based systems or nanoscopic solids alone or that
transfer known functions to a higher level of sophistication.
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I. INTRODUCTION

The elucidation of the DNA double-stranded helix by Watson and Crick'
represented not only a breakthrough in the structural biology” but also was the
starting point for the appealing and flourishing research dedicated to the rational
design and elaboration of biomimetic systems based on the interaction of nucleic
acids and their building units with a wide range of both organic and inorganic
frameworks.® The driving force of these multidisciplinary studies has been to gain
a wealth of knowledge that helps deepen the understanding of a great diversity of
molecular bio-recognition processes and offer a powerful tool for the efficient
synthesis of advanced functional materials with tailor-made properties and
potential applications for the material sciences* and the therapeutic medicine.’

Most of the studies concerning DNA/RNA nucleobases have been realized
in gas phase® or aqueous media,” but notable advances have been made in the
solid-state chemistry, such as (a) the construction of nanobiological devices,® (b)
the design and improvement of chemical-biology tools and/or pharmaceutical
agents,” (c) the stabilization of noncanonical tautomers through interactions with
metallic ions'® and/or hydrogen bonding donor/acceptor species,!! and (d) the
development of artificial receptors for specific DNA/RNA bases recognition for
their use as nucleotide sensors or for the determination of low concentrations of
therapeutic agents.'?

Many of the available information obtained to date arises from the
knowledge of the structure and reactivity of artificial systems based on
transition metal complexes containing nucleobase ligands or analogs.’**¢
Most of these complexes are monomers or discrete polymeric species of low
nuclearity in which the structural units are held together by means of
noncovalent interactions (essentially, hydrogen bonds involving the comple-
mentary DNA bases and arene-arene m-stacking of the planar heterocycles of
the nucleobases),'* which are also operative in the control of the conformation
and the molecular recognition phenomena of a great diversity of macromole-
cular biological systems.

A. Molecular Recognition

The term molecular recognition refers to the specific interaction between
two or more molecules through noncovalent bonding such as hydrogen
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bonding, metal coordination, hydrophobic forces, van der Waals forces, m-n
interactions, and/or electrostatic effects.

The host and guest involved in molecular recognition processes exhibit
molecular complementarity.'* The design of synthetic receptors for neutral
molecules involves m—r stacking and hydrogen-bonding interactions between the
host and guest.'> According to their strength and directional nature compared to
other intermolecular noncovalent interactions, hydrogen bonds are the most
important and are extremely useful for designing the structure of molecular
crystals. However, the binding of such a receptor in aqueous solution finds an
important competitor in the solvent itself, which retards the interaction between
the host and the guest through forces like H-bonding. Therefore, the alignment of
receptor binding sites on a receptor platform must achieve complementary-binding
interactions toward a targeted guest. In other words, the chemical and steric
features given by a guest molecule have to be matched by a sufficiently predisposed
host.'® Within this context, nucleobase recognition is an important challenge in
supramolecular chemistry because of its many biological implications."”

The development of artificial receptors for the detection of biologically
and environmentally important substrates has received considerable attention
in supramolecular chemistry.'® To achieve this goal in abiotic receptors, a
receptor binding unit for the recognition of a guest and a signaling unit are
incorporated into the receptor molecule.'” On the other hand, model studies in
molecular recognition have contributed to the development of a wide range of
novel molecular devices.'*°

B. Nucleobases

The nucleobases are heterocyclic aromatic organic compounds that are
basic parts of the nucleic acids. These heterocycles are, in general, the purine
bases guanine (G) and adenine (A), and the pyrimidine bases cytosine (C), as
well as thymine (T, DNA) or uracil (U, RNA) (Fig. 1).

The nucleobases are quite interesting and versatile ligands due to the large
number of donor sites available for metal binding, the H-bonding donor-
acceptor sites and the potential for n-n stacking. The use of these noncovalent
bonds can be a powerful synthetic tool in the preparation of complex molecular
architectures. Figure 2 shows some of the possible noncovalent interactions of
adenine that can be employed for the building of supramolecular systems.

The hydrogen bonds are employed by the nucleobases to form base pairs
interactions. It is known that there are 28 possible base-pairing motifs that
involve at least two hydrogen bonds, which can be formed between the four
common nucleobases.*® These include reverse Watson-Crick, (Fig. 3a), Hoogs-
teen and Wobble base pairs (Fig. 3b), and base-triplets (Fig. 3c). In the case of
adenine and guanine larger aggregates are also possible.

The nucleobases provide a big number of donor sites that can interact
with metal species either directly via coordination to atoms of the heterocycle
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FIGURE 2. Some of the noncovalent interactions present in adenine nucleobase.

(N, C, O), or indirectly via its others ligands. This latter possibility includes
hydrogen bond formation—for example, between aqua or amine ligands and
suitable acceptors of the nucleobase. A number of excellent reviews have been
published about this topic.>® Taking into account the direct metal-nucleobase
binding, a few general rules can be summarized:

1. The N(7) positions of the purine bases G and A, are major binding sites of
metal ions, irrespective of the nature of the metal ion.

2. The floor of the minor groove of double-stranded DNA also presents metal
binding sites. Among these, the combination of A-N(3) and T-O(2) is
particularly efficient.

3. In the isolated bases, virtually any site of the heterocyclic base can be
metalated, including C atoms.

4. Metal binding to sites normally carrying protons (NH, NH,, CH sites) is
possible and does not necessarily require strongly basic reaction conditions.

5. Multiple metalation reactions at nucleobases are quite common and
facilitated by initial nucleobase deprotonation. Frequently, metal binding
sites are sufficiently close to permit metal-metal interactions.
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FIGURE 3. Different hydrogen-bonding modes of nucleobases.

6. Metal complexes of protonated, hence cationic nucleobases are possible.

7. Exocyclic amino groups are metal binding sites only following the removal
of one or both protons, hence after deprotonation, or after a shift of a NH,
proton to another site of the base, which corresponds to a tautomeric
change.

8. Metal chelates with nucleobases are also possible.

The study of supramolecular assemblies containing transition-metal ions
are of particular interest on account of the functional properties conferred on
them by the presence of the metal centers. Metal binding can have a number of
effects on the supramolecular chemistry of the nucleobases, for example:

1. Metals bind to the nucleobase and template the formation of special
structures.

2. Metals can block the hydrogen bonding site to which they are bound. This
result prevents the nucleobase from participating in hydrogen bonding or
changes its mode of H-bonding.
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3. Metals can have an eclectronic effect on hydrogen bonding altering the
strength of this supramolecular interaction or even result in the formation of
rare nucleobase tautomers allowing the stabilization of mismatched
basepairs.

Due to the versatility of its binding modes, the nucleobases are extremely
useful in the manufacture of supramolecular architectures, either as discrete®'-*
or extended systems.** By this way, many and varied examples of supramole-
cular structures have been designed by the use of metal-nucleobase coordina-
tion, hydrogen bonding, and n-n stacking interaction as well.!->32°

C. Oxalate

The oxalato ligand (dianion of oxalic acid; ox) has appeared as a fruitful
tecton for the design of a great diversity of homotransition and heterotransition
metal compounds, which have played a key role in areas such as inorganic
crystal engineering and molecule-based magnetism.?® The main reasons for the
extensive use of this old but evergreen ligand are (a) its remarkable ability to
mediate electronic effects between metal centers, affording compounds with a
wide range of magnetic properties; and (b) the prevalence of its rigid
bischelating bridging mode, providing some degree of predictability with regard
to the structural characteristics of the resulting metal-oxalato networks. The
topology and dimensionality of polymeric networks based on the oxalato-
bridged ligand essentially depend on the shape of the templating counterions,
on the features of the auxiliary organic ligands used to complete the metal
coordination sphere, or both (Fig. 4).?’ > The formation of hexagonal two-
dimensional [MHMIH(OX)3] (MII =V, Cr, Mn, Fe, Co, Ni, Cu, or Zn; Ml =
V, Cr, or Fe) honeycomb anionic layers is induced by voluminous achiral
cations, such as [XR4]" (X = N or P; R = phenyl, n-propyl, n-butyl, or n-
pentyl), decamethylferrocenium, and tetrathiafulvalene derivatives.”” The use
of chiral tris-chelated transition-metal diimine complexes [M(L);]" (L = 2.2
bipyridine or phenantroline; m = 2 or 3) favors the formation of helical three-
dimensional [M,(ox);]" networks where cation and anion exhibit inverted
chirality.”® Discrete oligonuclear species (0D) are obtained by using multi-
dentate N- or O- donor ligands that block most of the coordination sites
around the metal center, precluding the formation of extended polymeric
metal-oxalato systems of higher dimensionality.?-**-!

The aim of the present chapter is to look at the structures of transition-metal-
oxalate complexes with nucleobases as a valuable source of information on
molecular recognition patterns controlling the formation of these systems. There-
fore, we focus our attention not only on the metal-nucleobase binding modes but
also on the intramolecular interligand interactions, which cooperate with the
coordination bond in the stabilization of the resulting mixed-ligand complexes.



Metal-Oxalato-Nucleobase Extended Systems 413

%t*%
Pl

o M| TR
\ /

M + ox2-

2D grid-type 3D chiral

FIGURE 4. Tailoring of metal-oxalato frameworks by using different organic ligands
and/or templating counterions: [1] monodentate N-containing rings; [2] achiral cations;
[3] chiral tris-chelated diimine cationic complexes; [4] bidentate ligands such as 4,4-bipy,
piperidine, bpe, and bpa; and [5] multidentate blocking N- or O-donor ligands.

II. METAL-OXALATO-NUCLEOBASE EXTENDED
SYSTEMS

In the framework of our previous research on the chemistry of polymeric
complexes based on the oxalato—bridging ligand, we have set up a strategy for the
design of one-dimensional complexes with general formula [M(u-ox)(L),],
containing substituted pyridine derivatives as terminal ligands.***¢* By using
similar synthetic routes, we succeeded in preparing a family of one-dimensional
(1D) complexes in which the pyridine bases are replaced by nucleobases, such as
purine (pur) and/or adenine (Hade).*

The main structural feature common to all compounds is the presence of
1D zigzag chains (Fig. 5) in which cis-[M(H,O)(L)]*" units are sequentially
bridged by bis-bidentate centrosymmetric oxalato ligands with dihedral angles
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between two consecutive ones of about 90° and 80° for purine and adenine
compounds, respectively. The M - - - M intrachain distances across the oxalato
bridges vary from 5.236(2) to 5.574(1) A, depending on the metal center. The
metal atoms (placed on a general position) exhibit a distorted octahedral
coordination formed by four oxygen atoms from two bridging oxalato ligands,
one water molecule and one endocyclic nitrogen atom of the nucleobase in the
cis position, resulting in a MO4O,N chromophore.

The purine itself, without the exo-cyclic N6 amino group, possesses a
great coordination versatility, but a scarce number of complexes has been
structurally characterized so far, probably because it is not usually present in
biopolymers.****! In the isostructural compounds [M(u-0x)(H,O)(pur-kN%)],
(M" = Cu, Co, Mn and Zn), the neutral purine (pur) behaves as a N9-
monodentate ligand (Fig. 6).

Other cases of transition-metal ion binding to the imidazole ring N9 atom
of the purine ligand have been reported in the monomer [TiCl(cp),(pur-k N*)]
(cp is the cyclopentadienyl anion) with a purinate monoanion* and a series of
neutral dinuclear and mononuclear gold(I) complexes with phosphine and
purin-9-ate synthesized under basic conditions.** There are reported examples
of Mn(II) binding to N donor sites of nucleobases in biopolymeric systems,
but coordinative Mn-N linkages involving isolated nucleobases, as seen in

Hzoé:/ H2()E:/
AN o— %o o) N7 >N
o] 7\ ¢ o) / N\ 0 0 = D i
SR A R SRS ¢ Ry e
\ \
{ ot, J ot
9> 9

(2)

NH,
L 07 = N
N
N OH N N H

FIGURE 5. The polymeric chains of compounds: (a) [M(p-0x)(H,O)(pur-kN %), (M"
= Cu, Co, Mn and Zn) and (b) {{M(p—ox)(H,O)(7H-ade-xN°)]- 2(9H-ade) - (H,0)},,
(M™" = Co and Zn).
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(a)

(b) (c)

FIGURE 6. (a) A fragment of the polymeric chain of compounds [M(p-ox)(H,O)(pur-
«N")],. (b) and (c) Perspective views showing the arrangement of the purine ligands
within the chains.

[Mn(p-0x)(H,O)(pur-k N)],, are extremely rare in structurally characterized
coordination compounds containing isolated nucleobases. Mn(II) is employed
as a substitute for Mg(II) in supporting nucleic acid folding and function in
vitro**** and it has often been employed to investigate potential metal binding
sites in nucleobases. Nevertheless, the coordination details may differ between
the two ions*® because Mg(II) and high-spin Mn(II) are similar but not
identical in properties (such as ionic radius, enthalpy of hydration, and
coordination preferences).*” For example, Mn(II) replaced Mg(II) at all sites
that included innersphere coordination to the complex folded structure of the
group I P4-P6 RNA, but the indirect interactions through aqua ligands of
the hydrated Mg(Il) ions are only partially replaced by direct coordination
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(a) (b)

FIGURE 7. Projections of the cristal packing of the compounds with purine ligand
showing the noncovalent interactions among the structural units (hydrogen bonds and
T-T contacts).

between the Mn and phosphate or nucleid acid base positions.*> A 10-nt RNA
duplex containing sheared adenine:guanine basepairs*® and the hammer-head
rybozyme*®*® were shown to have a similar Mn(II) binding pattern involving
the phosphate oxygen of the adenosine residue and the N7 position of the
preceding guanine residue.

The polymeric chains of these compounds run along the [/0/] direction and
they are interconnected through short hydrogen bonds of type Ow—H - - - O(0x)
giving rise to sheets that spread out along the crystallographic ac-plane (Fig. 7).
The purine ligands are projected forward to the outside of the layers along the b-
direction and cross-link adjacent sheets by means of two hydrogen bonds: O5w—
Hlw - - - NI (as acceptor) and N7-H7 - - - O2 (as donor). The overall three-
dimensional (3D) supramolecular structure is stabilized by significant offset face-
to-face m—m stacking interactions between the aromatic rings of purine bases
belonging to adjacent layers with interplanar distances of ~ 3.3 A.

It should be pointed out that the parallel orientation of the purine ligands
with respect to the metal-oxalato framework locates the nonprotonated minor
groove N3 atom over the carbon—carbon bond of one centrosymetric oxalato
ligand with a mean N3 - - - C distance of 3.0 A and a dihedral angle between
the pyrimidinic ring and the oxalato plane of ~ 90° (Fig. 8). This fact preclu-
des the involvement of the potential hydrogen-bonding N3 atom in any other
interaction.

As seen for compound [Co(p-0x)(H>O)(pur-k N%)],., this crystal structure
is flexible enough to allow the random partial subtitution of the purine ligands
for adenine ligands giving an isomorphous compound with formula [Co(p—
0x)(H,0)(pur-k N%)y 76(7H-ade-k N%)o 24],. Its crystallographic parameters are
similar, but the orientation of the terminal purine ligands and the partial
replacement of purine by adenine (6-aminopurine) with an additional exocyclic
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FIGURE 8. Relative arrangement of the purine and oxalato ligands.

amino group results in a slight increase of the distance between the sheets and,
as a consequence, the unit cell » parameter is longer [16.148(1) vs. 16.457(2) Al].
Figure 9 shows the additional hydrogen bonds involving the exocyclic amino
group that are responsible for this elongation.

In the zigzag polymeric chains of compounds {[M(u—ox)(H,O)(7H-
ade-kN%)]- 2(9H-ade) - (H,0)},, (M" = Co, Zn), the adenine nucleobase binds
to the metal centres through the less basic pyrimidinic N3 atom (Fig. 10) in
contrast to what occurs in the previously described purine compounds where
the organic ligands are coordinated through the imidazole N9 atom.

Among the nucleobases, adenine shows the widest range of binding
possibilities®® because it exhibits at least five donor sites (basicity order: N9
> NI > N7 > N3 > Né6-exocyclic). The binding preference of metal ions to
the most basic N9 donor atom of the adenine nucleobase (pKa = 9.8)°" is
largely supported from a structural point of view,'>* and the shift of the
hydrogen atom to the pyrimidinic N1 atom or the major groove N7 position is
observed for neutral ligands. Nevertheless, a great variety of complexes with
different metal-ion binding patterns have been reported (Fig. 11)."!

So far, structurally characterized examples of Co(II)-adenine complexes
show a N9-coordination mode of the DNA nucleobase.'®3*** The mono-
dentate coordination mode through the minor groove N3 site is likewise less
common and it has been described'®®>> 7 for several compounds containing
Cu, Pd, and Ni. It usually stems from steric effects around the metal atom and/
or the presence of noncovalent interactions stabilizing the crystal structure.
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FIGURE 9. Representation of the hydrogen bonding interactions between the exo-
cyclic amino group and the neighboring chain in the purine/adenine compound.

FIGURE 10. Polymeric chain of compound {[M(u—ox)(H>0)(7H-ade-(xN°)]-2(9H-
ade) - (H,0)}, (M = Co(ID), Zn(II)).

One such example is the complex [Cu(MOBIDA)(7H-ade-k N°)(H,0)] - H,O>®
(MOBIDA is the N-(p-methoxybenzyl)-iminodiacetato(2—) ligand), in which
the unusual N3-coordination of the nucleobase is controlled by a molecular
recognition process involving the formation of an intramolecular interligand
N7(imidazole-like)-H - - - O(carboxyl) hydrogen-bond and the intermolecular
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FIGURE 11. Coordination modes for the adenine nucleobase.

interligand m-m stacking interaction between the six-membered rings of benzyl
(MOBIDA) and the adenine ligands. This type of binding has not been
previously observed for Zn(II)-adenine complexes.’*>® Hydrated alkali metal
ion binding to the N3 position of adenine (in conjunction with O2 of thymine)
in the minor groove of DNA has lately received attention in some hydration
processes of the B-DNA.*Y For adenine derivatives, however, there is an
increasing number of reports of metal ions binding at this less basic site.>

The different coordination sites of the adenine nucleobase generate a
markedly different topology of the polymeric chains, relative to the purine
complexes. The coordinated adenine molecules are almost perpendicular to the
metal-oxalato framework instead of being arranged along the growing axis of
the polymeric chain like in the purine complexes. This feature results in the
presence of bulkier chains, which leads to a less effective packing with crystal-
lization water molecules and noncoordinated adenine molecules inserted
between the chains.

The interplanar distance of 7.52 A between two consecutive parallel
adenine ligands (HadeA) in the same side of the polymeric chain permits the
insertion of free adenine molecules (HadeB) between and aproximately parallel
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FIGURE 12. Noncovalent interactions among the 9H-adenine molecules in com-
pounds {[M(p—ox)(H,O)(7H-ade-(N?)] - 2(9H-ade) - (H,O)},: (a) m-m contacts and (b)
hydrogen bonds.

to them with a mean HadeA-HadeB separation of 3.22 A (Fig. 12a). This value
is somewhat shorter than that found between two consecutive nucleobases in
the B-DNA double helix (3.4 A). The HadeB molecules reinforce the structural
cohesiveness of the sheets by means of two hydrogen bonds between the
exocyclic amino group and the oxalato O3 oxygen atoms belonging to two
adjacent chains placed in the same plane.

In addition, columns of parallel stacked adenine molecules (HadeC) are
placed between the sheets of polymeric chains and HadeB molecules, establishing
themselves face-to-face m-m stacking interactions with interplanar distances of
about 3.5 A. Each HadeC molecule is surrounded by one uncoordinated HadeB
molecule and two coordinated HadeA ligands. It establishes with them five
coplanar hydrogen bonds (Fig. 12b). The N9c—H group forms a strong hydrogen
bond to the pyrimidinic N3b atom from a HadeB molecule, whereas the
interaction with the two HadeA ligands implies to the donor and acceptor sites
of both Watson-Crick (N1 and N6 atoms) and Hoogsteen (N7 and N6 atoms)
edges of the HadeA and HadeC molecules to give a zigzag molecular array.
Adenine moieties interacting via Watson-Crick - - - Hoogsteen face hydrogen
bonding (NI/HN6 - - - N6/N7) to form a zigzag arrangement have been also
found in the compound [Cu(ade-kN?)(tren)](ClO,) (tren = tris(2-aminoethyl)a-
mine),>'® and in Rh(IIT) and Pt(II) complexes based on N3-bound adenine
derivatives.®® The crystal packing of the polymeric chains and the free
adenine molecules generates holes that are occupied by crystallization water
molecules. O6w water molecule is surrounded by three coplanar uncoordinated
adenine molecules and it is hydrogen-bonded to them. It acts as hydrogen-bond
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acceptor for a N9b—H group and behaves as donor for the pyrimidinic N3c atom
from a free HadeC molecule. Furthermore, it is connected to an adjacent HadeC
molecule with a weak C8¢—H - - - O6w interaction. The quite common distorted
tetrahedral geometry around crystallization water molecules is achieved by a
strong hydrogen bond formed between the remaining water hydrogen atom and
the major groove N7¢c atom of one HadeC molecule placed on a parallel plane.
The hydration of DNA bases has been the subject of a large number of
theoretical and experimental studies using different methods®' to gain an insight
into the special role that the interaction of nucleobases with water molecules
plays in the conformation and activity of biological macromolecules.

Finally, it is interesting to note that the intercalation of the HadeB
molecules between two HadeA ligands places the major groove N7b atom
pointing at the carbon—carbon bond of one oxalato bridge with distances to
both carbon atoms of 3.039 and 3.068 A. Indeed, the imidazole N7b atom is not
part of the earlier-described network of hydrogen bonds, similarly to the
previously described purine bound compounds.

A similar synthetic procedure but using K,[Cu(ox),]-2H,O as metal
source gives a totally diferent compound {[Cu(p—ox)(H,O)(7H-ade—
K N)[Cu(p—ox)(n—H,0)(7H-ade—kN°)] - ~10/3H,0},.!" Its structure consists
of crystallization water molecules and two crystallographically independent
[Cu(ox)(H,0)(7H-ade—«N?)] units, molecule A and molecule B, as shown in
Figure 13. In both complex fragments, the Cu(II) atoms are coordinated to two
oxygen atoms from a bidentate oxalato ligand, one water molecule, and the
imidazole N9 atom from the adenine ligand with Cul-N9 bond distances of
1.971(5) A (A) and 1.969(6) A (B). The CuO3N chromophores are essentially
coplanar and the adenine and oxalato ligands make dihedral angles of 8.8° (A)
and 11.3° (B), respectively.

Each complex unit is connected to two symmetric related ones through
weaker axial Cu-O interactions to create neutral ribbons with Cu - -- Cu
distances coincident with the a parameter of the unit cell [3.587(1) A]. Whereas
the metallic atoms of the A chain are bridged only by the coordinated Ol
oxygen atom of the oxalato ligand [CulA-O1A(1): 2.848(6) A], the copper
centers in the B chain are additionally joined by the bound water oxygen atom
[CulB-O1B(i): 2.844(7) A, CulB-O5wB(ii): 2.712(6) A]. The axial Cu-Oqy
bond distances exceed the equatorial ones by ~ 0.95 A and are similar to those
reported in analogous oxalato-copper(Il) complexes where the C,0,> group
acts in a bidentate-monodentate bridging mode (u—1,1,2-oxalato).®

In both chains, all the adenine ligands are located in the same side of the
polymeric framework and they are ring-to-ring stacked, suggesting that m-w
stacking interactions contribute to the formation of the one-dimensional
chains. The planarity of the complex entities is mainly substained by an
intramolecular hydrogen bond involving the coordinated water molecule (as
donor) and the N3 site of the nucleobase (as acceptor) but also the parallel
stacking of the complex entities presumably play an important role. Indeed,
DFT calculations on an isolated complex unit gave an optimized model that
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FIGURE 13. One-dimensional chains in compound {[Cu(p—ox)(H,O)(7H-ade—
kN?)[Cu(p—ox)(n-H,0)(7H-ade-—«N’)] - ~(10/3H,0},,.

reproduces with acceptable precision the experimental bond distances and
angles, and the structural parameters of the intramolecular hydrogen bond.
However, the O3N donor set shows a significant tetrahedral distorsion with a
N9-Cu-O bond angle of 158.9°, and the overall structure is clearly nonplanar
with a dihedral angle between the oxalato and adenine ligand of 26.0°.

