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Preface

As Editor of Advances in Inorganic Chemistry since Vol. 54 of the series, I was
fortunate to convince Daniel Ruiz-Molina to join me as Co-Editor of
Vol. 76 because of his expert knowledge on Nanoscale Coordination
Chemistry, the theme of this volume. Over the past few years, I became
aware of the exciting inorganic chemistry that was being done all over
the world in the area of Nanoscale Coordination Chemistry. We were fortunate
to be able to select a group of international and well-established practitioners
to contribute to this thematic issue.

The feature article of this volume (Chapter 1) was written by Daniel
Ruiz-Molina and coworkers from the Catalan Institute of Nanoscience and
Nanotechnology, Barcelona, Spain on the subject: Nanoscale coordination
polymers for medicine and sensors. The group presents an excellent coverage
of the topic which is of vital information to new comers to the field. The next
contribution (Chapter 2) comes from Ali Morsali and coworker, Department of
Chemistry, Tarbiat Modares University, Tehran, Iran, with the title: Nanoscale
coordination polymers: Preparation, function and application. The authors
present an account on effective factors in the synthesis and application of
nanocoordination polymers. Chapter 3 coming from the Departamento de
Quimica Inorganica, Universidad Autonoma de Madrid, Spain, was written
by Felix Zamora and coworkers. It deals with the role of defects on the
properties of functional coordination polymers and shows how the relevance
of confinement effects and the presence of defects can be controlled during
the preparation process. The next contribution (Chapter 4) comes from
Yann Garcia, Institute of Condensed Matter and Nanosciences, Molecular
Chemistry, Materials and Catalysis, Universite catholique de Louvain,
Belgium with the theme: Selected polyazole based coordination polymers dis-
playing functional properties. The author focuses on the design and synthesis of
transition metal coordination networks built from 1,2,4-triazole, tetrazole,
benzimidazole, or pyrazole building blocks. The authors of Chapter 5, Maria
Cazacu and coworker, Department of Inorganic Polymers, “Petru Poni”
Institute of Macromolecular Chemistry, Lasi, R omania, prepared a manuscript
entitled: Coordination compounds with siloxane/silane-containing ligands
capable of self-assembly at nano/micro scale in solid state and in solution. In this
report carboxylic or azomethine ligands containing tetramethyldisiloxane
spacers or trimethylsilane tails, were prepared and used to build 0D, 1D, 2D,
or 3D metal complexes. The following Chapter 6 comes from Younes

viii
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Hanifehpour and coworkers, School of Mechanical Engineering, WCU Nano
Research Center, Yeungnam University, South Korea, and is entitled:
Nanoscale coordination compounds. The authors present a review on the area
of coordination-driven self-assembly, which can be divided into solution and
solid-state based area of molecular architecture and the more materials oriented
discipline of coordination polymers and network solids. In Chapter 7,
Katsuhiko Ariga from the WPI-MANA, National Institute for Materials
Science, Ibaraki, Japan, reports on Nano-architectonics for coordination assem-
blies at interfacial media. The author reviews the fabrication and properties of
metal complexes and coordination compounds, focusing on their interfacial
effects especially in interfacial thin films. The final Chapter 8 of this volume
comes from Henrik Birkedal and coworker, Department of Chemistry &
iNANO, Aarhus University, Denmark, and reports on Mussel inspired self-
healing materials: Coordination chemistry of polyphenols. The authors discuss
polyphenols such as the catechol group of the amino acid DOPA used in mussel
byssal threads to form a self-healing coating for adhesion and are excellent
coordinators of metal ions.

The Editors are most appreciative of the efforts of the principal authors in
generating lucid accounts of their own research, set in the context of the overall
field. The accompanying figures and schemes and references provide excellent
support for each contribution. The coauthors of each chapter are also gratefully
acknowledged, as each one has had a significant input toward the success of this
volume. This volume will be of value to early stage research students, and early
career investigators in acquainting themselves with this timely account of
Nanoscale Coordination Chemistry. Well-established investigators in the field
may also benefit from having up to date reviews of various aspects of the subject
in one source. We invite inorganic and other chemists, as well as multi-
disciplinary researchers in wider fields, to avail themselves of the opportunity
to become familiar with the remarkable recent research achievements.

Danier Ruiz-MoLiNa

Co-Editor,

Catalan Institute of Nanoscience and Nanotechnology (ICN?2)
Barcelona, Spain

Rubr vaN ELDIK

Editor of Advances in Inorganic Chemistry
Emeritus Professor of Inorganic Chemistry
University of Erlangen—Nuremberg, Germany

Professor of Inorganic Chemistry
Jagiellonian University, Krakow, Poland

Professor of Inorganic Chemistry
N. Copernicus University, Torun, Poland
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The Advances in Inorganic Chemistry series, presents timely and
informative summaries on current progress in a variety of
subject areas. This acclaimed serial features reviews written by
experts in the field, serving as an indispensable reference to
advanced researchers that empowers readers to pursue new
developments in each field. Users will find this to be a
comprehensive overview of recent findings and trends from the
last decade that covers various kinds of inorganic topics, from
theoretical oriented supramolecular chemistry, to the quest for
accurate calculations of spin states in transition metals.
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CHAPTER ONE

Nanoscale coordination polymers
for medicine and sensors

Rubén Solérzano®”, Salvio Suarez-Garcia®, Fernando Novio™®,
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Abstract

Miniaturization of coordination polymers to the nanoscale represents a unique
opportunity to assemble a novel class of highly customizable functional materials that
marry the rich diversity, chemistry and properties of coordination complexes to the
advantages of nanomaterials. The new structures, which exhibit well-defined and
dispersed morphologies, can allow for a proper correlation with their functionality,
and therefore, enable the rational design of new generations of these nanostructures
targeting specific desired properties.

In this chapter we will give a brief introduction to the rational fabrication of such
functional nanostructures following different coordination polymerization mechanisms.
The novel “smart” nanoscale coordination polymer particles (NCPs) exhibit interesting
properties of relevance for different fields and applications, worth to mention
nanomedicine and sensors.

Herein we make a summary of the main results obtained in both areas that evi-
dence the significance of this novel family of materials. For this, the review has been
divided into two main sections. In the first part we revise general methodologies for
cargo loading and delivery, including the design of stimuli-responsive systems.

Advances in Inorganic Chemistry, Volume 76 © 2020 Elsevier Inc. 3
ISSN 0898-8838 All rights reserved.
https://doi.org/10.1016/bs.adioch.2020.03.001
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In the second section we will review the latest advances in the use of NCPs as chemical
sensing platforms. These results open new avenues for all the possible applications that
can be derived from the implications of CPPs on surfaces. Finally, a brief introduction to
the new research line on 2D-coordination polymers will be outlined.

1. Introduction

The self~assembly of coordination polymers (CPs) at the nanoscale
represents a novel opportunity to develop a unique class of highly tailorable
functional materials that combines the rich diversity of CPs with the advan-
tages of nanomaterials. The synthetic flexibility of directional metal-ligand
bonds is used to systematically control and tune the chemical topology,
nano-dimensions and morphologies of the corresponding materials. The
limitless choice of metallic elements ensures a broad range of interesting
magnetic, electronic, optical, and catalytic properties. And finally, miniatur-
ization to the nanometer scale improves their colloidal stability, increases the
surface area (and therefore the catalytic, sensing or storage capabilities) and is
used to systematically fine-tune the physical properties of the materials. All
of these advantages are highly required for most envisioned applications.'

So far, two main families of CPs at the nanoscale have been described:
* Amorphous coordination polymer nanoparticles, referred from now on
as nanoscale coordination polymers (NCPs),” also called infinite coordi-
nation polymers (ICPs)” or coordination polymer particles (CPPs)."
* Nanoscale crystalline and porous coordination polymer structures, from
now on NMOFs.
NMOFs exhibit exceptionally high surface areas and loading capacities
while allow for control over the release of cargo via modification of tunable
pores. The crystalline nature of MOFs also facilitates analyses of host-guest
interactions and therefore, a systematic design and optimization of drug
encapsulation and release studies. As a result of these interests, several com-
prehensive reviews summarizing progress in MOFs for applications are
available elsewhere,” being the nanomedicine of the emerging areas of inter-
est over the last years.” On the other hand, NCPs have emerged as an alter-
native to NMOFs. This new family of nanoparticles are amorphous with
spherical morphologies ranging from a few to hundreds of nanometers in
size. The most common synthetic approach to obtain NCPs is mixing metal
ions and the corresponding organic ligands in the presence of a poor solvent
that induces a fast precipitation, i.e., using out-of-equilibrium conditions.”
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To minimize the interfacial free energy between the surface of the NCPs and
the solvent during the reaction, the nanoparticles acquire the spherical
shape. Other approaches to obtain NCPs have been described:” worth to
mention are reverse micro-emulsions,” lab-on-a-chip implementation'’
and dip-pen nanolithography (DPN)."’

Since first reported in 2005 by Mirkin'* and Wang,'” the number of
publications related with NCPs is growing exponentially along with the
variety of applications exemplified, including heterogeneous catalysis,'*

10,15 4 . 16 1. 17
7 separation of oils from water, = bio-sensing, ' pH

20

spin-crossover,
sensors, © gas absorption systems,'” hybrid nanoparticle-based devices,
fluorescent sensors,” precursors for inorganic particles™ and ther-
mochromic nanostructures.” Especial mention deserves the application
of NCPs in medicine. With this aim, drugs can be trapped as constitutive
building blocks of the polymeric unit (chemical entrapment) or through
the physical encapsulation inside the nanoparticle.”* Physical encapsulation
of active substances such as organic dyes, magnetic nanoparticles, or lumi-
nescent quantum dots was already reported back in 2009.”> One year later,
the same authors showed that these capsules not only can encapsulate but
also can release active principles as polymeric nanoparticles do.”> On the
other side, chemical entrapment allows for a better fine-tuning of the release
kinetics (up to many hours) as well as a better formulation with increased

encapsulation yields. The use of active metal drugs, such as Pt(IV),”

as poly-
meric nodes of coordination polymers represents the most successful exam-
ple of chemical entrapment. Less explored has been the chemical entrapment
through tethering of active drugs as chelating ligands, in spite of the fact that
its efficiency has already been reported.”” Moreover, the chemical flexibility
of organic synthesis may allow for the design of drugs (ligands) cleaved under
physiological conditions.” Together, encapsulation capabilities, nano-
dimensions and excellent colloidal and chemical stabilities have allowed
for their use in medical applications.

Beyond their use in Nanomedicine, the scope of application of NCPs
nanoparticles as platforms for chemical sensing has also grown exponentially
in the last years.” Lanthanide-based NCPs nanoparticles constitute the main
class of these nanostructures used as sensors for different chemical species,
based on its performance in enhancing or quenching the fluorescence of
a sample in the presence of a certain analyte.

Herein we make a summary of the main results obtained in both areas
that evidence the significance of this novel family of materials. For this,
the review has been divided into two main sections. In the first part,
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we revise general methodologies for cargo loading and delivery, including
the design of stimuli-responsive systems. In the second section, we will
review the latest advances in the use of NCPs as chemical sensing platforms.
Rather than a detailed list of examples and specific cases reported so far, it is
our aim to go deeper into the mechanistic details of their behavior.

2. Nanoscale coordination polymers for drug delivery
2.1 Encapsulation and release approaches

As mentioned above, cargo loading is accomplished either via direct incor-
poration of active drugs as NCPs building blocks (metal ions or organic
ligands) or via guest encapsulation during NCPs synthesis or in a post-
synthetic step. Following this approach, we can achieve high drug loadings,
although the morphology and physicochemical properties are difficult to
control. Using the second approach, we have more control over the mor-
phology but overall the active drugs are incorporated in lower amounts and
their loading strongly depends on the physicochemical properties of each
drug (leakage can occur). Amorin-Ferré et al. illustrated the differences
between both encapsulation approaches and their drug release kinetics
(Fig. 1).”* NCPs composed by Co(II), 1,4-bis(imidazol-1-ylmethyl)ben-
zene (bix) and 3,5-di-fert-butylcatechol, were formed in the presence of
fluorescent compounds, either containing a free chelating catechol (coordi-
nation to the main backbone takes place) or a protected one (physical
entrapment). Cargo loading via direct attachment to the NCPs framework
was slowly released only upon particle degradation, whereas the encapsu-
lated one was easily released through a diftusion mechanism. On the other
hand, Novio et al. reported the formation of catechol-iron based NCPs
containing carboxylic groups as platforms for further functionalization via
condensation reactions.”” As a proof-of-concept, the particles were cova-
lently labeled with bioactive functional moieties as a fluorescent dye or
polyethylene glycol (PEG). The particles showed efficient cellular uptake
and no significant cytotoxicity. Their use as drug delivery platforms was then
modeled by encapsulating the anticancer drug camptothecin, showing an
improvement in ICs values as compared with the free drug.”

Liang et al. synthesized nanowire coils of organometallic coordination
polymers by using the emulsion polymerization technique.”” The nanowires
were formed by the self-assembly of a triblock copolymer terminated with a
complex of B-cyclodextrin and 4,4’-bipyridine and their subsequent poly-
merization using Ni(Il). The resulting material was able to incorporate
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Fig. 1 (A) Chemical structures of fluorescent guest compounds 1 and 2 used in the for-
mation of structural-analogous of M1 and M2 particles, used to investigate degradation
and diffusion-controlled release in NCPs. (B) and (C) SEM (left) and TEM (right) images of
M1 (B) and M2 (C) particles. Scale bars for SEM are 1 um and 200 nm for TEM. (D) Release
profiles of fluorescent guest molecules from M1 (O) and M2 (o) at 37°C, averaged over
four independent experiments. Reproduced from reference Amorin-Ferré, L.; Busqué, F.;
Bourdelande, J. L.; Ruiz-Molina, D.; Hernando, J.; Novio, F. Chem. A Eur. J. 2013, 19,
1750817516 with permission of the copyright holder.

hydrophobic organic cargoes, as showed by the encapsulation of model
hydrophobic dye Nile red. Li et al. reported nanostructures made by the
selffassembly  of curcumin, amino acids and Zn(II).”' The nano-
structuration of the curcumin molecule helped to overcome its quick deg-
radation in physiological media. Additionally, tumor accumulation and
inhibition were enhanced when curcumin was delivered as NCPs. Li
et al. illustrated the feasibility of NCPs for macromolecule delivery with
the report of iron-induced DNA self-assemblies.”” The resulting
nanostructures could be fine-tuned by modifying the Fe/nucleotide ratio
or their concentration during the reaction mixture. Although DNA is
unable to penetrate cell membranes, its nanoassembly allowed an efficient
cellular uptake, reported mainly in endosomes or lysosomes. In vitro and
in vivo studies showed the potentiality for DNA delivery using CpG, an
immune stimulatory DNA.
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Fan et al. developed an interesting strategy for monitoring drug release in
real-time based on the self-assembly of a tryptophan-phenylalanine dipep-
tide with Zn(II) ions to form dipeptide nanoparticles (DNPs).”” DNPs were
found to display fluorescence in the visible range and possessed advantages
over organic fluorophores, quantum dots or green fluorescent proteins like
photo- and thermal stability, biocompatibility and narrower emission band-
width. Conjugation of the chemotherapeutic drug dioxorubicin through
n-n stacking, afforded DNPs able to experience release (50% in 24 h,
pH 6.0), which could be then monitored in vitro due to their fluorescent prop-
erties. Bertleft-Zieschang et al. described an approach for the coordination-
driven assembly of difterent flavonoids and Fe(III) ions, which could be either
used for the preparation of films or microcapsules after template removal.”* The
resulting structured flavonoids displayed higher antioxidant activity than in the
free form and was preserved over multiple scavenging cycles.

2.2 Stimuli-responsive delivery platforms

The high degree of tuneability in the design of NCPs allows the fabrication
of materials with responsive properties. Several examples have been reported
in which an external stimulus is able to trigger a more controlled drug deliv-
ery. Probably the most relevant stimulus is pH, because of both the
pH-dependence nature of coordination bonds and the relevance of pH var-
iations within intra- and extracellular environments. Other potential stimuli
for cargo release might include redox- or light-responsive materials.

2.2.1 pH-responsive

Gao et al. reported nanoparticles composed by the self-assembly of iron ions
and 1,1'-(1,4-butanediyl)bis(imidazole) and the subsequent encapsulation of
dioxorubicin hydrochloride (40% drug loading content) followed by silica
coating.”” Interestingly, these particles exhibited sustainable drug release
for several days, which was significantly faster at pH 5.0 than under physi-
ological conditions. Another example of pH-dependent dioxorubicin deliv-
ery using NCPs was reported by Bai et al.’® In this work, a triblock
copolymer composed by poly(ethylene glycol)-b-poly(2-hydroxyethyl
methacrylate-Boc-histidine)-b-poly(styrene) (PEG-PBHE-PS) was pre-
pared and self-assembled into micelles. Further polymerization of histidine
moieties, dioxorubicin and Cu(II) allowed the formation of micelles with a
drug loading as high as 26.1%. Due to the pH-dependence of the stability of
the coordination bonds between copper, histidine and dioxorubicin, drug
leakage was strongly suppressed at physiological pH but drug release was
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drastically increased at pH 5.0. Further studies using dioxorubicin included
NCPs composed by an iron(IlI)-gallic acid network that could potentially
encapsulate dioxorubicin up to 93.5% drug loading content by its coordina-
tion with the Fe(IIl) centers.”’ In this work, Han et al. showed that these
acid-sensitive NCPs allowed a real-time drug release monitoring into lyso-
somes, as dioxorubicin inherent fluorescence was quenched when the poly-
mer was nanostructured but recovered as dioxorubicin was released due to
the acidity in lysosomes. Moreover, in vivo evaluation showed significant
tumor growth inhibition with minimal heart toxicity.

Xu et al. proposed a strategy for releasing Fe-salphen complexes using
core-shell nanoparticles composed by a Fe;O4 core and a salphen-In(I1I)
coordination polymer shell.”® Using this approach, the polymeric shell
was observed to rapidly hydrolyze at pH 5.0, while the Fe;O, core slowly
collapsed to release iron ions chelated by salphen and form the active ther-
apeutic species. In vitro studies determined significant selectivity for cancer
cells and ICsy values comparable to those of pharmaceutically-active
Mn(II)-salen complexes.

Wang et al. exploited the lability of metal-ligand bonds to cap titanium
nanotubes (TNTs) containing antibacterial agents using coordination
polymers.” In this work, TN'Ts were loaded with model drugs ibuprofen,
vancomycin or Ag nanoparticles and then capped by the bix ligand and
Zn(II) or Ag(I) ions. At physiological pH, drug release was found to be
blocked; however, it increased as pH decreased, due to the degradation
of the coordination polymer. In addition, metal ions could offer favorable
biological functions: Zn(II) could promote the proliferation of osteoblastic
cells while Ag" exhibited antibacterial properties.

Ejima et al. took advantage of the pH dependency in Fe(III)-catechol
coordination by preparing coatings based on the polymerization of tannic
acid with iron(IIl) ions.”’ The authors reported a general approach for
the one-step formation of films in a wide variety of substrates, including
inorganic, organic and biological templates. The capsules formed were
observed to disassemble in acidic pH due to protonation of catechol moieties
and therefore destabilization of crosslinks. In addition, cytotoxicity was not
observed in any iron-tannic acid coating tested. In a follow-up study, the
authors also described a multistep assembly of iron(IIl)-tannic acid, which
exhibited different properties than the ones made by one-step deposition,
e.g. permeability, stiffness or degradability.”’ Their pH-responsiveness was
further exploited in the formation of dioxorubicin-loaded metal-phenolic
microcapsules using mesoporous CaCQOj particles as sacrificial templates.*
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Capsules were prepared by the polymerization of tannic acid with Al(III),
although Mn(II) and Gd(III) were also used for potential theranostic appli-
cations. As expected, their disassembly was observed to be pH-dependent,
being relatively stable at pH 7.4 but degraded in a significant amount (80%)
during 48 h at pH 5.0. In vitro assays also showed efficient capsule internal-
ization and intracellular drug release, as well as comparable or even
improved, in some cases, therapeutic effects. The same strategy was followed
by Ju et al. using a mixture of catechol-functionalized hyaluronic acid and
polyethyleneglycol instead of tannic acid.”” The resulting dioxorubicin-
loaded material showed an acid-triggered drug release along with enhanced
targeting for CD44 + cancer cell line instead of CD44- cells due to the pres-
ence of hyaluronic acid and polyethyleneglycol. A further study showed the
benefits of protein corona in such systems, improving target specificity.* In
a subsequent study, Park et al. used the previous approach to coat individual
yeast cells.” Coated cells were found to retain their metabolic activities and
viability, as well as an enhanced protection against binding of E. coli, UV-C
irradiation, lyticase and silver nanoparticles. Due to the pH-sensitive nature
of their coating, cells could also be both preserved and exposed on-demand.
Catechol-iron coordination was also used by Besford et al. to coat
oleic acid nanoemulsions with a crosslinking of catechol-containing poly-
46

ethyleneglycol and Fe(IIl) ions.” The resulting dioxorubicin-loaded
nanostructures displayed an acid-induced drug release behavior. In vivo
assays showed a stealth-like response with regards to cell association and a
blood circulation half-life of 50 min. In vitro tests revealed significant cyto-
toxicity against human breast cancer cells, demonstrating successful cell
internalization and intracellular release of the drug.