Polymeric one-dimensional chains are further interlinked through an
intricate hydrogen bonding network spreading out along the bc plane. Watson-
Crick-like hydrogen bonds are observed between the adenine moiety (N1 and
N6H) and the coordinated oxygen atoms from the oxalato and aqua ligands
belonging to the adjacent complex unit. The Hoogsteen donor sites of the
nucleobase (N7H and N6H groups) are hydrogen-bonded to two noncoordi-
nated oxygen atoms from one oxalato ligand belonging to another adjacent
complex entity. The supramolecular assembling of the structural units, driven
by the earlier-described combination of coordinative linkages and hydrogen
bonding interactions, creates a 3D porous structure®® showing two distinct
spherical channels along the a axis of the unit cell with diameters of about 9 and
7 A, respectively (Figure 14). The effective volume for inclusion is about
194 A3 Jcell, making up 17% of the crystal volume.®* These parallel cavities are
filled by guest water molecules with a high crystallographic disorder.
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(a) (b)

FIGURE 14. (a) Hydrogen bonding interactions among the polymeric chains and (b)
channels within the crystal structure of compound {[Cu(p—ox)(H,O)(7H-ade—
KkN))[Cu(p—ox)(n—H,0)(7H-ade—k N°)] - ~(10/3H,0},,. Crystallization water molecules
have been omitted for clarity.

FIGURE 15. Polymeric chain found in compound {[Mn(u—ox)(H,O),]-(7H-
ade) - (H,0)},..

All the attempts to obtain 1D chains with the adenine nucleobase being
anchored to a manganese(Il)-oxalato framework led to the compound {[Mn(p—
0x)(H,0),] - (7H-ade) - (H,0)},,."" TIts crystal structure is made up of zigzag
chains in which the Mn(II) centers are sequentially bridged by two bis-
bidentate centrosymmetric oxalato ligands, but the adenine nucleobase remains
free within the crystal building and the metal coordination polyhedron is filled
by two water molecules, resulting in a cis-MnOy4(O,,),» chromophore (Fig. 15).

A search in the Cambridge Structural Database® revealed that the nucleotide
complexes [Mn(H,0)s(5-GMP)] - 2H,0 (5-GMP: guanosine-5'-monophosphate)®®
and [Mn(H,0)s(5-IMP)]-2H,O (5-IMP: inosine-5-monophosphate)®’ are rare
examples of structurally characterized compounds in which an isolated nucleobase
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FIGURE 16. Hydrogen-bonded network (dashed lines) around the 7H-adenine
tautomer.

is coordinated to the Mn(II) ion through N donor sites. Mn(Il) coordinates
the guanine N7 site and five water molecules with through-water mediated indirect
hydrogen bonding interactions to the exocyclic carbonyl O6 atom and the
phosphate group of the nucleotide. It is interesting that the Mn-ATP and Mn-
CMP complexes show only chelation of the metal with oxygen atoms of the
phosphate group and/or the cytosine residue.®® Furthermore, to date, there are
only two examples of compounds, characterized in the solid-state, involving direct
Mn-N binding between the metal and nonsubstituted nucleobases as ligands.®
Compound [Mn(H,0)4(7H-ade—«N?),](ClOy), is made up of [Mn(H,O)4(7H-ade-
KN?),]*" units, with the Hade molecules directly coordinated to the metal centers
through the N3 atoms, while compound [Mny(u—H,0)x(H,O)y(1—7H-ade—
KN3:KN9)2](NO3)4~2H20 contains complex dimers, with the Hade molecules
directly coordinated through the N3 and N9 atoms. In the monomer
{[Mn(quin2-c),(H,0),] - 2(9H-ade)} (where quin2-c = quinoline-2-carboxilato),
the nucleobase, with only N donor sites, is out of the coordination sphere of the
metal ion.”

Based on these data, the existence of solely uncomplexed adenine molecules
in the crystal building of the {[Mn(u—ox)(H,0),] - (7H-ade) - (H,O)} compound is
not surprising. The nucleobase forms centrosymmetric adenine - - - (H,O), - - -
adenine aggregates (Fig. 16) in which the Watson-Crick edges of each adenine
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interact with two symmetry-related water molecules by means of strong hydrogen
bonds. The two adenine moities and the water molecules are essentially coplanar
and the N6-H61 group acts as hydrogen-bond donor to the O7w water molecule,
which in turn is bonded to the N1 acceptor atom from the centrosymmetric
moiety.

The adenine nucleobase exists in the lattice in its 7H-amino form due to the
efficient stabilization of this noncanonical tautomer by means of a molecular
recognition process among the nucleobase, the water molecules, and the
manganese-oxalato framework. The proton transfer from N9 to N7 favors
the formation of a hydrogen bonded R,? (9) ring between the Hoogsteen face
of the nucleobase as donor and the oxygen atoms of carboxylate group belon-
ging to an oxalato bridge as acceptors. The structural parameters for this almost
planar nine-membered ring are within the lower range of values reported for
hydrogen bonds involving the N7-H group of both neutral and cationic adenine
moities (N7 - -+ O: 2.617-3.060 A, H7 - - - O: 1.612-2.389 A, N7-H7- - - O:
149-174°).%° Analogous structural synthons involving the adenine Hoogsteen
face have been reported for the ligands of the complexes (adeninium),[Co(-
H,0),(7H-ade—«N?),](SOy), - 6H,0™* and [Cu,(7H-ade—k N’ N*),
(H,0),](ClOy), - 2H,0"!, and for the sulphate’® and nitrate’® salts of the
9H,1H,7H-adeninium cation. Indeed, nine-membered rings formed by doubly
hydrogen-bonded interactions of the Hoogsteen face are common in both
artificial’* and biological systems, but most of them imply O/N-H - - - N7
interactions with the N7 site as H-bond acceptor. Hoogsteen AT base-parings
found in different structures of DNA and RNA,” and the Asn/Glu-adenine
interaction in protein-nucleic acid complexes are substained by this kind of
hydrogen-bonded rings.”®

The 7H-adenine tautomer is additionally stabilized by two strong
Ow-Hw - -- N hydrogen bonding interactions involving the N9 and N3
acceptor positions of the nucleobase and coordinated water molecules from
adjacent inorganic chains. This compound represented the first X-ray crystal-
lography characterization of the 7H-amino tautomer of the adenine nucleobase
as free molecule (without metal coordination). Recently, Mastroprieto et al. have
isolated the 7H-adenine tautomeric form in compounds [Mg(H-,0)¢X>
-2(7H-ade) (X = CI” and Br).* As in compound {{Mn(u—0x)(H,0),] - (7H-ade)
-(H,0)},,, the most basic imidazole N9 atom is not protonated or involved in
metal coordination; their N3 and N9 atoms are also engaged in strong hydrogen
bond interactions with coordinated water molecules, which determine the
noncovalent stabilization of the adenine tautomer.

It is well known that DNA bases can undergo proton shifts while keeping
their neutrality and form different tautomers. Each tautomer has a specific
H-bonding donor and acceptor pattern, which increases the posibility of
mispairing of purine and pyrimidine bases in DNA, leading to spontaneous
point mutations in the genome.”” Due to its biological impact, the tautomerism
of nucleobases has been largely studied using a variety of experimental and
theoretical methods.”® Factors such as excitation, chemical modification, metal
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ion interaction, electron attachment, and irradiation have been found to
be responsible for the equilibrium between the most stable tautomer and the
remaining forms of DNA bases. In addition, hydration plays a significant
role in the tautomeric processes, and the water molecules may dramatically
change the stability of different tautomeric forms of DNA bases through
hydrogen bonding interactions, increasing the populations of the noncanonical
tautomers. For adenine, a large number of studies have shown that the 9H-
tautomer is energetically favored both in vacuo and water solution.” ** The major
9H-adenine tautomer is 7-8 Kcal/mol more stable than the minor 7H-adenine
form in gas phase,’”” but the inclusion of bulk electrostatic interactions (such as
the presence of polar solvent molecules) significantly stabilizes the 7H-adenine
tautomer to approximately 2 Kcal/mol above the 9H-tautomer,*® due to the
much higher dipole moment of the 7H-adenine.®" A total dipole moment of ~ 7.0
D has been computed for the optimized 7H-adenine tautomer in gas phase
(6.2-6.8 D)"* " which substantially increases in water solution up to ~ 10.2 D.%*
For comparison, a dipole moment of 2.4 D has been obtained for the 9H-adenine
tautomer in solid state,”> a value that matchs those reported for this tautomeric
form in vacuo (2.4-2.7 D),*#2 and it is slightly lower than the values reported in
solution (~ 3.2 D).*?

Based on these findings, previous studies have suggested that the 7H-
adenine tautomer might be present in a relatively large concentration in
aqueous solution (~20%) and biological systems.*® Nevertheless, most of
the known solid-state structures containing noncoordinated adenine molecules
have a hydrogen atom at N9.3>7%-72738586 The proton is only transferred to
the N7 site of the neutral adenine in transition-metal complexes where the
nucleobase behaves as either N9-monodentate or N9, N3-bridging ligand and
the resulting tautomer is commonly stabilized through a seven-membered ring
maintained by means of simultaneous hydrogen bonds of the N7-H and N6—H
groups to either chloride ion or water molecule as acceptor.'%*>138788 Qipj.
larly, the rare 1H-'"? and 3H-amino'’® tautomers have been characterized only
as N9,N7-bidentate ligands.

The deprotonation of the adenine molecule increases its donor positions
providing a route to a further polymerization of the entities. This is the case
of the 3D polymeric compound {[Cu(ps-ade-k N*:kN7:kN?)4(0X)x(-
H,0)4] - ~ 14H,0},,, whose X-ray crystal structure analysis revealed the presence
of an unique 3D framework with two distinct types of neutral building blocks,
dimeric [Cus(pu-ade)s(H,0),] units and mononuclear [Cu(ox)(H,0O)] entities.> A
perspective view of a fragment of the polymeric structure is given in Figure 17.
The dimeric fragment is centrosymmetric and is made up of two Cu(Il) atoms
bridged by four adeninate anions in a windmill-shaped arrangement with a
copper - - - copper distance of 2.938(2) A. The basal positions of the distorted
square-pyramidal coordination around the copper atom are occupied by two
imidazole N9x atoms and two pyrimidinic N3x atoms of the deprotonated
adeninate ligands with regular Cu-N bond distances of about 2.00 A. Each
dimeric fragment is linked to four neighboring monomeric entities via the N7x
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FIGURE 17. (a) A fragment of the polymeric compound showing the coordination
mode of the adeninato bridge. (b) Perspective view of the 3D framework along the
c-axis, showing the presence of nanochannels.

atom from the imidazole ring of the adeninato ligands. Therefore, adeninato
anions behave as tridentate u-N3,N7,N9 bridging ligands.

The self-assembly process directed by the metal-adeninate linkages
creates nanotubular channels along the crystallographic c-axis with a diameter
of about 13 A, and the effective volume for inclusion is greater than 4916 AB'/
cell, making up 40.4% of the crystal volume. Many guest water molecules are
trapped in the parallel tubes. The solvated water molecules are engaged
themselves and anchored to the inner walls of the nanotubes essentially via
hydrogen bonds involving the coordinated water molecules, the uncoordinated
oxygen oxalato atoms and the amino groups of the adeninato bridges.

A similar synthetic approach has been also employed to obtain a discrete
hexameric {(H,0)>Cux(ps-ade-k N3k N”:k N”)4[Cu(oda)(H,0)]4} - 6H,O (oda =
oxydiacetato) entity, in which the central dimeric core is bonded to four
monomeric units.*” The 3D polymerization is precluded by the blocking triden-
tate oda ligands.

III. OTHER METAL-NUCLEOBASE 1D EXTENDED
SYSTEMS

Examples of n-dimensional (D, n = 1-3) metal-organic coordination
networks based solely on coordinative bonds and containing natural nucleo-
bases as bridging or terminal ligands are quite limited, despite the high scientific
interest that such complexes, resembling to DNA double helix dimensiona-
lity, might show. To the best of our knowledge, only two 1D polymers
containing nonsubstituted purine nucleobases (purine, adenine, and guanine)
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FIGURE 18. 1D chain of compound {[Cu(glycine)(p—7H-ade-k N':k N°)(H,0)]NOs},,.

were structurally characterized up to the beginning of our current program on
molecular recognition processes between nucleobases and metal-oxalato frame-
works: the compound {[Cu(u-pur-k N”:xk N%)(H,0),4]SO, - 2H,0},,* in which the
nucleobase acts as a N7,N9 bridging ligand, and the compound
[Cu,Clg(1H,9H-pur-k N*)]",***° in which the purinium dication is attached to
the metal in N3-monodentate form with a distance of 2.561(3) A, which is 0.53
A longer than the average Cu-N3 bond distance found for nucleic-acid
constituents containing purine bases.>® Recently, a copper(II) coordination
polymer has been synthesized in the form of an infinite zigzag chain where each
metal is bonded to one glycine, two adenine, one nitrate anion, and a water
molecule giving a distorted octahedral coordination geometry with a N3O;
donor set (Fig. 18). Adenine molecule acts as a bridging ligand and it is tethered
in a zigzag way by copper ions coordinated to NI and N9 positions,
propagating the polymeric chain along the crystallographic b-axis, to reveal a
structure resembling the periodicity of single stranded nucleic acids. This
compound not only shows facile chemical nuclease activity for pBR322 super-
coiled DNA but also can be reused keeping its scission activity unchanged.”!

The compounds {[Cu(gua-kN>:kN")(H,0);](BF4)(SiF), ntn and {[Cu
(gua-k N>k N")(H,0)3](CF5S0;), - H,O},, show an unprecedented coordination
of neutral guanine.® Their crystal structures contain uniform copper(II) chains of
formula [Cu(gua-k N*:kN")(H,0)3],>"", where the copper atoms are bridged by
guanine ligands coordinated via N3 and N7 (Fig. 19). The values of the copper—
copper separation across the bridging guanine ligand are 7.183(1) and 7.123(1) A,
respectively.
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FIGURE 19. Fragment of the polymeric chain of compound [Cu(gua-kN>:x
N)(H 03],

FIGURE 20. Polymeric chain found in compound {[HgCly(1,9-Megu-kN")] - 2HgCl,} ..

Other research groups have reported a handful of 1D compounds contain-
ing nonnatural nucleobases as terminal or bridging ligands. Stanley and
co-workers presented two monodimensional coordination chains of Cd(II) with
N6-substituted adenine derivatives (N6-furfuryladenine and N6-benzyladenine).
In these structures, the Cd(II) ions present a distorted octahedral geometry
formed by the N9 position of the adenine derivatives and five chlorine ions. Two
edge chloride ions bridge the two successive Cd(Il) atoms. In both complexes,
supramolecular hydrogen bonding 2D sheets have been observed.”?

Lippert and co-workers synthesized a 1D polymeric Hg(II)-nucleobase
complex with a guanine derivative (1,9-DiMeG = 1,9-dimethylguanine) by the
reaction of HgCl, with the guanine ligand in a water-alcohol mixture (Fig. 20).
The Hg(II) ion is coordinated to one guanine (via N7 position) and three
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FIGURE 21. 6-Oxopurine and its structural analog 6-mercaptopurine.
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FIGURE 22. Structure of the 1D coordination polymer [Cd(u-9H-MP-kS% N”:xS %),],.

Cl ligands. Two of these Cl act as bridging ligands. The polymeric structure is
co-crystallized with HgCl, molecules.”

Zamora and co-workers employed the synthetic “thio” analog of the
neutral purine hypoxanthine, 6-mercaptopurine (CsH4N4S, MP), to obtain a
rich family of 1D coordination polymers. 6-mercaptopurine (Fig. 21) has been
studied for years because of its interesting applications as an antineoplastic
(treatment of human leukemias), immunosuppressive and anti-inflammatory
drug.”® This fact has motivated new research toward the synthesis and
biological studies of metal coordination compounds based on MP.

The direct reaction between Cd(NO3), and MP (6-mercaptopurine) leads
to formation of the coordination polymer [Cd(p-9H-MP -k S®, N7:xS%), - 2H,0],,
(Fig. 22).°° Its X-ray structure consists of infinite chains of cadmium atoms
octahedrally coordinated by four S6 and two N7 atoms of the p-mercatopur-
inate-xS°,N":kS® ligands. The metal to metal distance within the chain is 3.918
A. The water molecule does not coordinate to the cadmium atom but it is
involved in two strong hydrogen bonds to two other water oxygen atoms and in a
hydrogen bond to N3 of the MP™ ligand.
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The structural analogies between [Cd(u-9H-MP -xS®,N":kS%),], and
M-DNA (Fig. 23) and the most simple and well-known structure of the
coordination polymer motivated its electrical characterization as a single
molecule on the surface. Even though [Cd(MP"),], behaves as insulator, this
work opened new alternative strategies toward the potential use of DNA and
coordination polymers as molecular wires. By means of ultrasound it was
possible to isolate single chains of [Cd(MP"),], on mica. Atomic force micro-
scopy (AFM) allowed its morphological characterization on surface.”” The
electrical characterization of the [Cd(MP"),], coordination polymer showed
that these chains behave as insulators. To re-design similar coordination
polymers with electrical capabilities, density functional theory (DFT) was
applied to know the electronic structure of a family of coordination polymers
of formula [M(MP),],, with different 3d metal ions. DFT calculations suggest
stable polymeric structures for Fe(II), Ni(Il), Co(II), and Cu(Il). Moreover, the
polymers with Fe(II), Ni(II), and Co(II) show ferromagnetic semiconductor
behavior while with Cu(Il) shows a Peierls-unstable paramagnetic metallic
phase that undergoes a transition to a ferromagnetic semiconductor one under
small stretching.”®

The deprotonation of the N9 position of the MP™ ligands in [Cd(n-9H-MP™-
S N”:x5%), - 2H,0], leads to formation of the polyanionic coordination polymer
[CA(-MP?~-kS% N7:x8%),],> .2 This polymer crystallizes in the presence of
Ca(I) to form the interesting [Cd(MP?),],[Ca(H,0)q], compound (Fig. 24).

T /- A
Q =cad(i)
3 N
G= MP = :: = n-stacking
---=H-bond
Guanine 6-Mercaptopurinate — = Coordination bond

A = adenine, T = thymine, C = cytosine

FIGURE 23. The structural analogies between DNA and [Cd(u-9H-MP-kS% N”:kS %),],..
complex.
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FIGURE 24. Structure of the 1D coordination polymer [Cd(p-MP*-kS% N”:xS%),],
[Ca(H20)6)],-

Its structure consists of parallel anionic chains of [Cd(u-MP*-«S,N":1cS%),],>"
and cationic chains of [Ca(HZO)G],72/’+, which are joined together by means of
electrostatic interactions and hydrogen bonds. The one-dimensional anionic
polymer is based on stacked centrosymmetric [Cd(MP%),] entities, which are
linked to each other through Cd-S bonds, forming a one-dimensional chain. The
ligand coordinates to the cadmium as in the former case. The distance between
metal centers of consecutive entities is 4.139(1) A. An interesting issue is the
different shapes of the two polymeric chains and the prevalence of the trans-
disposition in the [Cd(MP),] entities. The main difference between the two linear
chains is the establishment of intramolecular 7 - - - winteractions between adjacent
MP ligands. In the polyanion the presence of these interactions is hampered by the
repulsive electrostatic force between the doubly deprotonated mercatopurines,
which leads to a chain arrangement that minimizes it. Another effect of the
increased negative charge is the elongation of M- - - M distance: 4.139(1) A for
[CA(MP?),],[Ca(H;0)g)],., versus 3.918(3) A for [CA(MP),],.

Recently, Dubler et al. synthesized an interesting Cd(II) coordination
polymer with MP: [Cdy(u-1H,9H-MP-kS® N7k N*),Cly],[Cd(1H,9H-MP-
«S® N7),C1,].”° The structure of this new compound shows two different metal
entities. The first one consist of a one-dimensional coordination polymer
[Cdr(MP),Cly],, in which the MP is acting as a bridging ligand via the S6 and
N7 sites, forming a chelate with one Cd(II) and through N3 to another Cd(II)
center (Fig. 25).
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FIGURE 25.  One-dimensional coordination polymer of [Cd,(u-1H,9H-MP-
kS® N7:xN°),Cly], stabilized by the presence of hydrogen bonds between its terminal
chlorines and the monomeric [Cd(1H,9H-MP-xS% N"),Cl,] complex.

IV. HYBRID SYSTEMS BASED ON
METAL-OXALATO AND PROTONATED
NUCLEOBASES

The metal-oxalato matrix has demonstrated a high efficiency not only to
permit the covalent anchoring of nucleobases but also to embed supramole-
cular nucleobase architectures by means of molecular recognition processes
involving noncovalent interactions such as those in the organic-inorganic
hybrid compounds (1H, 9H ade),[Cu(ox)»(H,0)]'” and (1H,3H-cyt),
[M(0x),(H,0),]"*" (M(IT) = Mn, Co, Cu, Zn). Their supramolecular architec-
tures are quite similar and their overall crystal packing can be regarded as a
lamellar network built up of anionic sheets of metal-oxalato-water complexes
and cationic nucleobase layers among them (Fig. 26). Each wide organic layer
serves as “‘double-sided adhesive tape” to tightly join adjacent inorganic layers
by means of electrostatic forces and a strong hydrogen bonding network.

The asymmetric unit of the adeninium compound consist of one oxalato-
containing Cu(Il) complex and two crystallographically independent adeni-
nium cations (A and B) with protons at the N1 and N9 sites. The anionic
complexes are joined by means of short hydrogen bonds Oy~ H- - - O, giving
rise to sheets that spread out along the crystallographic ab-plane (Fig. 27a).
1H,9H-adeninium cations are inserted between the anionic sheets and they are
sequentially arranged to form polymeric ribbon-like 1D supramolecular
aggregates (Fig. 27b). These positively charged ribbons are sustained by means
of two different types of intermolecular interactions. The Hoogsteen faces
(N6H, N7) of two neighboring A and B adeninium cations are doubly N6-H

- N7 hydrogen bonded to give a base pair (I), whereas the opposite faces of
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inorganic organic

metal-oxalato

(a)

FIGURE 26. Crystal packing of compounds: (a) (1 H,9H-ade),[Cu(ox),(H,O)] and (b)
(1H,3H-cyt)>,[M(0x),(H,0),] M{I) = Mn, Co, Cu, Zn) showing the alternative
inorganic—organic sheets.

the dimeric aggregates are linked to the adjacent 1H,9H-ade ™ cations through
one pair of N9-H - - - N3 hydrogen bonds in a R,%(8) pattern (II),'*? which is a
usual base-pairing mode found for adenine and its derivatives.'®*'** The other
feasible adenine-adenine interaction'®® simultaneously involving two Watson-
Crick faces is precluded by the protonation of the N1 site.

It should be emphasized that ribbon or layer arrangements of nucleobase
pairs are common, ' and both types of adeninium-adeninium self-association
base pairs are also suitable for adeninium-adenine and even adenine-adenine
pairing. Indeed, the same pattern of ribbon structure has been found in the
crystals of the (1H,9H-ade),SO, - 2H,0'"” and (9H-ade)(1H,9H-ade)X - 2H,O
(X = BF4, ClO4)'"*'"% compounds, but we have found only one crystal
structure with ribbons consisting solely of neutral adenine molecules with both
Watson-Crick and Hoogsteen faces involved in the hydrogen bonding system
within the ribbon.”® Nevertheless, a similar spatial arrangement constructed
out of dimers of neutral adenine molecules was used as the model for
monolayers and bilayers deposited on graphite surfaces, studied by scanning
tunneling microscopy, and for the usually complicated superstructures of
nucleic acid molecules (e.g, 1D filaments and 2D monolayers) formed at ultra
high vacuum conditions on the Cu and Ag terminated Si surfaces, examined by
the RAIRS method.'"”

In the crystal structure, the organic ribbons are connected to the complex
entities containing copper through hydrogen bonds involving the Watson-
Crick faces (N6H, N1H) of both adenine moieties as donors and the oxalato
oxygen atoms as acceptors. Molecules A and B are engaged to O-C-O and
0-Cu-O frameworks, respectively, leading to R,*(8) hydrogen bond motifs in a
clear example of a molecular recognition process that directs the supramole-
cular architecture of the compound (Fig. 27c).
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FIGURE 27. Ball and stick representation of (a) the inorganic sheets, (b) the one-
dimensional adeninium chain, and (c) the inorganic—organic hydrogen bonding inter-
actions in compound (1H,9H-ade),[Cu(ox),(H,O)].