Huang et al. recently reported the synthesis of Zn-based hexahistidine-
metal nanoassemblies (HmA) for drug encapsulation.”” Such assemblies
exhibited interesting properties such as an average size of 60 nm, the
possibility of encapsulating from small molecules (fluorescein) to polymers
(dextran-40 k) and a loading capacity of up to 53%. Moreover, a pH depen-
dence was reported, with a burst release at pH 4.5 in minutes and a slow
release at neutral pH. Minimal cytotoxicity and fast internalization were also
reported for the HmA. In addition, encapsulation of the chemotherapeutic
drug camptothecin improved the antitumor activity compared to the
free drug.

Not only coordination bonds within NCPs can trigger a pH-dependent
response, but also the NCPs ligand design. As a proof-of-concept, Nador
et al. compared the pH-responsiveness of two structurally analogous
bis(catechol)-based cobalt NCPs, containing either an imine functionality
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or an alkyl chain.'® Notably, NCPs composed by the imine-containing
linker showed a loss of their spherical shape and aggregation at pH 5.0, in
addition to the disappearance of the characteristic imine infrared bands.
However, NCPs treated at neutral pH preserved their morphology and
chemical composition. Likewise, NCPs composed by the alkyl chain based
linker confirmed the role of the imine moiety in the nanostructure disassem-
bly, as they displayed great stability independent of the pH value used. Further
examples include the nanostructures designed by Liu et al. based on Hf{IV)
and an imine-based acid sensitive linker that were used for the encapsulation
of the chemotherapeutic drug chloro(triphenylphosphine)gold(I) (TPPGC).**
These particles exhibited excellent stability at physiological pH but rapidly
collapsed in mild acidic environments to release their cargo. In vitro and
in vivo studies examined the feasibility of this system as combinational
chemo-radiotherapy, due to the mixture of the encapsulated chemothe-
rapeutic drug and hafnium ions that act as radio-sensitizers, showing an
improvement as compared with conventional chemotherapy or radiotherapy.
In addition, these nanostructures displayed no significant toxicity and their
biodegradability could potentially avoid long-term toxicity concerns. In
another study, Liu et al. further exploited this idea by encapsulating collage-
nase using a self-assembly between the previous imine-based acid sensitive
linker and Mn(II) ions."” After its PEGylation, these NCPs showed a similar
pH-dependence than those of the previous work, being stable at neutral pH to
degrade under acidic environments. In vivo studies demonstrated efficient
accumulation within tumors. In addition, the released collagenase would
allow an enhanced retention and permeation of a second wave of therapeutic
nanoparticles (chlorin e6 (Ce6)-loaded liposomes) which lead to an improved
photodynamic therapeutic effect.

Yang et al. described a series of nano-constructs formed by a dicarboxylic
cisplatin (IV) prodrug, poly-L-histidine-PEG and a metal cation (Ca(Il),
Co(II), Ni(II), Hf(IV), Tb(III)).”" In this case, the NCPs experimented a
charge conversion from slightly negative to positive upon a pH decrease
from physiological to pH 5.5. Thus, these nanoparticles were stable under
pH 7.4 but experimented a rather fast drug release at acidic pH. Such
behavior was rationalized by the weakening of the histidine-metal bond
by protonation of imidazole groups and further network collapse.
Therapeutic efficacy of these NCPs was tested in vitro and in vivo, showing
tumor suppression efficacy under relatively low drug doses.

Wang et al. reported a concept of pH-responsive NCPs based on the
coordination of Cu(ll) and an organic linker containing the macrocycle
dioxocyclam.”" In this approach, particles were formed by solvent-assisted
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precipitation of the corresponding soluble Cu(Il)-linker. Upon a pH
decrease, the dioxocyclam-Cu(ll) complex was dissociated as the mac-
rocycle was protonated, leading to the disassembly of the nanostructure.
Interestingly, this work also demonstrated polymer collapse upon the addi-
tion of a competitive copper chelator (EDTA) at neutral pH.

2.3 Other stimuli

Concerning the use of other stimuli in NCPs, several examples have been
recently reported. For instance, Zhang et al. developed a simple method for
the fabrication of photodegradable nanostructures based on the self-assembly
of Zn(ll) and a bis(imidazole) ligand containing a photocleavable
o-nitrobenzyl unit.”” These structures exhibited the capability to physically
encapsulate different cargoes. Specifically, fluorescein, the antibiotic agent
tetracycline or the chemotherapeutic drug dioxorubicin, were separately
encapsulated within the polymer network. Interestingly, their release in
aqueous solution was significantly increased upon UV light irradiation when
compared with no irradiated samples. In addition, in vitro experiments using
HeLa cells showed no significant cytotoxicity for the non-loaded NCPs,
while dioxorubicin-loaded NCPs retained a cytotoxic effect which became
more evident upon irradiation, suggesting an enhanced drug release into the
cells under these conditions. Liu et al. reported a strategy for light-controlled
drug release based on Hf{IV) following an analogous approach to that used in
the fabrication of a pH-sensitive NCPs for combinational chemo-
radiotherapy.” In this case, nanostructures were formed by the polymeriza-
tion of a bis-(alkylthio) alkene linker (BATA), a singlet-oxygen sensitive
ligand, and Hf{IV) cations. After loading with both photosensitizer chlorin
e6 and chemotherapeutic drug dioxorubicin, these NCPs were able to pro-
duce singlet oxygen upon red light irradiation, thus inducing drug release
due to BATA cleavage and collapse of the nanoparticle. Notably, CT
imaging and biodistribution measurements showed efficient tumor accumu-
lation, while presenting an improvement for combined chemo-
photodynamic therapy and reduced toxicity when compared with the free
drugs (Fig. 2). Hu et al. synthesized novel NCPs based on photochromic
ligands for the potential encapsulation/release of cargoes upon light
irradiation.”® In this study, microparticles formed by Zn(Il) and a
carboxylic-functionalized diarylethene photoswitch exhibited reversible
photochromic behavior in the solid state and in solution. Remarkably,
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their change in surface area, pore shape and size upon interconversion by
UV or visible light could provide a novel approach for light-triggered cargo
release.

Cherepanov et al. reported the redox-dependent disassembly of
gallic acid-Fe(III) networks.”” The authors evaluated the electrochemical
reversibility of the system, identified the oxidation state of the redox-active
species and showed that release of Fe(Ill) could be achieved, additionally
identifying the specific conditions for “on-oft” or continuous disassembly
of the networks. Concerning redox-induced disassembly of nanostructures,
Buywalda et al. developed micelles based on poly(ethylene glycol)-poly
(N(2-hydroxypropyl)methacrylamide (PEG-P(HPMA)) including hydro-
phobic 4-(methylthio)benzoyl side groups that could be crosslinked using
the metal-organic linker [ethylenediamineplatinum(II)]**.>° As a proof-
of-concept, curcumin was encapsulated in such micelles with and with-
out crosslinking. When compared to the free micelles, the crosslinking
resulted in a smaller size, a lower critical micellar concentration and a better
retention of the encapsulated drug. Drug release was found to be lower in
the crosslinked micelles; however, it was increased in the presence of
dithioerythritol, which mimicked the presence of glutathione in the
intracellular environment.

2.4 Multi stimuli-responsive systems

Li et al. reported a simultaneously pH- and glutathione-responsive
nanoparticles composed by the self-assembly of Zn(II) and a histidine con-
taining dipeptide or a amphiphilic histidine derivative (Fig. 3).”” Moreover,
the model drug chlorin e6 could be incorporated in loading capacities higher
than 50% through cooperative coordination with the peptide and Zn(II).
Importantly, the nanostructures displayed robust stability in physiological
conditions but experimented a burst release upon either a pH decrease or
a glutathione concentration increase. Owing to these features, these
NCPs presented prolonged blood circulation lifetime, enhanced accumula-
tion in tumors, improved antitumor efficacy compared to non-encapsulated
photosensitizers and negligible in vitro or in vivo toxicities.

Another example of multistage responsiveness was reported by Liu
et al.”” In this work, MnO, nanoparticles stabilized by bovine serum albu-
min were prepared and coated with a shell composed by the polymerization
of Hf(IV) and c,c,t-(diamminedichlorodisuccinato)Pt(IV) (DSP), a cisplatin
prodrug. After a PEGylation step, the formed nanocomposite could act as a
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radio-sensitizer due to the presence of hafnium ions, as chemotherapeutic
agent resulting from cisplatin release under reductive environments upon
cell uptake or as magnetic resonance imaging contrast owing to the decom-
position of MnO, in the acidic tumor environment. In addition, MnO,
could trigger decomposition of tumor endogenous H,O, improving
hypoxia-associated radiotherapy resistance. As a result of these factors, an
efficient in vivo chemo-radiotherapy was observed while the inherent
biodegradability of NCPs and MnO, lead to efficient excretion the
nanocomposites with no appreciable toxicity.

Wang et al. described an interesting example of drug release triggered by
cellular endogenous species.”” Specifically, the authors designed a folic acid-
PEG-poly(4-vinylpyridine)-Ir(III)-2-phenylquinoline complex that self-
assembled in water to form core-shell spherical nanoparticles with an average
radius of 25 nm. Within this nanostructure, the Ir(IlI)-containing moiety
acted as the core, whereas PEG remained in the shell. Remarkably,
in vitro experiments revealed the interaction of intracellular histidine with
the nanoparticles in order to release the iridium complex [Ir(pq).]”
(pq=2-phenylquinoline), which served both as drug and as precursor of a
phosphorescent emitter, thus enabling not only intracellular drug release
but also phosphorescent tracking of its cellular internalization.

The possibility of fine-tuning and rationalize NCPs composition also
allows the formation of multi-responsive systems that act as molecular logic
gates. Pu et al. illustrated such behavior in nanostructures composed by the
self-assembly of Tb(III) or Eu(Ill) ions and the nucleotide guanosine 5'-
monophosphate (GMP).”®" These nanoparticles, after the encapsulation of
N-methyl mesoporphyrin IX (NMM), exhibited fluorescence emission that
could be described as the output of different binary logic gates when two or
three distinct stimuli (inputs) were applied. Therefore, this input-dependent
encapsulation could be used for controlled release and, simultaneously, cellular
imaging. Gao et al. also reported GMP-lanthanide assemblies that could
respond to several external stimuli such as dipicolinic acid, ethylene diamine
tetraacetic acid, pH and Cu(Il) or Hg(Il) ions.®” In a similar way, Bai et al.
described the core-cross-linking of a disulfide-containing dioxorubicin
prodrug with Cu(Il) to form nanoparticles that acted as an AND logic gate,
i.e., the output is released only if both inputs are present.”” In this example,
inputs corresponded to acidic and reductive conditions, commonly found in
cancer cells. Thus, premature drug release was observed to be suppressed
under neutral and non-reductive environments, but enhanced when both
conditions, low pH and reducing agents, were accomplished.
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3. Nanoscale coordination polymers for chemical
sensing

The scope of application of NCPs as platforms for chemical sensing has
also grown exponentially in the last years. Lanthanide-based NCPs
nanoparticles constitute the main class of these nanostructures used as sensors
for different chemical species, resting its performance in enhancing or
quenching the fluorescence of a sample, in the presence of a certain analyte.
In turn, Terbium(III) is the most common lanthanide ion used.* "

Tb(III) nanosensors, based on an enhancement of the fluorescence, can
operate following three different mechanisms: (i) by suppression of the inhi-
bition of Tb(III)-ligand network fluorescence;"" (ii) by sensitization of
Tb(III) fluorescence;’*” and (iii) through the releasing of a fluorescent
6870

dye. Among the examples working by suppression of the inhibition
of Tb(III)-ligand network fluorescence, Chen and coworkers demonstrated
the utility of NCPs composed of Tb(III), adenine (Ad) as the main consti-
tutive ligand, and dipicolinic acid (DPA) as an auxiliary ligand sensitizer of
the fluorescence of the metal, as a fluorescence nanosensor for Hg(II)
(Fig. 4).°* The fluorescence of the NCP network is very low due to a pho-
toinduced electron transfer (PET) from adenine to DPA which avoids the
expected intramolecular energy transfer from this molecule to Tb(III) that
otherwise sensitizes the fluorescence of this atom. In the presence of
Hg(II), a significant enhancement of fluorescence takes place due to the dis-
appearance of the PET process as a consequence of the coordination of this
metal to adenine. As nanosensor for Hg(Il), it presents a remarkable sensi-
tivity and range of application between 0.2 and 100 nM.

A similar strategy based on the enhancement of fluorescence of NCPs
composed of Tb(III) ions has been described by Shi and coworkers for
the selective sensing of biothiols, hydrogen peroxide or glucose in solu-
tion.”” The nanoparticles are made with Tb(III), the nucleotide guanosine
monophosphate (GMP) as bridging ligand and Hg(II) which interacts with
GMP and quenches the fluorescence of the Tb-GMP network. The
as-prepared Tb—GMP-Hg nanoprobe can be used for the “turn on”
fluorescent determination of several biothiols (Cys: cysteine, Hcys:
homocystine, GSH: glutathione), through their high affinity for Hg(II),
in a range between 10 and 1000 pM. Moreover, the addition of H,O,
reverses the Cys-mediated luminescence increase in the Tb—-GMP-Hg
probe, originating a “turn off” luminescent assay for HO, in concentrations
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Coordination polymer nanoparticle

Fig.4 The use of Tb(lll) Coordination Polymer Nanoparticles for mercury(ll) sensing con-
stitutes a paradigmatic example of using the enhancement of fluorescence in presence
of an analyte for sensing purposes. In this case, a suppression of the inhibition of Th(lll)-
ligand network fluorescence in the presence of Hg (Il) takes place. The fluorescence of
the NCP network is very low due to a photoinduced electron transfer (PET) from adenine
to DPA which avoids the expected intramolecular energy transfer from this molecule to
Tb(lll) that otherwise sensitizes the fluorescence of this atom. In the presence of Hg(ll) a
significant enhancement of fluorescence takes place due to the disappearance of the
PET process as a consequence of the coordination of this metal to adenine.
Reproduced from reference Tan, H.; Liu, B.; Chen, Y. ACS Nano 2012, 6, 10505—10511 with
permission of the copyright holder.

between 1 and 200 pM. The Tb—GMP—-Hg- Cys material is also suitable for
the detection of glucose, through the generation of HyO,, if the enzyme
glucose oxidase (GOXx) is incorporated in the system.

An additional example of enhancing the fluorescence of Tb(III)-based
NCPs to constitute an efficient nanoprobe is the reported by Tan et al. for
the detection of antibiotic Ciprofloxacin.” In this case, the NCP network
is formed with Tb(III) and adenine as bridging ligand. A fluorescent emission
of Tb(III) occurs in the presence of ciprofloxacin, due to the formation of a
complex between this molecule with Tb(III) atoms on the surface on the
NCPs. The thus obtained nanosensor presents a range of applications with
linear enhancement of fluorescence between 60 nM to 14 pM. In the exam-
ple presented by Cao and coworkers, the enhancement of fluorescence of
NCPs composed of Tb(Ill) ions and the bis hydrazine of 4-formyl-3-
hidroxybenzoic acid (HDBB) as fluorescent bridging ligand, allowed the
development of a fluorescent probe for zinc.”” The Tb-HDBB network emits
fluorescence at 590 nm when excited at 365 nm. Upon the addition of Zn(II),
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some carboxylic acid groups on the surface of the Tb-HDBB nanoparticles
bind to this cation, resulting in the formation of new Tb-HDBB-Zn
nanoparticles that present an additional increase in fluorescence emission at
470 nm with a concomitant decrease at 590 nm, providing a probe for
the ratiometric assay for Zn(Il) in a remarkable wide range from 100 nM
to 60 pM.

The last strategy for enhancing the fluorescence of a sample in the pres-
ence of an analyte consists of the encapsulation of an adequate dye in the
NCPs. Thus, in the work reported by Mao and coworkers, NCPs composed
of Tb(III) ions, GMP as constitutive ligand and the encapsulated fluorescent
dye 7-amino-4-methyl coumarin, are used as a fluorescent probe for alkaline
phosphatase (ALP) activity.”® The coumarin dye itself emits weak fluores-
cence while encapsulated, but upon the presence of ALP, the phosphate
group in the GMP ligand is cleaved, resulting in the destruction of the
Tb-GMP network and the release of encapsulated coumarin dye into solu-
tion, causing the decrease in the fluorescence intensity emitted from the
Tb-GMP network itself and the increase in the fluorescence intensity emit-
ted from coumarin, providing a probe for the ratiometric assay for ALP in a
range from 0.025 U/mL to 0.2 U/mL. Similarly, in a work reported by Ye
and coworkers, heterobinuclear NCPs composed of Ce(I1I) and Tb(III) ions
and the nucleotide AMP as constitutive ligand, provided a fluorescent probe
for Hg(II).”” In this case, a fluorescent dye (coumarin) was encapsulated to
form nanoparticles which emit characteristic luminescence of Tb(III) at
548 nm after excitation, whereas coumarin itself emits weak fluorescence
at 445 nm. In the presence of Hg(Il), a strong coordination between
AMP and Hg(Il) occurs, resulting in the destruction of the Ce-Tb-AMP
nanoparticles and the release of encapsulated coumarin dye into solution.
As a result of this process, a quenching of the fluorescence intensity emitted
from the Ce-Tb-GMP network takes place while increasing the fluores-
cence intensity emitted from coumarin, providing a double signal based
nanoprobe for the ratiometric assay for Hg(Il) in a wide range from 0.08
to 1000 nM. Following a closely related strategy, Li and coworkers reported
NCPs composed of Tb(III) ions, GMP as binding ligand and an encapsulated
NIR fluorescent hemicyanine dye (CyOH) as a fluorescent probe for alka-
line phosphatase (ALP) endogenous activity in biological samples, along
with satisfactory tissue imaging capability at the depths of 40-120 pm.”"
In the presence of ALP, phosphate bonds in the Tb-GMP network are
cleaved, resulting in the destruction of the nanoparticles and the release
of encapsulated CyOH into solution, originating from an increase of
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fluorescence intensity emitted by this dye that provides a NIR fluorescent
nanoprobe for ALP activity in cells, tissues and mice.

On the other hand, the quenching of fluorescence of difterent atoms in
NCPs has also been a recurrent strategy for the development on nanosensors
of different chemical species. Thus, Liu and coworkers described the use of
INCPs nanoparticles as a tool for selective DNA homopolymers sensing and
adsorption.”' Thus, a series of diverse NCPs between a nucleobase (adenine)
or different nucleotides and various metal ions (Au(Ill) and Tb(III) among
others) was prepared and tested for sensing of complementary DNA homo-
polymers. In the case of using Au(Ill) and adenine, the corresponding
fluorescent NCPs can be used as a sensor for complementary DNA homo-
polymers due to a linear quenching of the fluorescence of the nanoparticles
in a range of DNA concentrations between 5 and 20 nM. A similar strategy
based on the quenching of fluorescence of NCPs composed of Tb(III) ions
has been described by Song and coworkers for the selective sensing of
hydrogen peroxide in biological fluids.”” The NCP network is formed with
Tb(III) phenylalanine as structural ligand and carboxyphenylboronic acid
(CPBA) as guest ligand and sensitizer of the Tb(III) fluorescence. In the pres-
ence of HyO5 the fluorescence of the NPs is quenched as a consequence of
oxidative deboronation of CPBA molecules and the corresponding intra-
molecular charge transfer (ICT) process from the formed 4-oxo anions to
the emissive state of lanthanide ions. The fluorescence of the nanosensor
decreases linearly with the increase of H,O, concentration from 6 pM to
1 mM and can be used in urine samples. In another example, Wu and
coworkers reported the implementation of NCPs of Tb(III) as a selective
fluorescent method for the sensing of Cu(Il) in rat brain. The NCPs is com-
posed of terbium ion, adenosine monophosphate (AMP) as main constitu-
tive ligand and 5-sulfosalicylic acid (SSA) as an auxiliary ligand sensitizer of
the fluorescence of Tb(IIT).”” The addition of Cu(II) into a solution of SSA/
AMP-Tb nanoparticles strongly quenches the fluorescence because the spe-
cific coordination interaction between SSA and Cu(ll) makes the energy
transfer from SSA to Tb(III) inefficient. The decrease in ratio of the fluores-
cence intensity of SSA/AMP-Tb shows a linear relationship for Cu(II)
within a concentration range between 1.5 and 24 pM. Eventually, by com-
bining with micro-dialysis techniques, the method resulted successfully in
the detection of cerebral Cu(Il) in rat brain. Similarly, Chen and coworkers
described the quenching of fluorescence of NCPs composed of Tb(III) ions
for the selective sensing of nitrite ion (NO5).”* In this case, the NCP
network is formed with Tb(III) 5-fluorouracil as structural ligand and
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4,4-oxybis(benzoic acid) (OBBA) as guest ligand and sensitizer of the
Tb(II) fluorescence. In the presence of NO5 the florescence of the NPs
is quenched as a consequence of an energy transfer from Tb(III) to NO, .
The response of the nanoprobe decreases linearly with the increase of
NO, concentration from 0.3 to 470 uM. In a study described by Qiu
and coworkers, bimetal NCPs of Tb(III) and Ce(III) acted as a selective fluo-
rescent probe for sensing of H,O,.”” The NCP network is formed using
Tb(1I) and Ce(I1l) and adenosine triphosphate (ATP) as the bridging ligand.
The suitable emission energy of Ce(III) matching to the adsorption energy
of Tb(IIl) allows an efficient energy transfer from Ce(III) to Tb(III),
resulting in the characteristic fluorescent emission of Tb(III). This fluores-
cence can be switched off by oxidation of Ce(IIl) to Ce(IV) in the presence
of H>O,, as a consequence of interrupting the energy transfer from Ce(I1I)
to Tb(III). On the basis of this quenching mechanism, these nanoparticles
are used to detect H,O» in a wide range from 5 nM to 50 pM. If glucose
oxidase is present in the system, glucose can be determined using this
nanosensor. Similarly, Xiao and coworkers reported the use of bimetal
NCPs of Tb(III) and Ce(III) as a selective fluorescent probe for ALP activ-
ity.”” The NCP network is generated using Tb(III) and Ce(III) and nucle-
otide GMP as the bridging ligand. As previously disclosed, an efficient
energy transfer from Ce(III) to Tb(III) causes the characteristic fluorescent
emission of Tb(III). This luminescence can be quenched by destruction of
the Tb-GMP bonds by a dephosphorylation process in the presence of ALP,
interrupting the energy transfer from Ce(IIl) to Tb(III). Based on this
quenching of fluorescence, these nanoparticles are used to detect ALP in
serum samples in a remarkable range from 0.05 to 20 U/mL.