To get a deeper insight into the interaction of the 1H,9H-adeninium
tautomer with a metal-oxalato fragment, we optimized the most plausible
arrangements between an adeninium cation and a [Cu(0x),]* complex anion.
The results indicate that the interaction implying the Watson-Crick edge with
the O-Cu-O fragment is the most favorable, with an energy difference of
10.32 Kcal/mol with respect to that involving the O-C-O group with the
observed arrangement in the experimental structure. The presence of the second
type of interaction in the crystal packing can be attributable to the periodicity
constraints of the anionic sheets.
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FIGURE 28. Fork-like interactions involving the Watson-Crick faces of 1H,9H-
adeninium and 1H,3H-cytosinium.

We have chosen cytosine replacing adenine as organic building block to
construct analogous hybrid materials for the following reasons. First, the
inorganic—organic interaction in the (1H,9H-adeninium),[Cu(ox),(H,0),] com-
pound is essentially maintained by two eight-membered hydrogen-bonded
R,%(8) rings involving the N6H and N1H sites of the Watson-Crick face of
the nucleobase as donors and the oxalato-O atoms from O-Cu-O and O-C-O
moieties as acceptors (Fig. 28). Experimental and theoretical analysis on the
interaction of DNA/RNA constituents and protein building blocks’® have
shown that the last charge-assisted hydrogen bond motif exists in adeninium
systems,''? but it is also a dominant association pattern of the protonated
cytosine in both biological''' and artificial systems,''? implying the N4H/N3H
edge of the nucleobase and the carboxylate groups of the amino acid.

Second, a perusal of the crystallographic information concerning high-
dimensional aggregates of the cytosine nucleobase shows that the two pre-
viously reported homomeric self-assembling 1D patterns''*!'"* for cytosinium
cations are sustained by a single interaction via the exocyclic O-atom and
one hydrogen atom of the N4 amino group, leaving the N4H and N3H sites as
free hydrogen bonding positions to afford fork-like interactions with the
carboxylate-O atoms (Fig. 29).

Third, density functional theory calculations, including the presence of one
[M(0x),]* fragment in all of its possible dispositions around the cytosinium cation,
seem to indicate that the structural synthons found in the adeninium compound
are also quite robust for assembling the cytosinium and oxalato-containing
complexes.

Cytosinium compounds display the desired layered supramolecular
structure in which homomeric cationic ribbon-like 1D supramolecular aggre-
gates are inserted between 2D hydrogen-bonded sheets of metal-oxalato
complexes. Nevertheless, the projected fork-like interactions are absent owing
to the distinctive features of the self-assembling pattern of the nucleobase
ribbons.

In the case of 1H,9H-adeninium compound, the protonated Watson-
Crick face of the cations (H6-N6-C6-N1-H) is alternately placed in both sides
of the one-dimensional aggregate with a distance of 11.649 A between two
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FIGURE 29. Cytosine and/or 1H,3H-cytosinium 1D aggregates.
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consecutive ones, which allows the coplanar stacking of the [Cu(ox),] fragments
close to both sides of the nucleobase ribbon (Fig. 30a). The length of a [M(0x),]
fragment is ~ 10.5 A, and monomer-monomer distances ranging from 11.0 to
12.0 A have been previously reported for crystal structures with a coplanar
stacking of diaquabis(oxalato)metallate anions.''> The coplanar organic—
inorganic disposition makes easier the establishment of fork-like interactions
with both sides of the ribbon, one of them linked to the O,,-Cu-O,, fragments
and the opposite one attached to O-C-O carboxylato groups of the adjacent
inorganic sheet.
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At first sight, a type-D ribbon pattern of cytosinium would then be
adequate to provide a coplanar stacking of the structural entities because the
N4H/N3H edges are also alternately placed along the one-dimensional aggre-
gate with a distance of 13.5 A between two consecutives ones.''* Nevertheless,
cytosinium compounds show a 1D aggregate of type E in which the N4H/N3
faces of the cytosinium cations are located on the same side of the ribbon with a
distance of ~ 7.0 A (coincident with the crystallographic b-parameter). This
value matches very well with those found for other chains of this type (ranging
from 6.870 to 7.110 A),m and it is not long enough to allow the coplanar
stacking of [M(ox),] fragments along the nucleobase ribbon. So that, the
nearest anionic complexes are twisted to avoid steric hindrances, and dihedral
angles between the planar ribbons and the [M(0x),] fragments of around 30°
are observed, precluding the anticipated fork-like hydrogen-bonding interac-
tions with the O-C-O and O-M-O units. N4-H and N3-H sites of the cytosinium
cation act as hydrogen bonding donors toward oxygen atoms from one oxalato
ligand and one water molecule of a neighboring anionic complex belonging to
the same inorganic sheet. The oxygen atoms are hydrogen bonded one to each
other to complete a cyclic Ry%(8) ring. The adhesive-tape role of the organic
ribbons is completed by a N-H - - - Oox interaction between the N1-H group
of the cytosinium cation and one oxalato oxygen atom from the adjacent
anionic sheet (Fig. 30b).

Strategies for creating reliable, reproducible inorganic—organic solid
networks often depend on the combination of components that contain
complementary hydrogen-bonded functionalities.''® However, there are still
many challenges to realize these tailor-made hybrid materials, because the
structural control is often thwarted by the delicate balance of all covalent and
noncovalent forces present in the crystal building and a slight modification of
a molecular component may result in the failure to achieve the desired
supramolecular interactions or even the overall 3D architecture.'"”

The observed hydrogen-bonded R4*(8) interaction around the cytosinium
moiety has been reported only in the 1H,9H-adeninium chloroanilate dihy-
drate, and it resembles to that found in the end cap of the binding pocket of the
vaccinia VP39 virus protein''® used to discriminate alkylated from nonalky-
lated nucleobases.

In conclusion, the supramolecular structure of these inorganic—organic
hybrids is created by three types of molecular recognition: between complex
anions, between cationic nucleobases, and between ribbons of nucleobases and
layers consisting of oxalato-complexes. Molecules of complexes located within
the parallel layers are joined by hydrogen bonds. The second interaction
between the base molecules results in the hydrogen bonding recognition unit
and leads to the ribbon form. Finally, the third group of hydrogen bonds
completes the very effective set of interactions and builds the closely packed
structure.

Inorganic—organic supramolecular recognition patterns of cytosinium
and adeninium compounds are both quite effective because the compounds
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FIGURE 31. Ball and sticks representation of the inorganic—organic hydrogen bonding
interactions in compounds (3H,7H-ade),[M(0x),>(H,0),] - 2H,O [M(II) = Co and Zn].

show a close crystal packing with high values of the crystal density (1.90 and
192 g em? for the copper(Il) complexes of cytosinium and adeninium,
respectively). They do not exhibit the presence of crystallization water mole-
cules in contrast to what usually occurs in the crystal building of compounds
with discrete trans-[M(0x),(H,0),] entities in which solvation molecules are
filling the channels or holes generated by the arrangement of the structural
units.'">'?° The robustness of the overall supramolecular 3D architecture is
confirmed by the high thermal stability of the compounds for which thermal
degradations in synthetic air take place > 170°C without clear discrimination
of the lost weight attributable to the coordinated water molecules and the
pyrolysis of the organic molecules.

On the other hand, compounds (3H,7H-ade),[M(0x),(H,0),]-2H,O
[M(I) = Co and Zn] also show an inorganic-organic layered structure.
Crystallization water molecules occupy the interstitial space between anionic
metal-oxalato complexes (Fig. 31) and display hydrogen contacts to the
coordinated ones and to the oxalato oxygen atoms to form anionic inorganic
sheets. The nucleobase cations undergo association through intermolecular
hydrogen bonding between the C8H proton of an adeninium entity and the
deprotonated N1 position of the adjacent one, leading to infinitely long ribbons
that are inserted among the anionic sheets. Intermolecular hydrogen bond
formation between CH groups of nucleobases and endocyclic N atoms is
common in synthetic systems but it is still extremely rare in nucleic acid
chemistry.'?! Moreover, in both artificial and natural structures, the weak
C-H- - -N interbase interactions usually reinforce strong neighboring
N-H: - -N/O hydrogen bonds, but an analysis of the contacts reveals that
the almost linear C8-H-: - N1 hydrogen bond is the only one between
neighboring adeninium cations, and their structural parameters indicate a
relative strong interaction with values clearly below the ranges found for this
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structural motif in crystal structures retrieved from the CSD database.®® All the
remaining donor and acceptor sites of the nucleobases are engaged in hydrogen
bond formation between the ribbons and the inorganic sheets.

One of the interesting structural aspects is the protonation of the
nucleobase in the N7 and N3 sites. The N7-H is hydrogen bonded to two
noncoordinated oxygen atoms from one oxalato ligand, whereas the N3 atom is
close to the crystallization water molecule whose hydrogen atoms are attached
to two oxalato oxygen atoms.

Previous reports on gas-phase ab initio quantum mechanical calculations
have determined that the energy order of the low-lying tautomers is 1H,9H- <
3H,7H- < 3H,9H- < 7TH,9H- < 1H,7H-, with a very small energy difference of
0.46 Kcal/mol between the 1H,9H- and 3H,7H-adeninium forms.'?> However,
this noncanonical tautomer is unprecedented in nucleobase solid-state chem-
istry so far. Indeed, because the N3 site of the adenine is known to be the least
basic relative to protonation, adenine moieties carrying proton at the N3 site
are rare, and it has been solely observed in the crystal structure of the dimer
(u-ade-k N”:k N%)[Cu(H,0)(bzimdi)],'°® and in several N7-'**and N6-gathered
adenine species.'**

To verify the feasible stabilization of noncanonical forms of the proto-
nated adenine nucleobase, we extended our B3LYP/6-31G(d) calculations to
the study of the tautomeric forms of isolated cations on a water-simulated
dielectric medium and including different metal-oxalato surroundings simulat-
ing those experimentally found in the compounds.

The dielectric media of the solvent slightly stabilizes the / H,9 H- form with a
difference of 0.52 Kcal/mol with respect to the 3H,7 H-adeninium cation. This
stabilization is more pronounced for the /H,7 H-tautomer for which the energy-
difference energy (4.41 Kcal/mol) is substantially smaller than that found on gas
phase (10.87 Kcal/mol) owing to its higher dipole moment. The high dipole
moment enables it to establish strong noncovalent interactions with good
hydrogen bonding donors/acceptors that could stabilize this tautomeric form
such as it has been observed in the crystal structure of the earlier mentioned (1H,
7H-ade)>(I5)>(I,)s(H,0),, (1H,7H-ade)4(calix) - 14H,0'** and (1H,7H-ade),
Cl[ZnCl;(1H,9H-ade-k N'] - H,O* compounds.

On the other hand, the arrangement of adjacent hydrogen bond donor/
acceptor sites surrounding the adenine moiety constrains the hydrogen bonding
pattern and therefore, the protonation sites of the nucleobase (Fig. 32). The
Watson-Crick and Hoogsteen edges of the 1H,7H-tautomer are protonated,
whereas the N3/N9 edge acts as a double acceptor group. In contrast, the
1H,9H- and 3H,7H-adeninium cations (with a quite similar donor/acceptor
disposition) exhibit one double hydrogen bonding donor edge, the Watson-
Crick face (N1-H/N6-H) for the former and Hoogsteen face (N6-H/N7-H) for
the second one, and the remaining two edges act both as donor and acceptor
sites. As a consequence of the different hydrogen bonding pattern of the
1H,7H-tautomer with respect to those of /H,9H- and 3H,7 H-adeninium forms,
it could be the preferent option for some environments, but a not extremely
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rigid supramolecular environment well designed to interact with the 3H,7H-
tautomer will also be appropriate for the 1H,9H-form, and as this latter
tautomer is the most stable one and presents a slightly higher dipole moment, it
would be the preferred one.

Calculations including the presence of one [Cu(ox),]*” fragment in all of
its possible dispositions around the adeninium cation show that the energy
order of 1H,9H- and 3H,7H- tautomers is not altered. However, when two
[Cu(ox),]* fragments with the experimental disposition of compounds are
included, the 3H,7H-adeninium cation becomes the most stable (Fig. 33). This
fact is due to the demanding conditions for an efficient hydrogen bonding
interaction that are better fulfilled by the 3H,7H-adeninium cation than by the
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FIGURE 32. Hydrogen bonding sites of several adeninium forms.
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FIGURE 33. Relative energies between the 1H,9H- and 3H,7H-adeninium forms for
different environments: (a) gas phase, (b) interacting with a [Cu(ox),]*” fragment, and (c)
interacting simultaneously with two [Cu(ox),]*” fragments.

s
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1H,9H-form. The optimized structural parameters of the hydrogen bonds
around the 3H,7H-adeninium entity agree well with those obtained from the
X-ray diffraction analysis, and they are within the range usually found for N—
H- - - O hydrogen bonds. The optimized /H,9H-adeninium entity establishes
only three hydrogen bonds with the [Cu(ox),]* fragments, indicating a less
efficient hydrogen bonding stabilization.

V. CONCLUSIONS

This chapter has provided an overview of the aspects of the molecular
recognition processes that take place between nucleobases and artificial recep-
tors, focused in this case on metal-oxalato frameworks. The metal-oxalato
fragments present a great efficiency to act as receptors of neutral and cationic
nucleobases and even of supramolecular nucleobase aggregates. The anchoring
to these receptors takes place by coordinative bonding to the metal centers
through any of the endocyclic nitrogen atoms or by means of hydrogen bonding
interactions between the organic bases and the inorganic fragments. This work
has revealed that the chemical environment surrounding the nucleobase plays a
crucial role in stabilizing different tautomeric forms of both the neutral and
cationic adenine nucleobases. In fact, the rigid supramolecular environment
provided by the metal-oxalato frameworks has allowed the solid-state isolation
for first time of the noncanonical 7H-adenine and 3H,7H-adeninium forms.
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I. INTRODUCTION

First of all, we have to define coordination polymers and highlight the
differences between them and traditional polymers. Coordination polymers are
constructed from metal ions connected through bridging ligands via coordina-
tion bonds (most frequently M—N and M—O bonds, but no M—C ones). They
are also known as metal-organic frameworks (MOFs) or metal-organic
coordination networks (MOCNSs).! The metal ions can be connected either
by purely inorganic bridges (HO", halides, NCS™, NO3;~, NO,™, CO5* ", N3,
etc.), or by organic species, with the donor atoms separated by at least one
carbon atom. In the first case, various organic molecules are coordinated to the
metal ions as terminal ligands." With few exceptions, coordination polymers
are not soluble as such, and their structures are not preserved in solution (upon
“dissolution” they transform into various mononuclear and/or oligomeric
species).> Consequently, they are characterized only in the solid state, by
means of single crystal X-ray diffraction, the growth of single crystals thus
being crucial. Upon heating, they decompose rather than melt. On the other
hand, organometallic polymers, in which the metal ions are linked via covalent
M-C bonds, preserve most of the properties of the ‘“‘classical” polymers.
Actually, the classification of the metal-containing polymers (coordination
and metalorganic polymers) follows the dichotomy between classical (Werner-
ian) coordination chemistry and organometallic chemistry. The cyano group,
CN, is an inorganic ligand, and although it coordinates to metal ions through
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the carbon atom, the resulting complexes belong to classical coordination
chemistry.

The design of coordination polymers lies at the interface of coordination
and supramolecular chemistry and is a part of crystal engineering, whose
ultimate goal is to obtain solids with technologically useful functionalities
(molecular magnetic materials, conducting solids, zeolite-like materials, cata-
lysts, luminescent materials, etc.).> The metal ions exert a structural role
(directing and sustaining the solid-state architecture) and a functional one
(carrying magnetic, optical, or redox properties).

Coordination polymers can be simply classified according to their
dimensionality: one-dimensional (1-D) two-dimensional (2-D), and three-
dimensional (3-D). They can be homometallic (containing only one type of
metal ions) and heterometallic (containing at least two types of metal ions).

An important question concerning the general architecture of crystals
containing coordination polymers is the way they pack. The packing of
coordination networks generates voids, cavities, or channels, which may
account for more than half of the crystal volume.* A major factor to be
considered for infinite systems is the tendency for solids to minimize void space
within their structures. The empty space resulting from the packing of
coordination polymers can be filled (a) by hosting the anions, solvent
molecules, uncoordinated ligand molecules, etc. or (b) interpenetration—that
is, the voids associated with one framework are occupied by one or more
independent frameworks. From a practical point of view, porous MOFs are
extremely attractive, but difficult to make; the interpenetration of independent
frameworks drastically reduces the empty voids and, consequently, their ability
to act as zeolite-like materials (porous hosts for guest storage and separation,
catalytic systems). Scheme 1 illustrates the interpenetration of two diamondoid
nets. Concrete examples are presented in the subsequent sections of this
chapter.

II. SYNTHETIC APPROACHES

The general strategy in obtaining coordination polymers consists of self-
assembly processes involving metal ions (assembling cations) and bridging
ligands. The assembling cations are complex species that resulted by dissolving
the metal salt in water or in nonaqueous solvents. The metal ions can also carry
ancillary ligands (usually chelating ligands) that block part of the coordination
sites of the metal ion. The blocking ligands are employed to control the
dimensionality of the coordination polymers and the topology of the metal
centers.

The condensation proceeds through the substitution of the water (sol-
vent) molecules coordinated to the metal ions by the bridging ligands.
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SCHEME 1

Such processes occur either under ambient conditions, or under hydrothermal
(or, more generally, solvothermal) conditions. An intuitive mechanism for the
formation of metal-organic frameworks was recently proposed by Ramanan
and Whittingham.> The key step within this mechanism that leads to neutral
MOFs is the formation of point zero charge molecules (pzc) at the isoelectric
point. The pzc species assemble and condense through the elimination of the
aqua molecules and subsequent coordination of the bridging ligand. Scheme 2
illustrates the formation of a 2D square grid coordination polymer, [Fe(az
py)(NCS),], from an octahedral mononuclear complex, [Fe(azpy)
(H,O3(NCS),]; the three aqua ligands are substituted by the azpy ligands
from another complex, and so on. In the case of ionic MOFs, the molecular
organization is believed to occur around ion pairs.

A. The Node-and-Spacer Paradigm

Originating from Robson’s seminal papers published in 1990,° the node-
and-spacer approach became a widely used strategy for the construction of a
large variety of coordination polymers.” It relies on the strong directionality of
the coordination bonds established between the metal ions (nodes, connectors)
and the exo-dentate ligands (spacers, linkers). The network topology can be
controlled by choosing the appropriate metal ion (coordination number and
geometry, charge, HSAB behavior) and the suitably designed bridging ligand
(denticity, shape, size, HSAB behavior).® Thus the coordination and stereo-
chemical algorithm of metal center nodes coupled to the structural features and
directionality of exo-dentate ligands that act as spacers and linkers, are crucial
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factors in the assembly of multimetallic complexes. Over the past 15 years,
careful analysis of coordination polymers has led to coherent classifications of
their network topologies,” and these are constantly being expanded with the
discovery of new materials incorporating novel and intriguing structures.
Noncovalent interactions such as hydrogen-bonds, - or d'%-d'® (aurophilic/
argentophilic) interactions also play an important role in sustaining these
supramolecular solid-state architectures,'” and the understanding and appre-
ciation of these interactions coupled to metal-ligand coordinate bonding allows
the synthesis and development, in a deliberate way, of materials with interesting
properties and useful functions. Of course, the solvent molecules and the
counterions also influence the final crystal architecture

i. Bridging Ligands

Numerous exo-dentate (divergent) ligands with specific binding strength
and directionality have been used to obtain a rich variety of coordination
polymers. Scheme 3 presents several representative bridging ligands. The
simplest bridging ligands are the halide ions. However, their binding functions
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(terminal vs. bridging) are not easily controlled. Other purely inorganic
bridging ligands, (CN~ and NCS"), are rarely used as such, but their anionic
complexes, [M(CN),,]°~ and [M(NCS),,]7, are very efficient building blocks in
designing especially heterometallic coordination polymers (see Section I1.C.iii).
The organic ligands offer a larger diversity. The relative position of the donor
atoms (directionality) as well as the distance between them, which finally
controls the distance between the metal centers, can be efficiently tuned by
organic synthesis.

Among the most popular exo-bidentate ligands, we recall pyrazine and
4,4'-bipyridine. The stoichiometry of divergent ligand:metal is a key factor in
determining the dimensionality of the resulting systems. A 1:1 ligand-to-metal
ratio leads to either linear or zigzag chains (Scheme 4). By altering the
stoichiometry—namely by increasing the ligand-to-metal ratio—2D and 3D
architectures can be obtained. The formation of 1D chains is favored by the
presence of ancillary ligands in the coordination sphere of the metal ion,
whereas 2D or 3D structures are obtained by using ““‘naked” (actually hydrated)
metal ions. If the 2D or 3D extended structures are based only on the metal-
coordination, the resulting network topology is directly influenced by the
coordination geometry of the metal ions (templates). So, for a 2:1 L:M
stoichiometry, diamondoid networks are obtained by using Ag' or Cu' as
assembling cations, both with a marked preference for the tetrahedral
coordination (Scheme 5a), whereas square grid networks are obtained using
metal ions as templates, which can easily adopt the octahedral stereochemistry
(Scheme 5b). For a 1:1.5 metal-to-ligand ratio the following architectures,
based solely on metal-ligand coordinative interactions, were observed: infinite
ladder, brick wall, honeycomb, and bilayer (Scheme 6).

A higher content of bridging ligand does not necessarily mean a higher
dimensionality of the coordination polymers: the organic molecule (e.g., 4,4'-
bipyridine) can accomplish various functions in the crystal: bridging, terminal,
uncoordinated. The last two functions are unfavorable for expanding the
structure into a second or third dimension through metal-ligand bonds. On
the other hand, the terminal and uncoordinated ligands are involved in other
noncovalent interactions (especially hydrogen bonds and n-7 stacking) that are
important organizing forces of the supramolecular crystal architecture. Let us
discuss two examples [Ni(4,4-bipy), s(H>0),](ClOy), - 1.5(4,4-bipy) - 2H,0,"!
and [Fe(bipy)(H,0)5(Cl0,)]ClO, - 1.5(4,4-bipy) - H,O.'> Formally, the first
compound belongs to the 1:4 stroichiometry, but 1.5 mol of 4,4’-bipy do not
participate in the construction of the framework. Its structures consists of
linear railroad double chains constructed from bridging and terminal 4,4'-bipy
ligands. Large pores (11 x 11 A) are formed. The terminal organic ligands
further extend the structure through =-m contacts with identical terminal
ligands (3.77 A) from adjacent chains (Scheme 7). The 2D supramolecular
sheets are stacked in registry, resulting in an extended 1D channel network with
large pores along the crystallographic a-axis. The pores are occupied by
hydrogen bonded hydrated anions and 4,4’-bipy guests. The supramolecular
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architecture of the second compound consists of linear coordination chains,
[ - - {(ClO4)(H,0)3Fe}-(4,4"-bipy)-{Fe(HeO);(ClO4)}-(4,4-bipy)- - - - ], which
are hydrogen bonded alternatively by single and double ““bridges” (Scheme 8).

Let us come back to 4,4’-bipyridine complexes with metal-to-ligand ratio
of 1:2, and both organic molecules acting as bridges. We mentioned that square
grids layers are formed when the metal ion prefers an octahedral geometry, and
the 4,4-bipy molecules connects the metal ions through their equatorial
positions. One of the very first examples in this field was reported by Robson
et al.: [Zn(4,4-bipy),(H-0),]SiFs.°* The apical positions of the zinc ions are
occupied by aqua ligands. The three-dimensional structure of the crystal results
from the inclined interpenctration of the grid layers (each mesh of a sheet has
one rod of an inclined sheet passing through it) (Fig. 1). The hexafluorosilicate
anions are hydrogen bonded to the aqua ligands. The interpenetration prevents
the formation of large channels. The alternative packing of the 2D layers—that
is, their superposition in registry—with every zinc atom from one layer
disposed exactly above and below the zinc atoms from adjacent layers, should
generate channels, with dimensions corresponding to the distance between
the zinc ions within the square meshes (~ 11 A). This is possible by assembling
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the grids starting from anhydrous starting materials. Indeed, the reaction
between anhydrous zinc hexafluorosilicate and 4,4’-bipyridine, in DMF/1,4-
dioxane, leads to [Zn(4,4’-bipy),SiF¢], which crystallizes in the tetragonal space
group P4/mmm. The zinc atoms from adjacent square grid layers are connected
by SiFs>~ ions, which act as linear spacers and coordinate into the apical
positions of the zinc ions. A three-dimensional network is constructed by
connecting parallel layers through SiF¢>~ pillars (Fig. 2a).'* Large square
channels are generated parallel to the crystallographic c-axis (Fig. 2b). The
volume of the channels is ~ 50% of the total volume. This is a very elegant
solution of a problem in crystal engineering. The space group can be regarded
as a direct manifestation of the point group symmetry (Dyy,).

Another interesting case in crystal engineering is the one of interpene-
trated cyano-bridged diamondoid networks. Zinc(II) easily adopts a tetrahe-
dral geometry, so the solid-state structure of Zn(CN), is quite predictable:
tetrahedral zinc ions are connected by cyano groups generating a diamond-like
net, with double interpenetration (Schemel). The cadmium derivative,
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FIGURE 1. The interpenetrating networks in [Zn(4,4'-bipy),(H,0),]SiFs.

Cd(CN),, is isomorphous. To prevent the interpenetration, relatively large
species must be hosted into the diamondoid network. Indeed, the mixed metal
complex NMey[Cu'Zn"(CN),] shows no interpenetration because the tetra-
methylammonium cations, whose size fits to that of the adamantane-like cavity,
occupy half of these cavities (both Cu' and Zn" ions are tetracoordinated). The
interpenetration of neutral M(CN), nets (M = Zn, Cd) can be hindered by
hosting neutral molecules, structurally similar to NMe, ". The solution of this
problem is obvious and elegant: The crystallization of Cd(CN), in the presence
of Me,C leads to a single diamond-like net.®®

It is also possible to combine two different spacers to generate coordina-
tion polymers. For example, the self-assembly process among Cu", dicyana-
mido (dca™), and nicotinato (na~) ions affords a 1D coordination polymer,
[Cus(na)4(dca),(H>O)g] - 2H,O. Its structure consists of infinite chains, built up
by copper(Il) ions interconnected through two types of bridges: the nicotinato
and the dicyanamido ligands (Fig. 3)."* Each chain can be viewed as a ladder, in
which the rungs are formed by a triad of copper(Il) ions linked by two na’
bridges. The ladder sides are formed by dca™ ligands connecting the terminal
copper atoms from each triade.

it. Oligonuclear Complexes as Nodes

Coordination polymers can be constructed from oligonuclear nodes as
well."” The metal ions interact with the divergent ligand through their easily
accessible coordination sites. The presence of two or more metal ions (identical
or different) confers a higher geometrical flexibility to the node. Moreover, the
metal-metal intranode and internode interactions can lead to new redox,
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FIGURE 2. (a) Connection of the square-grid layers through SiF¢” ions in [Zn(4.,4'-
bipy),]SiFs; (b) Packing diagram showing the formation of channels.

electric or magnetic properties. The incorporation of the oligonuclear com-
plexes into extended frameworks occurs through (a) formation of the nodes in a
preliminary step, followed by the reaction with appropriate spacers; (b)
formation of the nodes as a result of the interaction of the metal ions with
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FIGURE 3. Perspective view of a ladder-like coordination polymer, [Cus(na)s(dca),
(H>O)g] - 2H,0, constructed from two different bridging ligands (nicotinato and
dicyanamido).

the spacer; and (c) serendipitous assembly of the metal ions into clusters that
are then interconnected by spacer molecules.

a. Alkoxo-Bridged Binuclear Copper(II) Complexes as Nodes

The binuclear copper(Il) alkoxo-bridged nodes result spontancously,
through the deprotonation of the OH group, when reacting a copper(Il) salt
with the amino-alcohol and the exo-dentate ligand. The following amino-
alcohols have been employed to generate binuclear alkoxo-bridged species:
triethanolamine (Hstea), diethanolamine (H»dea), monoethanolamine (Hmea)
and monopropanolamine (Hpa).'® The aminoalcohols with higher denticity
(Hstea, Hodea) favor the formation of 1D coordination polymers. Conversely, to
obtain coordination polymers with higher dimensionality, aminoalcohols with
lower denticity (Hmea, Hpa) have to be used (Scheme 9). The resulting nodes,
[Cus(mea),]* " and [Cux(pa)s]* *, generate 2D coordination polymers, provided
that the anions do not coordinate to the copper ions. In this respect, copper(I1I)
perchlorate is more appropriate as a starting material. Conversely, when using
copper(I) nitrate, the dimensionality of the resulting coordination polymers is
reduced because the nitrato ions coordinate to the metal centers as well,
preventing the binding of a second linker molecule.

The reaction between copper(Il) perchlorate dicthanolamine, H>dea, and
4,4-bipyridine affords a 1D coordination polymer: [Cu,(Hdea),(4,4"-bipy)]
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FIGURE 4. View of a 1D chain constructed from alkoxo-bridged nodes in [Cu,
(Hdea),(4,4-bipy)|(ClO4),.

(C104), (Fig. 4).'%* Each copper atom exhibits a distorted square pyramidal
stereochemistry. The basal plane is formed by two alkoxo oxygen atoms, one
amino nitrogen, and one nitrogen atom from the bridging 4,4-bipy ligand. The
fifth coordination site is occupied by the oxygen atom from the OH group of
the aminoalcohol. The alternate Cu - - - Cu distances within the chain, across
the alkoxo and 4,4’-bipy bridges, are, respectively, 2.9880(5) and 11.0310(5) A.
As mentioned by employing bidentate amino-alcohols (monoethanolamine,
propanolamine), 2D grid-like polymers can, in principle, be obtained. Let’s
discuss several such examples that exhibit different packing of the grids in the
crystals: [Cua(pa),(4,4"-bipy),](ClO4); - (4,4"-bipy) - (Hopa) - (H20), [Cuy(mea),
(bpanth),](ClOy), - 2.5(CH;OH) (bpanth = 9,10-bis(4-pyridyl)anthracene,'®
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[Cusy(mea),(bpe),](ClO4), (bpe = bis(4-pyridyl)ethylene), and [{Cus(pa),}
{Au(Cl\I)z}zlmc

The structure of the cationic coordination polymer [Cu,(pa),
(4,4-bipy),]," " is illustrated in Figure 5a. The 2-D coordination networks
for this compound stack parallel to one another generating parallel channels,
which are marked in Figure 5b by arrows. Each channel is filled by an
interesting hydrogen-bonded polymer constructed from uncoordinated 4,4'-
bipy and water molecules, Hopa™ (monoprotonated aminopropanol species),
and perchlorate ions. The second compound, [Cuy(mea),(bpanth)]
(ClOy), - 2.5(CH50OH), shows an interlocked structure resulting from the
inclined interpenetration of grid-like sheets in which every square incorporates
one net passing through it (Fig. 6). The third grid in [Cu,(mea),(bpe),](ClO4), is
constructed from a less bulky spacer, bpe, which allows a higher degree of
interpenetration (twofold interpenetrating nets) (Fig. 7).

The fourth compound, [{Cux(pa),} {M(CN),},],"*! and the 4,4'-bipy deri-
vative discussed earlier, [Cuy(pa),(4,4"-bipy),](ClO4); - (4,4’-bipy) - (H,pa) - (H,0),
are constructed from similar nodes, which are connected through linear anionic
linkers, [Au(CN),] and 4,4'-bipy, respectively. Similar grid-like layers are formed.
However, their packing diagrams are different. The 2-D cationic coordination
networks in the 4,4'-bipy derivative also stack parallel to one another but with a
slight offset, generating channels that accommodate the anions and the
uncoordinated molecules. On the other hand, compound [{Cu,(pa),}{Au(CN),}»]
consists of neutral polymeric networks, without anions or neutral molecules to be
hosted. The packing of the layers, as described, is driven by aurophilic interac-
tions, the gold atoms from one layer being disposed exactly above the gold atoms
from another layer (Fig. 8). The resulting channels are smaller than those existing
in the 4,4’-bipy derivative.

An interesting case is the one observed with the Cu(Il)-monoethanola-
mine—[Au(CN),]~ system, in which the heterometallic complex [{Cuy
(mea)s} {Au(CN),}4- H,0] is obtained.'®® It is constructed from tetranuclear
{Cuy(mea),} nodes connected through [Au(CN),]” spacers. The pseudotetra-
hedral disposition of the copper ions within the node as well as the linearity of
the spacer, [Au(CN),] ", fulfills the necessary condition for the construction of a
diamondoid topology (Fig. 9). The {Cu''4,0,4} heterocubane moiety can act as
a tetrahedral synthon (Fig. 9a). As expected, a 3-D diamondoid net is
assembled. The analysis of the packing diagram reveals a fourfold interpene-
tration of the diamondoid networks (Fig. 9b). Again, the aurophilic interac-
tions intervene in sustaining the supramolecular architecture. Apart from the
[Au(CN),]~ groups acting as linkers, there are two [Au(CN),]” groups per
tetranuclear cluster that act as terminal ligands. The interpenetrating diamond-
oid nets are connected through aurophilic interactions established between the
dangling [Au(CN),]™ ligands from adjacent nets. Infinite chains of gold atoms
are thus formed (Fig. 9¢). This is a unique case of fourfold interpenetrating nets
that are interconnected through aurophilic interactions.
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(b)

FIGURE 5. (a) View of a cationic layer in [Cuy(pa)(4,4-bipy),](ClOy); - (4,4-
bipy) - (H,pa) - (H,0).; (b) Packing diagram showing the formation of channels.
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(b)

FIGURE 6. (a) Perspective view of a grid-like layer constructed from alkoxo-bridged
nodes and bpanth spacers in [Cu,(mea),(bpanth),](ClOy), - 2.5(CH30H).; (b) Packing
diagram showing the interpenetration of the 2D layers.
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FIGURE 7. Perspective views of the interpenetrating nets in [Cu,(mea),(bpe),](ClO4),.

The prediction of structures for networks derived from flexible divergent
ligands such as bis(4-pyridyl)ethane (bpa), bis(4-pyridyl)propane (bpp), or
bis(4-pyridyl)disulfide (bpds) is less precise than for more rigid linkers.
However, this flexibility has afforded interesting solid-state architectures. The
reaction between copper(Il) triflate, monoethanolamine, bpds yields a 2D
coordination polymer with an original topology, [Cu,(mea),(bpds),]
(CF5S0;),-2CH;0H (Fig. 10).'°® The structure can be viewed as Cu(Il)
centers connected by the bpds ligands in helicoidal chains, which are then
interconnected by the alkoxo bridges to form layers. A view through each layer
along the b-axis reveals nano-size channels of 10 x 10 A filled with methanol
molecules (Fig. 10b). Analysis of the channels confirms that each one is
constructed exclusively either from left- or right-handed helices with each layer
containing alternating helices of opposite chirality (Fig. 10c).

b. Homobinuclear Complexes with Compartmental Ligands as Nodes

The compartmental Schiff-base ligands derived from 2,6-diformyl-4-cresol
(end-off and macrocyclic) are very popular in the chemistry of polynuclear
complexes (Scheme 10). They are nice examples showing how the nuclearity can
be controlled. The two metal ions are hosted into the two compartments, their
apical positions being available for the interaction with the spacer molecules. Let
us first consider the macrocyclic ligand resulting from the condensation of 2,6-
diformyl-4-methyl-phenol with 1,3-diamino-propane and its copper(Il) and
zinc(II) complexes. The reaction of the binuclear cooper complex with the
dianion of the acetylenedicarboxylic acid leads to a linear coordination polymer.
The copper atoms are quadruply bridged: two preexisting phenoxo oxygen
atoms arising from the macrocyclic ligand, and two carboxylato groups,
exhibiting the classical syn-syn bridging mode (Fig. 11).!7 The copper(I) ions
exhibit an elongated octahedral geometry. By employing the zinc complex as a
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FIGURE 8. (a) Two-dimensional layer constructed from [Cux(pa),]* " nodes connected
through [Au(CN),]™ spacers. (b) Packing diagram showing the gold-gold interactions
established between adjacent layers.
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(b) (c)

FIGURE 9. (a) The tetrahedral synthon in [{Cus(mea)s} {Au(CN),}4- H,O]. Shown is
an adamantane-like unit in the structure, and one tetranuclear node is highlighted. For
clarity, the carbon atoms from organic ligands and the water molecules have been
removed. (b) Packing diagram showing the fourfold interpenetration. (c) Aurophilic
interactions connecting the interpenetrating nets.

node and 4,4’-bipy as a linker, ladder-like 1D coordination polymers with {Zn,}
platforms are obtained (Scheme 11).'*

This kind of complex deserves particular attention. The short Zn- - - Zn
distance within the coordination polymers generated by these bimetallic nodes is
imposed by compartmental ligand, being ~ 3.2 A. When the bridging ligand is
trans-1,2-bis(4-pyridyl)ethylene (bpe), then two bridging ligands connecting the
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(c)

FIGURE 10. (a) View of a layer in [Cuy(mea),(bpds),](CF3S0s), - 2CH;0H. (b) View
of layered structure and channels; (c) View of helices of opposite chiralities resulting
from binding of Cu(II) with with bpds.
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FIGURE 11. Perspective view of the chain resulted by connecting binuclear zinc(II)
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binuclear nodes are parallel and separated by about 3.6 A. This short
intermolecular distance is favorable for a [2 + 2] photodimerization in the
solid state. The reaction between binuclear zinc(II) complex with the end-off
Schiff-base ligand (Scheme 10a) yields a 1D coordination polymer (Scheme 12).
The UV-irradiation of a powdered crystalline sample produced a coordination
polymer in which the zinc(Il) platforms are connected by tetra-(4-pyridyl)-
cyclobutane, resulting from the photodimerization process (Scheme 12)."
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c. Heterobinuclear Complexes as Nodes

The main interest in heterometallic complexes arises from their magnetic
properties. The combination of metal ions carrying different spins is an
important chapter in modern molecular magnetism.>® The classical synthetic
approach toward heterometallic complexes consists of self-assembly processes
between anionic complexes acting as ligands and assembling cations. An
alternative way to obtain heterometallic coordination polymers is based on
heterometallic binuclear complexes that can act as nodes. These nodes are easily
obtained using compartmental ligands (Scheme 13), which are readily accessible
and allow good control over the number and the nature of the metal ions.

The compartmental ligands derived from 3-methoxy-salicylaldehyde and
a diamine (Scheme 10c¢) have been specially designed to obtain binuclear 3d-4f
complexes.?! Their exceptional versatility as building blocks is due to the
presence of two metal ions that differ drastically in their chemical behaviour:
the rare-earth cations are hard acids, with a strong oxophilic character and high
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FIGURE 12. A 1D coordination polymer in [LCu"Gd™(acdca); s(H,0),]- 13H,0
formed by connecting [CuGd] nodes with the dianion od the acetylenedicarboxylic acid.

coordination numbers, whereas copper(Il) is a borderline acid with a marked
tendency to adopt a more or less distorted square-pyramidal geometry.
Consequently, they can interact selectively with various spacers.

The exo-dentate ligands with oxygen donor atoms are supposed to interact
preferentially with the oxophilic rare earths cations, whereas the exo-dentate
ligands bearing nitrogen atoms will prefer the copper(Il) ions.?* Indeed, when
reacting [LCu"Gd"'(NO;);] with the dianion of acetylenedicarboxylic acid,
acdca®™, a 1D coordination polymer, L [LCu"Gd"™(acdca), s(H,0),] - 13H,0,
is formed, in which the spacer interacts only with the gadolinium ions (Fig. 12).
The {LCuGd} entities are alternatively bridged by one and two dicarboxylato
ligands having different connectivity modes: With the single bridge, the acet-
ylenedicarboxylato ligand acts as a bis-chelating ligand toward two gadolinium
ions, whereas with the double bridge each carboxylato group acts as an
unidentate ligand.

A very interesting case is the one resulting from using ligand simulta-
neously bearing nitrogen and oxygen donor atoms; isonicotinic acid. A 2D
coordination polymer, [LCu"Pr'"(NO3),(in)], has been obtained by employing
the isonicotinate ion, in", as a linker with two different coordination sites.>* The
heterobinuclear units, [LCuPr(NO3),] ", are connected through the unsymme-
trical exo-bidentate ligands, leading to an extended structure (Fig. 13). The
building principle is based on the selective interaction of the spacer, in", which
coordinates with the carboxylato group to the oxophilic Pr'"' ions and, with the
nitrogen atom, to the Cu" ion.

The compartmental ligands derived from 3-methoxy-salicylaldehyde are
appropriate for obtaining 3d-3d’ complexes as well, which can be further
employed as nodes. The heterobinuclear nodes [LCuM]*", are obtained by
reacting the mononuclear complex, [LCu] with a salt of the second metal ion
(Mn?", Co®>").?* The spacers can interact with only one type of metal ions
from different nodes (Scheme 14a), or they can connect one type of metal
ion from a node with another type from the next node (Scheme 14b). The
network topology is also influenced by the number of the connecting groups
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FIGURE 13. View of the 2D coordination polymer, [LCu'Pr™(NO3),(in)], formed by
connecting [CuPr] nodes with the isonicotinato anion.

and their spatial orientation. Let’s discuss first the crystal structures of two
coordination polymers constructed from {LCuMn} tectons and the anions
of the pyrazole-3,5-dicarboxylic and trimesic acids. The structure of
[LCuMn(pzdc)(CH3;OH)(H»O)] - H,O consists of chains with {LCuMn} nodes
connected by the pyrazole-dicarboxylato spacers. The pzdc®~ ion coordinates
through one nitrogen and one oxygen atom from the vicinal carboxylato group
to the manganese ion from a node, and with an oxygen atom from the other
carboxylato group to the manganese ion from the neighboring node (Fig. 14).

The trimesate anion, trim® ", is currently employed in crystal engineering.
The self-assembly process involving the mononuclear copper complex, [CuL],
Mn" ions and the trimesate ion leads to [LCuMn(trim),/3(CH30H),3
(H>0),,3] - 0.66(H,0) - 0.66(CH30H), a 1D coordination polymer with a unique
topology (Fig. 15). There are three crystallographically independent copper
ions and three independent manganese ions. Two of the copper ions, Cul and
Cu3, do not interact with the spacer. The three types of manganese ions are
coordinated as follows: Mn1 surrounded by eight oxygen atoms, four from the
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FIGURE 14. Perspective view of a chain in[LCuMn(pzdc)(CH;OH)(H,0)] - H,O.

external compartment of the ligand and four from two chelating carboxylato
groups arising from two spacers. Mn2 is heptacoordinated with four oxygen
atoms from the compartmental ligand, two oxygen atoms from a chelating
carboxylato group, and an aqua ligand. Finally, Mn3 is also heptacoordinated, by
seven oxygen atoms; four from the Schiff-base, two from a chelating carboxylate,
and a seventh one from a monodentate carboxylate arising from another spacer.
The coordination polymer is constructed from two types of trim”~ spacers, A and
B (Fig. 15a). The parallel chains are formed by [CulMn1] and [Cu3Mn3] nodes,
whereas the ladder steps are formed by the [Cu2Mn2] ones. The A trimesate ions
coordinate only to manganese ions (each carboxylato group acts as a chelate
towards Mnl, Mn2, and Mn3, respectively). The three carboxylato groups of the
B trimesate ions are involved in coordination as follows: one carboxylato group
acts as a chelate toward Mnl, the second one is coordinated to Mn3 through one
oxygen, while the third one interacts through one oxygen atom to Cu2. Short and
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(b)

FIGURE 15. (a) Perspective view of the crystallographically independent nodes in
[LCuMn(trim)2/3(CH3OH)2/3(H20)1/3] . 066(H20) . O66(CH3OH), (b) View of a ladder-
like polymer.
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FIGURE 17. Perspective view of the heterotrimetallic chain [{LCu}Gd(H,0);{Fe
(CN)g}1-4H,0.

long distances between the rungs alternate along the ladder (e.g., the alternate
distances between the Cu2 ions belonging to adjacent steps are 6.573 and 15.377 A).

The dicyanamido-bridged polymer [LCuCo(dca),] crystallizes from a
solution containing [CuL], cobalt nitrate, and sodium dicyanamide. Its crystal
structure consists of linear chains, which result from connecting the [CuCo]
nodes through single yu; s-dca bridges (one end of the dca bridge is coordinated
into the apical position of the copper ion from a node, and the other one to the
cobalt ion from the next node) (Fig. 16).

d. Heterotrimetallic Coordination Polymers

The heterobinuclear complexes are useful precursors for obtaining
heterotrimetallic coordination polymers. The [LCuLn(NOs)3] complexes are
again suitable precursors: The nitrato ligands can be replaced by connectors
carrying the third metal ion, for example hexacyano complex anions,
[M(CN)¢]>” (M = Cr, Fe, Co). A family of isomorphous heterotrimetallic
chains, [{LCu}Ln(H,0);{M(CN)¢}]-4H,O, has been obtained.® The
[M(CN)¢]*~ ion connects three metal ions (two Cu'' and one Ln""), through
three meridially disposed cyano groups, resulting in a ladder-type topology built
up from distorted {Gd,Cr,Cu} pentagons sharing the CrGd edges (Fig. 17).
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FIGURE 18. Perspective view of the heterotrimetallic chain in [{LCu(CH;OH)
(H2O)Mn}{Ni(CN)4}] - (HO)(CH;CN).

A [Cu"Co"Ni" coordination polymer, [{LCu(CH;OH)(H,0)Mn}
{Ni(CN)4}]- (H,0)(CH3CN), which consists of linear zigzag chains constructed
from {LCuMn} nodes connected by [Ni(CN),*~ spacers (Fig. 18) has been
obtained.?*® The [Ni(CN),]*~ ions interact only with the manganese(II) ions
from two nodes through two trans CN groups.

B. Flexible Ligands Approach: Polycarboxylates as Anionic
Linkers. A Case Study—Malonato Complexes

Several recent reviews have projected about the gigantic rise in the
number of publications about coordination polymers per year since 1990.%
In the majority of coordination polymers, either the O-atoms of anions
(carboxylates, nitrates, sulfates, phosphates, phenolates) and/or the N-atoms
of cyanates, cyanides, amines, pyridines engage in coordination bonds with
transition-metal atoms (Tr—O and Tr-N). A Cambridge structural database
(CSD) search indicates that the coordination polymers propagated by Tr—O
(7074 hits) are the major portion compared to those of Tr—N (6392 hits). In
about 53% of the Tr—O type, the O-atom belongs to carboxylates, whereas
in about 40% of the Tr—N kind, the N-atom belongs to pyridine.?” These
statistics indicate the importance of carboxylate and pyridine moieties in
generating coordination polymers.

The simple rod-like exo-bidentate organic ligands such as 4,4'-bipyridil, as
we have seen, have the single greatest influence in determining the type and
topology of the product.”® 3% These spacers serve to link metal sites and to
propagate structural information as expressed in the metal coordination
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preferences through the extended structure. Properties of organic spacers, such as
solubility, coordination ability, length, geometry, and relative orientation of the
donor group, play very important roles in dictating the polymer framework
topology and even in affecting the formation of polymer vs. oligomer vs.
molecule.’”** Generally, these intensively investigated ligands can lead to
more predictable crystal structures, but their diversity has been limited to some
extent due to the fact that little or no conformational changes can be observed for
these kinds of ligand when treated with metal ions. By contrast, flexible ligands
can adopt different conformations and coordination modes according to the
geometric requirements of different metal ions and may afford unpredictable and
interesting coordination networks. Thus rich topologies, including coordination
modes, packing fashions, and dimensionalities of coordination solids, may result
from these ligands. Their coordination chemistry has been less explored and the
investigation of metal-organic frameworks is still a great challenge.>*

While the rigid ligands with fixed bridging angles discussed in the previous
sections are suitable candidates for a more rational design of network structures,
conformationally flexible ligands as spacers preclude prediction and control of
the resultant structures. However, they are well suited to accommodate a wide
variety of architectures and offer a high degree of adaptability—for example, the
inclusion of counterions or other guest molecules.

As flexible spacers, some polycarboxylate ligands are a very good choice
because the carboxylate group is one of the most widely used bridging ligands
for designing polynuclear complexes. The diversity of these organic groups
offers great potential to modulate structural architectures and the use of
different synthetic conditions considerably enlarges the range of possible
arrangements arising from a metal and an organic molecule.