In a study reported by Ye and coworkers, a combined strategy of sensi-
tizing, quenching and enhancement of the fluorescence of Tb(IIl) (on-oft-
on switch) in NCPs is applied for the selective sensing of histidine and
cysteine.”” Thus, the nanoparticles were formed by self-assembly of AMP
with Tb(IlI), and 5-sulfosalicylic acid (SSA) as an auxiliary ligand sensitizer
of the fluorescence of Th(III). The fluorescence of the AMP-Tb-SSA net-
work is quenched by Cu(ll), but is significantly enhanced by His and Cys,
leading to a specific fluorescence “turn-on” assay for these amino acids by
using Cu/SSA/AMP-TD as a sensing nanoplatform. The enhancement of
fluorescence resulted proportional to concentrations of His and Cys in
the range from 0.2 to 150 pM and 0.5 to 200 pM, respectively. A similar
strategy based on sensitizing, quenching and enhancement of the fluores-
cence of Eu(lll) and Tb(Ill) in binuclear NCPs nanoparticles was applied
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by Wu and coworkers for the selective sensing of the anthrax biomarker
dipicolinic acid (DPA).”” The nanoparticles are made with Tb(III) and
Eu(Ill) and the nucleotide GMP as bridging ligand and sensitizer to promote
the Tb(III) luminescence at 549 nm without affecting Eu(III). Interestingly,
the fluorescent emission of Eu(Ill) also appears at 620 nm because an effec-
tive energy transfer from Tb(III) to Eu(IIl) takes place. Upon the addition of
DPA, a robust coordination with Tb(IIl) occurs, blocking this energy
transfer between metals, causing the emission intensity of Tb(III) to increase
during which a gradual decrease in the corresponding emission of Eu(III) is
observed. The relative emission intensity (1549/1620) showed a linear
response toward DPA within a concentration range from 2 to 16 pM, thus
originating in a dual emission luminescent nanoprobe for DPA.
Remarkably, this sensor allowed for the real-time monitoring of DPA
release from noninfectious spores of simulant bacteria for B. anthracis,
B. subtilis.

Besides Tb(III), other lanthanide ions such as Eu(Ill) and Ce(III) have
been used to generate nanoprobes based on NCPs. Among the Eu(III)-based
examples, Qu and coworkers reported the use of NCPs composed of Eu(I1I)
ions, GMP as constitutive ligand and four different encapsulated fluorescent
dyes, for the construction of an artificial tongue (Fig. 5).”” Different metal
ions interact distinctively with GMP, affecting in turn the fluorescence of
the dyes, providing a fluorescent probe for the simultaneous sensing of sev-
eral ions. In particular, Ag(I) and Cu(Il) concentrations can be univocally
determined in a range from 0.1 to 50 pM.

Shi and coworkers described how NCPs composed of Eu(III) ions and
fluorochrome riboflavin-5'-phosphate (RiP) as constitutive bridging ligand

80 1 1y - .
RiP in solution has a

can act as a nanosensor for anthrax biomarker DPA.
strong fluorescence at 536 nm, but in the NCPs network, this fluorescent
emission decreases. Upon addition of DPA, the NCPs are broken, as a con-
sequence of the strong interaction Eu(IIl) and DPA, resulting in the release
of RiP and a concomitant enhancement of fluorescence, thus generating a
nanosensor of DPA with a range of application between 0.04 and 1 pM.
Following another strategy, Chen and coworkers described how NCPs
composed of Eu(Ill), and isophthalic acid (IPA) as main constitutive ligand
and sensitizer of the fluorescence of Eu(Ill), constitute a switch-on fluores-
cence nanosensor for Hg(I).*" The fluorescence of the NCP network is
quenched in the presence of imidazole-4,5-dicarboxylic acid (Im) due to
an inner filter effect 1FE) of this compound that absorbs part of the emission

luminescence of Eu(Ill). Upon the addition of Hg(II), a significant
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Fig. 5 Example of Eu(lll)-based NCPs for chemical sensing. NCPs composed of Eu(lll)
ions, GMP as constitutive ligand and four different encapsulated fluorescent dyes, con-
stitute an artificial tongue. Reproduced from reference Pu, F.; Ran, X.; Ren, J.; Qu, X. Chem.
Commun. 2016, 52, 3410—3413 with permission of the copyright holder.

enhancement of fluorescence takes place due to the disappearance of the iFE
process as a consequence of the coordination of Hg(II) to Im. As nanosensor
for Hg(Il), it presents a remarkable range of application between 2 nM to
2 pM, including applications in biological fluids. Similarly, Xu and
coworkers reported an example of Eu(III)-based NCPs nanoparticles acting
as an efficient turn-on fluorescent nanoprobe for the detection of antibiotic
ciprofloxacin.”” In this case, the NCP network is formed with Eu(III) and
GMP as bridging ligand. A fluorescent emission of Tb(IlI) occurs in the
presence of ciprofloxacin, due to the formation of a complex between this
compound and Eu(Ill) atoms. The thus obtained nanosensor presents a
range of applications with linear enhancement of fluorescence between 1
and 40 uM. As previously referred, the anthrax biomarker DPA,”" and alka-
line phosphatase activity,”® have also been the target of sensing by NCPs
based on Eu(IIl) along with Tb(IlI). There are also several reported examples
of using Ce(I1l)-based NCPs for chemical sensing. Thus, Qiu and coworkers
described the use of fluorescent NCPs nanoparticles constructed by Ce(I1I),
ATP as bridging ligand and units of tris(hydroxymethyl)aminomethane
hydrochloric salt (Tris), for hydrogen peroxide detection.”” ATP sensitizes
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the fluorescence of Ce(IIl) but upon the addition of H>O,, part of Ce(III)
atoms in the ATP-Ce-Tris network are oxidized to the Ce(IV) state, by
which a quenching of the fluorescence occurs. The decrease of emission
intensity showed a linear response toward H,O, within a remarkable con-
centration range from 0.6 nM to 80 pM, thus originating a switch-oft lumi-
nescent nanoprobe for H,O,. If coupled with the GOx enzyme, the sensor
probed to be also effective for glucose sensing in a range between 0.1 and
100 pM.

Similarly, Lu and coworkers reported another switch-oft fluorescent
nanoprobe based on NCPs made of Ce(Ill), ATP as bridging ligand and
Tris, for alkaline phosphatase activity sensing.”" In this case, in the presence
of the ALP enzyme, the ATP phosphate bonds are hydrolyzed, leading to
the dissociation of the NCPs network and eventually to a decrease of the
fluorescence. The fluorescence quenching efficiency shows a linear relation-
ship for ALP in a range from 0.1 to 10 mU mL ™" and can be used in human
serum samples. Other nanoprobes made of NCPs based on Ce(III) have pre-
viously been reported in this section for the sensing of DNA,”" H,O,,”” and
Hg(ID),"” in relation with Tb(III)-based nanosensors.

NCPs based on other ions different from lanthanide metals have also
been described as sensors. Thus, NCPs with useful sensing properties based
on Fe(III) originated in situ from the decomposition of Fe(Il) present in the
compound ferrocenedicarboxylic acid (FcDA) has been reported by Mao
and coworkers. These authors described that the photodecomposition of
FcDC in methanol produces electroactive NCPs particles.”” Under exposi-
tion to natural light, partial decomposition of ferrocene dicarboxylate takes
place, generating Fe(II) which is oxidized to give Fe(II) that in turn, coor-
dinates with carboxylic acids present in the FcDA units, thus generating the
NCPs network. The resulting nanoparticles showed interesting properties in
the presence of O,, as redox mediator in the reduction of O, to H,O by the
enzyme laccase. Tang and coworkers reported the use of bimetal Pt-Fe(III)
NCPs for the sensing of the prostate-specific antigen (PSA) used for prostate
cancer prognosis.” In this case, previously formed Pt NPs are encapsulated
in the process of formation of the NCPs network between molecules of fer-
rocene dicarboxylate and Fe(Ill) generated by partial photodecomposition
of the FcDA. Next, these nanoparticles are conjugated to anti-
PSAantibody (Ab2) and deposited on an electrode surface functionalized
with anti-PSAantibody (Ab1), generating a sandwich-type electrochemical
immune sensor based on the capacity of the platinum particles for catalytic
H,0O, reduction. Upon addition of H,O; to the solution, a current resulted
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proportional to the logarithm of PSA concentration in a remarkable range
from 0.001 to 60 ng/mL. Cu(Il) has also been used as constitutive metal in
several NCPs applied for sensing purposes. Thus, Zhou and coworkers
described the use of NCPs nanorods made of Cu(Il) and tyrosine or aspartic
acid as bridging ligands as enzyme-free electrochemical biosensor for
H,0,.*” The material deposited on an electrode surface showed fast amper-
ometric response in the presence of H>O, in the range between 0.04 and
6.3 mM. Gai and coworkers reported NCPs, constructed by Cu(Il) and
GMP as bridging ligand, for H,O, detection.”” In solution, the particles
were able to oxidize 3,3',5,5'-tetramethylbenzidine (TMB) to a blue col-
ored product in the presence of H>O,, generating a colorimetric H,O, assay
based on the absorbance at 652 nm, in the range between 20 and 160 pM.
If coupled with the GOx enzyme, the sensor probed to be also effective
for glucose sensing ranging from 25 to 100 pM. In the case of Zn(II),
Mao and coworkers described the use of NCPs made of Zn(II), 1,4-bis
(imidazole-1-ylmethyl)benzene (bix) as bridging ligand, and the encap-
sulated dye Rhodamine B (RhB), as a colorimetric and fluorescent
dual-mode sensor to measure the alcohol content in spirit samples.”’ In this
case, the RhB-Zn(bix) nanoparticles are stable in pure alcohol, but upon the
progressive addition of water the Zn(bix) network is destroyed, resulting in
the release of RhB which confers color and fluorescent properties to the
solution, constituting a colorimetric and fluorescent dual-mode sensing of
the alcohol strength, in a range between 20 and 100% where the values
of real samples fall. Following a similar strategy, Cao and coworkers dem-
onstrated the utility of NCPs composed of Zn(ll), biphenyl-4,4'-
dicarboxylic acid (BDA) as main constitutive ligand, and encapsulated
fluorophore rhodamine B and quencher methylene blue, as a turn-on fluo-
rescent nanosensor for phosphate in human serum.®” The nanoparticles are
disassembled in the presence of phosphate owing to the strong coordination
between zinc and phosphate, liberating RhB into solution and triggering the
corresponding fluorescence response, thus generating a switch-on fluores-
cent probe for PO}~ in a range between 0.5 and 50 pM in human serum
samples.

Other metals have been used as constitutive part of NCPs, but only in
single examples. Co(Il) in combination with 3,5-diterbutylcatechol and
bix as constitutive ligands, was reported by Zhou and coworkers to form
NCPs used as a colorimetric and fluorescence dual sensor for hypochlorite
ions.” Similarly to other studies using different metals, the liberation of
encapsulated RhB upon the degradation of the nanoparticles by the
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influence of an analyte, generates a switch-on probe of'it. In this case, CIO™
destroys the NCPs network, liberating RhB and enhancing both color and
fluorescence of the solution in a linear range from 1 to 400 pM of CIO . Ye
and coworkers described the use of nickel-based NCPs as sacrificial template
for the synthesis of nickel oxide nanostructures used as part of an urease-
based bio-electrode for urea sensing.”’ The NCPs are made with Ni(II)
and benzene-1,4-dicarboxylic acid as constitutive bridging ligand. The pre-
pared bio-electrode showed a linear response over the physiological range of
urea concentration from 1.33 to 3.33 mM. Shen and coworkers reported the
construction of a biosensor for glucose, using a modified electrode with glu-
cose oxidase immobilized in a layer of Au-Ag-Pt core-shell nanoparticles,
previously coated with a NCPs network formed between the Ag of the
nanoparticles, HoPtClg and the ligand 2,5—dimercapto—l,:";,4—thiadiazole.92
The obtained biosensor showed a remarkable range for glucose sensing from
0.5 uM to 3.33 mM.

4, Perspectives

In spite of being at relative early stages of development (this novel fam-
ily of nanoparticles was described for the first time 15 years ago), the results
so far obtained in areas such as nanomedicine and sensors are really exciting.
These nanoparticles do not exhibit an open-framework structure, but they
can encapsulate different drugs with very high yields through both chemical
and physical entrapment. Accordingly, difterent release routes have been
explored such that the drugs have ICs, values similar to those of the free
drug, even higher, while minimizing side effects. Moreover, it has already
been shown that the coordination framework does not exhibit any toxicity
(whenever the proper choice of metal ions and ligands are made). The
chemical flexibility of these nanoparticles also allows for the fabrication of
smart nanoparticles that respond to different external stimuli. Upon expo-
sure to a given physiological media, the active units are released to the media
showing suitable efficiencies. This is one of the challenges followed nowa-
days in the field of drug release as ON/OFF systems are expected to signif-
icantly decrease undesired toxicities. The use of NCPs as platforms for
chemical sensing has also grown exponentially over the last years.
Lanthanide-based NCPs nanoparticles constitute without any doubt the
main family of NCPs used as sensors for different chemical species; mainly,
the fluorescence of a sample is enhanced or quenched in the absence/
presence of a certain analyte. Therefore, NCPs offer a significant versatility
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and variety to develop new materials with ever-improved properties thanks

to the countless combinations provided by coordination chemistry.

Even though successful, there are still a lot of issues to be addressed,
among them:

* To understand the mechanisms that control the release of the drugs. For
this, it 1s required to gain more control over the kinetics of: (i) diffusion,
(i1) degradation of the nanostructure (which does not necessarily involve
chemical degradation) or (iii) a combination of both. Diftusion-induced
delivery is modulated mainly by host-guest interactions, whereas
degradation-induced diffusion through nanoparticle-body fluid
interactions.

* Another challenge to be faced in the near future is the fabrication of sta-
ble and monodisperse colloidal solutions by controlling the nature of the
metal ions and ligands (though this approach could be limited by the
need to incorporate active drugs) or surface modification. This last
approach is expected to be more successful thanks to its inherent chem-
ical flexibility and the surface modification of the nanoparticles with
other active units such as fluorophores, PEG or even antibodies.

* Finally, further studies yielding insight into their bio-distribution and
bio-degradation mechanisms are required. Development of proper phar-
macokinetic profiles will be another major step. If successtul, NCPs per-
form both detection and efficacy of a given therapy, foundational
perspectives for “theranostics” or personalized therapy.
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Abstract

The synthesis of nanostructured material is importance for the step from fundamental
science to potential applications. This is true for coordination polymers and (porous)
coordination networks particular. They are discussed for their high potential in drug
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delivery, chemical sensing, catalysis, as well as contrast agents, battery electrodes or
solid electrolytes. Such applications are difficult to visualize for bulk materials, but need
nano-size and incorporation into composite materials or functional devices. Advantages
in processing and device construction are one further motivation for the nanostructures
of such materials. In other hand, the nucleation and growth are two important pro-
cesses for nanocrystal formation in a liquid medium. Synthesis methods are available
for the synthesis of nanostructures of coordination polymers such as controlled
precipitation (solvent-induced precipitation, ultrasonic, microwave, capping ligands,
modulators, etc.) micro-emulsion as micro-reactors for size control and electrostatic sta-
bilization. Among the various synthetic routes, ultrasound-assisted method is applicable
for nanoscaled coordination polymer preparation as their reaction conditions can be
easily adapted from conventional approaches, and is now positioned as one of the most
powerful tools. In this chapter, the focus has been more on this method and various
factors have been studied on the size and morphology of the nanostructures. Finally
application of nano coordination polymers in field of adsorption removal, photo-
catalytic degradation, use as templates in order to obtain the desired nanomaterials,
anti-cancer drugs, supercapacitors and catalytic activities has been investigated.

1. Introduction to coordination polymers

Coordination polymers are a general term used to indicate an infinite
array composed of metal ions bridged by certain ligands. This is a general
term that incorporates a wide range of architectures, including one-
dimensional chains to large mesoporous frameworks.' ~ Generally, the forma-
tion process proceeds automatically and, therefore, is called a self-assembly
process. In general, the type and topology of the product generated from
the self-assembly of inorganic metal nodes and organic spacers, depend on
the functionality of the ligand and valences, and geometric needs of the metal
ions used. Organic ligands are very important in the design and construction
of desirable frameworks, since changes in flexibility, length, and symmetry of
organic ligands can lead to the formation of a class of materials with diverse
architectures and functions.”

Depending on the metal element that is used in the polymer, and its
valency, different geometries may be created, e.g., linear, trigonal-planar,
T-shaped, tetrahedral, square-planar, square-pyramidal, trigonal-
bipyramidal, octahedral, trigonal-prismatic, pentagonal-bipyramidal, and
their distorted forms.” Organization of building blocks can lead to the for-
mation of metal coordination polymers of various dimensions: one-, two-
or three-dimensional architectures. Dimension is usually determined
through the nodes (metal centers) and the coordination mode of the
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ligand.® Metal coordination polymers have been studied widely as they
represent an important interface between synthetic chemistry and materials
science, and they have specific structures, properties, and reactivity’s that
are not found in mononuclear compounds. In the last two decades, rapid
developments in the crystal engineering of metal-organic coordination
polymers have produced many novel materials with various structural fea-
tures and properties.

1.1 Development of coordination polymers

The development of coordination polymer research was reinforced by the
growth of two other closely related areas: crystal engineering and supramolec-
ular chemistry. Crystal Engineering seeks to understand why molecules are
packaged in the ways they do and use that knowledge to consciously engineer
the order of molecules in new materials. This is important because the prop-
erties of materials are often controlled by the way in which their constituent
molecules are arranged.”” A coordination polymer contains metal ions linked
by coordinated ligands into an infinite array. Since coordination polymers
constitute one of the most important classes of organic—inorganic hybrid
materials,” "' the rational design via self-assembly depends on a variety of
parameters, basically including the suitable pre-designed organic ligands and
metal centers with versatile coordination geometries.'” Design and synthesis
of novel discrete and polymeric metal-organic complexes are attracting more
attention, not only for their interesting molecular topologies, but also for their

3

potential applications as functional materials,"” ion exchange, catalysis,

,15

molecular magnetic materials,
18,19

.. . . 14
molecular recognition, nonlinear optics,

16,17
” The structure

electrical conductivity, separation and gas storage.
and properties of coordination polymers depend on the coordination habits
and geometries of both metal ions and connecting ligands, as well as on the
influence of secondary interactions such as hydrogen bonding, n—r stacking
interactions and so on.”” Several factors, including coordination bonds and
secondary interactions, metal-to-ligand molar ratio, coordinative function
of the ligands, type of metal ions, presence of solvent molecules, counter ions
and organic guest molecules should be taken into account in the process of the
design and synthesis of metal coordination polymers.”"*>

In molecular crystal engineering, the interactions are weaker than in
coordination bonds and can range in strength from very strong hydrogen
bonding to weak C—H --- A hydrogen bonds, halogen bonds, & interactions

and, ultimately, van der Waals forces. The crystal engineer seeks to
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understand and harness all these interactions. However, despite the
differences in the interactions, there is much that is common in these two
areas. Indeed, coordination polymers, which essentially exist only in the
solid state, should be considered as subtopics of crystal engineering.
Furthermore, the net-based approach for coordination polymers is equally
valid for molecular species connected by well-defined interactions.

Many of the concepts and terminology in molecular crystal engineering
also apply to coordination polymers. Interactions between molecules that
direct their packing arrangements are known as supramolecular synthons;
in coordination polymers, the main synthons are coordination bonds
(although weaker synthons can also be important). The building blocks
are used to form the structure and in coordination polymers, are included
metal ions and ligands. The aim of supramolecular chemistry is similar: to
create assemblies of molecules, i.e., not to create structures through an atom
at a time, but to design molecules that when combined, they spontaneously
self-assemble in a predetermined fashion into larger architectures. Thus crys-
tal engineering can, in fact, be considered to be the supramolecular chem-
istry of the solid state.

1.2 Design of coordination polymers

One of the most powerful techniques in crystal engineering for both the
analysis and design of solids is to reduce their crystal structures to networks
(or nets). Networks can aid the description and understanding of compli-
cated structures or provide a blueprint for the targeting of particular
packing arrangements and their associated properties. An early leading fig-
ure in this approach was A. F. Wells, who, in a series of seminal books,””
described a number of molecular and polymeric structures in terms of net-
works and delineated a large number of possible networks, some already
seen in real structures and others that, remarkably, were still theoretical
at the time. A good understanding of networks is therefore vital to the crys-
tal engineer. But what is a network? For our purposes, a network is a poly-
meric collection of interlinked nodes; each link connects two nodes and
each node is linked to three or more other nodes. A node cannot be con-
nected to only two nodes; in this case it then becomes a link. Similarly, a
link can only connect two nodes; if it connects more than two it is a node.
And finally, since we are talking about crystal structures here, the network
must also have a repeating pattern and thus a finite number of unique nodes

and links.
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1.3 Synthetic methods of coordination polymers

Several different synthetic approaches have been offered for the preparation
of coordination polymers. Some of them are; (1) slow diffusion of the reac-
tants into a polymeric matrix, (2) layering technique, (3) evaporation of the
solvent at ambient or reduced temperatures, (4) precipitation or recrystalli-
zation from a mixture of solvents, (5) temperature-controlled cooling, (6)
hydrothermal synthesis, (7) gel growth crystallization technique (8) sono-
chemical synthesis and (9) microwave technique.””* We have shown
another new and simple method for the construction of multi-dimensional
coordination polymers, the branched tube method. The new method is
straight forward, cheap and trouble-free and can be used for the preparation
of other types of coordination polymers. In this method, as shown in
Scheme 1, ligand was placed in one arm of the branched tube and the mix-
ture of salts in the other. Solvent was carefully added to fill the arms. The
tube was sealed and the arm containing the ligands was immersed in a bath
at 60 °C, while the other was kept at ambient temperature. After some days,
crystals have been found in the cooler arm; the crystals were filtered off,
washed with acetone and ether, and air dried.
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Scheme 1 Depiction of the branched tube for syntheses and isolation of single crystals
of multi-dimensional coordination polymers.

2. Introduction to nano coordination polymers (NCPs)

At the end of the last century, chemists focused on supramolecular
frameworks composed of molecules, whereas in the 21st century a new area
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of nano-sized space chemistry. We have to develop new synthetic routes to
form the desired nanosized coordination polymers effectively and on a large
scale, and this is a basic methodology required for nanotechnologies. The
most practical methods to build nano-sized spaces are chemical self-assembly
and self-organization and coordination bonds are the key to the develop-
ment of the required new synthetic technologies. Coordination bonds are
not as strong as covalent bonds and not as weak as hydrogen bonds.
Constituent organic molecules and metal ions are assembled into a variety
of spatial structures under mild conditions. In this area the molecules were
designed to build spaces that gives an opportunity to find new phenomena
based on molecular coagulation, molecular stress, and activation of mole-
cules. For this purpose, a new chemistry that allows us to control structures
and functionality of spaces was needed. Motifs built by molecular blocks are:
(1) reactions of metal ions (connector) with organic ligands (linker) to give
coordination crystals with infinite structures. We can build coordination
polymers with different sizes composed of several or tens of molecules.
(2) Surfaces of bulk material and nanoparticles can be recognized as coordi-
nation polymer. Control over nano-sized building blocks is crucial for future
success of science and technology in the nanoscale realm. Bearing these facts
in mind, several different morphologies offering wide industrial applications
could be synthesized by precise control over particle sizes.

2.1 Development of nano coordination polymers (NCPs)

The synthesis of nanostructured materials is importance not only from a fun-
damental point of view but also because of all potential applications. This is
especially true for coordination polymers and (porous) coordination net-
works. They are discussed in term of their high potential in drug delivery,
chemical sensing, catalysis, as well as contrast agents, battery electrodes or
solid electrolytes. Such applications are difficult to envision for bulk mate-
rials, but require a nano-size and incorporation into composite materials or
functional devices. Advantages in processing and device construction are
further motivations for the nano-structuring of such materials. For example,
colloidal suspensions of MOF nanoparticles (NPs) were already used for self-
assembly of the NPs directly on a substrate surface, but until now it has been
difficult to achieve order over a large area. In the other hand, nucleation and
growth are two important processes for nanocrystal formation in a liquid
medium. To describe the changes in particles size, LaMer nucleation
followed by Ostwald ripening is often used. In LaMer burst nucleation,
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the individual nucleation events happen en masse, quasi-simultaneously, and
at nearly identical homogeneous conditions. These properties make LaMer
burst nucleation important for applications that require monodispersed par-
ticles and also for theoretical analyses. At first chemists predicted that the
number of nuclei generated during a LaMer burst depends only on the solute
supply rate and the growth rate, independent of the nucleation kinetics.
Some experiments confirm that solute supply kinetics control the number
of nuclei, but flaws in the original theoretical analysis raise questions about
the predicted roles of growth and nucleation kinetics. Next has been pro-
vided a rigorous analysis of the coupled equations that govern concentrations
of nuclei and solutes. Results confirm that the number of nuclei is largely
determined by the solute supply and growth rates. Finally has been found
that additional nucleus size dependent corrections should emerge in systems
with slow growth kinetics and has been shown that nucleation kinetics
determine the particle size distribution. They suggest that measured particle
size distributions might therefore provide ways to test theoretical models of
homogeneous nucleation kinetics. Nucleation, the formation of seeds or
nuclei, is the first stage of crystallization processes. The short nucleation
period of the LaMer mechanism is critical for the synthesis of uniform
nanoparticles (NPs). It is mandatory to generate a large number of seeds
to obtain nano-sized uniform, 10-100 nm, nano coordination polymers.
According to the Ostwald ripening mechanism, particle growth is based
on the changes of nanocrystal solubility as a function of their size. During
particle growth, seeds with high surface energy may re-dissolve and release
their ligands into solution. Therefore, it is important to generate a large
number of seeds and prevent them from dissolving to synthesize nano-sized
uniform metal coordination polymers.

2.2 Synthetic methods for nano coordination polymers (NCPs)

Synthetic methods are available for the synthesis of nanoparticles (NPs) of
inorganic solids. Examples are the controlled decomposition of complexes,
the reduction of metal salts or the application of the micro-emulsion
technique. In contrast to this, the number of methods for the synthesis of
nanostructure coordination polymers is restricted and furthermore depends
strongly on the used system. Controlled precipitation (solvent-induced pre-
cipitation, ultrasonic, microwave, capping ligands, modulators, etc.),25’26
micro-emulsion as micro-reactors for size control,”>>® electrostatic stabili-

zation, solvo-thermal synthesis, spray techniques and synthesis on patterned
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sacrificial templates, for example, polymer are some of the nano coordina-
tion polymer synthetic methods.”* *°

The first successful approach for the synthesis of NPs of coordination poly-
mers and networks was independently developed by the groups of Mirkin’
and Wang™” in 2005. Spherical NPs were obtained through solvent-induced
precipitation. For this, the synthesis of the coordination polymer was done in a
solvent, in which the starting materials and product are soluble. Addition of an
“anti-solvent” induces precipitation, allowing a control over size and mor-
phology through subtle changes in reaction conditions. This approach was
successfully used for a variety of diftferent systems. Its major limitation is that
little information is available on how and why a particular particle morphology
or shape is obtained vs another. There are even examples for reversible mor-
phological changes upon change of solvent, counter ion or ancillary ligand.””
In addition to the controlled (fast) precipitation, micro-emulsions have been
successfully used to synthesize nanostructured coordination polymers.”* >
However, not in all cases surfactants are necessary to achieve nanostructures.
Nano- or mesostructured Prussian blue analogues are highly interesting coor-
dination networks due to the application potential in the field of coatings,
photo-magnetic switches, electro catalysts, or as sensors.”’ Nanoparticles of
the Prussian blue analogue Cs,Ni[Cr(CN)4], were obtained by Mallah and
co-workers through spontaneous electrostatic stabilization as dispersion in
water.”' The 6.5 nm bimetallic NPs can be recovered from solution using dif-
ferent coating agents, whereby the coating agent influences the magnetic
properties, showing either a superparamagnetic or a spin-glass-like behavior.
The electrostatic stabilization of surfactant-free particles enabled in subsequent
study the design of core-multishell nanocrystals. This was done by epitaxial
growth of different shells on various charged cores. The shell growth is con-
trolled on the nanometer scale and can be repeated with different metal ions.””
The (photo-) magnetic properties of such multilayer composites are
influenced by interface-induced interactions.”” In an alternative route,
Prussian blue meso-structures were obtained through the use of amphiphilic
ligands, applying a similar approach as the aqueous liquid-crystal-templating
route used for the synthesis of oxides and chalkogenides.”* The meso-
structure of the material can be modified through variation of the chain length
of the amphiphilic ligand. Another family of responsive materials is valence
tautomers. Solvent-induced precipitation was used to synthesize spherical
nanoparticles of a valence tautomeric coordination polymer built from cobalt
(I) acetate, 3,5-di-tert-butyl-1,2-catechol, and 1,4-bis(imidazole-1-
ylmethyl)benzene as the bridging ligand.”” The size of the NPs was controlled
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through the rate of addition of anti-solvent. By this method, NPs with sizes
ranging between 75 and 200 nm were obtained with a valence tautomeric
conversion around room temperature. As previously described, coordination
polymers offer a high synthetic flexibility and modulation of the properties
due to the wide variety of different ligands and metal centers that can be used.
In bulk materials, these properties furthermore depend on chain length,
mono-dispersity, the packing (crystallinity vs amorphous materials), and the
chain end, allowing a further fine-tuning of the properties. However, there
is still a wide range of coordination polymers and networks in which the dif-
ferent approaches mentioned above fail or show limitations in the possibility
to control size, shape, and morphology of the nanomaterial. Consequently,
there is a high demand for the development of new methods for the nano-
structuring of these materials.

2.2.1 Ultrasound (US) assisted synthetic method

Over the past decade, high intensity ultrasound (US)-assisted synthesis of
nanomaterials has been widely used as it offers a rapid, mild, cost-effective,
reproducible, and environmentally friendly methodology for the prepara-
tion of nano/microscale coordination compounds with novel morphologies
and unique properties.

Sono-chemical methods via homogeneous and accelerated nucleation
can also achieve a reduction in crystallization time and significantly smaller
particles size than those produced by the conventional solvo-thermal syn-
thesis. As shown in Scheme 2, a substrate solution mixture for a given
MOF structure is introduced to a horn-type Pyrex reactor fitted to a
sonicator bar with an adjustable power output without external cooling.
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Scheme 2 Sono-chemical synthesis of nano metal coordination polymers.
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Formation and collapse of bubbles formed in the solution after sonication,
termed acoustic cavitation, produces very high local temperatures
(~5000 K) and pressures (~1000 bar), and results in extremely fast heating
and cooling rates (>1010 K/s) producing fine crystallites.

High-quality MOEF-5 crystals in the 5-25 pm range were obtained
within 30 min by sono-chemical synthesis using NMP (1-methyl-2-
pyrrolidone) as the solvent.”® Detailed characterization and comparison with
a conventionally synthesized sample showed almost identical physical prop-
erties. HKUST-1 (Hong Kong University of Science and Technology) is a
metal-organic coordination polymer that made up of copper nodes with
1,3,5-benzenetricarboxylic acid struts between them that also prepared
using DMF/EtOH/H,O mixed-solution in an ultrasonic bath.”” The prod-
uct formed after 5 min as a nano-crystalline powder (10—40 nm), on increas-
ing the reaction time led to larger crystals (50—200 nm) and higher yields, but
further reaction resulted in their partial decomposition. High-quality
Mg-MOF-74 crystals (1640 m*/g BET surface area) with particle size of
ca. 0.6 pm were successfully synthesized in 1 h by a sono-chemical method
after addition of triethylamine (TEA) as a deprotonating agent.”’ Recent
articles have also focused on the synthesis of metal coordination polymers

following this route.”® '

2.2.2 Self-assembled block copolymers as template

There are only few examples for the use of block copolymers to obtain coor-
dination polymers or network nanostructures. Tang et al. used amphiphilic
block copolymers for a polymer-directed self-assembly to produce uniform
NPs of iron(III) with tannic acid through flash nanoprecipitation.*” Soluble
Prussian blue nano-worms were synthesized by the MacLachlan group from
the assembly of metal-organic block ionomers.** A diblock copolymer (PS-
b-PHEMA) was used, in which the hydroxyethylmethylacrylate (HEMA)
units were functionalized to obtain monoquaternized 4,4’'-biypridine.
The corresponding block ionomer forms reverse micelles in less polar
solvents through self~assembly with the ionic block in the rigid core.
A dynamic equilibrium between micelles and single chains was observed
and investigated with '"H NMR  spectroscopy. The addition of the
iron(II) precursor Naz[Fe(CN)sNH;] lead to a replacement of NHj; through
coordination to the block ionomer, which can be followed by UV/vis spec-
troscopy. Crosslinking of this metal-organic block ionomer to a Prussian
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blue-type network was possible through addition of a second metal salt (e.g.,
iron(IIl), zinc(Il) or cobalt(Il) nitrate). EDX analysis and TEM showed
worm-like nanostructures with an inner diameter of approximately
20 nm that are highly reproducible and monodisperse. Variation of block
lengths and reaction conditions allowed the synthesis of hollow nano-
containers for encapsulation through emulsion-induced assembly of the
metal containing amphiphilic block ionomers.”* The size of the capsules
can be tuned through variation of the reaction conditions and they are selec-

tively permeable toward the encapsulation of methylene blue.

2.2.3 Micro-emulsion technique

Micro-emulsions of the starting materials dissolved in a polar phase (water or
ethanol/methanol) are prepared by the use of surfactants (e.g., NaAOT =
sodium bis(2-ethylhexyl)sulfosuccinate) and an unpolar phase (e.g.,
n-octane). In the next step the micro-emulsions are mixed allowing micellar
exchange (e.g., initiated through the application of ultrasound) that leads to
the formation of the desired coordination polymer or network. The particle
size can be controlled through variation of the solvent:surfactant concentra-
tion ratio and the concentration of the starting materials.” Triazole-based
1D coordination polymers are extremely well suited for NP synthesis using
this method.*® ** The cooperative spin transition with hysteresis observed in
the bulk material is maintained down to very small particle sizes. This allows,
for example, investigations on the conductivity of NPs as a function of the
spin state. Furthermore the spin state of the NPs deposited on graphene
influences the graphene conductivity and allows an indirect read out of
the spin state.

For Hofmann clathrate based 2D and 3D networks, NPs can also be pre-
pared using the micro-emulsions approach. In some cases the hysteresis dis-
appears upon size reduction.”” However, as pointed out before it can
reappear below a critical size™® or if a rigid matrix is used to coat the parti-
cles.*® Another approach to achieve nanostructures of Hofmann clathrate
based systems is the layer by layer technique.’” For those examples hysteresis
is maintained. The reason for this is still under debate as the SCO properties
of nano-sized systems are influenced by many different parameters. Matrix
effects, differences in crystalline quality of the differently sized nanoparticles,

or even different polymorphs could be responsible for this (Scheme 3).”'
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Scheme 3 Principles of the micro-emulsion technique for nano metal coordination
polymer synthesis.”'

2.2.4 Microwave assisted synthesis

Microwave (MW) assisted synthesis is based on the interaction of electro-
magnetic waves with polar solvent molecules and/or ions in solution.
The direct interaction of electromagnetic waves with the solution/reactants
results in high heating rates and homogeneous heating with high-energy
efficiency and shorter synthesis time.”** Smaller crystals can be obtained
by MW heating since fast formation of many seeds occurs by local
superheating.

Microwave (MW) and ultrasound synthetic routes have drawn attention
due to homogeneous heating, fast kinetics, high phase purity, and high yield
rate of products in relatively short time.””® MW and US techniques have
significant advantages such as fast crystallization, uniform nucleation, easy
control of morphology, phase selectivity, decrease in particle size and rapid
warming.

In addition, controlling the particle size distribution is one advantage of
MW since shorter reaction times tend to have a narrower particle size dis-
tribution. Previously, MOF-5 was produced in larger amounts by using the
microwave irradiation process, and various synthetic parameters such as the
effects of the microwave power level, irradiation time, temperature, solvent
concentration, and substrate composition on the product crystallinity and
morphology were investigated in detail.”> MW irradiation time and power
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level are also important factors in the synthesis of MOFs with smaller sizes.
The increase of MW irradiation time and power level results in larger crystals
(2025 pm).”"

In order to obtain monodisperse NPs of coordination polymers with a
high yield and scale-up, a suitable synthetic method must be used.
Although many difterent synthetic routes for MOFs have been reported
in the literature, scale-up synthesis of MOFs is rare. Since the starting mate-
rials (availability and cost), synthetic conditions (low temperature, ambient
pressure), high yields, low impurities, and the amounts of solvents are critical
parameters for scale-up, the synthetic procedures for MOFs must be chosen
to comply with industrial-scale synthetic requests. Since fast reactions can
allow for scale-up of MOFs, MW and US methods are suitable for mass pro-
duction.” For example, by using consecutive combination of US and MW
uniform MOF-5 micro crystals (5-15 pm) were synthesized.”™ In contrast
to traditional energy sources, ultrasonic irradiation is regarded as a facile and
environmentally friendly energy source, which could provide rather unusual
reaction conditions (a short duration of extremely high temperatures and
pressures within liquids). These extreme conditions can drive chemical reac-
tions and then promote the formation of nanostructured materials.

2.3 Size and morphology of nano coordination polymers

Nucleation and growth are two important processes for nanocrystal forma-
tion in a liquid medium. To describe the changes in particles size, LaMer
nucleation followed by the Ostwald ripening is often used. Nucleation
and the formation of seeds or nuclei, is the first stage of the crystallization
processes. The short nucleation period of the LaMer mechanism is critical
for the synthesis of uniform nanoparticles that has been discussed before.
It is mandatory to generate large number of seeds to obtain nano-sized uni-
form, 10-100 nm, nano coordination polymers. According to the Ostwald
ripening mechanism, the particle growth is based on the changes of nano-
crystal solubility as a function of their size. During particle growth, seeds
with high surface energy may re-dissolve and release their ligands into solu-
tion. Therefore, it is important to generate large numbers of seeds and pre-
vent them from dissolving to synthesize nano-sized uniform metal
coordination polymers. The presence of TEA in precursor solutions during
the secondary growth step was found to be critical to prevent the seed crys-
tals from dissolving.””> The concentration of TEA used in the synthesis of
metal coordination polymers is also important. For example, as TEA
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concentration are increased from 0.75 to 1.3 mM, the average size of
MOF-5 decreased from 2534 to 1499 nm, but the particle size distribution
became wider.”® Besides, higher TEA concentrations would also induce the
formation of unknown crystals.”” Mixing speed of TEA into precursor solu-
tions is also important for fast generation of a large number of seeds at the
early stage of crystallization.

Coordination modulation is also effective in nano-sized MOF synthesis by
employing surfactant, blocking or capping agents. The size and morphology
of MOFs can be eftectively controlled by addition of surfactants as capping
agents. The present strategy (the coordination modulation method) for the
fabrication of NMOFs involves the utilization of modulators in modulating
the coordination equilibrium by adding capping agents with the same chem-
ical functionality as the linkers to adjust the coordination interactions
between metal ions and organic linkers; and thus control the rate of frame-
work extension and crystal growth, and finally allows tailoring over the size
and morphology of the resulting crystals.”® Fig. 1 has been shown the mech-
anism of coordination modulation method too.

For example, the use of CTAB and C12E4 along with TEA leads to the
synthesis of nano-sized MOE-5."

The type of metal salt (nitrate, acetate, etc.) and ifs concentration in a starting
solution are two important parameters in obtaining smaller particles. For
example, in the synthesis of MOE-5, the dilution of terephthalic acid from
50 to 0.2 mM (the metal/ligand molar ratio remained 4:3) resulted in par-
ticles with a size of <1 pm.

The effect of synthetic routes on nano-sized coordination polymers has also
been explored.”” MOFs with different particle sizes and size distributions can
be obtained by different synthetic routes.”” RT (room temperature), ST
(solvo-thermal), MW (microwave), EC (electrochemical), US (ultrasound)
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Fig. 1 Mechanism of coordination modulation method.>®
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and MC synthetic routes are being used for nano/micron-sized MOF syn-
thesis.”” Although nano-sized MOFs can be obtained by room temperature
and solvo-thermal synthetic routes with the aid of coordination modulation,
they are relatively slow. RT synthetic methods with TEA were used to
produce well-known and new MOFs such as MOF-5, MOF-74, MOF-
177, MOEF-199 and IRMOF-0 having the same cubic topology of
MOFEF-5. These well-known MOFs have high storage capacities for hydro-
gen and methane due to ultrahigh porosity of MOF-5 and MOF-177, one-
dimensional pore structure of MOF-74 and open metal sites of MOF-74 and
MOF-199. It was also proposed that these room temperature synthetic
methods can be successfully used to prepare Cu(Il) and Zn(Il) containing
MOFs. Huang et al. used the RT direct mixing method with the help of
TEA to produce a highly porous nanometer-sized MOF-5, and showed that
thermally stable and highly porous MOF-5 nanocrystals (30—150 nm diam-
eter) at RT with high yield (~90%) can be synthesized in short reaction
times (~0.5h).>” It was possible to synthesize nano-sized, 2030 nm,
MOE-5 with the aid of TEA by the RT route.

The use of the US in the synthesis of nano/microscale MOF particles has
01 Since the wavelength of US is much
larger than molecular dimensions, US and molecules cannot interact in chem-

. . . ¢
become increasingly of interest.’

ical reactions. However, high-energy US can interact with liquids. The result
is that liquids exposed to high-energy US can undergo acoustic cavitation
(bubble formation, growth, and collapse). Cavitation causes regional hot
points (temperatures of ~ 5000 K and pressures of ~ 1000 bar and liquid jets
of up to 1000 km/h), and results in physical and chemical changes. High tem-
perature and pressure, micro-flow, micro-turbulence, shock waves and
micro-jets can speed up the chemical treatment and improve the composition

60,61 .
72 Chemical reac-

60-62

of nanoscale structures because it increases crystallization.
tions become faster and homogeneous nucleation can be obtained by US.