Polycarboxylate ligands as anions possess several interesting character-
istics: (a) they have carboxylic groups that, after partial or full deprotonation,
can coordinate to the metal ions in a wide variety of coordination modes
leading to high dimensional structures; (b) they can act not only as hydrogen-
bond acceptors but also as hydrogen bond donors, depending on the number of
deprotonated carboxylic groups; and (c¢) depending on the geometry, the
ligands may connect metal ions in different directions.

Taking into account their great diversity, carboxylates seem to be a good
election for constructing novel materials with interesting properties such as
porosity, chirality or magnetism. Thus much still remains to be understood in
this field, although it is clear that very simple organic molecules can lead to the
most remarkable frameworks.

i. Dicarboxylates

Many compounds containing the dicarboxylate [OOC(CH,),COOJ*~
dianion have been prepared and characterized.®® In fact, the conformational
flexibility of the aliphatic dicarboxylate-type ligands is reflected in the diversity
of their connecting modes that lead to novel frameworks. In general, aliphatic



Synthetic Approaches 481

syn-anti

syn-syn anti-anti

SCHEME 15

M 3 Chelation

/O :[O \ o/ \O n
M M
N /
(6] @)

Two n*-chelates

. . Monoatomic
anti-anti bridging mode

o o coordinations

(@) (b)
SCHEME 16

carboxylates exhibit the following features when considering their complexing
ability: (a) monodentate and bidentate coordination modes; (b) syn-syn, anti-
anti, or syn-anti conformations (Scheme 15); (c) tricoordinated oxygen-atom
connectivity; (d) pillaring of the metal-oxygen layers or networks; and (e) and
generation of secondary building units (SBUs) by acting as capping agents
through their carboxylate moieties.

The most widely studied dicarboxylic ligand is the oxalate (C,04)*~ anion
in its characteristic coordination mode, the n*-chelation, acting as a bisbiden-
tate ligand, bridging the metal centers in an anti-anti fashion (Scheme 16a).¢
The higher members of the dicarboxylic series exhibit the characteristic chelate
coordination of the CO,~ group, the n’-chelation, which can be accompanied
by one or two monoatomic coordinations; other chelate modes are forbidden
for steric reasons (Scheme 16b).”’
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it. The Case of Malonate

The ability of flexible dicarboxylate ligands to build up coordination
polymers has been checked with the thorough study of the complexation of the
malonate ligand (where malonate stands for the dianion of the propanedioic
acid, H,mal, hereafter noted as mal). This ligand has a methylene group
between the two carboxylates and a minimal change with respect to the rigid
oxalate; it has a great influence in its flexibility and versatility. The malonate
dianion can then exhibit a great variety of coordination modes (Scheme 17),*%?
leading to a high ability to form high-dimensional frameworks. In contrast with
the predictable crystal structures rationally designed with the oxalate complex,
the work with a more flexible ligand often gives unexpected results, new
coordination modes, and unpredictable behavior, the starting points for new
polymers with new properties. As an example of these, the magnetic behavior of
oxalato-complexes is determined by the n*-chelation; however, many scenarios
are possible with the malonate ligand. The most usual coordination mode
toward the copper(Il) metal ion is the bidentate-monodentate with the
carboxylate-bridge in out-of-plane anti-syn conformation (Scheme 17c¢); there-
fore, the observed magnetic interaction is ferromagnetism, with J exchange
coupling constants on the order of + 12 cm™ %

From a synthetic point of view, the variety of coordination modes
represents a challenge. The flexibility of the ligand does not allow the formation
of a determined pattern in the coordination that can be repeated synthesis after
synthesis. Moreover, the subtle variation of different features of the synthetic
procedure could afford different crystal structures.

iti. Influence of the Synthetic Conditions

The copper(Il)-malonate system is paradigmatic of the flexibility of the
ligand and the different structures it can achieve. Five crystal structures of
copper(IT) complexes that contain only malonate and water as ligands are known;
their formulas are [Cu(H,O)g] - [Cu(mal)»(H,0),],**{[Cu(H,0),][Cu(mal),
(H0)1},* {[Cu(H,0)q]o[Cu(mal)y(H,0)]}[Cu(mal)y(H,0),{[Cu(H20)4][Cu(mal),
(H,0)o1}, *{[Cu(H,0):[[Cu(mal)o(H0)]},," and  {[Cu(H,0)][Cu(mal)s], -
2H2O}n-42

The structure of the [Cu(mal),]*~ anion as either a sodium® or alkaline-
earth salt is known.** Previous studies of complex formation in aqueous
solution between malonic acid and Cu(Il) as a function of pH revealed the
stepwise formation of the species [Cu(Hmal)] ", [Cu(mal)], and [Cu(mal),]*~.*
From the synthetic work, it can be observed that the isolated dimer {[Cu
(H>O)4][Cu(mal),(H>O)]} is obtained from highly concentrated, hot solutions
containing basic carbonate with an excess of malonic acid. The ionic salt
[Cu(H,0)g] - [Cu(mal),(H,0),] is formed by the slow evaporation of diluted
aqueous solutions containing basic carbonate and malonic acid in a 1:1 molar
ratio. The final pH of these solutions must be kept at ~ 3, through the careful
addition of a poorly coordinating base. At higher pH values (obtained by
further addition of NaOH or Na,COsj), the concentration in solution of
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[Cu(mal),]*~ becomes significant, and the precipitation of Na,[Cu(mal),] takes
place.*® If the concentration of Cu(II) exceeds that of malonate, then mixed
basic copper(I]) salts are obtained. The use of complexing but less-basic bases,
such as 4,4'-bipyridine and pyridine, allowed us to obtain {[Cu(H,0)4],[Cu
(mal)>(H>O)J}[Cu(mal)2(H>0): {[Cu(H,0)4][Cu(mal)>(H>O),]}  and  {[Cu
(H>O)5][Cu(mal),(H>O)]},,, respectively, by a smooth increase in the pH with-
out the precipitation of undesired basic salts. It has been observed that the
addition of pyridine*’ and other bases*® causes the formation of a mixed ligand
complex [CuL(mal)] that avoids the formation of basic copper(Il) salts,
minimizes the concentration of free Cu(ll), and—because the pH is
increased—favors the formation of [Cu(mal),]>". This seems to allow the
slow growth of complexes {[Cu(H»O)4]o[Cu(mal),(H,O)]}[Cu(mal),(H,O),]
{[Cu(H,0)4][Cu(mal),(H,0),]} and {[Cu(H,0);][Cu(mal),(H,0)]},, instead of
[Cu(H20)¢] - [Cu(mal)2(H>0),] and  {[Cu(H0)4][Cu(mal)2(H-O)]}. At pH
values > 3,% the addition of monoethanolamine (mea) to the aqueous
coppermalonate solution increased the pH of the reaction medium and favored
the formation of [Cu(mal),]’” to give {[Cu(H,O);][Cu(mal),],2H,0},.
In summary, parameters such as pH, Cu(Il):H,mal molar ratio, total concen-
tration, and temperature are very critical when attempting to prepare
malonate-containing copper(Il) complexes and compounds with closely asso-
ciated formulas. However, the variety of results illustrate that good results can
be obtained by monitoring these parameters carefully.

The first of the series, [Cu(H,O)g][Cu(mal),(H,O),], which is obtained at room
temperature,* is the mononuclear Cu(II) complex described by Pajunen et al.*’ In
this compound, the malonate adopts the bidentate (no-bridging, Scheme 17a)
coordination mode, acting as a blocking ligand leading to isolated molecules that
are interconnected through hydrogen bonding (Fig. 19a). With a subtle increase of
the temperature, inorganic condensation occurs to form the dinuclear molecule
[(H,0),Cu(p-mal)Cu(mal)(H,0),], (Fig. 19b).*’ The copper(II) ions are linked by
carboxylates in an anti-syn, n° bidentate + unidentate coordination mode (Scheme
17b). Remarkably, the main [Cu(mal),(H,O),]>~ motif present in [Cu(H,O)¢][Cu
(mal),(H,O),] remains unaltered, just a pendant [Cu(H,0)4] group has been added.

A very interesting case is the use of template molecules (4,4’-bpy and
pyridine) in the synthesis. A higher degree of condensation occurs as has been
exemplified in the third and very rare complex, {[Cu(H,0),],[Cu(mal),(H,O)]}
[Cu(mal),(H,0),J{[Cu(H,0)4] [Cu(mal)»(H,0),]}.*' The structure is made
up of mononuclear, dinuclear, and trinuclear copper(Il) units of formulae
[Cu(mal),(H,0),] ", {[Cu(H,0)4][Cu(mal)2(H,0)]}, and  {[Cu(H,0)4l>
[Cu(mal),(H,0),]}> ", respectively, which are linked by electrostatic forces,
van der Waals interactions, and an extensive network of hydrogen bonds
involving carboxylate groups and water molecules. The trinuclear copper(Il)
unit is the next condensation of dinuclear unit in which another pendant
[Cu(H>O)4] group has been symmetrically attached to the central
[Cu(mal),(H,0),]*>~ unit (Fig. 19¢). Whereas the mononuclear and dinuclear
entities could also be obtained under the adequate crystallization conditions,
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FIGURE 19. The copper(II) Malonate system. (a) Monomeric copper(I]) malonate unit
in complex [M"(H,0)¢][Cu"(mal),(H,0),] with M = Mn, Co, Ni, Cu and Zn. (b)
Perspective view of the dinuclear copper(Il) units of compound [(H,0)4Cu(p-mal)Cu
(mal)(H>O),]. (c¢) Perspective view of the trinuclear copper(Il) units of compound
{[Cu(H20)4]x[Cu(mal)>(H,O)]}  [Cu(mal)>(H>0):{[Cu(H,0)4][Cu(mal)>(H>0),]}.  (d)
Perspective view of a fragment of the chain of compound {[Cu(H,O)s][Cu(mal),
(H>O)]}n. (e) Packing diagram of {[Cu(H,O);][Cu(mal),], - 2H,O},.

this situation was never encountered for the trinuclear entity. The third
copper(Il)-malonate compound is a very rare case, in which three copper(Il)
complexes of different nuclearity and containing the same ligand coexist in the
same crystal. Previous examples in the chemistry of copper(Il) were known but
only two different entities were present in them.>

Changing the template (pyridine instead of 4,4'-bipy) the complete
polymerization of the [Cu(mal),(H,O),]*~ entity is achieved: {[Cu(H,O)s]
[Cu(mal)>(H,0)]},, (Fig. 19d).*! The chain compound is formed by the regular
alternation of the [Cu(mal)>(H>0),]*~ moieties and [Cu(H,O):;]** groups
linked through anti-syn carboxylate bridges. The chain is not the repetition
of the trinuclear unit in the third copper(Il)-malonate compound; in this fourth
complex the intermediate [Cu(H,O)s]*" groups are located in frans-positions to
better accommodate the zigzag sequence. Adjacent chains are interconnected
through hydrogen bonds involving the coordination water molecules forming a
supramolecular two-dimensional sheet.

Isit possible to get a further condensation of these chains? The appendance
of other [Cu(H,0);]*" groups to the main [Cu(mal),(H,O),]*~ entity to yield a
2D coordination polymer seems to be the next step. However, unexpectedly, the
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water molecules coordinated in apical positions to the main [Cu(mal)>(H,O),]*~
moeity were the point of condensation for a 3D coordination network.

The addition of monoethanolamine (mea) to the aqueous copper(Il)-
malonate solution increases the pH of the reaction medium further than that of
the third complex and favors the formation of [Cu(mal),]* to give the complex
{[Cu(H,0)][Cu(mal),], - 2H,0},, (Fig. 19¢).** The structure consists of the
same regularly alternated chains observed in {[Cu(H,O);3][Cu(mal),(H,O)[},,
which intersect in such a way that carboxylate groups of the [Cu(mal),] unit in
one chain occupy the apical position of the copper atom of the same unit of the
adjacent chain.

The structural complexity in these compounds (nuclearity ranging from
discrete entities™ *' to 1D*' or 3D compounds®) is associated with different
carboxylato-bridging modes of mal and different structural functions of water
molecules. Most of these complexes have been magnetically characterized, and they
exhibit ferromagnetic coupling through the carboxylate-malonate bridge.****

Generally, the diversity in the framework structures greatly depends on
the selection of the metal centers and organic spacers as well as on the reaction
pathways. Metal ions are involved in the structure, depending on their size,
hardness/softness, ligand-field stabilization energy, and coordination
geometries (linear, trigonal-planar, T-shaped, tetrahedral, square-planar,
square-pyramidal, octahedral, trigonal-prismatic, pentagonal-bipyramidal, or
trigonal-bipyramidal). Choosing one or another metal ion means selecting the
coordination geometry—that is, the node shape as well as choosing
the potentially required properties of the future materials.

The crystal structures of the malonate complexes with other transition metal
ions do not exhibit the wide variety of compounds observed with the copper(Il)
ion. However, it is remarkable that the polymerization suggested for the Cu(II)
chain compound {[Cu(H,O);][Cu(mal),(H,O)]},, in which each [Cu(mal),
(H,0),J*~ motif has four pendant [Cu(H,0).J*" groups to yield a 2D structure,
is now achieved in the zinc(Il), cobalt(Il), and nickel(II) malonate series,
{IM(H,0),][M(mal)»(H,0),]},, with M = Zn(II), Ni(I) and Co(II).>!*** The
structure consists of (4,4) networks in which the [M(mal),(H,0),] and [M(H>O),]
groups act as fourfold connectors and nodes, respectively (Fig. 20a). The former is
linked to the latter through anti-syn carboxylate bridges in an out-of-plane
configuration, leading to the characteristic corrugation of the layers. The case
of the manganese(Il) complex [Mn(mal)(H,O)], is rather different;**>*
the [M(mal),(H,0),] motif is no longer formed, and the crystal structure is built
by sheets of trans-diaquamanganese(II) units bridged by carboxylate-malonate
groups in the anti-syn and anti-anti bridging modes (Fig. 20b).

New perspectives were opened when the malonate ligand was partially or
totally protonated. Three new compounds containing different anionic malonate
species (the neutral Hymal, the monoanionic Hmal’, and the dianionic mal*~) have
been synthesized: one hydrogen malonato-bridged complex of formula [Cu(H-
mal),] and two polymorphic malonato-bridged complexes of formula [Cu(-
H,0)(H,mal)(mal)], in which the three species of the malonate (H,mal, Hmal,
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COZ+ Ni2+ Zn2+

Malonate anion: mal®~

(@) + 2D
M(I1) cation:
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FIGURE 20. (a) Co*", Ni?", Zn®" Sheet structure of the isostructural {{M(H,O),][M(-
mal)>(H,0),]}, with M = Co(II), Ni(Il) and Zn(Il) compounds. (b)) Mn>" Sheet
structure of compound [Mn(mal)(H,0),].

and mal®") are present (Figs. 21 and 22).>> All the compounds have layered
structures where hydrogen bonding leads to the three-dimensional network.

The organization of the building blocks (organic ligands and transition
metal ions) together can lead to metal-organic frameworks of different
dimensionalities: one-, two-, or three-dimensional architectures. Bridging
ligands as in Scheme 3 represent the simplest ways of organization to
construct the principal architectures types: 1D, 2D, and 3D. In these types,
dimensionality is often determined by the nodes (metal centers): In 1D motifs,
the metal ion is coordinated with two ligand molecules, metal ions and organic
ligands alternate “infinitely,” leading to a chain. Two-dimensional compounds
are obtained with three or four ligand molecules coordinating around the metal
ion, and the elementary motif now expands in two directions. With metal ions
of higher coordination number (tetrahedral or octahedral nodes), three-
dimensional structures can be built. However, the directionality of elementary
units is not always as simple as described before; rather complex situations
occur with flexible carboxylate ligands. Considering the huge choice of possible
coordination modes of these ligands, one can easily imagine the diversity of new
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FIGURE 21. Perspective view along the ag-axis of a fragment of the hydrogen
malonate-bridged layer in [Cu(Hmal),].
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FIGURE 22. View along the c-axis of a fragment of the two polymorphic malonato-
bridged complexes [(a) and (b)] of formula [Cu(H,O)(H,mal)(mal)] in which the two
species of the malonate (H,mal and mal®) are present.
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synthesizable 1D, 2D, or 3D architectural motifs, depending on the building
blocks (organic ligands and metal ions) and the experimental conditions.

It is clear that other interactions also play an important role during the
formation of the crystals, but the definition of the final compounds dimension-
ality is based on the metal complexation. Weak interactions, such as hydrogen
bonds, Van der Waals forces, m-type, and hydrophobic and hydrophilic
interactions, drive the crystal packing of the coordination polymers. Most
frequently encountered weak interactions are hereby shortly described.

Hydrogen bonds are defined by Steiner’® as follows: “4 D-H---A
interaction is called a ‘hydrogen bond’, if (1) it constitute a local bond and (2)
D-H acts as proton donor to A”. For hydrogen bonds of weak to intermediate
strengths, they may be described by an “‘electrostatic plus van der Waals”
model. For the strongest types of hydrogen bonds (rarely found in coordination
polymers), their quasi-covalent nature has to be fully considered. Some
systematic studies have been performed, with the use of the structural database
(specially the CSD), to understand the strength and the directional preferences
of hydrogen bonds.’® > The energy of such interactions varies from 15 to
40 kJmol™ for moderate hydrogen bonds.

7. - - interactions can be of predominant importance during the co-
ordination polymer formation. Janiak reviewed this kind of interaction in metal
complexes with aromatic nitrogen-containing ligands.®® These interactions are
based on the sum of several contributions (electrostatic, van der Waals
interactions, repulsion, and charge transfer), and the aromatic rings preferen-
tially stack in an optimal way to minimize attraction. The energy of m- - -«
interactions is estimated at 5-10 kJmol™.

iv. The Use of co-ligands

The flexibility of the malonate ligand can be explored by introducing
some steric hindrance in the coordination environment of the metal ion in the
form of complementary ligands. These co-ligands can act as blocking or
bridging ones, contributing to the isolation or the interconnection of the metal
atoms. Moreover, the inclusion of these co-ligands can also drive the packing of
the coordination polymer through weak interactions.

This situation is illustrated with the use of blocking ligands like 2,2'-
bipyridyl (bipy) or imidazole (Im), which can also establish m-type interactions.
Their copper(Il)-malonate complexes are 1D with formulae {[Cu(bipy)(H,O)]
[Cu(bipy)(mal)(H,0)]}(ClO4), and [Cu(Im),(mal)],. Two polymorphic malonato-
bridged copper(Il) complexes of {[Cu(bipy)(H,O)][Cu(bipy)(mal)(H,O)]}(ClO,),
have been investigated.®’ The [Cu(bipy)(mal)(H,0)] and [Cu(bipy)(H,O)] groups
are regularly alternated within zigzag chains (Fig. 23), the former unit linked to
the latter through carboxylate groups in an anti-syn conformation (Scheme 17h).
The inclusion of the bpy ligand in the Cu(Il) coordination sphere precludes the
formation of the [M(mal),(H-O),] motif and drives the crystal packing through 7-
7 staking. The malonate ligands have to bend themselves to incorporate the bulky
[Cu(bipy)(H,0)] groups, resulting in an out-of-plane coordination mode.
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FIGURE 23. View of compound {[Cu(bipy)(H,O)][Cu(bipy)(mal)(H,0)]}-(ClO,4),
showing the parallel arrangement of the chains along the h-axis. Hydrogen atoms and
the perchlorate anions have been omitted for clarity.

FIGURE 24. Projection of compound [Cu(Im),(mal)] down the a-axis showing the
parallel arrangement of the chains.

The structure of complex [Cu(Im),(mal)], consists also of a regular zigzag
chain of [Cu(Im),(mal)] units that are linked through one malonate carboxylate
group exhibiting the anti-anti conformation (Scheme 15¢).°* Again, the
imidazole ligands occupy two positions of the Cu(Il) coordination sphere,
and the malonate ligand link is one equatorial position with an apical one of
adjacent Cu(II) surroundings through the carboxylate bridge (Scheme 17¢).
The imidazole ligands drive the crystal packing of these zigzag chains,
exhibiting a parallel columnar arrangement (Fig. 24).

These results have shown the degree of flexibility of the malonate ligand to
accommodate bulky groups as co-ligands. However, at the same time, this
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flexibility has a major disadvantage: the unpredictability of the coordination
modes. Thus the resulting networks cannot be rationally designed a priori and
a different strategy has to be proposed. A synthetic pathway hatched in steps
has been developed, a first approximation in the form of a trial synthesis has
to be studied to decide, in a second step, which co-ligand, counterion, metal
center... could improve the results.

This strategy can be tested with the 2D coordination networks
{IM(H,0),][M(mal),(H,0),]}, with M = Zn(II), Ni(II), and Co(II) presented
previously. A reasonable approach to build 3D structures based on layered
structural motifs is to control the packing by organic pillars of changeable
lengths and/or type. When those homometallic malonate complexes react with
N-exo pyridyl ligands such as pyrimidine (pym), pyrazine (pyz) or 4,4"-bipyridine
(4,4'-bipy), 3D pillared coordination polymers [M(mal)>(L)(H,0),], - n(H,O) M
= Mn(II), Co(II), Zn(IT), and Ni(II) are formed.**** Although the intralayer
coordination framework is different from those of the complexes without co-
ligand, the final objective is achieved (Scheme 18). The rod-like co-ligand
occupies the apical positions at metal environments of adjacent layers, linking
them. In this way, the separation between the sheets can be controlled, depending
on the length of the co-ligand (Fig. 25).

The inclusion of the adequate secondary co-ligand can improve the
dimensionality of the complex and the properties they will exhibit. Another
example which illustrates this situation is the copper(I) malonate complex with
the 2,4'-bipyridine (2,4'-bipy) [Cug(mal)4(H>0)4(2.4-bipy)s] - 2H,0.%* The struc-
ture consists of tetranuclear units forming a small square of dimensions ~ 4.7
x 4.7 A? with the copper(Il) ions and the malonate ligands located on the
corners and edges, respectively (Fig. 26a). The four copper(Il) ions are linked
through out-of-plane anti-syn carboxylate bridges (Scheme 15), and they are
ferromagnetically coupled, yielding a spin state of S = 2 at 3.0 K. The 2,4'-bipy
acts as a blocking ligand, occupying one equatorial position of the metal
environment, precluding further polymerization and isolating the ferromag-
netic tetranuclear units. The supramolecular network are stabilized by the n-n
stacking among the 2,4"-bipy ligands of different tetranuclear units.