3. Effective factors in synthetic of nano coordination
polymers

Chemical and physical properties of solid materials strongly depend on
the shape and size of the microscopic particles they are made up from. This is
especially valid for materials with morphological features smaller than a
micron in at least one dimension, which is generally referred to as nanoscale
materials, or simply just nanomaterials. In these materials the ratio of surface
area to volume is vastly increased compared to compounds with larger grain
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sizes and quantum mechanical effects including “quantum size eftect” begin
to play a substantial role. These eftects only play a minor role when trans-
ferring from macro to micro dimensions, yet become of prime importance
when reaching the nanometer size range. Controlling the growth of mate-
rials in the submicron scale 1s extremely important. In the emerging field of
nanotechnology, nanometer-sized particles of metal coordination polymers
are fascinating to explore, since their unique properties are controlled by the
large number of surface molecules, which experience a completely different
environment than those inside a bulk crystal. Although considerable effort
has been dedicated toward the controlled synthesis of nanoscale particles of
metals, oxides, sulfides, and ceramic materials, little attention has been
focused up to now on nanostructures of coordination polymers.

Over the past decade, the use of ultrasound for the synthesis of
nanomaterials has been growing at an enormous rate, and is now positioned
as one of the most powerful tools in metal-organic coordination compounds.
Ultrasound leads to high-energy chemistry. It does so through the process of
acoustic cavitation, which includes formation, growth, and explosive collapse
of bubbles in the liquid medium. A bubble can overgrow and subsequently
collapse within very short lifetime (>1010 K/s). A large energy release is
achieved throughout the collapse, resulting in a local temperature of
~5000 K and a pressure of ~1000 bar. Consequently, various kinds of chem-
ical reactions can proceed using ultrasonic irradiation.

Reaction time, temperature, ultrasound irradiation power, concentra-
tion of initial reagent, whether or not to use surfactants and solvents, play
an important role in the size and morphology of products (nano coordina-
tion polymers), which we will briefly discussed here.

Sono-chemical systems are generally multi-bubble environments where
in practically all cases the chemical reactions occur in association with the
powerful and rapid compressed and heated interior of collapsing bubbles.
Consequently, nanoscale materials with various sizes, shape, structure either
as amorphous or crystalline forms, could be perpetually prepared using sono-
chemical reactions. The main advantages of applying ultrasound radiation
are that it does not produce high temperature during the reactions, does
not require surfactants, and also yields smaller particles. The consequences
of ultrasonic irradiation are acceleration and initiation of new reactions
which are difficult to obtain under normal conditions. Control over
nano-sized building blocks is crucial for the future success of science and
technology in the nanoscale realm. Bearing these facts in mind, several dif-
ferent morphologies offering wide industrial applications could be synthe-
sized by precise control over particle sizes.
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3.1 Effects of ultrasound radiation, temperature and time

The effects of ultrasound radiation on chemical reactions were reported in

63—65

recent studies. In one of them, Morsali and co-workers have developed

a simple sono-chemical technique to prepare nanostructures of [K(H;L)
(H,L)(H,0)],-H>O (1) and [K(H,L")(HL") (H,O),]-H,O (2). The ultrasonic
power, sonicating time and temperature of the reaction were the parameters
that were varied to reach the optimized condition.

Various conditions for the preparation of compounds 1 and 2
nanostructures are summarized in Tables 1-3. In these tables, sample 1-1
and 2-1 were studied without power ultrasound and the other samples were
studied under variable temperature, power ultrasound and time. In order to
find out the role of power ultrasound irradiation on the nature of the prod-
uct, reactions were performed under completely difterent ultrasound irradi-
ation conditions. Results show a decrease in the particle size on increasing
the power of ultrasound irradiation. In sample 1-1, the reactions were

Table 1 Influence of temperature, on the size of compound 1 and 2 particles.
Compound 1 samples T (°C)* T (min)® Sonication (input power) (W) SEM®

1-2 50 60 60 71
1-5 70 60 60 41

Compound 2 samples T (°C)*> T (min)°> Sonication (input power) (W) SEM®

2-2 50 60 60 83

2-5 70 60 60 63

“Reaction temperature.
PR eaction time.
“Average diameter (nm).

Table 2 The influence of sonication power, on the size of compound 1 and 2 particles.
Compound 1 samples T (°C)*> T (min)° Sonication (input power) (W) SEM®

1-1 50 60 0 365
1-2 50 60 60 71

Compound 2 samples T (°C)* T (min)° Sonication (input power) (W) SEM®

2-1 50 60 0 230

2-2 50 60 60 83

*Reaction temperature.
Reaction time.
“Average diameter (nm).
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Table 3 The influence of reaction time, on the size of compound 1 and 2 particles.
Compound 1 samples T (°C)> T (min)° Sonication (input power) (W) SEM®

1-2 50 60 60 71
1-3 50 30 60 48

Compound 2 samples T (°C)*> T (min)° Sonication (input power) (W) SEM®
2-2 50 60 60 83
2-3 50 30 60 53

"Reaction temperature.
b . .

Reaction time.
“Average diameter (nm).

studied without power ultrasound. Results show that the particle size of
sample 1-1 (Fig. 2A) is larger than of 1-2 (Fig. 2B), similar to that for samples
2-1 and 2-2 (Fig. 3A, B). Tables 1-3 show the average diameter of the pre-
pared samples measured with field emission scanning electron microscope
(FE-SEM) and scanning electron micrographs (SEM). Results show that
high power ultrasound irradiation decreased agglomeration, and thus led
to a decrease in particle size. Comparison between samples 1-2 and 1-3
shows a decrease in nanoparticle size. Thus, the particle size of sample
1-3 is smaller than 1-2 (Fig. 2B, C). These observations are repeated in sam-
ples 2-2 and 2-3 (Fig. 3B, C). However, reduction of the reaction time led to
a decrease in particle size of sample 1-3. Particle size and morphology of
nanoparticles also depend on temperature. A higher temperature (70 °C)
results in an increased solubility, and a reduced supersaturation of growth
species in solution, thus the particle size of sample 1-4 is smaller than the
particle size of sample 1-2 (Fig. 2B, D). These facts are repeated in samples
2-2 and 2-4 (Fig. 3B, D). Tables 1-3 show the average diameter of particles
from FE-SEM and SEM images of the prepared samples.”®

In other work by Morsali’s research group, two new Hg(I) coordination
supramolecular compounds [Hg,(L)>(Br)4], (3) and [Hg(L')(SCN),| (4),
(L =2-amino-4-methylpyridine, L'=2,6-pyridinedicarboxlic acid), have
been synthesized by sono-chemical irradiation.”’

Influence of temperature, power ultrasound and reaction time on the
morphological properties of the two compounds was also studied. These
parameters have noticeable influences on the morphology of the
nanoparticles. These systems depicted a decrease in the particle size on
increasing the temperature, and the power ultrasound as well as reducing
the reaction time. Furthermore, the best conditions for obtaining smaller
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Fig. 2 SEM image of nano particles 1, (A) without sono-chemical reaction, (B) by sono-
chemical reaction at a temperature of 50 °C, time of 60 min and power of 60 W, (C) by
sono-chemical reaction at a temperature of 50 °C, time of 30 min and power of 60 W,
(D) by sono-chemical reaction at a temperature of 70 °C, time of 60 min and power of
60 W.%°

size and less agglomerated nanostructure materials for these two mercury
supramolecular coordination compounds, are temperature, reaction time
and power of the ultrasonic irradiation, viz. 70 °C, 60 min and 60 W,
respectively, as shown in Table 4.

In other related work from this group, two new nano Hg(II) coordination
supramolecular compounds [Hg (L)(I),], (5) and [Hg(L')>(SCN),]-2H,O
(6), (L=2-amino-4-methylpyridine and L' =2,6-pyridinedicarboxlic acid),
were synthesized by sono-chemical irradiation. The influence of temperature,
power ultrasound and reaction time on the morphological properties of the
two compounds was studied and these parameters have significant influences
on the size and morphology of the nanostructures described. Difterences in
the size and shape of the micro/nanostructures of compounds 5 and 6 were
observed by changing parameters such as temperature, ultrasound power and
reaction time. The optimized parameters to obtain well-defined and
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Fig. 3 SEM image of nano particles 2, (A) without sono-chemical reaction, (B) by sono-
chemical reaction at a temperature of 50 °C, time of 60 min and power of 60 W, (C) by
sono-chemical reaction at a temperature of 50 °C, time of 30 min and power of 60 W,
(D) by sono-chemical reaction at a temperature of 70 °C, time of 60 min and power of
60 W.%°

Table 4 The influence of temperature, reaction time and sonication power on the size
of compound 3 and 4 particles.
Compound 1 samples T (°C)® T (min)® Sonication (input power) (W) SEM®

1-1 50 60 0 617
1-2 50 60 60 79
1-3 50 30 60 55
1-4 70 60 60 42

Compound 2 samples T (°C)* T (min)®  Sonication (input power) (W) SEM®

2-1 50 60 0 590
2-2 50 60 60 85
2-3 50 30 60 57
2-4 70 60 60 53

"Reaction temperature.
PReaction time.
“Average diameter (nm).
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Table 5 The influence of temperature, reaction time and sonication power on the size
of compound 5 and 6 particles.
Compound 1 samples T (°C)*> T (min)® Sonication (input power) (W) SEM®

1-1 50 60 0 820
1-2 50 60 60 122
1-3 50 30 60 108
1-4 70 60 60 85

Compound 2 samples T (°C)* T (min)° Sonication (input power) (W) SEM®

2-s1 50 60 0 530
2-2 50 60 60 78
2-3 50 30 60 64
2-4 70 60 60 47

“Reaction temperature.
b . .

Reaction time.
“Average diameter (nm).

homogeneous nanotructures for these two mercury coordination supramo-
lecular compounds are 70 °C, 60 min and 60 W, respectively, as shown in
Table 5.°°

3.2 Effect of solvents

The eftect of solvent is a fundamental issue in the area of supramolecular
networks. The role of solvents has been studied in reaction kinetics and ther-
modynamics during coordination processes as well as in crystal growth, crys-
talline morphology, and lattice structure of the final solid.”” There are some
examples that show size and morphological changes by using different sol-
vents via the US route. By using horn-type US operating at 20 kHz
(600 W), nano-sized particles of the 3D lead(Il) CP, [Pb(pg-Fum)],, were
obtained in methanol, whereas the particles obtained in water were aggre-
gated and their morphology was not uniform. Interestingly, sheet-like plate

morphology was obtained in the mixture of water and methanol solution.”

3.3 Effect of additives

Nair and his co-workers reported a systematic study on US synthesis of a
Cu-MOCP, and described the effects of important synthetic parameters
such as temperature, sonication power, and solvent composition on the
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resulting size, structure, yield, and CO, uptake of the product.”' Sub-micron
particles of nanoporous Cu[(hfipbb)(Hyhfipbb)g 5] (Cu-hfipbb) was prepared
in a horn-type US operating at 20 kHz at temperatures as low as 0 °C. The
particle geometry of crystals of Cu-hfipbb was influenced by the presence of
2-propanol, which acts as a “crystal-shape-directing” agent. In the absence of
2-propanol, Cu-hfipbb grows as long needle-like particles, but more isotropic
particles are formed upon addition of 1.2% 2-propanol.

This change in morphology is caused by competition for the apical site
on Cu(Il) between the —OH group of 2-propanol and the protonated car-
boxylic acid group on Hyhfipbb. The yield of the synthesis performed at O °
C was lower (~11%) in comparison to other reports of US synthesized
MOFs and of CE (conventional electric) synthesized Cu-hfipbb,”” related
to the lack of solubility of Hohfipbb in water. Further increase of tempera-
ture up to 90 °C lead to an increase in yield to 40% comparable to that of the
CE synthesis. Moreover, the CO, uptake isotherms demonstrated that
rather than sacrificing performance for a reduction in particle size, the use
of US methods produced a material with slightly enhanced CO, adsorption,
from 1.0 mol of CO; per unit cell (0.76 mmol/g) for the CE synthesized
sample to 1.1 mol per unit cell (0.87 mmol/g) for the sonicated sample,
at 10 bar.

Recently, Zhou et al. reached slightly difterent conclusions by studying
the surfactant-assisted US synthesis of amino acid-based nanoscale CP,
[Cu(tyr)z],,,_” Ultrasonication accelerated the synthesis and completed it
in only 10 min, whereas the synthesis under magnetic stirring required
3 h. The US route also resulted in somewhat smaller particles. However,
a too long sonication time (30 min) produced larger blocks. Moreover,
increasing the pH improved the solubility and coordination ability of the
ligand, resulting in faster homogeneous nucleation, and a smaller particle
size. In contrast to the previously mentioned report, the authors revealed
that PVP greatly reduced the size of the CP obtained. As the concentration
of PVP was increased from 0.05 to 0.1 and 0.2 mol dm >, the size of prod-
ucts decreased from ~500 to 200-300 and ~200 nm, respectively.
Furthermore, nano-crystallization of CP improved their performance in
enzyme-free electrochemical biosensors for H,Oo.

3.4 Effect of concentration of initial reagents

The concentration of initial reagents has important effects on the morphol-

ogy, particle size, and nature of the products.”* ’°
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Recently, Morsali and his research group have reported the role of the
initial reagent concentrations, power level of US irradiation and reaction
time, on the size and morphology of the nanostructures of TMU-16-NH,.

Nanostructures of TMU-16-NH, were synthesized using the US
method by the reaction of zinc(II) acetate dehydrate, linear amino-1,4-
-benzenedicarboxylate (NH,-BDC) and a long, rigid bipyridyl-based
ligand, 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene (4-bpdh) in N,N-
dimethylformamide (DMF) as solvent using a horn-type sonicator at three
different concentrations of initial reagents (0.01, 0.02 and 0.04 M) and three
different US powers (6, 12 and 18 W) at two different reaction times of 5 and
15 min. In order to investigate the role of these parameters on the morphol-
ogy and size of the TMU-16-NH, samples, the effects were characterized by
FE-SEM. Fig. 4 shows the FE-SEM of the MOF prepared in diftferent con-
centrations of initial reagents of 0.01, 0.02 and 0.04 M using constant US
generator power of 12 W for 15 min irradiation time. Comparison between
the samples of different concentrations shows that high concentrations of the
initial reagents increased the particle size. Thus, nanoparticles produced
using lower concentrations of initial reagents (0.01 M, Fig. 4A, B) are
smaller and more uniform than particles produced using higher concentra-
tions (0.02 and 0.04 M, Fig. 4C-F).

Moreover, in order to investigate the role of power on the US irradiation
on the nature of products, reactions were performed under difterent US
generator powers of 6, 12 and 18 W at constant concentration of initial
reagents and irradiation time of 0.02M and 15 min, respectively.
Comparison between the samples with different power of US irradiation
shows that high power US irradiation (18 W) leads to the smallest and most
uniform nano-cubes when compared to lower powers (6 and 12 W).
Increasing the power of the US level led to an increase in heating rate that
consecutively decreases the initial crystal formation time. Increasing the
reaction time from 5 to 15 min causes a specific morphological transtforma-
tion from microspheres to uniform nano-cubes of TMU-16-NH, "’

In other work from this research group, two porous Zn(Il)-based metal-
organic frameworks [Zn(oba)(4-bpdh)gs],.(DMF);s (TMU-5) and
[Zn(oba)(4-bpmb)g 5],,.(DMF), 5 (TMU-6) were prepared by the sono-
chemical process and characterized. Sonication time and concentration of
initial reagents affect the size and morphology of nanostructured MOFs.
Various sonication times and concentrations of initial reagents were evalu-
ated to prepare the nanostructure of these MOFs. The results show that the
best uniform distribution of nano-rods and plates of TMU-5 and TMU-6
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Fig. 4 SEM images of S-TMU-16-NH, nanostructures prepared by US generator power
of 12 W at 15 min irradiation time at different concentrations of initial reagents (A,B)
0.01 M, (C,D) 0.02 M and (EF) 0.04 M.”’

were obtained at lower concentrations of the initial reagents, whereas, by
increasing the rate of nucleation, the sizes of the obtained MOFs were
reduced. These results show that the sono-chemical process is an effective
method for fast and simple preparation of nano-MOFs. "'

4, Application of nano coordination polymers

Metal coordination polymers and especially nano metal coordination
polymers due to the high number of vacancies in the structure and the high
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surface area have the potential of playing many roles which has led to many
applications. These include; adsorption removal (adsorbent application to
removal of pollutants), photo-catalytic degradation, the use as templates
in order to obtain desired nanomaterials, anti-cancer drugs, supercapacitors
and catalytic activities which is briefly illustrated with the various examples

40,41,78-112
below.

4.1 Adsorption removal

The global warming effect is believed to be associated with increasing
concentrations of hazardous materials in water and in the atmosphere.
Among pollutants, industrial dyes can lead to serious and devastating
environmental and health problems. Several advanced technologies for
the removal of various pollutants have been studied, among which
adsorption byr nano structured materials appears to be very attractive
and to extend nanoscale adsorbent application to the removal of pollutants
from water."’%

Recently Morsali and his co-workers*' reported the adsorption capacity
of two Zn(Il) metal-organic frameworks {[Zn(oba)(4-bpdh)ys], (DMF); 5
(TMU-5) and [Zn(oba)(4-bpmb) 5], DMF), 5 (TMU-6)} in the presence
of the rhodamine B dyeRhodamine B (RhB) was chosen as a model pollut-
ant to evaluate adsorption capacity of the MOF nanostructures. An aqueous
stock solution of RhB was prepared by dissolving RhB in deionized water.
Aqueous solutions with the desired concentration of RhB were obtained by
dilution of the stock solution with water. Adsorption experiments of RhB
were carried out on stirred aqueous solutions in a cylindrical quartz
UV-reactor containing about 50 mL of 100 ppm RhB aqueous solution
in the presence of about 25 mg of MOF nanostructures. The suspension
was sonicated for 5 min. The temperature of the solutions did not exceed
20 °C using a tap water circulation in the jacket of the reactor. Samples
for analyses were taken from the reaction suspension at specified reaction
times and immediately centrifuged at 6000 rpm for 10 min to remove the
particles. The solutions were analyzed by monitoring the absorbance at
553 nm using an UV—vis spectrophotometer. The concentration of the
dye in each sample was determined at A, =553 nm, using a calibration
curve. By this method, the degree of removal (percentage) of RhB may
be obtained at different intervals. The percent removal was calculated by
the equation {% Removal=(C; —C,)/C; x 100}, where, C; is the initial
concentration of dye and C, is the concentration of dye at any specified time.
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The adsorption capacity of TMU-5 and TMU-6 nanostructures with
different morphologies and ZnO nanoparticles obtained from the thermo-
lysis of them (TMU-5 and TMU-6) in the presence of 100 ppm RhB aque-
ous solution after 90 min was investigated. The maximum percent
adsorption of RhB was roughly 96.2% and 92.8% after 90 min in the pres-
ence of 5F and 6F, respectively. A decrease in particle size together with uni-
form morphology can cause more adsorption of the target pollutant. On the
other hand, there is a large change in the RhB concentration in a shorter
time with the nano-rod morphology in both MOFs (5F and 6F)."'

In similar work by this group, a new 3D Zn(II) based MOF of
[Zn4(oba);(DMF),] (TMU-39) was synthesized using the nonlinear
dicarboxylate ligand, 4,4’-oxybis(benzoic acid) (Hoba) via sono-chemical
and solvo-thermal methods. Congo red and Sudan-red dyes were employed
to explore the efficiency of this MOF in removal of the dye pollutants. The
percentage removal was computed by the equation given in the previous
section. Removal efficiency of TMU-39 crystals and powder obtained from
the sono-chemical process after 60 min in the presence of 50 ppm CR and
SR aqueous solution was investigated. The removal efficiency in the pres-
ence of CR is almost 53% for the sono-chemical synthesized sample and 27%
with the solvo-thermal synthesized crystals, and the removal efficiency of
SR is 87% and 10% for powder and crystals, respectively. The higher per-
centage of removal efficiency for SR compared to CR can be attributed to
the smaller size of Sudan-red dye which enables it to enter the TMU-39
cavities. Also, higher adsorption in the sono-chemical synthesized sample
may be attributed to smaller particle size and higher BET surface area of
the sample compared to the crystals.”®

In another study,”” a magnetic infinite coordination polymer with the
morphology of a nano-capsule, as an efficient adsorbent for the removal
of mercury(Il) ions has been introduced. This infinite coordination polymer
was synthesized from Zinc(Il) ions and a ditopic organic ligand (1,3-bis(-
tetrazol-5-ylmethyl)benzene (btb)), and its efficiency as an adsorbent was
studied in view of adsorption isotherms, kinetics and thermodynamics.
The adsorption capacity of mercury(Il) ions was aftected by the pH and
adsorption time, and the optimal adsorption conditions were reported as
a pH value of 8 and an adsorption time of 75 min. Results indicated that
the adsorption was an endothermic process. Moreover, this adsorption pro-
cess was fitted with a pseudo-second order kinetic model. Finally, the mag-
netic properties of the nano-capsules synthesized for high and low
concentrations of the initial reagents were investigated. Studies showed that
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the saturation magnetization of nano-capsules synthesized for a low concen-
tration of initial reagents was higher.””

Zheng and his co-workers™ reported a facile electrochemical synthesis
of nano iron porous coordination polymers using scrap iron for simultaneous
and cost-effective removal of organic and inorganic arsenic. Besides the uni-
versal features of conventional porous coordination polymers (PCPs)
including 3D-ordered porous structure and high surface areas, these pre-
pared Fe-PCPs can not only form Fe—O—As bonds with arsenic species,
but also produce hydrophobic and 7—# conjugation through the aromatic
rings of organic arsenics and Fe-PCPs, allowing it to have high adsorption
capacity for both inorganic and organic arsenic species. The performance of
Fe-PCPs on arsenic removal was validated by using three contaminated
water samples. One of these samples was groundwater collected from a well
and the other two were surface water collected from a river of the Datong
Basin, Shanxi province, China. The concentrations of arsenic species in
these water samples before and after treatment with Fe-PCPs were analyzed
by HPLC-ICPMS, as shown in Fig. 5A—C. The results showed that only
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Fig. 5 The concentrations of inorganic and organic arsenic species measured by HPLC-
ICP-MS.®°
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As(V) was found in the surface water samples. The original concentrations of
As(V) in these two samples were higher than 300 pg/L, which are much
higher than that permitted by the WHO guideline (10 pg/L). Although
As(III) was observed in the groundwater sample, the concentrations of both
As(III) and As(V) in this sample were much lower than those of surface water
samples. In order to demonstrate that Fe-PCPs can simultaneously remove
inorganic and organic arsenics from water, a certain amount of As(V),
MMA, DMA and ASA was added to one of the surface water samples.
The concentrations of the inorganic and organic arsenics before and after
treatment were also analyzed by HPLC-ICP-MS, as shown in
Fig. 5D. The results show that all the inorganic and organic arsenic were
efficiently removed and their concentrations in the treated water was much
lower than their LODs obtained by HPLC-ICP-MS (ranging from 0.5 to
2 pg/L on sampling 20 L of sample).™

4.2 Precursors for preparation of nanomaterials

MOCPs can be used as templates in order to obtain the desired nanomaterials.
By choosing appropriate MOCP precursors with special morphologies and
under suitable experimental conditions, obtaining the desired morphologies
will become possible. Nano MOCP precursors may also be used to obtain
nanomaterials with better and more useful properties. Depending on the con-
ditions, MOCP precursors may lead to the preparation of metals, metal
oxides, metal sulfides or other nano-sized materials. With this method,
nanomaterials can be obtained in different morphologies from different
MOCP precursors. Similar to other solid-phase production approaches,
metal-organic frameworks can be easily transformed into metal oxides via
simple calcination at high temperature in air, which is an effective method
to synthesize metal oxides with controlled sizes, morphologies, structures,
and properties. The distinct advantages of using MOF templates are correlated
to their structural and functional tailor ability at the molecular level that are
rarely acquired in any other conventional template/precursor.”!

Recently Morsali’s research group™ reported the synthesis of ZnO nano-
structures from a 3D porous Zn(Il)-based metal-organic framework {[Zn,
(oba),(4-bpmn)] (DMF); 5}, (TMU-21), (4-bpmn=N,N’-Bis-pyridin-4-
ylmethylene-naphtalene-1,5-diamine, Hjoba=4,4’-oxybis(benzoic acid))
with nano-rod morphology. Synthesis of nanostructures of zinc(Il) oxide
with controlled sizes and morphologies was studied in detail. It is a well-
known semiconductor with a wide band gap (3.37 eV) and a large exciton
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binding energy of 60 meV at room temperature. It has many applications
such as in solar cells, acoustic devices, gas and chemical sensors, catalysts,
micro lasers, memory arrays and biomedical.” In addition, ZnO has advan-
tages such as non-toxicity and a low price. Nanostructures of ZnO have been
produced by calcination of the four samples (TMU-6, activated TMU-6,
TMU-21 and activated TMU-21) {[Zn,(oba),(4 bpmn)| (TMU-21) and
{|Zny(oba),(4-bpmb)] (TMU-6) at 550 °C for 3 h. Based on their IR and
XRD patterns, analyses in four cases indicated ZnO formation. Also X-ray
diffraction (XRD) was used to study the structure of ZnO. Sharp diffraction
peaks revealed the crystalline character of the ZnO powder, showing broad
diffraction peaks (XR D) that are in agreement with nano-crystalline materials
(hexagonal phase, space group P63me, with lattice constants a=3.2530 A,
b=3.2530 A, c=5.2130 A, Z=2). The morphology and size of the parti-
cles are different in the two samples obtained from TMU-21 and activated
TMU-21, also from TMU-6 and activated TMU-6. This aspect shows the
influence of precursors with and without solvent molecules, on the morphol-
ogy and size of ZnO nanostructures.”

In other studies by this group, two coordination polymers were used as
precursors for the preparation of ZnO and CdO nanostructures by calcina-
tion at 550 °C. CdO, an n-type semiconductor with a narrow band gap
(2.2eV), can couple with ZnO for modification of the band gap.
ZnO-CdO composites have been used for various applications such as
photo-catalysis, gas sensing and optoelectronic devices.”**

Two compounds {[Znz(Oba),][Me,NH,),] 6DMF-3H,O (7) and
[Cd3(Oba),][Me;NH,),] 2DMF-2H,O (8)} were used as precursors for
preparation of metal oxides. ZnO and CdO nanostructures were obtained
upon calcination of 7 and 8 at 550 °C for 2 h, respectively. The XRD pat-
tern of calcined 7 exhibits the typical patterns of a hexagonal wurtzite struc-
ture of ZnO (JCPDS No. 36-1451, a =3.25 and ¢ =5.20 A). For the sample
obtained from the calcination of 8, a cubic monteponite structure of CdO
(JCPDS No. 05-0640, a =4.69 A) was observed.*

In similar work,” CdO nanoparticles were prepared by thermolysis of the
compound [Cd(p-2yeinh)(NO,)], (p-2yeinh=pyridin-2-yl ethylidene-
isonicotinohydrazide) at 180 °C with oleic acid as a surfactant. The average
diameter of the nanoparticles was estimated by XPRD to be 23 nm. The mor-
phology and size of the prepared CdO nanoparticles were further studied
using SEM (Fig. 6).”

RuO; is a suitable metal oxide candidate for organic electronics, stable
anodes, field emission displays, thin film resistors, catalysis, fuel cells and
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Fig. 6 SEM photograph of CdO nano-powder (produced by the thermolysis of
nanostructures of [Cd(p-2yeinh)(NO,)], at 180 °C) and particle size histogram.*®

capacitors.''” Many methods have been used in the preparation of nano
RuO; such as wet chemical, biological, sol-gel process, thermal deposition
and thin film-based techniques. In addition, the preparation of nanoscale
coordination supramolecular compounds by ultrasonic irradiation is a
valuable method because of the eco-friendly source, short reaction time,
low cost and ease of synthesis in comparison with prevalent thermal
synthetic techniques. Recently, two new Ru(Il) complexes, [(n°-p-
cymene)RuCl(L1)|PF, and [(u°-C¢Hg)RuCl(L1)|PF, with the ligand
(E)-4-(methylthio)-N-((quinolin-2-yl)methylene)benzenamine (L1), were
synthesized by Morsali’s research group. Calcination after treating these
complexes by the ultrasonic method produces RuO, nanoparticles. It was
shown that ultrasound waves affected the characteristics of the nanoparticles.
In this work, nanoparticles of small size and uniform morphology were
obtained. So Ru(Il) coordination polymers are suitable precursors for the
synthesis of nanostructures.'

Synthesis of other metal oxides such as NiO, PbO, CuO or mixed metal

oxides with or without using surfactants has also been reported.”” "'

4.3 Photo-catalytic degradation

Since Garecia first reported the photo-catalytic degradation of phenol in 2007
with MOEF-5 as photo-catalyst,””
photo-catalysts for the photo-catalytic degradation of organic dyes under

many coordination polymers (CPs) as

UV or visible light irradiation have been synthesized and reported.
However, relative few coordination polymers performed good photo-
catalytic activities when they were under visible light irradiation because
CPs are usually poor photo-responders in the visible range.”””" The
MOF based composites were also developed for visible light catalytic
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degradation.” In the photo-catalytic degradation processes, the electrons of
semiconductor photo-catalysts such as coordination polymers can be excited
from the valence band (VB) to the conduction band (CB) when the photo-
catalysts are irradiated by light with energy equal to or larger than the energy
band gap between the VB and CB of the photo-catalysts. The electrons in
the CB could combine with H,O,, O, or H,O to produce hydroxyl radicals
(-+OH). The hydroxyl radicals (* OH) can oxidize the dye and decompose the
organic dyes into small molecules, H,O and COs.

Recently Li’s research group”® has reported the synthesis of four struc-
turally diverse nickel coordination polymers {[Ni(ttpa)(1,4-ndc)(H,O),]
2H,O}, (9), {[Ni(ttpa)(1,3-bda)]-2H,O-DMF}, (10.2H,O.DMF),
{[Ni(ttpa)(1,4-bdc)]-H,O},, (11) and {[Ni(ttpa)(aip)(H.O)]-3H,O},,
(12.3H,0) (ttpa=tris(4-(1,2,4-triazol-1-yl)phenyl)amine, 1,4-ndc=1,4-
naphthalenedicarboxylate, 1,3-bda=1,3-benzenediacetate, 1,4-bdc=1,4-
benzenedicarboxylate, aip=>5-aminoisophthalate) by using hydrothermal
and sono-chemical methods. The organic dye methylene blue (MB) was
selected as the model dye to observe the photo-catalytic properties under
visible light irradiation. The photo-catalytic properties of crystalline solid
and nano-sized 9—12 were studied. The catalytic efficiencies of 9-12 were
also compared with the well-known commercial TiO,. Results showed that
9-12 are good catalysts for the degradation of MB. The catalytic efficiencies
are 9 > 11 > 10 > 12 > TiO, (20 nm) > TiO, (60 nm). The effects of the
sonication synthetic conditions and morphology of nano-sized 9-12 on the
photo-catalytic efficiencies were also studied. The higher sonication fre-
quency resulted in the formation of uniform and smaller nano-sized coor-
dination polymers which have higher catalytic efficiency.”

In other work by Cui and his research group,”’ a new Co(II) coordina-
tion polymer, [Co(Hbibp)(nbta)],, (bibp=4,4'-bis(1-imidazolyl)biphenyl,
Hjnbta = 5-nitro-1,2,3-benzenetricarboxylic acid) was synthesized and
showed high photo-catalytic activities for the degradation of MB under
UV irradiation. The photo-degradation process was mainly caused by °
OH radicals. It can be seen that the photo-catalytic efficiency reached
approximately 90.2% in the presence of nano-sized listed CP after
120 min under UV light irradiation. However, only 11.9% of MB was
decomposed without any catalyst. The increased photo-catalytic degrada-
tion efficiency indicates that nano-sized CP is an excellent candidate as
photo-catalyst in decomposing MB under UV light irradiation.
Furthermore, when nano-sized CP was placed into an aqueous solution
of the MB in a dark environment for half an hour, there is no obvious
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decrease in the absorbance value, which may avoid the possibility of
adsorbing such a dye molecule into the framework.”” Similar articles have
recently been published in this field (photo-degradation process of
Methyl Blue by use of nano coordination polymers) which has been

. . . . 98101
referenced here and details are given in the literature.

4.4 Catalytic activity

Coordination polymers have good thermal stability so they can be employed
in catalytic reactions, such as oxidation of inert C—H bonds of hydrocarbons,
hydrogenation of olefins, Knoevenagel condensation reaction, etc. The
Knoevenagel condensation of aromatic ketons with active methylene com-
pounds is an important carbon—carbon bond coupling reaction in the synthesis
of several fine chemicals and pharmaceuticals. The discovery of MOFs and
coordination polymer catalysts for the Knoevenagel condensation has become
a matter of increasing interest in recent years. There have been many reports
that already displayed that MOFs and coordination polymers that can be supe-
rior heterogeneous catalysts for Knoevenagel condensation. One of them is
from a recent study by Morsali and his co-workers."” They synthesized and
characterized a new mixed-ligand Co(II)-based two-dimensional coordina-
tion polymer, [Cox(ppda)(4-bpdh)>(NO3)s],, (ppda=pphenylenediacrylic
acid, 4-bpdh =2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene). This compound
was synthesized in three different concentrations of initial reagents (0.005,
0.01 and 0.05 M), two different ultrasound powers (12 and 24 W) and three
different reaction times of 30, 45 and 60 min. The results have shown that the
higher concentrations of reagents lead to increase in thickness and particle size.
Also increasing the power of ultrasonic irradiation led to nanoparticle mor-
phology. These results reveal that the sono-chemical method is an effective
approach for quick and simple preparation of nanostructures and a very prom-
1sing method for the synthesis of nanoscale coordination polymers. Moreover,
the nanostructure of the CP showed better catalytic activity in the
Knoevenagel condensation reactions compared to a bulk sample of the CP.*

In another study by this group,'” the ability of two new three-
dimensional isoreticular F-MOFs nanostructures |[Zn,(hfipbb),(4-bpdh)].
(DMF)5 (TMU-55) and [Zn,(hfipbb),(4-bpdb)]. (DMF), (HTMU-55)
with a smaller size and higher surface area as the heterogeneous catalysts
for the catalytic reaction in comparison to bulk samples, the Henry reaction
was selected. Results are summarized in Table 6.

The better catalytic activity of TMU-55 is attributed to the presence of
the methyl groups on the N basic centers in 4-bpdh that enhance the basicity
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Table 6 Henry reaction performed in the presence of the two isoreticular F-MOFs
catalysts (TMU-55, HTMU-55, and nanostructures of them) and in their absence.

OH
<,_\>_</° P 60°C, 24 h | \\“(I\l/
H MeOH .~ NO,
Entry catalyst Conversion (%)
1 TMU-55 71
TMU-55 nanostructure 97
2 HTMU-55 68
HTMU-55 nanostructure 87
3 - 6

GC yield, reaction conditions: benzaldehyde (0.2 mmol), nitromethane (0.5 mmol), 15 mg (3 mol%)
catalyst, solvent: methanol (3 mL), 60 °C, 24 h.

of the nitrogen active centers. This study demonstrates the important role of
the basicity of azine functionalized frameworks, as well as that of the high
surface area of the frameworks on the catalytic performance.'"”

Another application of coordination polymers as heterogeneous catalyst
has been reported by Soleimannejad’s group in the production of biodiesel.
The nano-sized compound {(bipyH)[Bas(pydc),(Hpydc)(H»O),] },-nH,O,
(bipy = 4,4'-bipyridine and H,pydc=ypyridine-2,6-dicarboxylic acid) was
shown to be a promising nano-catalyst for the synthesis of biodiesel with
an excellent yield in a relatively short time (150 min) in the presence of ultra-
sonic irradiation. Furthermore, the barium based nano-CP was found to be a
stable and recyclable catalyst with no loss of catalytic activity during the
course of reactions.'”

4.5 Electrochemical behavior; high-performance electrode for
flexible supercapacitor

Electrochemical capacitors, also known as supercapacitors, have attracted
considerable attention because of their fast charge/discharge ability, good
cycling performance and high power density. As known, the characteristics
of electrode materials have a huge impact on the performance of super-
capacitors. 2D nanomaterials have been full of surprises since their emer-
gence and are intensively investigated as active materials for energy
storage/transformation in recent years, because of their unique physical

104,105

and chemical properties, as well as a great variety. During the past

decade, promising research on graphene and other graphene-like 2D
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nanomaterials such as transition metal dichalcogenides (TMDs) and, layered
metal oxide/hydroxide, further stimulated the exploration of new 2D
nanomaterials, transition metal nitrides, coordination polymers (CPs),
covalent-—organic frameworks (COFs) and polymers. Among them, 2D
CPs, as an importance member of the 2D family, are attracting increasing atten-
tion due to their functional diversity achievement by judicious selection of the

1060197 R ecently, it was proposed that hybridi-

metal ions and organic linkers.
zation of CPs and polymers is an effective strategy to obtain new and versatile
materials that exhibit peculiar properties hard to realize with individual com-
ponents. For instance, incorporation of a conductive polymer in CPs can effi-
ciently improve the conductivity, and thus may give rise to enhanced
electrochemical performance of the composites. Polypyrrole (PPy), as a typical
conducting polymer, is extensively used as capacitive material because of its
easy synthesis, relatively high capacitance and intrinsic flexible property.'”®

Recently Yang’s research group'”” has reported a strategy of growth of
conductive polymers (PPy) on 2D CPs nano-sheets to enhance their capac-
itive performance. They choose a typical 2D CP (Cu-TCPP, TCPP =5, 10,
15, 20-tetrakis (4-carboxyphenyl)porphyrin) as the 2D platform, onto which
PPy was grown by a simple in situ chemical oxidation method. In this kind of
2D CPs nano-sheets, one TCPP ligand is linked by four Cu paddlewheel
metal nodes, i.e., Cuy(COO),, to form a 2D layered sheet. The strong
n-stacked conjugation and the heteroatom of the TCPP may enhance both
the electron transport and the interaction with conductive polymers.
Morphologies of the PPy, Cu-TCPP and Cu-TCPP @PPy hybrids have been
studied by SEM. The pristine Cu-TCPP is a well dispersed nano-flate.
After growth of PPy, the entire Cu-TCPP sheets are covered with PPy
nanoparticles to form the Cu-TCPP@PPy nanocomposites. The
nanocomposite coated with PPy nanoparticles has shown to have a rough sur-
face, which may promise enhanced ion diffusion because of the increased
interface areas between the electrode material and electrolyte when compared
with that of the pure material. With increase of PPy loading, the thickness of
the Cu-TCPP@PPy nano-flates increases and the shape of the composites
tend to become sphere-like shapes. The presence of Cu-TCPP nano-sheets
not only act as a polymerization substrate in the polymerization system to
modify the morphology of PPy, but also provide a path for the insertion
and extraction of ions within the PPy, hence ensure a high specific capaci-
tance. For viewing voltammetric diagrams [cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD) and electrochemical impedance
spectroscopy (EIS)] and other details, see reference 109.
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4.6 Anti-cancer drug

Nanotechnology has provided new tools for addressing unmet clinical situ-
ations, especially in the oncology field. The development of smart
nanocarriers able to deliver chemotherapeutic agents specifically to the dis-
eased cells and to release them in a controlled way has oftered a paramount
advantage over conventional therapy. Among the different types of nano-
particle that can be employed for this purpose, inorganic porous materials
have received significant attention in the last decade due to their unique
properties such as high loading capacity, chemical and physical robustness,
low toxicity and easy and cheap production in the laboratory The use of
porous inorganic nanoparticles as drug carriers for cancer therapy has the
potential to improve the life expectancy of the patients affected by this dis-
ease. However, much work is needed to overcome their drawbacks, which
are aggravated by their hard nature, exploiting the advantages oftered by
highly the ordered pore network of these materials.''’ Although great suc-
cess has been achieved in the field of biological medicine, cancer is still the
leading disease which causes the death of millions of people each year.
Coordination compounds are of essence as they could act as anti-cancer
agents.''' Numerous Cu(ll)-related compounds have been found to be
potential anti-tumor agents and some of them have been reported to be
so active in vitro and in vivo as in the case of platinum drugs. On the other
hand, the metal cadmium has been shown to be of none-medicinal value in
chemistry because of their well-known toxicity. However, Cd(II)-related
coordination polymers have been reported to be much less poisonous than
the Cd(II) ions and they can cause apoptosis by inhibiting the tumor cellular
proteasome.

Recently, You’s research group has reported the fabrication of two
new coordination complexes [Cus(Hs-O)(pz)s(Hpz)(Hpdc)(H,0),]
(H,0), (11, H,pde=pyridine-3,5-dicarboxylic acid, Hpz =pyrazol) and
[Cd(phen)(bdc)[(H,O) (12, phen=1,10-phenanthroline, H,bdc=1,2-
benzenedicarboxylic acid) through the application of carboxylic acid and
the N-containing linkers as co-ligands. Furthermore, an ultrasonic treat-
ment method was used to produce the nano particles of CPs 1-2 with good
water dispersibility and framework integrality. Moreover, the in vitro
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method was administered on the breast cancer cell line BT474 with rising
aggregations of the nanostructures 1-2, indicating that both these two
nanostructures have anti-tumor activity in vitro. In addition to this, the
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apoptosis and ROS detection results indicated the anti-cancer activity of

nanostructures 1-2 due to the cancer cell apoptosis mediated by increasing
ROS accumulation.'”

In other work by Delavar and his co-workers, the activity and efficiency
of nano CdO (which was made through the direct a calcination process of
[CA(NO3)(bipy)(pzca)], at 500 °C) as an anti-cancer drug has been studied
on cancer cells for different concentrations. The results showed that the via-

bility of cancer cells reduced above a 2 pg/mL of CdO-NPs concentra-

115

tion. ~ Refer to the following references for further discussion of this

e 116-119
broad application.”

5. Conclusions and future perspectives

The synthesis of nanostructured material is important for the step from
fundamental science to potential applications. This is true for coordination
polymers and (porous) coordination networks in particular. Preparation of
nanoscale coordination polymers involves self- assembly of organic ligands
and metal ions. They have many promising characteristics including struc-
tural adaptivity and flexibility, multiple coordination sites, and various func-
tions. Among the various synthetic routes, ultrasound-assisted method is
applicable for nanoscale coordination polymer preparation as their reaction
conditions can be easily adapted from conventional approaches. Accelerated
nucleation and short crystallization time in sono-chemical synthesis, espe-
cially with low reaction temperature and ambient pressure, make particles
more uniform and smaller. According to the results for reaction time, tem-
perature, ultrasound irradiation power, concentration of initial reagent,
whether or not to use surfactants and solvents, play an important role in
the size and morphology of products (nano coordination polymers).
Increase of temperature, sonication power and decrease in reaction time,
lead to a decrease in particle size. As can be seen from the results presented
in this chapter, a wide range of nanoscale coordination polymers can be pro-
duced using the ultrasound assistant technique, featuring diverse structures,
metal ions, ligand types, and dimensionalities.
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Abstract

Coordination Polymers (CPs) are periodic architectures defined by the assembly of metal
entities and ligands through coordination bonds. They can be designed to present porous
architectures, known as Metal-Organic Frameworks (MOFs). They can be prepared as bulk
materials and at the nanoscale using bottom-up synthesis or top-down approaches.
Nanoscale CPs are a subject of high current interest due to the new physico-
chemical properties that they can show because of confinement effects as well as their
material process-ability. We present several selected CP samples with different electronic
properties, electrical conductivity and/or emission, as well as ways to down-size their
scale to obtain CP nanostructures. Studies on their physical properties at the nanoscale
show the relevance of the confinement effects and the presence of defects, which can
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be controlled during the preparation process. Indeed, defect engineering is an extremely
relevant tool to manipulate the material crystal quality and its specific properties.
Therefore, engineered defects are gaining attention in both CPs and their porous ver-
sion, MOFs, because of their implications for both physical properties and properties
affecting catalysis and sorption. However, this is still a very poorly developed field.