From this crystal structure, it seems easy to polymerize the tetranuclear
units to get a 2D coordination network. Instead of the blocking 2,4-bipy, a rod-
like connecting 4,4’-bipy ligand is used to synthesize the [Cuy(mal)4(H,0)4(4,4'-
bipy),] complex.®*®> The resultant 2D coordination polymer exhibits a (4,4)
network in which the [Cuy(mal)4(H,0)4] units and the 4,4’-bipy ligands act as
fourfold nodes and connectors, respectively (Fig. 26b). This situation leads to
the formation of large squares of 15.8 x 15.8 A2 in which each edge is shared by
one malonate group and one 4,4’-bipy molecule. The layers are stacked parallel
but in a staggered manner on each other along the tetragonal axis with an
interplanar separation of 3.850 A and angle of 56.3°, indicating weak n-7
stacking interactions. The tetranuclear units fit exactly into the large squares of
the adjacent sheet, precluding the formation of pores or cavities, and no solvent
molecules are clathrated in the structure.
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Following the same synthetic strategy, the separation between tetra-
nuclear units can be shortened using a small rod-like ligand (i.e. pyrazine).**
The structure of the [Cuyg(mal)4(pyz),] - 4H,O complex (Fig. 26¢) is very similar
to that obtained with the 4,4-bipy ligand. A 2D (4,4) coordination network with
[Cus(mal)y] units linked through pyrazine ligands is formed. The shorter
separation between them leads to their connection to tetramers of the adjacent
layers. By this new link the layers are interconnected leading to a 3D structure.
Each malonate uses its four oxygen atoms to coordinate the copper atoms:
within each layer, the malonate simultaneously adopts the bidentate (at one
copper atom) and unidentate (at another copper atom) coordination modes;
the fourth carboxylate-oxygen atom also acts as unidentate because it is bound
to a further copper atom from a neighboring layer.
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FIGURE 25. A layer of crystal structure showing the [M(mal)(H,O)] sheets cross-
linked by (a) pyrazine ligands in the [M(mal)(pyz)(H,O)], (M(II) = Co, Zn) and (b) 4,4'-
bipy ligands in [Mn(mal)(4,4'-bipy),(H,O)], complexes.

v. Ligand Adaptation

The inclusion of co-ligands not only modifies the coordination environment
of the metal ion, blocking or extending the polymerization, but also dramatically
affects the crystal packing through weak interactions, mainly m-7 interactions in
the examples reviewed here. To exert some degree of control into the packing of
the coordination polymers, subtle modifications, which are able to establish weak
interactions with the surroundings could be introduced in the polycarboxylate
ligand. The malonate ligand has a methylene carbon atom susceptible to accept
hydrogen substitutions by other groups like phenyl, benzyl . . . even aliphatic
chains (methyl, ethyl . . .). Toillustrate this, the case of the phenylmalonate ligand
(dianion of the phenylmalonic acid, H,Phmal) is shown here. The presence of a
phenyl ring on the methylene carbon group could induce different conformations
of the malonate bridging modes due to geometrical constraints and would make
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(a) 2,4"-bipy

3 48 ]
(b) 4,4’-bipy

FIGURE 26. (a) Perspective view of the tetramer unit of [Cuy(mal)4(H,0)4(2,4-
bipy)4] - 2H,0 together with the stacking of the compound along the c-axis. (b) View of
the two types of square channels of [Cuy(mal)4(H,0)4(4,4-bipy),] - 2H,0 along the c-axis
when only the odd layers are considered together with a view of the layers stacked along the
tetragonal ¢ axis. (¢) The Cu/malonate framework in compound [Cuy(mal)4(pyz),] - 4H,O
along the ¢ axis with a view of the 3D structure in which the square grid layers are stacked
along the c-axis showing the mt- - - w overlap between pairs of pyrazine molecules.
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FIGURE 26. (Continued)

possible specific attractive interactions between phenyl rings, which would
contribute to the overall stability of the resulting compound. Their role in
molecular recognition, and more generally in supramolecular chemistry, has
now been widely examined.®® 7> The aim of this study is to analyze the influence
that factors such as the withdrawing effect, the rigidity, and the possibility of
specific attractive interactions between phenyl rings can exert on the structure and
magnetic coupling of phenylmalonate-containing copper(II) complexes.”> 7® The
complex {[Cu(H,O);][Cu(Phmal),]}, has a sandwich-like structure with two well-
separated areas, the hydrophobic layer where the phenyl groups of the Phmal
ligands of adjacent layers are located and the more hydrophilic one, where the
copper(I) surroundings are constrained (Fig. 27a). The phenyl substituent of
the malonate ligand has driven the layered crystal packing, although the coordina-
tion polymer formed consists of chains similar to that of the {[Cu
(H,0);][Cu(mal),(H,0O)]},, complex, which polymerize into sheets through p-oxo
bridges between the [Cu(Phmal),] units. Introduction of a co-ligand like pym,
[Cu(pym)(Phmal)],, keeps the sandwich-like crystal packing unaltered, although
the coordination mode of the Phmal ligand is completely modified (Fig. 27b).”

The separation between aromatic groups in this second compound is
longer enough that n-type interactions are precluded. Thus the layered system
observed is the result of hydrophobic interactions, similar to those that form
micellar systems, and steric constrains, inherent in the presence of the bulky
aromatic group. The study of whether smaller substituents can generate such
crystal packing has been carried out with the methylmalonate derivative
(H,Memal = methylmalonic acid).”®”’

The use of the methylmalonate as ligand toward the copper(Il) ions
affords a neutral sheet-like coordination polymer of formula [Cu(Memal)
(H,0)],, (Fig. 28a).”” The layers are sandwich-like packed as occurs with
the Phmal-complex, but due to the small size of the methyl substituent, the
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FIGURE 27. (a) A view of the crystal structure of complex {[Cu(H,O);][Cu(Phmal),]},
along the b-axis showing the interlayer n - - - 7 interactions. (b) Projection of the crystal
packing of [Cu(pym)(Phmal)], through the a-axis.
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FIGURE 28. (a) A perspective view of a fragment of the carboxylate-bridged square
grid of the copper atoms in [Cu(Memal)(H,0)], extending in the bc-plane. (b)
Perspective views of the crystal packing of [Cu,(pyz)(Memal),],.

separation between layers is shorter (~ 6.2 A). This distance could be controlled
introducing rod-like spacers, such as pyrazine (pyz) and 4,4’-bipyridine (4,4'-
bipy), affording the compounds [Cu,(pyz)(Memal),], and [Cu,(4,4-bpy)
(Memal),(H,0),],, (Fig. 28b). They are 3D coordination polymers, constructed
in a rational way, which exhibit the sheet-like structure observed for the
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[Cu(Memal)(H,0)], complex, but pillared with the pyz and 4,4-bipy co-ligands
(the new interlayer separations are 6.7 and 8.3 A, respectively). This family of
compounds is a nice example of crystal engineered 3D structures.’’

vi. Perspectives

This section and these few examples illustrate the versatility of the
malonate ligand in crystal engineering. The self-assembly of dicarboxylate
flexible ligands with transition metal ions has been demonstrated to be a good
approach for preparing new and exciting structures. Their coordination
chemistry is a mature field that afforded complexes exhibiting all types of
magnetic situations needed for the design of new materials.

The substituted-malonate ligands open a wide area of investigation; some
control can be exerted over the weak interactions such as © - - - 7« stacking,
hydrophobic, or steric repulsion. Because these intermolecular interactions are the
leading forces for the aggregation of the molecules in the crystal, it is possible to
make some guidance over the crystal packing and hence, over the properties (e.g.,
magnetic) of the material. Thisis an exciting idea which deserves to be investigated.

C. The Building-Block Approach

The building-block strategy is particularly useful for obtaining hetero-
metal coordination polymers and consists of self-assembly processes involving
anionic or neutral metal complexes (metalloligands) with potentially binding
sites and aqua complexes of a second metal ion (Scheme 19). Such coordination
polymers, when the metal ions are different and both paramagnetic, are of high
interest in molecular magnetism. To be employed as ligands, the anionic (or
neutral) complexes must fulfill an important condition: They have to be
relatively stable toward substitution reactions. Otherwise, their interaction
with the second metal ion will lead to intractable mixtures of complexes.
Therefore, the best-suited metal ions for generating anionic building blocks are
metal ions with a high crystal field stabilization geometry (Cr'", low-spin Fe'"!,
4d and 5d transition metal ions). An alternative way to get stable metalloli-
gands consists of the use of anionic chelating ligands. For example, the
coordination of the bis(2-pyridylcarbonyl)amine anion, pbca™, to various metal
ions generate numerous bis-chelated complexes, [M'(bpca),], that can coordi-
nate to a second metal ion via the carbonyl oxygen atoms. Bimetallic chains are
assembled in the absence of blocking ligands attached to the second metal ion.
A family of compounds, with the general formula [{Ln(O,NO)(H,0);}{Ni
(bpca),}1(NO3), - 3H,O, were obtained by self-assembly processes involving

T -0 — eIl

SCHEME 19
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neutral [Ni(bpca),] building blocks and Ln® * ions.”® The Ln'" ions are connected
by [Ni(bpca),] complexes acting as bridging bis-bidentate ligands (Fig. 29).

The most important categories of complexes used as metalloligands are
oxalato-complexes, cyano-complexes, and bisoxamidato complexes. Let’s dis-
cuss several representative examples from each category.

i. Oxalato-Bridged Coordination Ploymers

The oxalate ion is a good bridging ligand. Most of the insoluble
transition-metal oxalates are actually coordination polymers, with the metal
centers connected by bis-chelating oxalato groups.

The oxalate ion cannot be employed to obtain heterometallic complexes
through one-pot procedures—that is, by reacting two different metal ions with the
oxalate anion, because these reactions lead most frequently to mixtures
of compounds. Conversely, anionic complexes such as [Cr(C,04):] ",
[Co(CzO4)3]3*, and [Ru(CzO4)3]3*, are enough stable to allow good control over
the reaction products.”’ In the absence of ancillary ligands attached to the
assembling cations, 2D and 3D networks are formed. For example, the reactions
between cat;[M(C,0,)5] (cat” = NR, ", PR, ") and divalent cations, M”* ", yield
bimetallic networks with the general formula {cat™ [M'M(C504)3] },, which are
composed of an anionic sublattice, {{[M'M(C,04);]™ },, and the cationic counter-
part. The two metal ions, M and M’, are connected by bis-chelating oxalato

FIGURE 29. (a) The [Ni(bpca),] building block; (b) The heterobimetallic cationic chain
in [{Ln(O,NO)(H,0)3}{Ni(bpca)>}](NOs), - 3H,0.
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groups. Itis important to recall here that [M(C»0.)s]>~ species exhibit a propeller-
like chirality (A and A). Within the heterometal network both metal centers are
chiral. If the chiralities of the connected centers are different, [AM; AM] or [AM;
AM], then the resultant coordination polymers are 2D with a honeycomb topology
(Fig. 30).%° The crystal is racemic, because it contains an equal number of layers
constructed from either A or A chromium units. By employing only one
enantiomer, A-[Cr(C,04)3]>~ or A-[Cr(C>04)s]°~, Andrés et al. obtained 2D
optically active Mn"-Cr™" polymers—that is, crystals containing only one type
of bimetallic layer, (ACr™, AMn") or (AC™, AMn")8" If both metal centers
exhibit the same chirality, 3D networks are formed, with a helical organization.®

The reaction between [Cr(C,O4);]°~ complexes and trivalent lanthanide
jons leads to chains, [Ln"™'Cr'™(C,04);(H,0)4]-nH,0, with a ladder-type
motif.®® The rare earth ions are 10-coordinated: six oxygen atoms from
the three bis-chealting oxalato groups and four aqua ligands.

New building-blocks—for example, [Cr(AA)(C,04),]—with different
coordinating abilities are formed when one out of the three oxalato groups
from the anionic complex is replaced by a blocking ligand (2,2'-bipyridine, 1,10-
phenanthroline).*® For example, the self-assembly process between
[Cr(bipy)(C»04)»]~ and Mn>* ions affords neutral bimetallic chains with
diamond shapes sharing the manganese ions, which exhibit a coordination
number of eight (Fig. 31).%*

‘&%\{:} 2 /_'}’7\% s
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FIGURE 30. Honeycomb anionic layers resulted by assembling Mn>" ions with
[Cr(C»04)5]*~ tectons.
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FIGURE 31. Heterobimetallic chain resulted by assembling Mn>" ions and [Cr(bipy)
(C504)5]™ tectons.

FIGURE 32. Diamondoid network in K,Mn[U(C,04)4(H,0),]- 7TH,O

The highest number of oxalato groups attached to a metal ion in a
mononuclear complex is four: [M'Y(C,04)4]* (M = Zr, U).® The four oxalato
ligands are oriented tetrahedrally. The most interesting properties of these species
are to act as tetrahedral synthons and to generate, in a deliberate way, diamond-
like networks. Indeed, the reaction between K4U(C,04)4] and a manganese(I1)
salt results in the partial substitution of potassium with manganese(Il) ions:
KoMn[U(C,04)4(H50),] - 7TH,0.2%* Each uranium(IV) ion is linked to four
manganese ions via the oxalato ligands. The coordination sphere of the
manganese ion also consists of four oxalato bridges (the manganese ions
are octacoordinated). Every metal ion is linked four times by oxalato bridges
to the other metal ion, resulting in a 3D diamondoid network (Fig. 32).
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ii. Bisoxamidato Complexes as Building Blocks

The chemistry based on bisoxamido complexes has been developed under
the strong impulse of molecular magnetism because of their exceptional ability
to generate homometailc and especially heterometallic coordination polymers
with tunable magnetic properties.?’-*¢ Bisoxamides are prepared by reacting a
diamine with ethyl-oxalyl chloride (Scheme 20a). The corresponding oxamato
complexes result from the copper-assisted hydrolysis of the primary amide in
aqueous solution (Scheme 20b). The dianionc mononuclear complexes can act
as bis-bidentate ligands toward other metal ions generating 1D or 2D bimetallic
coordination polymers (Scheme 20c).

iii. Cyano-Bridged Coordination Polymers

Perhaps the richest chemistry in the realm of heterometal complexes is the
one based on self-assembly processes involving polycyanometallate tectons and
various assembling complex cations. Indeed, a huge number of heterometallic
complexes have been synthesized over the last 15 years.?” Cyano-bridged coordi-
nation polymers are obtained following the same general procedure, consisting of
self-assembly processes involving anionic polycyanometallates and various assem-
bling cations. The rich structural variety of these arises from two sources:
the availability of numerous homoleptic polyanometallates and the nature of the
ancillary ligands attached to the assembling cations. The following anionic
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cyano-complexes are currently used as templates: [M'(CN),]~ (M= Ag, Au),
IM(CN),> M = Ni, Pd, Pt), [M"(CN),J>" (M= Cr, Fe, Co, Ru),
[Mo"™(CN),]*~, and [M(CN)g]~ (M = Nb"Y, Mo, WV, Mo¥, WY). The
number of organic molecules that can be used to block several coordination sites
at the assembling cations is unlimited. They can have various denticities, ranging
from monodentate to pentadentate and can be linear, tripodal or macrocyclic.
Their main role is to control the number of available coordination sites of the
assembling cation and their relative position.

When the assembly process involves hexacyanometallates and fully
solvated metal ions, Prussian-blue phases are obtained, which are cubic 3D
networks.®”® Figure 33 shows the crystal structure of such a 3D cyano-bridged
coordination polymer: NaMnCr(CN);.*®

Usually, by attaching blocking ligands to the assembling cations, the
dimensionality of the resulting polymers is reduced. The denticity of the blocking
ligands and the stereochemical preference of the second metal ion are crucial
factors that determine the architecture of the cyano-bridged coordination
polymers. Although a huge number of cyano-bridged coordination polymers
have been synthesized and characterized, the network topologies, with few
exceptions, are difficult to predict, especially when the number of cyano groups
within the anionic template is six or higher. From the plethora of coordination
polymers synthesized to date, we have selected several representative examples.

The dicyano-complexes, [M(CN),] ", currently generate linear or zigzag
heterobimetallic chains.

The formation of chains, by employing hexacyanometallates as templates
was rather serendipitous. One of the very first 1D coordination polymers was

Mn N C Cr

Iﬁt ;
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FIGURE 33. Perspective view of the 3D lattice in NaMnCr(CN)g.
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obtained by reacting [Ni(en);]*" cations (en = ethylene diamine) with
[M(CN)¢]*~ anions (M = Fe', Mn"™, Cr"™, Co™). During the reaction, the
tris-chelate  nickel complex dissociates into  bis-chelated  species,
[Ni(en),(H,0),]**, in which the aqua ligands are substituted by the cyano
bridges, resulting in bimetallic chains, [{Ni(en),}3{M(CN)s},]-2H,0.% The
structure consists of a rope-ladder arrangement (Fig. 34). The nickel moieties
are present in two configurations: in the first one the bridging groups are
disposed in trans positions, and in the second one in cis positions. This family of
complexes displays interesting magnetic properties. When M = Fe, Mn, Cr, the
metal ions within the chain are antiferromagnetically coupled, due to the strict
orthogonality of the magnetic orbitals of the adjacent Ni'' and M jons.
Another interesting type of chain is obtained by assembling [Cu(dien)]**
and [M(CN)e]*~ ions: [{Cu(dien),{M(CN)g}], - #[{Cu(dien)(H,0)} {M(CN)q] -
SH,OM = cr', pe'!, Com).90 The structure consists of two ionic units: 1D
cationic chains, [{Cu(dien),{M(CN)}],”", whose charges are counterbalanced
by [{Cu(dien)(H,O)}{M(CN)¢]™ ions. A view of the cationic chain is repre-
sented in Figure 35. Four equatorial cyano groups from the [M(CN)¢]>~

FIGURE 35. Perspective view of the cationic chain [{Cu(dien),{M(CN)}]," "
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building block are coordinated to four copper ions, while the two axial cyano
groups are terminal ligands.

The square-planar tetracyano complexes, [M(CN),J*~, when the four
cyano groups are employed as bridges, generate grid-like sheets. Particularly
interesting are Hoffmann clathrates, M(NH3),Ni(CN)4-2G (M = Ni'!, Cu'),
with grid-like layers constructed from square planar nickel centers connected
through four cyano groups to four octahedral nickel centers (the apical
positions are occupied by the ammonia ligands). The guest molecules (G =
CeHg, C4HsN, CcHsNH,) are hosted between the 1ay<:rs.87"1

Macrocyclic ligands, mac, are usually coordinated into the equatorial plane
of the metal ions, the axial positions being occupied by weakly bonded ligands,
which can be replaced by the cyano bridges. The self-assembly process involving
trans-[M'(mac)(H,0),]* " and [M(CN)¢>~ ions yields 2D [M’3sM,] networks.
Within a layer, each [M'(mac)* " moiety is linked to two [M'(CN)e]>~ ions in
trans positions, and each [M(CN)6]3* ion is surrounded by three [M(mac)P?*
units. If the three M(mac) units adopt a facial configuration around the M ion,
then layers with a stair-shaped honeycomb architecture are formed (mac stands
for cyclam, 1,4.8.11-tetraazacyclotetradecane) (Fig. 36)." A meridial arrange-
ment of the three [M'(mac)]* ™ moieties leads to flat brick-wall-like layers (mac =
3,10-diethyl-1,3,5,8,10,12-hexaazacyclotetradecane (Fig. 37).92

The enormous synthetic potential of the anionic polycyanometallates in
designing heterometal complexes has been further exploited by attaching
blocking ligands not only to the assembling cations but also to the anionic
units, by replacing two or three cyanide groups by bidentate or tridentate
ligands—for example [M(AA)(CN),]~ (M = Cr'", Fe'''; AA = 2,2-bipy, 1,10-

FIGURE 36. Honeycomb layers resulted from [Ni(mac)]** and [Fe(CN)¢]>~ ions (mac
= 1,4,8,11-tetraazacyclotetradecane (see text)).
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FIGURE 37. Brick-wall layers resulted from [Ni(mac)]** and [Fe(CN)¢]>~ ions (mac =
3,10-diethyl-1,3,5,8,10,12-hexaazacyclotetradecane (see text)).

phen, ethylenediamine, 2-aminomethyl-pyridine), [M(BBB)(CN);]" (BBB =
tridentate monoanionic ligands: bpca”™ = bis(2-pyridylcarbonyl)amidate
HB(pz);~ = hydrotris(1-pyrazolyl)borate), and rrans-[Ru'(acac),(CN),]~
(acac = acetylacetonate).”>** Such building blocks are particularly useful in
designing 1D coordination polymers with interesting magnetic properties,
including single chain magnets (molecular magnetic materials exhibiting a
slow relaxation of the magnetization). One example in this family is the
heterobimetallic ribbon-like chain obtained by assembling [Fe(2,2-
bipy)(CN)4] ™ anions with fully hydrated cobalt(II) ions: [{Fe(2,2"-bipy)(CN)4}».
Co(H,0),] - 4H,0 (Fig. 38).** This compound exhibits intrachain ferromagnetic
coupling, a slow relaxation of the magnetization and hysteresis effect.

The large field of cyano-bridged coordination polymers is covered by
several recent excellent reviews.®’

III. CONCLUSIONS AND PERSPECTIVES

Crystal architecture is the result of the hierarchic organization determined
by the primary structure, resulting from metal-ligand bonds that generate the
coordination polymer, and the secondary one, that is determined by a concert
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FIGURE 38. Perspective view of a bimetallic chain constructed by using [Fe(bipy)
(CN)4]™ as a building block.

of electrostatic and other non-covalent forces (hydrogen bonds, n-7 stacking,
metallophilic interactions, secondary bonds). Their subtle interplay makes the
prediction of the final structure difficult. Many compounds that exhibit
fascinating structures and interesting properties have been serendipitously
obtained. Their retrospective analysis, which is also a goal in crystal engineer-
ing, provides chemists the necessary knowledge and means for designing crystal
structures with desired structures, properties and functions.

We have an increasing interest in coordination polymers due to their
potential applications. The syntheses, in the late 1980s of the first molecular
magnets (coordination polymers exhibiting spontaneous magnetization below a
critical temperature), by Kahn and co-workers,”” represent beautiful examples
of crystal engineering. The synthesis of 1D coordination polymers exhibiting
slow relaxation of magnetization (single chain magnets) with high blocking
temperatures, is a challenge in molecular magnetism. A new generation of
materials emerged recently, by combining magnetic properties with other useful
properties (multifunctional materials): porous magnets,”® chiral magnets,’’ and
conducting and superconducting molecular magnets.”® The field is open
and interesting results are expected.

Porosity is another important and desired property in crystal engineering;
it confers potential catalytic and sorption properties.*®!3%° There are several
examples that encourage the pursuit of research in this direction.!° Chiral
networks, with enantioselective host-guest functions, are expected to perform
chiral separations and catalysis, as shown by recent works.'”" Another area of
intense research is the development of coordination networks as materials for
gas uptake (Ar, N,, CO,, CHy), particularly H,.!% Last, but not least,
coordination polymers attract chemists through their intrinsic beauty and
intriguing structural diversity.
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Absorption, 223, 231, 387
Absorption spectra, 206, 334, 383
Absorption spectroscopy, 282
Acceptor(s)
charge-transfer assemblies, 24-25
functional mesoporous hybrids, 25
hydrogen bonds, 62-63
molecular recognition process, 420, 425, 441
transition-metal complexes, 72
Acetamide, 243
Acetate, 83, 115, 399
Acetone, blackberry formation, 4243, 45
Acetonitriles, 98, 100, 103, 192, 200, 214-215,
224, 232, 240, 302, 324-325, 335
Acetonyl groups, 246
Acetylcholine, 385
Acetylcholine esterase (AChE), 382-383
Acetylides, 184—185, 202
Achiral cations, 412-413
Acid hydrolysis, 71
Activation energy, 54, 246
Adamantane, 169
Adaptation, 493-495
Adaptive sensor materials, 396
Adenine
molecular recognition process, 413-414,
416417, 419, 424-427, 434
nucleobases, 409-410, 443
signaling protocols, 394
Adenine-adenine interactions, 434
Adeninium, molecular recognition processes,
434-436, 439-443
Adenosine, 270, 395
ADP, signaling protocols, 395, 398
Adsorption, 8, 12, 17, 27-28, 288, 373, 396

Agarose gel electrophoresis, 357
AgS0;, 141, 143
Alarm systems, 373
Alcohols, 68, 131, 146, 256, 267, 276, 282
Aldehydes, 146, 278
Aliphatics, 276, 480481, 493
Alkali-metal crown ether POM structure, 99
Alkali metal ions, 99
Alkaline earth, 132, 176
Alkanes, 146, 271
Alkehydes, 276
Alkoxo-bridged binuclear copper(I1)
complexes, 463-468
Alkoxysilane groups, 21-22, 26
Alkyl groups, 256, 266, 269, 276, 283, 289
Al-O bond, 126
Alternative energy, 365
Alumina, porous, 16
Aluminum, 76, 392
Amides, boronate assemblies, 281
Amines
anionic linkers, 479
boronate assemblies, 266, 271, 273, 276
enhanced coordination, 373
sensory protocols, 388-389, 391
sulfonate complexes, 146-147
Aminoboronic acid, 268
Amino groups, 411, 414, 417, 436
2-Aminopyridine, 70
Ammonium, 91, 279
AMP, 395
Amphiphiles, silane-bearing, 11
Anchoring processes, 377-378, 387
Anderson anions, 75-76, 78-85, 87-90, 105—
106, 117-119
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Anderson heteropolyanions, 107
Anhydrides, 257, 267
Aniline, 159-161
Anion(s)
alkoxo-bridged binuclear copper(11)
complexes, 465
coordination polymers, 456457
exchanges, 17, 217
heterobinuclear complexes, 473, 475
heterotrimetallic coordination polymers,
478479
molecular recognition processes, 439
sensing, 383, 394
signaling, 384-385
Anionic cerasome, 11-12
Anisotrophic behavior, 240
Anthracene, 373
Anti-anti conformation, 481, 485, 489
Antibodies, 12
Anticancer drugs, 241, 299, 365
Anticoagulants, 392
Antiferromagnetic interactions, 198, 202-203,
206, 226
Anti-inflammatory drugs, 430
Antineoplastics, 430
Anti-syn conformation, 484-485, 488, 490
Argon (Ar), coordination networks, 505
Aromatic groups, 139, 162, 164, 174, 266, 276,
282-283, 488, 494-495
Arrhenius equation, 54
Aryl-aryl interactions, 130, 141
Arylboronic acids, 276
Aryl groups, 138, 173, 256, 266, 269, 273, 275,
282
Aryl rings, 159, 161-162, 164
Assembly-disassembly, 381-386
Atomic force microscopy (AFM), 11-12, 48,
431
ATP, 395, 398, 424
Aurophilic interactions, 465, 470
Avidin, 395-396
azpy ligands, 454