The main scope of this chapter is to provide a general overview of the impact that
defects may have on the chemical, physical, electrical and/or optical properties, as well
as in catalysis and sorption capabilities of some CPs, and the way to gain control of the
defect production. We have selected two relevant types of 1D CP families, MMX and
Cu,l, double chains, to discuss their electronic properties and the influence that the
incorporation of defects has on them.

MMX  chains based on the assembly of two dimetallic entities: [Pt,(dta)s]
(dta=ditiocarboxylate) and [Pt,(dta),l,], behave as metallic conductors at room tem-
perature in bulk and at the nanoscale, but the weakness of the Pt—I coordination bonds
facilitates the occurrence of defects such as iodine vacancies, which significantly alter
their conductivity. Their preparation at the nanoscale is feasible based on the reversible
process between [Pty(dta),] and [Pty(dta)4ls]. Thus, the polymer [Pty(dta)4l, can be sol-
ubilized or sublimated to produce [Pty(dta)s] and [Pty (dta)l,] and rearrange back to
[Pto(dta)4lsl, even on-surfaces. The exquisite control of the assembling process gives
rise to a number of structural defects present along the MMX chains. In any case, elec-
trical measurements in single chains of [Pty(dta)4ly],, currently postulated these CPs
among the best molecular wires.

We also describe several examples of Cus,l, double chains grafted with N-aromatic
terminal ligands. They show interesting electronic properties as emission and semi-
conductivity. The general structural core of these 1D-CPs is based on a Cu,l, double
chain which is very sensitive to chemical and physical stimuli. We discuss the use of these
CPs as stimuli-response materials, their bottom-up preparation using fast precipitation
and the use of these nanostructures to prepare novel composites as multifunctional
ultra-thin films. Moreover, we also show the possibility of modulating their physical prop-
erties upon the creation of structural defects.

Finally, we describe different synthetic pathways (pre- and post-synthesis) to har-
ness the incorporation of both local- and long-range defects in MOFs, resulting in
altered chemistry and structures without compromising the porous scaffold. The role
of defects in MOF properties related to catalysis, sorption and conductivity is widely dis-
cussed in this chapter, highlighting the importance of using advanced scanning probe
microscopy, synchrotron X-rays and neutron techniques to achieve a better under-
standing of these functional nanomaterials.

1. Introduction

Whenever we initially attempt to perform a new preparation of a
novel coordination polymer (CP), we try to find the suitable experimental
conditions to get a single crystal in order to obtain (i) a highly crystalline
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material with the designed properties that we expect based on its structure,
and (i) to solve its atomic structure by X-ray diftraction techniques. In that
way we try to gain knowledge to establish a relationship between the mate-
rial structure and their properties. However, despite this is a rational strat-
egy, this scenario can become more complex when some structural defects
are present in the material. Indeed, it is well-known that structural defects
can play a fundamental role in determining the physical properties, such as
luminescence, magnetism or conductivity,' but also catalysis and adsorp-
tion.” The variety of defects is large in nature and length scales, but they
can be classified according to their dimensionality in different groups.

Point defects involve single atoms and are the most common defects.
Vacancies (Fig. 1A) are the most frequent, since they are present in all solids.
They are produced when an atom is absent from its periodic position.
According to thermodynamics, the presence of vacancies in a solid increases
its entropy, therefore improving its stability.
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defect: Frenkel defect Interstitial impurity

Fig. 1 Summary of structural defects present in a material. (A) Schematic representation
of point defects. (B) Schematic representation of an edge dislocation. The “T" marks the
spot where this defect takes its origin. (C) Schematic representation of a screw disloca-
tion. (D) Schematic representation of a twin defect. The twin plane is depicted as the
horizontal line.
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Interstitial defects (Fig. 1A) involve the presence of an atom in a hole or
interstitial position of the crystal lattice. Since the atom located at the inter-
stice can be substantially larger than the site, it generates important distor-
tions in the surrounding lattice. Consequently, interstitial defects are less
common than vacancies. A Frenkel defect (Fig. 1A), the displacement of
an atom from its periodic position to the interstitial site is also feasible, there-
fore generating a vacancy as well. This combination of an interstitial defect
and a vacancy is predominant in ionic materials.

Substitutions (Fig. 1A) are produced when an atom in the crystal lattice is
substituted by a different one, frequently named as an impurity. In ionic
materials, the electric charge of the impurity can modify the structure of
the material in different ways. If its charge is equivalent to that of the ion
replaced, the lattice remains unaltered, unless the size of the impurity is
15% higher or lower (this would produce distortions in the lattice similarly
as interstitial defects).

Together with point defects, dislocations (Fig. 1B and C) are an impor-
tant subgroup of defects. They are produced when a row of atoms in the
crystal lattice is missing, producing a lack of stacking which originates a
misalignment of the adjacent atoms. This defect produces significant dis-
tortions in the periodicity of the crystal close to the dislocation line.
Depending on the nature of the dislocations, they can be divided into
two groups: edge dislocations and screw dislocations. But in some cases,
they can be found together within the structure of a material. Edge dislo-
cations are characterized to be centered around the dislocation line. Then,
away from the place where the dislocation is created, the crystal lattice
structure becomes periodic again (Fig. 1B). Screw dislocations are formed
by the effect of shear stresses such as those generated by grinding processes.
These defects cause the dislocation of a row of atoms from one position to
the adjacent site, giving rise to a helical path around the dislocation line
(Fig. 1C).

Another important group of defects are named as two-dimensional
defects or surface defects or interfacial defects. They produce the separation
of different regions of a material with different crystal structures or orienta-
tions, the so-called domains. They are sub-divided in two important groups:
(i) twin planes which are formed at the frontier of two crystalline domains
through a mirror symmetry plane (Fig. 1D). However, due to their nature,
they can be considered as a special case of grain boundary. Typically, twin
defects are produced by shear forces or during annealing processes; and (if)
grain boundaries are two-dimensional limits, which separate two crystalline
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Fig. 2 Schematic representation of grain boundaries.

domains of a material, independent of their orientation. The difference in
orientation of the crystal structure between the two domains produces an
atomic mismatch (Fig. 2).

Apart from surface defects, twin planes and grain boundaries, external
surfaces, where the atoms at those edges have some unoccupied bonding
sites, also called “unsaturation” are another type of defect to be considered,
mainly when the material reduces its size entering the nanoscale, where these
defects are located.

Finally, bulk defects are also found in solid materials. Typically, they are
present in a much larger amount than those discussed above. Bulk defects
involve cracks, pores, foreign inclusions, and the presence of different phases
in the same material. They are produced during material fabrication and/or
processing steps.

As we have already mentioned, the presence of defects in a solid material
can be very relevant in defining its physico-chemical properties. Therefore,
the production of specific defects is a field of high research interest. Thus, for
instance, controlled doping of a material using different synthetic conditions
has been explored to modify its optical properties.” Typically, the dopant
species represent between 1% and 20%, giving rise to significant changes in
the material structure and morphology. This amount of defects is considered
high and can be studied by using conventional structural characterization
techniques.”

Currently, defect engineering is extremely relevant to manipulate crys-
tal quality and the specific properties of a material. However, the study of
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structural defects still remains very intricate, in particular for low dimen-
sional defects present in low concentrations, where the usual spectroscopic
and diffractometric techniques do not provide information.”

Therefore, engineered defects are gaining attention in both CPs and their
porous version, MOFs, because of their implications in both physical prop-
erties modification and properties affecting catalysis and sorption.’
However, this is still a very poorly developed field. The main scope of this
chapter is to provide a general overview of the impact that defects may have
on the chemical, physical, electrical and/or optical properties, as well as
catalysis and sorption capabilities, of some CPs and the way to gain control

of defect production.

2. Low dimensional nanoscale coordination polymers
2.1 Introduction

One-dimensional (1D) nanostructures are those with a dimension within the
range between 1 and 100 nm. The morphologies, composition and structures
cover alarge variety including wires, rods, tubes, ribbons of metal/semimetals,
oxides, sulfides, halides, efc. The physical properties of one-dimensional struc-
tures have pointed these materials toward many potential applications from
ultrasensitive sensors to nano-(opto)-electronics, as well as nanomaterials use-
ful in drug-delivery or biological systems.” During the last decade, CPs have
become a new source of 1D nanomaterials.

The incorporation of CPs to generate nanostructures is of high interest
because: (i) these materials are chemically designable based on the selection
of their building blocks, which allows a great structural variety; and (ii) their
physico-chemical properties are tunable based on their structure and
composition.

As for the rest of nanomaterials, the general approaches for 1D nano-
structure preparation follow two main routes: fop-down and bottom-up
strategies.

Top-down approaches are based on the use of different external sources of
energy to break-down the initial macro-scale morphology of a given material
to get into the nanoscale. This miniaturization process can involve expensive
photolithography, as in the well-known case of silicon transistor fabrication,
or less expensive methods such as ultra-sonication or ball-milling. On the
other hand, bottom-up approaches are based on the self-assembly of mole-
cules using either chemical bonds or molecular interactions. Therefore,
the concept of bottom-up methods comes from the ability of specific
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molecules to self-organize and generate larger entities such as supra-
molecules or polymers, this idea resembles the way nucleic acids work in
nature. However, the predictable self-assembly of molecular subunits to
produce specific architectures is still a major challenge for chemists.”
Indeed, CPs are infinite aggregates of metal ions or fragments linked by
ligands, where they self-assemble in one, two or three dimensions, produc-
ing a large variety of structures.' """ Selection of the molecular building
blocks is the fundamental key to design a specific architecture of a CP

12,13
Research

and also largely determines its physico-chemical properties.
on CPs has increased exponentially because their functional properties
including magnetism, chromism, non-linear optical, redox and electrical

10,14
conduction,

among porous CPs and MOFs, which in addition incor-
porate gas/molecule storage and separation. Nevertheless, despite the huge
number of CPs that have been studied in the bulk, the amount of studies
focused on CPs at the nanoscale is still limited."” '” The key limitation is
possibly a consequence of their limited process ability, because of their lack
of solubility, rapid degradation in solution as well as decomposition upon
heating. But in recent years, reports on 1D and 2D CPs at the nanoscale

. . . - 17
are increasing as new preparation methods have been incorporated.

2.2 Electrically conductive MMX chains: The influence
of structural defects

There is an intense research activity focused on the miniaturization of
electrical circuits. This has pushed in recent years the field of molecular
electronics, where molecular building blocks are used to fabricate elec-
tronic components. Beyond miniaturization, this approach takes advantage
of the molecular self-assembly capabilities, allowing the fabrication of com-
plex architectures from a bottom-up strategy. Electronic devices are made
up of different components, namely resistors, diodes, transistors, efc. Their
functioning is essential for the optimization of such devices, including faster
and lower power consumption performances, which has countless implica-
tions for both fundamental research and everyday life. Currently, there are
high expectations for the incorporation of new nanomaterials with prom-
ising applications and novel circuit architectures,'® thus work in under-
standing their properties is among the most active research areas.

Among the essential components in an electronic device are the wires
that interconnect the rest of the device elements. A molecular wire must ful-
fill two main requirements: it should allow currents with a reasonably low
resistance and it should have structuring capabilities. For instance, carbon
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nanotubes and DNNA chains are examples of molecular wire candidates that
just fulfill one of the conditions: on the one hand, while carbon nanotubes
are excellent conductors, they lack self-assembly capabilities. The opposite is
true of DNA chains, which can easily form complex structures, but their elec-
trical conductivity is not high enough. Up to date, there are few molecular

19-22 ~
These compounds comprise a par-

systems that fulfill both requirements.
ticular type of CPs based on coordinate bonds between metal ions and organic
ligands. In particular, MMX metal—-organic polymers, which are those with
quasi-1D sequences of single halide atoms (X) bridging subunits with two
metal ions (MM) connected by organic ligands (Fig. 3), have been predicted
by density functional theory (DFT) to have a metallic band structure,” with a
spin-degenerate half-filled band crossing the Fermi level along the chain axis.
They have shown indeed excellent experimental electrical transport proper-
19:20.22 Nevertheless,

the experimental results always present higher resistances than those predicted

ties both in terms of current densities and long distances.

by theory. This is not surprising, as the single-particle DFT description does
not take into account effects such as the electrode-chain contact resistance,
scattering with the substrate, electron—phonon interactions, or, importantly,
the presence of defects along the chains.

Highly conductive Pt-based MMX nanostructures of the CPs [Pto(dta),I],,
(dta=dithiocarboxylate, alkyl groups) have been produced on insulat-
ing substrates thanks to their exceptional reversible depolymerization/
repolymerization following two different strategies: (i) direct sublimation
of polymer crystals, which has been shown to be a suitable procedure to
obtain robust CP nanoribbons 5-25 nm high, 100-200 nm wide and sev-
eral pm long;”"*” (Fig. 4A) and (ii) drop-casting a solution of CP mono-
crystals, obtaining MMX fibers from 20 to 100 nm high and pm long,
down to the single molecule regime with lengths of hundreds of nm'”*"
(Fig. 4B).
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ALAALA

......__.,,_ . - . —e— Y 1.2 nm

% %Y ¥ %

Fig. 3 Schematic representation of the crystal structure of a [Pt,(EtCS,)4l], (Et=CH,—
CHs) chain. Adapted from Ares, P.; Amo-Ochoa, P.; Soler, J. M.; Palacios, J. J.; Gomez-Herrero,
J.; Zamora, F. Adv. Mater. 2018, 30 (21), 1705645 © 2018 John Wiley and Sons.
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Fig. 4 AFM images of CP nanoribbons and fibers of Pt-based MMX polymers.
(A) Nanoribbons obtained by direct crystal sublimation. (B) Fibers obtained from
drop-casting a dichloromethane solution of MMX crystals. Adapted from Ares, P.; Amo-
Ochoa, P.; Soler, J. M.; Palacios, J. J.; Gomez-Herrero, J.; Zamora, F. Adv. Mater. 2018, 30
(21), 1705645 © 2018 John Wiley and Sons and Hermosa, C.; Vicente Alvarez, J.; Azani,
M.-R.; Gomez-Garcia, C. J,; Fritz, M.; Soler, J. M.; Gomez-Herrero, J.; Gomez-Navarro, C;
Zamora, F. Nat. Commun. 2013, 4, 1709 © 2013 Springer Nature.

The electrical transport properties of these nanoribbons and fibers were
characterized using conductive atomic force microscopy (C-AFM). A mac-
roscopic metal electrode is deposited on the substrate with the nanostructures
and AFM was used to find nanoribbons and fibers partially covered by this
electrode. Then, a conductive AFM tip was used as a second mobile elec-
trode to contact the uncovered part of the MMX nanostructures (Fig. 5A).

In the case of the sublimated nanoribbons, metallic current vs. voltage
(IV) curves have been observed (Fig. 5B), with current densities up to
~10" A em 2.°"* However, a non-linear dependence of the resistance
vs. length R(L) was observed (Fig. 5C), suggesting that the presence of
defects is the main source of resistance. A simple model of CP chains con-
nected in parallel with a random configuration of defects (vacancies of either
iodine atoms or dimetallic subunits™”) interrupting the current through a sin-
gle molecular chain, explains the observed behavior, and yields a concentra-
tion of defects up to ~1% with a characteristic length of ~200 nm (mean
distance between defects). For distances higher than this characteristic
length, the CP chains have at least one defect. Thus, electrical transport per-
pendicular to the CP chains becomes determinant, leading to diffusive
transport.

In the case of the drop-casted fibers, it has been possible to probe the
electrical transport properties at the single molecule level (from one/two
individual CP chains).'” On the one hand, the drop-casting approach
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Fig. 5 Electrical characterization of sublimated MMX nanoribbons by C-AFM.
(A) Schematic of the setup used to probe the electrical properties of the nanoribbons.
(B) IV curves on the same nanoribbon at different distances from the fixed gold elec-
trode. (C) R(L) for the same nanoribbon as in (B). The black dots correspond to exper-
imental measurements and the gray line is a fit to an exponential function. Adapted from
Hermosa, C.; Vicente Alvarez, J.,; Azani, M.-R.; Gomez-Garcia, C. J.; Fritz, M.; Soler, J. M.;
Gomez-Herrero, J,; Gomez-Navarro, C.; Zamora, F. Nat. Commun. 2013, 4, 1709 © 2013
Springer Nature.

presents some advantages over sublimation, such as better process ability and
chemical functionalization, but on the other hand, chains assembled this way
might be more prone to the presence of defects. C~AFM characterization of
one/two individual CP chains (Fig. 6A) showed a current density of ~10°
A cm™” and a characteristic length of ~20 nm, with remarkable currents up
to distances beyond 250 nm, surpassing that of all other molecular wires
reported so far. The R(L) (Fig. 6B) presents again an exponential depen-
dence, pointing to defects as the main source of resistance. This similar
behavior has been observed in carbon nanotubes,”® and was attributed to
Anderson localization caused by the interaction of electrons with structural
defects. To verify this conjecture, quantum transport calculations were car-
ried out at two levels of sophistication. First the quantum conductance for a
single defect in an otherwise perfect MMX wire was computed, considering
the most feasible defects (a kink, an OH molecule substituting an iodine
atom and an iodine vacancy, Fig. 6C). It was observed that the iodine
vacancy was the defect having the largest electron transmission reduction.
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Fig. 6 Electrical characterization of drop-casted MMX fibers down to the single mole-
cule regime by C-AFM. (A) Schematic of the setup used to probe the electrical properties
of the fibers. The inset shows the height profile along the solid blue line. (B) R(L) for the
same one/two fibers shown in (A). The black line is a fit to an exponential function. The
inset shows the IV curves acquired at different distances from the fixed gold electrode
according to the colored symbols along the chains marked in (A). (C) Schematic relaxed
structures of three types of defects considered for DFT simulations (red arrows indicate
the structural defect). (D) Conductance obtained for different disorder realizations at a
5% (filled symbols) and 10% (empty symbols) concentration of vacancies (black squares,
red circles, and green triangles correspond to each of these realizations) in a single-
orbital tight-binding model. The black line corresponds to the experimental result
and the blue dashed line to an extrapolation of the measured conductance assuming
absence of experimental contact resistance. Reprinted with permission from Ares, P.;
Amo-Ochoa, P.; Soler, J. M.; Palacios, J. J.; Gomez-Herrero, J,; Zamora, F. Adv. Mater.
2018, 30 (21), 1705645 © 2018 John Wiley and Sons.

Thus, the conductance for hundreds of nm MMX chains with many vacancy
defects was calculated using a single-orbital tight-binding model. Fig. 6D
shows the results for two different concentrations of defects at random posi-
tions along different chains. The conductance follows an exponential decay
with wire length, in agreement with the experiments, yielding a percentage
of vacancies in the range 6-8%, compatible with the results observed in the
sublimated nanoribbons.
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These studies have shown the influence of defects in molecular electron-
ics and that, despite their effect on the electrical conductance, CPs are one of
the best options for long distance molecular wires, as they present a good
balance between possible functionalization and long-range transport.

2.3 Multi-stimuli-response copper(l)-halide chains

Among CPs a sub-family integrated by compounds formed by a common
structural motif arises: the copper(I)-halide chain. These CPs, with general
formula [CuXL], (where X is an halide and L is an organic ligand, usually
N-donor or S-donor), were discovered about a century ago,”” but in the last
40 years they have attracted the attention of the scientific community due to
their interest from the point of view of crystal engineering” ~* and their
outstanding optical properties.”” *” In fact, thanks to these optical proper-
ties, some Cu(I)-I clusters have been proposed to act as OLEDs (Organic
Light-Emitting Diodes).""*!

Cu(I)-X CPs are mostly recognized by the great flexibility of their
chains, which makes them very sensitive to physical stimuli, such as tem-

37,42—46
perature or pressure,

47-50

or chemical ones, meaning vapors of certain

molecules. Therefore, these CPs have been proposed to act as sensors,
. 2 . .

thus reaching fields such as aerospace’>> or food and packaging indus-

tries.”” > This, apart from the advances in nano-processing methods,””
is why the preparation of nanostructures of these compounds has started

to draw attention.

2.3.1 Nanoscale Cu(l)-1 CPs

Most Cu(l)-I CPs present a feature which involves a crucial difference with
respect to other coordination polymers: their reversibility in solution, with
the concomitant facility to process them in this state.”” With this in mind, it
is not preposterous to think that these CPs will be excellent candidates to be
subjected to nano-processing procedures. However, the first studies on the
nano-processing of Cu()-X CPs arose in 2008 and the following years.
These studies were focused on CPs with high insolubility, and therefore
the nanostructures had to be obtained via top-down strategies such as

liquid-phase exfoliation.”®>”

However, the discovery of reversible CPs
changed the way to obtain these CPs, switching to bottom-up processes
starting from an acetonitrile solution of the initial building blocks.