BaCl, complex, 134-136
Ball and stick model, 69, 72, 76, 435
Barium

sensing protocol, 392, 394

sulfonates, 132-133, 135, 143-144, 151, 154
Base pairing, 409, 411-412, 434
Benzene, 27, 146, 161, 233, 272, 279
Benzenediphosphonic acid, 174
Benzenesulfonate, 128, 138, 143
Benzonitrile, 161

Benzoquinone ligands, 224, 226
Benzyl bromide, 7
Benzyl chloride, 161-162
Benzyl groups, 276, 493
Berry twists mechanism, 92
Berzelius, J. J., 36
BET model, 287
Bibenzyl, 7
Bilayer membranes, 41, 55
Binding site-signaling unit paradigm, 397-398
Biochemical materials, 9-10
Biocompatibility, 3
Bioelectric devices, 395
Biofunctional groups, 22
Biomimetics
signaling, 386-391
systems, characterized, 408
Biomolecular chemistry, 400
Bioreactors, 12
Bio-recognition processes, 408
Biorganic-inorganic nanohybrids, 12
Biosensors, 12
Biphenyldiboronic acid, 273
Bipolarons, 24
Bipyramidal coordination, 144
Bipyridines, 81, 83-84, 263, 260, 456, 458459,
463, 483, 490
2,4-bis(dialkylaminophenyl)-3-hydroxy-4-
alkylsufanylcyclo-but-2-enone (APC),
373
Bisoxamidato complexes, 499
Bisphenols, 271
Bistriethoxysilyl)benzene, 26
Bis(triethoxysilyl)ethene, 26
4,4'-bis(sulfoethyny)biphenyl, 163
Biuret, 243
Blackberry, formation in POM solutions
anionic, 57
cation transport over blackberry membrane,
55-57
control strategies, 41-45
counterion condensation around, 46-47, 50
critical salt concentration (CSC), 50-52
defined, 41
hydrogen bonding effects, 4748, 55
influential factors, 47-48
kinetic process of, 52-55
self-assembly, 53
size control, 41-45, 49
Bolaamphiphile monolayers, 9
Bonding pockets, 389
Bond strength, 126. See also specific
types of bonds
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Boranes, 261
Borazoles, 281
Boric acid, 261
Borinic acids, 261
Boronate assemblies
covalently linked
characterized, 270-271
linear assemblies, 279-284
macrocyclic and cage assemblies, 271-279
network assemblies, 284-289
types of
coordination-based linear assemblies,
267-270
coordination-based macrocyclic
assemblies, 261-267
novel phenyl-boron-phenyl sandwich,
258-261
traditional hydrogen bonded, 258
Boronate ester formation, 269-270, 280
Boronate-linked materials
boronate assemblies
covalently linked, 270-289
types of, 257-270
overview, 256-257, 289-290
Boronic acid-substituted benzylviolgen
(BBV), 385
Boronic acids/esters, 256-257
Boron nitride, mesoporous, 20
Borosilicate macrocycles, 273-274
Boroxines, 267
Bpa ligands, 468
Bpds ligands, 468
Bpe ligands, 470
Bpm ligands, 333, 346-348, 359-362
Bpp ligands, 468
Bpy ligands, 349, 354-355, 358, 483, 488.
See also Bipyridyl
Bragg reflection, 146
Bridging cations, 51
Building-block strategy
bisoxamidato complexes, 499
cyano-bridged coordination polymers,
499-504
oxalato-bridged coordination polymers,
496-499
Bulk semiconductors, 383
Butyl groups, 228, 276

Cadmium (Cd)
coordination polymers, 459461
molecular recognition process, 429-433
sensory protocols, 396

Cage materials, 375

Calcination, 15
Calcium, 55, 57, 379-380, 392, 394
Calixarenes, 276, 278-279
Cambridge Structural Database (CSD), 105,
423, 441, 479, 488
cAMP, 395
Capsid proteins, 57
Carbon
boronate assemblies, 289
coordination chemistry, 453
hydrogen atoms, ethereal, 100
mesoporous structures, 19-20
nanocages, 28—-30
Carbon dioxide (CO,), 166, 505
Carbonyls, 232
Carboxyfluorescein, 377
Carboxylate anions, 258
Carboxylate groups, 126, 258, 376, 385,
387-388, 399, 468469, 476, 479
Carboxylate-malonate bridge, 484485
Carboxylic acids, 258
Carcerand molecules, 276
Casting, 24
Catalysis, 17, 68, 127, 505
Catechin, 29
Catecholate ligands, 224
Cation-anion interaction, 46
Cationic cerasome, 11-12
CCD diffractometer, 153
CdS clusters, signaling protocol, 384-385
Cerasomes, 7-8, 10-12
Charge density, 42
Charge-to-size ratio, 37
Charge transfer interactions, 24-25, 10,
231-232, 238, 269-270, 301-304,
306-308
Chelation, 394, 481-482, 497
Chemisorption, 155
Chemodosimetry, 344
Chemosensors, 370, 373, 375
Chirality, 19, 263, 284, 497
Chiral magnets, 504
Chlorides, 136, 197, 202, 219, 223, 333, 354,
356, 372
Chlorines, 184, 433
Chlorobenzene, 161
Chloro complexes, 80-81
Chloro-copper complexes, 80
Chloroform, 269
Chlorotetracycline (CTC), 55
Cholestane, 21
Chromium (Cr), 183-1833, 496497,
500-501, 503
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Chromo-fluorogenic probes, 377
Chromophores, 93, 189, 299-300, 359
Circular dichroism (CD), 25-26, 192-193, 284
Cisplatin, 357

Citrate, 376

Clays, 131
Cleavage, 21, 331
CMK-3, 28-29
CMK-x, 20

Cobalt (Co)
complexes, 63—64, 68
coordination polymers, 490-501, 503
enhanced signaling, 379
heterobinuclear complexes, 474, 478
linear chains, 187, 189-197
molecular recognition process, 414, 431, 440
redox reactions, 7
synthetic structures, 485
Co-condensation, 20-21
Cofacial ligands, 224
Colaboximes, 265, 267
Co-ligands, 488-493
Collinearity, 196
Colloidal suspensions, 57
Colorimetry, 154, 381
Complementary-binding interactions, 409
Complementary DNA, 408
Computer software programs, 4041, 43
Condensation, 45-47, 50, 453, 483-484.
See also Co-condensation
Cone-cone calixarenes, 278
Cone-partial cone calixarenes, 278
CONTIN, 4041, 43
Coordination biochemistry, 386
Coordination chemistry, 452, 480
Coordination environment, enhanced,
371-373, 376
Coordination geometry, 456, 485
Coordination networks
anion exchange, 136-137
characterized, 126-127, 176
hydrogen bonded second sphere, 155-167
phosphonates, 128-131, 167-176
porous architecture, 126-127
sulfonate group, 127-155, 176
Coordination number (CN), 98, 106
Coordination polymers
characteristics of, 452
classification of, 453
cyano-bridged, 499-504
dimensionality of, 453
heterometallic complexes, 473
oxalato-bridged, 496-499

synthetic approaches
building block approach, 496-504
flexible ligands approach, malonato
complex case study, 479-496
node-and-spacer paradigm, 454479
overview of, 453-453
traditional, 126
Copper (Cu)
alkoxo-bridged binuclear complexes,
463-469
complexes, 63, 67, 80-81, 83, 85-87
coordination polymers, 456, 461, 494, 501
copper-aqua-crown ether complex
cations, 97
copper-phenanthroline complex, 83, 85-87
enhanced signaling, 379-380
heterobinuclear complexes, 476-478
heterotrimetallic coordination polymers,
478-479
homobinuclear complexes, 470-472
linear chains, 197-201
molecular recognition process, 414, 417,
421-422, 426, 428-429, 431, 433-434,
438, 443
phosphonate groups, 170-172
sensing protocols, 384
trigonal bipyramidal complexes, 93
Copper(II) complexes
copper(I)-malonate system, 482-488
hydrated, 91
Coulombic attraction, 275
Coumarin, 21, 55-56
Counterion association, discrete POM
macroions, 45-46
Covalent bonds, 36, 66, 106, 126, 420
Covalent cross-linking, 284
Covalent macrocycle synthesis, 271-279
Covalent organic frameworks (COFs), 257,
287-290
Critical salt concentration (CSC), 50-52
Crown ether complexes, 91-103
Crystal architecture, 456
Crystal engineering, 162, 412, 459, 475, 504
Crystalline architecture, 126
Crystallographic analysis, 184, 186-187, 269, 276
Crystallography, 114
Curie-Weiss law, 185
Cyanates, anionic linkers, 479
Cyanides, 184-185, 202, 316-317, 384-385, 479
Cyano groups, 452, 459, 478, 499-504
Cyclic amines, 71
Cyclic voltammetry, 393
Cyclic voltammogram, 191, 335
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Cyclohexanone, 22
Cyclometallating ligands, 328
Cystosine, 409-410, 436437

Cytosinium compounds, molecular recognition

processes, 436, 439-440

Dehydration, 151-155
Deposition techniques, 285

Deprotonation, 39, 48, 207, 394, 410, 431, 463,

480

Desolvation, 154, 171-172

Desorption, 154, 240

DFT (density functional theory) calculations,
203, 205, 219, 242, 421, 431

Dialkylorganosilane, 3-5

Diaminocyclohexane ligands, 246

Diamondoid geometry, 169—172

Diamondoid networks, 453, 456, 465, 499

Diarylethene, 25

Diazaboroles, 281

Dibenzo-18-crown-6 (DB18C6), 98

Dibenzo-24-crown-8 ether, 96-97

Diboronic acids, 258, 271-272

Dicarboxylates, 480481

Dielectric constant, 42, 44-45

Diethers, 260

Diffractometer, 153

Dihalocarbonyl iridium compounds, 238

9.8-Dihexylfluorene-2,7-diboronic acid, 282

Dihydrogen phosphate, 372

Dilauryldimethylammonium bromide
(DDAB), 375-376

Dimerization, 21, 258, 362

Dimer structures, 221, 227-228, 231-233,
237-238, 240, 243, 246, 263, 265, 267,
271, 276

Dimethylaniline (DMA), 162, 331, 336

Dimethylformamide (DMF), 174

Diols, 256-257, 258, 262, 266, 271-272,
280-282, 290

Dioxane, 159, 258

Dioxolene ligands, 224, 228, 231

Dip-coating, 24

Diphenlcarbazide (DPC), 375-376

Diphosphopentamolybdates, 75

Dipole moment, 441442

Disaccharides, 263, 283

Discrete macroion-blackberry-discrete
macrion/neutral cluster transition, 44

Displacement assays, 376-377

1,3-Disulfo-4,6-dihydroxybenzene, 132

Disulfonates, 157, 162, 164

Divalent metals, 157, 162

DLVO theory, 42
DMF, 240, 339
DMSO, 240, 372
DNA
base pairings, 425426
binding
agarose gel electrophoresis, 357
Ru(II)/OS(II)-PT(II) complexes, 350-351,
356-357
Ru(II)-Rh(III) complexes, 306
calf thymus, 352
cleavage, 331
double-stranded helix, 408, 410, 427
immobilization with functional mesoporous
hybrids, 27-28
metal-nucleobase 1D extended systems, 431
molecular recognition processes, 436
photocleavage, 337, 358-359
4-n-Dodecyl-6-(2-pyridylazo)phenol (DPAR),
375
4-n-Dodecyl-6-(2-thiazolylazo)resorcinmol
(DTAR), 375
Donor(s)
charge-transfer assemblies, 24-25
functional meosporous hybrids, 25
heterobinuclear complexes, 474
hydrogen bond, 480
metal sulfonates, 157
molecular recognition process, 420, 425,
441
transition metal-crown ether complexes, 95,
99-100
transition-metal complexes, 72
Dopamine, sensing protocols, 389-390
Dpb ligand, 214, 355
Dpp ligands, 332-333, 348, 356, 359-360
Drug(s), see specific types of drugs
delivery, lipid thin films, 2
storage, 21
Dual sorption, 374
Durene cores, 141-142
Dye, photochromic, 25
Dynamic coordination, 151
Dynamic equilibrium, 276
Dynamic light scattering (DLS), 39, 50, 52-53

Electrical conductivity, 231, 247, 246
Electrical resistivity, 231
Electrochemical
impedance spectroscopy, 393-394
propagation process, 240
Electrochemistry, Ru(II)-Rh(III) complexes,
309, 311-313, 316-317, 324
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Electro-crystallization process, 238, 240
Electro-deposition, 240
Electrolysis, 7, 194
Electro-oxidation, 238, 240
Electro-reductions, 240
Electron acceptor (EA)
defined, 301
Ru(II)-Rh(III) complexes, 330
Electron-beam lithography, 2
Electron collector (EC), 301, 331-337
Electronic absorption, 191, 321, 346, 348-349,
355
Electron reduction, 233
Electron transfers, 101, 228, 231, 300
Electrostatic interactions, 91, 99, 350-351, 398,
426, 432
Electrostatic repulsion, 42, 55, 57, 198, 382
Elemental substitution method, 20
Emission quenching, 379
Emission spectra, 383
Emission spectroscopy, 334-335
Encapsulation, 15, 91, 95, 101-102, 115
Energy conversion, 365
Energy state diagram, 322-323
Enthalpy, 50
Environmental applications, 17
Enzymes, 12
EPR spectroelectrochemistry, 241
ESR spectrum, 87, 95
Esterification, 267, 273
Esters, boronate assemblies, 280, 283-285, 290
Ethanols, 232
Ethyl groups, 206-207
Europium(I1I)-benzo-15-crown-5-POM
system, 101
Exothermicity, 237
Extended systems
metal-nucleobase 1D, 427433
metal-oxalato-nucleobase, 413-427
Extinction coefficient, 358-359

Fabrication, bottom-up/top-down
approaches, 2
Facial configuration, 502
Fatty acids, 5, 387-388
Ferritin, 15-16, 18
Ferromagnetic coupling, 485
Ferromagnetism, 482
First-order reactions, 54
Flexible ligands
adaptation, 493495
case study, malonato, 482
characteristics of, 482, 495-496

co-ligands, 488493

dicarboxylates, 480-481

synthetic conditions, 482488
Flexible spacers, characteristics of, 480
Flexible spaces, Ru(II)-Rh(I11) complexes,

323-325

Floating quantum dot gate transistor, 16
Fluorene-diboronic acids, 282
Fluorescence

effects of, 387

quenching, 13, 378-379
Fluorescent organic dyes fluorescein

isothiocyanante (FITC), 13

Fluorophores, 55-56, 378, 380
Forster energy transfer, 23
Fourier maps, 87
Free energy, 43, 57, 305
Free-standing films, 12-13
Freeze or free conversion, 272
FRET interactions, 385
Fructose, 284
FTIR analyses, 271-272, 287
Functional groups, 21, 256-257

Gadolinium (Gd), 394, 474, 478
Gas chromatographic analysis, 146
Gas sorption analysis, 163
Gas storage, 154-155
Gate keepers, molecular, 389
Gating mechanisms, 391-393, 397, 400
Gel permeation chromatography (GPC), 282
Glass monolayers, 380
Glucuronamide, 283
Glutamic acid, sensing protocols, 389-390
GMP, signaling protocols, 398
Gold
alkoxo-bridged binuclear copper(Il)
complexes, 465
nanoparticles (AuNPs), 12-13, 15, 371-372,
381-383, 385-386, 399
nanowires, 15
Gold-gold interactions, 469
Graphite, 131, 434
Guanidium groups, 117, 157, 161, 376
Guanine, 409410, 416, 427-428
Guanosine 5'-monophosphate disodium salt
(5-GMP), 352
Guest coordination, preorganization, 371-372

Hade A, 419, 421

Hade A-Hade B separation, 420
Hade B, 419

Hade C, 420421
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Halides, 83, 137, 336
Halogen, 276
Hdepa, 190-191
Heavy-metal waste sequesterization, 50
Hemicarerand molecules, 276
Heparin, sensory protocols, 392-393
Heptamolybdates, 68, 70-72
Heteromeric structures, 258
Heterometallic coordination polymers, 456
Heteroobinuclear complexes, 473-478
Heteropolyanions, 63, 73, 75-76, 82, 85, 99,
107, 117
Hetero-supramolecular hybrid organic-
inorganic materials, 370-371
Heterotrimetallic coordination polymers,
478-479
Heterotrimetallic coordination polymers,
478-479
Hexaamine complex, 157
Hexaaquo metal ions, 155-156
Hexadecadiynyltrimethylammoniaum
bromide, 24
Hexagonal mesoporous silica (HMS), 18-19
Hexamethylenetetramine (HMTA), 71-72
Hoffmann clathrates, 501
Hollow capsule formation, by LbL method, 15
HOMO (highest occupied molecular orbital),
192, 194, 197, 242, 308, 311, 327, 330,
332, 335, 339, 345, 347, 355, 360, 383
Homobinuclear complexes , 468-473
Hoogsteen face, 425, 433-434
Host-guest complexation, 276, 391, 504
HSAB behavior, 454
Hiickel calculations, 210
Hickel equation, 47
Human serum albumin (HAS), 17
Hybrid(s)
electrodes, 6
functional mesoporous, 20-29
inorganic-organic solids, 127
lipid thin films
applications, 2
inorganic, 3
silica-based, 7-8
materials
assembly-disassembly, 381-386
characterized, 370-371
enhanced coordination, 371-377
enhanced signaling, 378-381
selectivity, 386-391
switching, gating, and signaling, 391-399
organic-inorganic systems, 370, 371
Hydration, sulfonate groups, 160-161

Hydrocarbons, 211, 219
Hydrogen
bonds, see Hydrogen bonds/bonding
crown ethers, 93-95
Hydrogen bonds/bonding
anionic linkers, 480
boronate assemblies, 286
characterized, 10, 12, 22, 47-48, 55, 58
coordination polymers, 455, 458, 488
flexible ligands and, 483
in layer-by-layer assembly, 12
metal sulfonates, 156-157, 159,161-162,
164, 167
molecular recognition processes, 408—409,
411-412, 416417, 419-421, 423,
425-427, 430, 432-434, 439-443
non-covalent, 504
sensing protocols, 387-388
transition-metal complexes, 62-63, 6870,
72-76, 78-79, 81, 83-84, 87, 91, 93-95,
97-98, 100-102
unsupported metal chains, 243
water clusters, 106-111, 119
Watson-Crick-like, 422
Hydrolase acetylcholine (ATCh), 382-383
Hydrophilic reactants, 22
Hydrophobic interactions, 494
Hydrophobicity, 375
Hydrophobic reactants, 22
Hydroquinone, 174
Hydroxyketones, 279
Hydroxyl groups, 83, 87, 171, 174, 256, 276
Hypophosphite anions, 117

Icosahedral clusters, 112-113, 117
Imidazole, 414, 421, 427, 488-489
Imine, boronate assemblies, 268, 276
Immunosuppressive drugs, 430
Indium-tin-oxide (ITO) electrode, 6-7
Infrared vibration rotation tunneling (VRT)
spectroscopy, 107

Inorganic materials, 2
Inorganic-organic, generally

hybrid compound, 117

solid networks, 439
Todide, 136
Todine, 233-235, 237
Ton-channel sensors (ICSs), 391-395
Ton exchange, 50
Ton pair complexes, 85
Iridium, linear chain of, 233-241
Iron (Fe), 431, 454, 500-501, 503
Irradiation, 21, 24-26, 223, 282, 396
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Isoelectric point, 27, 454

Isomerization, 25

Isonicotinamide, 243

Isopolyaniond, 65, 67-68, 92-93, 95-96, 98,
100, 110, 119

Isotherms, metal phosphonates, 169

Jablonski diagram, 303
Jahn-Teller distortion, 68
J exchange coupling, 482

Kanemite (FSM-16), 17
Keggin anions, 62-63, 83, 101, 104
Keggin unit, 99
Keplerate POMs, 37
Ketones, acetalization of, 22
Ketones-aldehydes, 68
Kinetics
blackberry formation, 52-55
boronate assemblies, 266-267, 280
KIT-5, 28
Krogmann salts, 182, 238

Langmuir-Blodgett (LB) films, 4, 6, 10
Lanthanide, 75, 79, 99, 497
Lanthanide-crown ether complexes, 101
Lanthanum (Ln)
characteristics of 76, 79
coordination polymers, 496
heterotrimetallic coordination polymers,
478-479
Large-cavity crown ether, 96
Laser light scattering LLS), 39-40, 55
Lathanum (La), sensory protocols, 392-393
Layer-by-layer (LbL) assembly, 8-13
Lead (Pb), 379-381
Lewis acid, 258
Lewis bases, 26, 141, 256, 261-262, 264, 271,
274
Ligand(s)
adaptation, 493-495
Ligands, blocking, 453
bridging, 303-306, 359-363, 432, 453-461,
470, 486
co-ligands, 488-493
exchange, 37
flexible, see Flexible ligands
macrocyclic, 502
phosphonate, 128-129, 169, 176
pyridiylsulfonates, 143
Schiff-base, 468
sulfonates, 137, 141, 143
tetraphenyladamantanes, 143

tetrasulfonate, 141
Ligand-ligand interactions, 221
Light absorber, ruthenium, coupling to reactive

centers, 309-316
Light absorption (LA)

mechanics of, 300

molecular photovoltaics, 301

osmium charge transfer, 303-304

ruthenium charge transfer, 301-303
Lindqvist-type POM, 92, 94
Linear metal chain compounds

chromium, 183-188

cobalt, 187, 189-197

copper, 197-201

nickel, 200, 202-210

palladium, 211-221
Lipid(s)

bilayers, 9

thin films

applications of, 2
characterized, 3
Liposome, 7
Lissamine, 13, 380
Lizard templating method, 22-23
Logic gates, 16
Luminescence, 319
LUMO (lowest occupied molecular orbital),
192,197, 238, 308, 311, 327, 330, 332,
334, 346, 354-355, 360, 383

Macroanions, 45
Macrocyclic assemblies
boronate, 261-267
polyethers, 95
Magnesium (Mg), 55, 57, 267, 394, 415
Magnetization, 503-504
MALDI-MS, 210
MALLS measurement, 283
Malonamide, 243
Malonato complexes, 479-480, 482
Manganese (Mn)
coordination polymers, 497-498, 501
heterobinuclear complexes, 474-476
molecular recognition process, 414-416,
423-424
MAS NMR, 287
Mass spectroscopy, 263
Material sciences, 408
Matrix effects, 128
MCM-41, 17, 21, 23, 373, 375-377, 387-388,
397-398
MCM-48, 17, 19, 375
MCM-50, 17
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MeCN, 148-151
Medical applications, 17
Mercaptoethanol, 382, 384
Mercaptopurines, 430, 432
Mercury (Hg)374, 380
Meridial arrangements, 502
Merocyanine, 25-26
Mesitylene, 146
Mesocellular form (MCF) materials, 19
Mesoporous hybrids, functional, 20-30
Mesoporous materials, 377
Mesoporous silica, 18-19, 21
Metal binding sites, molecular recognition
processes, 410
I-Metal bonds, 182
Metal chains
ligand supported, 183-221
unsupported, 221-246
Metal coordination, 10
Metal-ion binding patterns, 417
Metal ion-metal complexes, 83
Metal ion sensing, 384
Metallation, 264, 267, 410
Metalloligands, 496
Metallophilic interaction, 238, 246
Metal-metal interactions, 410, 461
Metal nanowire formation, 15
Metal-nitrogen bond, 71-72
Metal-nucleobase
binding, 412
1D extended systems, 427-433
Metal-organic complexes, 2
Metal organic polymers, 452
Metal organic frameworks (MOFs), 126, 452-454
Metal-oxalato
networks, 412-413
-nucleobase extended systems, 413427
-water complexes, 433
Metal-oxygen polyhedral building blocks, 36
Metal sulfonate (RSO3), 127
Metal-to-ligand charge-transfer (MLCT)
transitions, 299, 301-305, 309, 311,
316-319, 321, 324-325, 327-328,
330-331, 334-336, 339, 344-345, 348,
350-352, 355-356, 358-364
Metal-to-ligand ratio, 458
Metal-to-metal charge transfer (MMCT) state,
319, 330, 334-337
Methanol, 272
6-Methoxyquinoline (6-MQ), 55-56
Methylaniline, 162
Methylaquacobaloxime, 263
Methylene, 278

Methyl groups, 113-114, 116
Methylsulfonate groups, 141-142
M41S family, 17
Micellular systems, 379
Microarray analysis, 380
Microbalance, 370
Microfabrication, 13
Microfluorometry, 384
Microstructures, 2
Microtubes, fabrication of, 16, 18
Mismatched base pairs, 412, 425
Mixed metal supramolecular complexes
Ru(I1)/OS(II) polyazine light absorbers,
coupling to reactive PT(II) metal
centers, 337-359
Ru(II) polyazine light absorbers, coupling to
reactive PD(IT) metal centers
Ru(II)-Rh(III) complexes, 309-337
MOBIDA, molecular recognition process,
418-419
MO diagrams, 237-238
Molar ratio, donor/acceptor, 25
Molecular dynamics, first-principles, 91
Molecular magnets, 504
Molecular modeling, 282
Molecular recognition processes
ball and stick representations, 435
characteristics of, 408-409
hybrid systems based on metal-oxalato and
protonated nucleobases, 433-443
metal-nucleobase 1D extended systems,
427-433
metal-oxalato-nucleobase extended systems,
413-427
nucleobases, 409-412 417
oxalate, 412-413
Molecular spring, 385
Molybdate, 85
Molybdenum (Mo), 36, 82-83, 89, 500
Monoboronic acids, 258
Monoethers, 260
Monolayers,
self-assembled, 3-5, 379-381, 391-392,
394-395
structures, permeation control, 5-6
Monomeric structures, 222, 283, 286, 426
Monophenanthroline Cu(II) complex, 67
Monosulfonate ligands, 137-139, 143
MO theory, 197
Multielectron collection, 336

“Naked” metal ions, 456
Nanocapsules, 113-117
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Nanometer-scale structures. See
Supramolecular structures
Nanoparticles, 371
Nanosensors, 376
Nanotechnology, 17
Naphthacene, 219
Naphthalene, 200, 273
Naphthalenesulfonate, 138, 140, 143, 158-159
Naphthyl groups, 139-141
Naphthyridine, 195, 207
N-(11-cis-octadecennoyl)-B-D-
glucopyranosylamine, 15
Network topology, 454456, 474
Neutron diffraction, 91
Nickel (Ni)
coordination polymers, 490, 496497,
501-503
heterotrimetallic coordination polymers, 479
linear chains, 200, 202-210
molecular recognition process, 417, 431
synthetic structures, 485
Ni(tame), complex, 162-166
Niobium (Nb), coordination polymers, 500
Nitrates, anionic linkers, 479
Nitriles, 146
Nitrobenzene, 161
Nitrogen (N), 288-289, 464, 474475, 505
NMR spectroscopy, 136—138, 190-191, 195,
212, 217, 219, 234-235, 266, 271-272,
275-276, 279, 282-283, 287, 354, 372
Node-and-spacer paradigm
bridging ligands, 455-461
defined, 454455
oligonuclear complexes/nodes
alkoxo-bridged binuclear copper(II)
complexes as nodes, 463—468
heteroobinuclear complexes as nodes,
473478
heterotrimetallic coordination polymers,
478479
homobinuclear complexes with
compartmental ligands as nodes,
468473
characteristics of, 461-463
Noncovalent interactions, 103, 408-410, 417,
438, 455-456
Nucleation, 222
Nucleotide sensors, 408
n-Octadecyltricholorosilane (OTS), 3

Octamolybdates, 67-69, 73
Octanoate, 399
Olefin ligands, 214

Oligoethylene glycol, 394
Oligomers, 210, 223-224, 227, 257, 282
Oligonuclear complexes, 461-463
Oligonucleotides, detection of, 395
Oligosaccharides, 263
1D coordination polymers, 462-463, 474, 504
Optical detection protocol, 377
Optical devices, 127
Optical sensors, 384, 391, 396
Organic chemistry techniques, 210
Organic functional groups, mesoporous
hybrids, 20-21

Organic-inorganic nano-hybrids, 2, 10-13
Organic molecules, 2
Organic solvents, 380
Organic thin film, permeation of, 5
Organoboron polymers, 257
Organometallic chemistry, 452
Organosilane

amphiphile, 6

compounds, 4
Organosulfonates, 154
Osmium, 303-304, 337-359
Out-of-plane angle, 93
Oxalato-complexes, 482
Oxalato-copper (II) complexes, 421
Oxidative-addition reactions, 237
Oxoanions, 383
Oxo groups, 110-111
Oxomolybdenum polyhedral, 113
Oxonium ion, 102
Oxopurine, 430
Oxygen atoms

bridging, 83, 92, 97, 106, 107

crown ether, 96, 102

ethereal, 4, 97

phosphonate, 174

sulfonate, 141, 150

terminal, 79-81, 85, 87-90, 97, 99-100, 104,

107, 109-110

Palladium (Pd) 211-221, 361, 365, 417

Paramagnetism, 195

Para-phenylenediamine-crown ether-Keggin
supramolecular system, 101

Particle-in-a-box quantum mechanical model,
383

Passive transportation, 55

PEG polymers, 385

Pentaerythritol, 282

Peptide nucleic acid (PNA), 395

Periodic mesoporous organosilicate (PMO)
technology, 26-27
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Permeation control
lipid thin films, 2-4
through monolayer structures, 5-6
Perylene ligands, 219
Pfeiffer effect, 73
pH, boronate assemblies, 26, 270, 283-284
Phase transition temperature, 5-6
Phda ligands, 224
Phenanthroline, 83-87, 263, 265, 267-269
Phenolates, anionic linkers, 479
Phenoxazine groups, 387
Phenoxazinone, 389-390
Phenyl boronic acid, 258, 266
Phenyl-boron-phenyl sandwich, 257, 261
1,4-Phenylenediamine, 162
Phenylene-1,4-diboronic acid, 281-282
2-Phenylethynesulfonate, 162, 165
Phenyl groups, 169, 174, 493-494
Phosphates, 83, 377, 392, 394-395, 479
Phospholipids, structure transcription, 17
Phosphomolybdic acid, 101-102
Phosphonates, metal, 127, 130, 167-175
Phosphorus, 282
Phosphorylation, 383
Photocatalysis, 305
Photochemical multielectron chemistry, 331
Photochemical properties
Ru(II)/OS(II) polyazine light absorbers
coupled to reactive PT (II) metal
centers, 339, 334
Ru(II)-PT(II) complexes, 348, 350
Ru(1I)-Rh(III) complexes, 311, 314-317,
321-323, 325, 327-328, 330-331,
334-336
Photocleavage, 299, 337, 358-359
Photodecomposition, 364
Photodimerization, 472
Photodynamic therapy, 299
Photo-irradiation, 214
Photolithography, 2
Photolysis, 336
Photophysical properties
Ru(II)/OS(11) polyazine light absorbers
coupled to reactive PT (II) metal
centers, 339, 334
Ru(1I)-PT(II) complexes, 348-350
Ru(ID)-Rh(III) complexes, 311, 314-317,
321-323, 325, 327-328, 330-331,
334-336
Photoreactions, asymmetric, 25
Photovoltaics, 301
Physisorption, 154155, 371
Piezosensors, 370

Pivalamidate, 243
Planar thin films, 7
Platinum, 182, 241-246, 364
Polarity, signaling protocols, 389
Polarons, 24
Polyacetylenes, 267Poly(acrylic acid) (PAA), 12
Polyazine ligands, Ru(II) polyazine light
absorbers, 360-363
Poly(boronate), 279-280
Polycarboxylate ligands, 480
Polycyclic aromatic ligands (PAL), 214-215
Poly(diallyldimethylammonium chloride)
(PDDA), 10
Polyelectrolytes, 8, 10, 13, 57
Polyene ligands, 211-212, 214
Poly(ethylene oxide) (PEO), 12-13, 18-19
Polymerization, 4, 23-24, 240, 267, 426427,
491, 493
Polymers
coordinated, see Coordinated polymers
sensory, 391
Polymethyl methacrylate (PMMA) films,
396-397
Polynuclear complexes, 468
Polyoxoanions, 62, 65, 99
Polyoxocations, 63—64
Polyoxometalates (POMs)
applications, 37
characterized, 36-37, 75
counterion association, 45-46, 49-50
crown ether complexes with supramolecular
cations, 91-102
defined, 62
discovery of, 36
hydrophilic, 55, 58
macroanions, 39, 58
macroions, solution behavior of
blackberry formation, 41-50, 58
characterized, 57
identification methods, 38-41
pH and, 48
self-assembly process, 47, 57-58
supramolecular water clusters associated
with, 103-118
synthesis, 37-38
transition-metal complexes, 62-90
types of, 37
weak electrolyte, 4849
Polyoxomolybdate (M0s0,4), 36
Polyoxovanadate cluster, 108
Polypyridylamido complex, 200
Polysaccharides, 285
Polysulfonate ligands, 137
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P123, 19
Porosity, 126-127, 157-158, 504
Porous coordination polymers (PCPs), 126
Porous magnets, 504
Porphyrins, 262, 267-268
Positive dendritic effect, 372-373
Postsynthesis modification, 21
Potassium (K), 381-382, 393-394, 498-499
Powder x-ray diffraction (PXRD), 27, 131, 136,
146, 149, 162-164, 166, 168, 171, 174,
189, 287
Precipitation, 91, 126
Preorganization
enhanced coordination by, 371-377
enhanced signaling, 378-381
Protamine, sensory protocols, 392-393
Proteins
immobilization with functional mesoporous
hybrids, 27-28
macroion solutions, 57
structure transcription, 17
Proteosilica, 25
Protonated nucleobases, 433-443
Protonated phenylene diamines (PPD), crown
ether-POM complexes, 101-102
Protonation, 373, 485
Proton transfers, transition metal-complexes,
101
p-Toluenesulfonate, 128, 130
Purines, 413414, 416-417, 419, 425, 427, 430
Pyrazine, 90, 186, 196-197, 456, 492-493, 495
Pyrazolate, 237
Pyrazolone, 394
Pyrenesulfonate, 140
2, 6-Pyridinedimethanol, 275
Pyridines, 202, 212, 215, 262, 268, 413, 479, 483
Pyridinesulfonates, 143, 145
Pyridonate ligands, 234
2-Pyridone, 241-242
Pyridylamine, 210
4-(2-Pyridylazo)-resorcinol (PAR), 375
Pyridyl boronic acid, 263, 265, 268
Pyridylsulfonates, 145, 148
Pyrimidines, 241, 409, 425, 490
Pyrogallol red (PR), 375
Pyrolysis, 23
Pyrrolidone, 242-243
Pyrylium, 388, 390

Quantum dots (QDs), 16, 383-385, 399
Quantum mechanics, 383

Quartz crystal microbalance (QCM), 10, 12
Quaternary ammonium salts, 372

Quenching, 13, 302, 322, 335, 344, 352, 363,
373, 378-381, 384

Radiative rate, influential facctors, 13
Rare earth
cations, 473-474
metals, 79
Rayleigh-Gans-Debye equation, 53
Redox chemistry, 37
Redox markers, 392, 394
Redox reactions
impact of, 223, 226-227, 285, 299, 395, 461
Ru(II)/OS(1I) polyazine light absorbers
coupled to reactive PT(IT) metal centers,
338-339, 353-355, 357-358
Ru(II)-PT(II) complexes, 345-346, 348-350
Ru(Il)-Rh complexes, 309-311, 316-318,
320-321, 324, 326-327, 329-330,
332-334, 338-339, 353-355, 357-358
Remediation, 373
Reverse Watson-Crick base pairs, 409, 411
Reversible gas sorption isotherm, 126
R;, blackberry formation, 50, 52-54
Rhodium, linear chain of, 221-233
Rhodoximes, 268
RNA, 270, 425, 436
Ru(I1)/OS(II) polyazine light absorbers,
coupling to reactive PT(II) metal centers
characterized, 337-338
cyanide-bridged
photochemical and photophysical
properties, 339, 344
redox properties, 338-339
spectroscopic properties, 339
dendritic complexes
redox properties, 357-358
spectroscopic properties, 357-358
electrochemical data, 340-341
multifunctional DNA binding and
photocleavage agent, 299, 358-359
photochemical data, 342-343
systematic studies
characterized, 352-353
DNA binding, 356-357
redox properties, 353-355
spectroscopic properties, 355-356
Ru(I)-PD(I) complexes
bridged by bpm type ligands, 361-362
bridged by dpp and bpm ligands, 359-360
bridged by extended polyazine ligand,
360-361
bridged by flexible polyazine bridging ligand,
362-363
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Ru(II)-PT(II) complexes
with amino linkages, 351-352
bpm-bridged
redox properties, 346
spectroscopic properties, 346-347
bridged by flexible spacers
redox properties, 345
spectroscopic properties, 345
bridged by BL ligand with two inequivalent
sites
photophysical and photochemical
properties, 350
redox properties, 348-349
spectroscopic properties, 349-350
as chemodosimeter, 344
DNA binding, 350-351
dpp-bridged
photophysical and photochemical
properties, 348
redox properties, 347
spectroscopic, 348
Ru(II)-Rh(III) complexes
bridged with flexible spacer
characterized, 323
photochemical and photophysical
properties, 325
redox properties, 324
spectrophotometric properties,
324-325
charge transfer
complexes, 306-308
cyclic voltammetery, 308-309
osmium, 303-304
ruthenium, 301-303
coupling ruthenium light absorbers and
(RHIII) reactive metal centers
electrochemical data, 312-313
photophysical and photochemical
properties, 311, 314-316
redox properties, 309-311
spectroscopic properties, 311
cyanide-bridged complexes
photophysical and photochemical
properties, 317
redox properties, 316-317
spectroscopic properties, 317
dendritic complexes
characterized, 325-326
photophysical and photometric properties,
327-328
redox properties, 326-327
spectroscopic properties, 327
DNA targeting agents, 306

extended supramolecular architectures with
Fe(I1)/Ru(II)/Rh(III), 328
light absorption (LA)
mechanics of, 300
molecular photovoltaics, 301
osmium charge transfer, 303-304
ruthenium charge transfer, 301-303
overview, 299, 363-365
photoinitiated electron collection,
LA-BL-RH-BL-LA assemblies
architectures, 336-337
characteristics of, 332, 364
photochemical and photophysical
properties, 334-336
redox properties, 332-334
on rhodium center, 336
spectroscopic properties, 334
polyazine-bridged ruthenium
photophysical and photochemical
properties, 319
redox properties, 318
spectroscopic properties, 318-319
solar water splitting, 304-306
stereochemically defined tridentate-bridged
complexes
photophysical and photochemical
properties, 330-331
redox properties, 329-330
spectroscopic properties, 330
tridentate-bridged complexes
characterized, 319-320
photophysical and photochemical
properties, 321-323
redox properties, 320-321
spectroscopic properties, 321
Ru-Ru complexes, 331
Ruthenium (Ru)
characterized, 301-303
coordination polymers, 500
Ru(II)-Rh(I1I) complexes, see Ru(I1I)-Rh(I1I)
complexes

Saccharides, 263, 265, 284
Sandglass type channels, 98, 103
Sandwich clippers, 94-95
Sandwich species, supramolecular, 92-95, 97,
119
Santa Barbara amorphous
SBA-1, 19
SBA-15, 19, 375
Saturated calomel electrode (SCE), 308
Scanning electron microscopy (SEM), 10-11,
39-40, 240
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Scanning tunneling microscopy (STM),
207, 434
Scheele, Carl W., 36
Schiff-base ligands, 476
Secondary building units (SBUs), 481
Self-assembled monolayers (SAMs), 3-5,
379-381, 391-392, 394-395
Self-assembled ultra-thin microcantilever,
13-14
Self-assembly process, 453, 461, 475, 495-496
Semiconductor nanoparticles, 383
Semiconductors, 232, 431
Semiquinonate ligands, 224, 226, 228-229, 231
Sensing, 17
Sensing process/protocols, 17, 365, 374, 377,
380-385
Separation, 17
Separation/extraction catalysis, 371
Signaling
process
characterized, 371, 373, 376
enhanced by preorganization, 378-381
protocols, 391-393
Silanol groups, 378
Silica
gels, 373-374
mesoporous, 18-19
nanotube, double-walled, 17
Silica-15, 19
Silicon, 273, 289
Silver (Ag)
coordination polymers, 456
molecular recognition processes, 434
nanoparticles, 15
sensing protocols, 384
sulfonate complexes, 128, 130-132, 134-139,
141, 143, 145-146, 148-151
SiOs, 10, 126
Size exclusion chromatography (SEC), 271
SNU-x, 20
Sodium (Na)
cations, 88, 105
-crown ether complexes, 104
sensing protocol, 381, 393-394
-water chain, 88, 90
Soft and hard base (SHAB) principle, 99-100
Sol-gel
films, 379
process, 7
reactions, 21, 24
Solar energy conversion, 331
Solar water splitting, 304-306
Solid-state

architecture, 453, 468
chemistry, 441, 443
Solids, porous, 126
Solvation, 222
Solvatochromism, 25
SOMO, 190
Spectroelectrochemistry, 194
Spectrophotometric analysis
Ru(I1)/OS(II) polyazine light absorbers
coupled to reactive PT(II) metal centers,
339, 355-358
Ru(II)-PT(II) complexes, 345-347, 349-350
Ru(II)-Rh(I1I) complexes, 311, 317-319,
324-325, 327, 330
Spectroscopy, water cluster analysis, 107
Spherical water assemblies, 112-113, 116
Spin crossover process, 189, 191-193
Spin-coating, 24
Spiral chains, 80-81, 83
Spiropyran, 25-26, 396-397
Static light scattering (SLS), 39-40, 52-55
Stereochemistry, 464
Stoichiometry, 160, 233, 398, 456
Stokes-Einstein equation, 40
Strandberg anion, 76
Streptavidin-biotin chemistry, 385
Strontium (Sr), 172-173, 392
Structure transcription
biomolecular array, 15-16
defined, 13
mesoporous materials, 17-18
Styrylpyrylium, 388
Sugars, 263-264
Sulfate anions, 116-117
Sulfates, anionic linkers, 479
Sulfides, metal, 131
Sulfonate group
dynamic and crystalline frameworks,
147-155
as a ligand, 127-129
layered metal, 128, 130-137
nonlayered metal, 137-147
Sulfur, 143
Superconductors, high-temperature, 182
Supramolecular cation, formation of, 91
Supramolecular cements, 62
Supramolecular structures
characterization of, 39-41
chemistry, 2
fabrication approaches, 2
functional mesoporous hybrids, 20-29
future perspectives, 30
hybrid lipid thin films, 2-8



Index 527

layer-by-layer assemblies, 813
structure transcription, 13-20
Surface chelate effect, 372-373, 375
Surfactants, 19, 41
Suzuki cross-coupling reactions, 257
Swelling problems, 391
Switching protocols, 391-393, 396-400
Symmetrical metal-metal bonds, 184-185,
210, 234
Syn-anti conformation, 481
Syn-syn bridging, 468
Syn-syn conformation, 481
Synchrotron radiation, 229

TAMRA, 380
Tannic acid, 29
Tautomerism, 425-426
Tea-component separation, 29-30
Technetium, 273-274
Temperature, blackberry formation, 54-55
Terminal ligand (TL), 325, 333
Terminal oxygen atoms, 79-81, 85, 87-90, 97,
99-100, 104, 107, 109-110
Tetracyanoplatinate salts, 182
Tetraethyl orthosilicate, 15, 20-21
Tetrameric structures, 241, 276, 278
Tetraphenylporphinetetrasulfonic acid
(TPPS), 375
Tetraphenylporphine tetrasulfonic *-tetrakis
(1-methylpyridium-4-yl)porphine
(TMPyP), 375
Tetraphosphonates, 169
Tetrathiofulvalene (TTF)
tetracyanoquinodimethane
(TCNQ), 182
Therapeutic medicine, 408
Thermal degradation, 440
Thermodynamics, 266, 372
Thermogravimetric analysis (TGA), 131,
133-135, 173-174
Thin film
crystalline, 240
electrochemical fabrication, 233
hybrid, see Hybrid lipid thin films
Thiocholine (TCh), 383
Thiols, sensing protocols, 381-382
Thiophene polymerization, 24
3D coordination network, 485, 496, 499-500
Thymine, 241, 409-410, 419
Tnda, 207
Toluene, 7, 146, 161, 233, 272-273
Tpda ligands, 193-194, 206-207
Tpy ligands, 334, 354

Transition-metal-based linear chain
compounds
characterized, 182-183, 246-247
ligand-supported metal chains
chromium, 183-188
cobalt, 187, 189-197
copper, 197-201
nickel, 200, 202-210
palladium, 211-221
unsupported metal chains
iridium, 233-241
platinum, 241-246
rhodium, 221-233
Transition-metal complexes
ball and stick model, 69, 72, 76, 81
copper complexes, 80-81
heptamolybdate isopolyanion support,
68-69
octamolybdate isopolyanion support, 63—69
polyoxometalate crown ether complexes,
91-103
POM-supported, 83
sodium-water chains, 88-89
Transition-metal ions, 414, 479
Transition-metal-oxalate complexes, 412
Transition probability, 13
Transmission electron microscopy (TEM), 7, 9,
27-28, 4041, 43
Trigonal bipyramidal (TPB) geometry, copper
complexes, 92-93, 95
Trimeric structures, 221-222, 231, 267, 276, 278
Triphenylene, 273
Triphosphonates, 172
Trisulfobenzene, 151
Trisulfonate ligands, 134
TRITC, 380
Tspa ligands, 198
2D coordination polymer networks, 484-485,
490-492, 496, 502
Tubular structures, self-standing, 16
Tungsten (W), coordination polymers, 500
Tyndall effect, 39
Tyrosine, sensing protocols, 389-390

Ultra-small devices, 2
Ultra-thin microcantilever, 13-14
Unsupported metal chains
iridium, 233-241
platinum, 182, 241-246
rhodium, 221-233
Unsymmetrical metal-metal bonds,
184-185, 210
Uracil, 241, 243, 270, 409-410
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Uranium(IV) ion, 498-499
Uridine, 243

UV irradiation, 472
UV-Vis analysis, 241
UV-Vis-NIR analysis, 227

Vaccinia VP39 virus protein, 439
Valence tautomerism, 229
van der Waals
force, 42, 47, 49, 58, 488
interactions, 483, 488
radii, 135, 150
Vapor phase osmometry (VPO), 262, 267
Vitamin B12, 6-7
Volatile organic compounds (VOCs),
389, 391
Voltammetery, cyclic, 308-309, 394

Water
assembly, 115
boronate assemblies, 282
clusters
associated with polyoxometalates,
103-118
crystallization of, 105
dimers, 105-107
implications of, 103-108
octamer, 109-110, 112
tetramer, 109
trimers, 107-108
Waterpipes, 117-118
Watson-Crick faces, 434, 436, 441
Weight-average molar mass (Mw), 40
Wet synthesis, 83-85
Wide band-gap semiconducting materials,
257, 282

X-ray crystallography, 192, 202, 214, 219, 425

X-ray diffraction (XRD), 27, 128, 151, 153,
163, 263, 266, 420

X-ray photoelectron spectrum (XPS), 229

Xylenedisulfonate, 158

Xylenesulfonate, 160

Xylyl groups, 158

Ytterbium, sensing protocol, 394

Zeolite Beta, 389-390
Zeolites, 10, 126, 391
Zeta potential analysis, 45-47
Zigzag chains
coordination polymers, 456, 488489
Cu formations, 200-201
heterotrimetallic coordination polymers, 479
linear chain compounds, 246
linear polymers, 269
metal-nucleobase 1D extended systems, 428
metal-oxalato-nucleobase extended systems,
413414
one-dimensional, 70
polymer, 76
synthetic structures, 484
Zimm plot, 4041
Zinc (Zn)
-aqua complex, 71-72
boronate assemblies, 267
characterized, 379-380
complexes, phosphonates, 174-175
coordination polymers, 458-459, 461, 490
homobinuclear complexes, 468, 470, 472
metalloporphyrins, 372
molecular recognition, 414, 440
nucleobase extended systems, 417
synthetic structures, 485
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