These studies started in 2016, when Troyano et al.”’ discovered CPs with
Cu(l) or Ag(I) centers and thiobenzoate (TB) as linker. The Ag(I) CP,

namely [AgTB],, was subjected to a liquid-liquid interface synthesis starting
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Fig.7 (A and B) FE-SEM images of [AgTB],, (TB = thiobenzoate) films: (A) upper view of a
thin film deposited on a copper TEM grid; (B) lateral view of the same thin film. (Cand D)
Luminescent properties of free-standing [AgTB],, thin films: emission at 298 K (C) and at
77 K (D). Adapted from Troyano, J; Castillo, O.; Amo-Ochoa, P.; Ferndndez-Moreira, V.;
GOmez-Garcia, C. J,; Zamora, F.; Delgado, S. ). Mater. Chem. C 2016, 4 (36), 8545-8551 with
permission from Royal Society of Chemistry.

from a solution of thiobenzoic acid in n-pentane and an aqueous solution of
AgNOj;. After 10 min of slow diffusion of the reactants, a free-standing film
was collected by the Langmuir-Schaeffer process. SEM images of these films
(Fig. 7A and B) show how they are formed by aggregates of disc-shaped
crystalline particles of [AgTB],, reaching thicknesses of 1-2 pm. These films
also proved to show a luminescent thermochromic behavior, identical to
that of the bulk compound: at room temperature, they display a weak blue
luminescence, whereas at 77 K the emission changes to a bright yellow color
reversibly, returning to the original emission as the temperature increases.

More recently, in 2017, similar studies performed on CPs based on dou-
ble zig-zag Cu(I)-I chains arose. In these cases, the insolubility of the CPs in
the reaction medium and their extreme facility to crystallize allow the
immediate formation of nanostructures which can be easily isolated by sim-
ple centrifugation processes.
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Fig. 8 (A) AFM image of [Cu,l,(Apyz)], nanosheets on SiO,. (B) A zoomed area of (A),
the upper central part. (C) A typical height profile of a nanosheet across the green line
represented in (B). Reprinted with permission from Conesa-Egea, J.; Gallardo-Martinez, J.;
Delgado, S.; Martinez, J. |.; Gonzalez-Platas, J.; Fernandez-Moreira, V.; Rodriguez-Mendoza,
U. R, Ocon, P.; Zamora, F.; Amo-Ochoa, P. Small 2017, 13(33), 1700965—-1700976 © 2017
John Wiley and Sons.

The first of these CPs to be nano-processed was a 2D CP with
aminopyrazine (Apyz) as linker between the Cuyl, chains, namely
[Cuslo(Apy2)],."" A simple magnetic stirring process during the synthesis of
the CP allowed the immediate formation of nanosheets with thicknesses
of 20 nm (Fig. 8). The thermochromic properties of these nanosheets were
evaluated on aggregates with thicknesses above 100 nm by confocal micros-
copy (Fig. 9). Herein we could observe how the nanosheets experienced a
reversible increase in their luminescence intensity in the region between
550 and 600 nm (their emission maximum is 560 nm) at 77 K.

Following this basis, the 1D compounds [Cu(MeIN)I],, and [Cu(NH,-
MeIN)I],,, where MelIN is methyl isonicotinate and NH,-MelIN is methyl
2-aminoisonicotinate, were subjected to the same synthetic method (room
temperature and magnetic stirring), obtaining nanofibers of these CPs.
These fibers showed thicknesses of 50-500 nm in the case of [Cu(MelN)
I],, and down to 5 nm for [Cu(NH,-MeIN)I],, (Fig. 10). These CPs also
showed a luminescent thermochromic behavior, but this property suffers
slight variations when it is measured in microcrystals or nanofibers
(Fig. 11).%

2.3.2 Cu(l)-I CPs as dopants in composite thin films

Nanoscale Cu(I)-I CPs present one disadvantage although they can be used
as-synthesized, they do not present good mechanical properties, so this ham-
pers their use. In order to solve this problem, they can be used as dopants in
composite materials, in a way that they can keep the properties which make
them functional, and at the same time take advantage of the mechanical
resistance of the matrix.
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Fig. 9 (A) Topographic AFM image of [Cu,l,(Apyz)],, nanosheets deposited on an SiO,
substrate and their height profiles, named as A—C. (B) Optical microscope image of
the [Cu,l;(Apyz)],, nanosheets (A—C) in (a) at 298 K. (C) Confocal microscopy image
of [Cuyl,(Apyz)l, nanosheets (A—C) at 80 K. (D) Confocal microscopy image of
[Cus,ly(Apyz)],, nanosheets (A—C) at 300 K (same area as in C). (E) Confocal microscopy
image of [Cu,l,(Apyz)], nanosheets (A—C) 7 min after being at 80 K (same area as in D).
Reprinted with permission from Conesa-Egea, J.; Gallardo-Martinez, J.; Delgado, S.;
Martinez, J. I, Gonzalez-Platas, J.; Fernandez-Moreira, V., Rodriguez-Mendoza, U. R.;
Ocon, P.; Zamora, F.; Amo-Ochoa, P. Small 2017, 13(33), 1700965—1700976 © 2017
John Wiley and Sons.

Organic polymers such as polymethyl methacrylate (PMMA), poly-
vinylidene difluoride (PVDF) or polylactic acid (PLA), with good flexibility
and transparency, are preferred to act as matrices in composites containing
CPs, known as mixed-matrix membranes (MMMs). The former two are
typically used with MOFs.””** But recent studies carried out in 2018
and 2019 showed that non-porous CPs with copper(l) as metal center could
easily be combined with these organic matrices.

Examples of these MMMs are micro-sheets made from PVDF and CPs
with S-donor ligands,”® originating from a mixture of a PVDF solution and
nanostructures of these CPs (Fig. 12). Similar results were obtained by
mixing a PVDF solution with [Cu(NH,-MelN)I],, nanofibers, but this time
the use of dip-coating or spin-coating deposition methods led to the forma-
tion of composite thin films with nanometer dimensions.®” Similar results
were obtained by mixing PLA with [Cu,l(Apyz)], (Fig. 13).”
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Fig. 10 (A) AFM image of [Cu(MelN)I],, nano- and sub-microfibers on SiO, prepared by
drop casting, with their height profile across the green line. (B) A zoomed area of (A),
with its height profiles across the blue and green lines. (C) AFM image of [Cu(NH,-
MelN)I],, nanofibers on SiO, prepared by dip-coating. (D) A zoomed area of (C), the black
rectangle, with height profiles across the green and blue lines. Reprinted from Conesa-
Egea, J.; Nogal, N.; Martinez, J. |; Fernandez-Moreira, V.; Rodriguez-Mendoza, U. R.
Gonzalez-Platas, J,; Gomez-Garcia, C. J,; Delgado, S.; Zamora, F.; Amo-Ochoa, P. Chem.
Sci. 2018, 9 (41), 8000-8010 with permission from Royal Society of Chemistry.

2.3.3 Point defects and its effect in the optical properties

of Cu(l)-I chains
As mentioned in the introduction, many properties of the materials are
determined by the presence of defects. In fact, there are studies showing that
volume, surface and point defects dramatically modify the physical and
chemical properties of materials.” "

Thus, the generation of specific defects through controlled doping has
already been reported. In most of these investigations, the dopant species
represent ca. 1-20%, this defect content provokes significant changes in
the structure and morphology of the materials that can be studied by con-
ventional characterization techniques. Despite the enormous interest in
studying and controlling the generation of defects in order to have control
over the properties of materials, these types of studies are still rare due to the
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Fig. 11 (A and B) Thermal dependence of the luminescence spectra of [Cu(MelN)I], in
the shape of nanofibers (A) and microcrystals (B). (C and D) Thermal dependence of
the luminescence spectra of [Cu(NH,-MelN)I], in the shape of nanofibers (C) and
microcrystals (D). Reprinted from Conesa-Egea, J.; Nogal, N.; Martinez, J. I.; Fernandez-
Moreira, V.; Rodriguez-Mendoza, U. R, Gonzalez-Platas, J., Gomez-Garcia, C. J.;
Delgado, S.; Zamora, F.; Amo-Ochoa, P. Chem. Sci. 2018, 9 (41), 8000—8010 with permis-
sion from Royal Society of Chemistry.

difficulty of both their well-controlled preparation and full characterization.
An extreme case is the presence of point defects, since below a certain con-
centration the material can show substantial changes in the optical and elec-
trical properties, but the presence of defects is almost undetectable by most of
the common structural, analytical and spectroscopic characterization tech-
niques (FTIR, X-ray single crystal diffraction, NMR, efc.).

An excellent example of the effects caused by a low concentration of
structural defects in a Cu(I)-I CP has been recently reported.”” In this study,
it has been observed that a simple modification of the synthetic conditions
in the reaction carried out between CuCl, and 3,5-dichloropyridine mod-
ulates the structural defect concentration in the so-formed crystals of
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Fig. 12 (A and B) Photographs of the flexibility of the composites 1@PVDF (A) and
2@PVDF (B). (C and D) FE-SEM images of 1@PVDF (C) and 2@PVDF (D), showing
their thicknesses. 1=[Cu(CT)],, where CT=4-carboxylthiophenolate; 2=[Cu(MCT)],,
where MCT =4-methoxycarbonylthiophenolate. Adapted from Troyano, J.; Castillo, O.;
Martinez, J. I.; Fernandez-Moreira, V.; Ballesteros, Y.; Maspoch, D.; Zamora, F.; Delgado, S.
Adv. Funct. Mater. 2018, 28 (5), 1704040 © 2018 John Wiley and Sons.

[Cu(Cly-py)I],, (Clo-py=3,5-dichloropyridine). Indeed, the only synthetic
difference in the formation of the most thermodynamic stable species of
[Cu(Cly-py)I],, named A, and the kinetical intermediate species named
B, is the solvothermal treatment of the initial Cul and 3,5-dicloropyridine
acetonitrile solution, that seems to produce a defective composition of one
of the reactants producing a more defective structure, B. Interestingly, B is
transformed into A upon slow recrystallization in acetonitrile. Additionally,
when the reaction conditions were adjusted to produce an equimolecular
mixture of A and B, recrystallization also led to the isolation of only A.
These reactions confirm that the thermodynamic, and therefore the least
defective material, corresponds to A. All the analyses carried out with the
two compounds A and B, show identical spectroscopic features, chemical
composition and X-ray diffraction patterns. The structure of A and B cor-
responds to the formula [Cu(Cly-py)I],, which is similar to that found in
many other reported Cu(I)-I CPs,”””" and consists of a polymeric staircase
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Fig. 13 (A and C) Photographs of the flexibility of [Cu(NH,-MelN)I],@PVDF (A) and
[Cu,l(Apy2)],@PLA (C). (B and D) AFM images of [Cu(NH,-MelN)I],@PVDF (B) and
[Cuylx(Apy2)],@PLA (D), with their height profiles across the lines. Panels (A and B):
adapted from Conesa-Egea, J.,; Nogal, N.; Martinez, J. I.; Fernandez-Moreira, V.; Rodriguez-
Mendoza, U. R.; Gonzalez-Platas, J.; Gomez-Garcia, C. J.; Delgado, S.; Zamora, F.; Amo-
Ochoa, P. Chem. Sci. 2018, 9 (41), 8000-8010 with permission from Royal Society of
Chemistry. Panels (C and D): adapted from Conesa-Egea, J; Moreno-Vazquez, A,
Fernandez-Moreira, V., Ballesteros, Y.; Castellanos, M.; Zamora, F., Amo-Ochoa, P.
Polymers 2019, 11, 1047—-1061 with permission, copyright 2019 MDPI.

motif of edge-sharing Cu,l, rhomboids. In this case, the polymeric chain
runs parallel to the b axis, and is decorated with 3,5-dichloropyridine acting
as a N-donor terminal ligand. However, they display remarkable differ-
ences in their luminescence (Ao =375 nm), featuring broad emission
bands centered at 515 and 670 nm for A and B, respectively (Fig. 14).
Theoretical calculations have rationalized the nature of this unexpected
behavior which is attributed to structural defects related to the weaker coor-
dination bonds present in the structure. A theoretical study of the effect in
their electronic structures vs. the presence of structural defects in the Cu,l,
double chains using first-principles calculations was carried out.”” Three dif-
ferent point defects were considered (Fig. 15): two structures with defects
for representative chain fragments of three lengths: 3, 5 and 9-units chain
fragments, and another structure for a defective infinite chain. The first
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Fig. 14 Thermal dependence of the luminescence spectra of A (A) and B (B).
Aexc=375 nm. (C) Emitting excited state scenario ruled by the structural defects.
Reprinted from Egea, J. C; Gonzalez-Platas, J.; Rodriguez-Mendoza, U. R.; Martinez, J. I.;
Pilar, O.; Fernandez, V., Costa, R. D.; Fernandez.Cestay, J.;, Zamora, F.; Amo-Ochoa, P.
J. Mater. Chem. C 2020, 8, 71448—1458 with permission, copyright 2020 Royal Society of
Chemistry.
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Fig. 15 Structures used for the theoretical calculation of the density of states as a func-
tion of the energy for: the pristine infinite chain case (a.1); an infinite defective chain
with a lack of organic ligands (with a density of defects of 1/12) (a.2); 9-units defective
chain fragments with two different terminating effects (a.3 and a.4). Reprinted from
Egea, J. C,; Gonzalez-Platas, J.; Rodriguez-Mendoza, U. R, Martinez, J. I, Pilar, O.;
Fernandez, V.; Costa, R. D.; Fernandez.Cestay, J.;, Zamora, F.; Amo-Ochoa, P. ). Mater.
Chem. C 2020, 8, 1448—1458 with permission, copyright 2020 Royal Society of Chemistry.

structures consist of breaking a chain and leaving Cu(l) as the terminating
atoms. In order to balance the charge, OH™ was considered as counter anion
and H,O groups were used to saturate the coordination environment. The
second type of defect consists of breaking a chain leaving I as the terminat-
ingatoms and using H" to balance the charge. Finally, the third type of defect
modeled on an infinite chain was the lack of an organic ligand (with a defect
density of 1 ligand over 12 periodic units). Theoretical calculations predicted
a red-shift in the emission properties due to the presence of the terminating
Cu' and I~ defects, although not for the unlikely situation of lack of organic
ligands. In short, the calculations foresee that the inclusion of punctual struc-
tural defects along the Cu,I, double chain (ina 10% content, i.e., Cu,l, dou-
ble chain breakage and presence of terminal iodine or OH substitution)
produce the appearance of a defect state at around 0.2 eV below the
Fermi energy within the mid-gap region and a band-gap reduction from
0.9 eV, for the pristine structure, to ca. 0.45—0.5 eV for the defective ones
(Fig. 16).

This work highlights the eftect of the atomic structural defects to define
electronic properties in CPs.
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Fig. 16 Computed density of states (in arb. units) as a function of the energy (referred to
the Fermi energy) for: the pristine infinite chain case (b.1); an infinite defective chain
with a lack of organic ligands (with a density of defects of 1/12) (b.2); 9-units defective
chain fragments with two different terminating effects (b.3 and b.4). Electronic states
involved, photon wavelength, oscillator strength and weight of the contributing tran-
sitions are shown for the most pronounced low-lying optical excitation in the infinite
pristine chain. Reprinted from Egea, J. C,; Gonzalez-Platas, J.; Rodriguez-Mendoza, U. R,
Martinez, J. I; Pilar, O.; Fernandez, V.; Costa, R. D.; Fernandez.Cestay, J.; Zamora, F.;
Amo-Ochoag, P. J. Mater. Chem. C 2020, 8, 1448—1458 with permission, copyright 2020
Royal Society of Chemistry.

3. Tailoring the catalytic, adsorptive and conductive
properties of metal-organic frameworks at the
nanoscale

Metal-Organic Frameworks or MOFs are crystalline architectures
containing nano-pores with rich chemistries, which are scalable and highly
modular. MOF materials are composed of an inorganic part, which can be a
cluster or a single metal cation, also called secondary building unit (SBU);
and an organic part, denoted as linker, which is an organic coordinating
ligand.”!

SBU is a term described for the first time by Yaghi ef al. in 1995 as the

moiety including the metal cluster and the coordination sites of the linker.’
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The primitive structure of the SBU plays a key factor in the MOF design, by
conferring mechanical and chemical stability depending on the chemical
nature of the metal and the organic linker.

On the other hand, the organic components of a MOF, the linkers, can
possess different chemical natures, rigidity or flexibility, and points of exten-
sion. Typically, linkers employed in the synthesis of porous MOFs are barely
rigid, composed of one or multiple phenyl rings. The points of extension, or
coordinating groups, depend on the nature and the number of functional
groups present in the organic linker, which can be ditopic (two points),
tritopic, tetratopic, among others.”’

Certainly, MOFs have marked a new era in the field of materials sci-
ence, with more than 80,000 reported structures in the last 20 years, thanks
to the versatility and tunability of these materials.”” This synthetic and
structural versatility results from the huge number of possible combinations
between linkers of different nature and SBUs with different positions and
number of extension points, resulting in different assembling or topologies
(Fig. 17).""*

Given their rich chemical and structural natures, MOFs are ideal porous
platforms to be employed in applications, such as separation and storage of
gases,””’* luminescence,”’ bio-imaging,”® drug delivery’” and heterogeneous
catalysis,”” as well as in energy and life technologies.”' Alternatively, MOFs
can be also employed as sacrificial templates, to produce high surface area

o . 82 183
and ordered nanostructured materials including carbon,” metal oxides,

HKUST-1 MOF-T4

Fig. 17 Some representative examples of MOF materials. The combination of different
organic linkers and inorganic SBUs results in MOFs with different porosity and topology.
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metal oxide-carbon composites,”* metallic nanoparticles-carbon composites,””
nanoparticles or discrete molecular complexes introduced at MOFs®*"’
among others for electrochemical and catalytic applications.”™ ™ These
MOF-derived materials can potentially retain unique characteristics of
the parent framework, such as controlled porosity, high specific surface areas
and combinatorial chemistry.

One of the most fascinating features of MOFs is the possibility of mod-
ifying their chemistry and structures toward specific applications while
retaining the architecture of the original framework. For this purpose,
coupled with the advances in synthesis and functionalization of MOFs,
“one-pot’methods as well as post-synthetic modifications (PSM) have
drawn great attention as efficient and versatile methodologies to tune the
properties of these materials (Scheme 1).

“One-pot” synthesis is the most direct approach to obtain MOFs con-
taining mixed metals and/or organic linkers. Following this strategy, it is
possible to incorporate a large number of different metal cations in the same
SBU as well as different linkers, since the use of multiple precursors can be
explored during the MOF synthesis.”’

PSM methods rely on chemical modifications performed on the pristine
MOF, after its preparation and activation. This strategy involves a target
reactant (metal, linker, acidic or basic species) being diftused through the
pores into the MOF internal surface, to react either with the ligand or
the metal nodes without altering the topology of the parent MOF but tuning
its original properties.”' PSM has been employed not only to exchange dif-
ferent linkers’” and metals” due to the reversible nature of coordination
bonding, but also to add functional groups in the linkers using difterent reac-
tions”* or to incorporate compounds inside the pores of the MOF."

One new horizon offered by MOFs is the controlled generation of
defects in their structure, which opens up a new and fascinating field known
as defect engineering in MOFs. Fischer and co-workers defined for the first time
defects in MOFs as sites that locally break the regular periodic arrangement of atoms
or ions of the static crystalline parent framework because of missing or dislocated atoms
or ions.” However, the nature of a MOF defect might also go beyond this
local definition, up to a long-range scale. When the MOF periodicity is
retained at the long-range after the incorporation of defects (e.g., incorpo-
ration of multiple metals within a common SBU), the structure of the defects
can be assessed by crystallographic methods, in particular by applying pow-
der neutron diffraction.”” Regarding local defects, such as subtle structural
distortions within the SBUs where the average MOF structure is not
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Scheme 1 Various strategies for introducing metals, linkers and/or defects into MOF structures.
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compromised,”® advanced synchrotron techniques such as Extended X-ray
Absorption Fine Structure (EXAFS) and Pair Distribution Function (PDF)
are crucial to better understand their structural nature. The characterization
of defects can be additionally monitored by different techniques such as
adsorption isotherms, thermal gravimetric analyses, microscopic and diftrac-
tometric techniques, among others.”’

Detective-MOFs have attracted a great interest because they can be pre-
pared by generating missing linkers or clusters within the structure, resulting
in remarkable changes not only in adsorption and catalysis, but also in the
addition of electrical and conductive properties.”” In the following, it is dis-
cussed how the introduction of missing linker defects in nickel-based MOFs
enhances both the CO, adsorption and the ionic conductivity properties
with respect to pristine materials. Moreover, different strategies are shown
for the modification of zirconia-based MOFs by the introduction of metal-
oxo nano-clusters, acidic and basic sites and/or missing linker defects for
catalytic applications. Finally, different strategies are presented for the devel-
opment of multi-metal MOFs to be used as precursors of multi-metal oxides
with electro-catalytic activity.

3.1 Generation of missing linker defects on nickel-based
MOFs for CO, adsorption and ionic conductivity

As it was mentioned before, missing-linker defects can be introduced
into crystalline MOF platforms by the application of post-synthetic treat-
ments on pristine materials. In this context, it has been modified post-
synthetically the isoreticular face-centered cubic (fou) MOF series
[Nig(OH)4(H»0)>(BDP_X)¢] (H,BDP_X =1,4-bis(pyrazol-4-yl) benzene-
4-X with X=H (1), OH (2), NH; (3)), through the use of an ethanolic solu-
tion of KOH to yield K[Nig(OH)5(EtO)(BDP_X)s 5] (1@KOH, 3@KOH)
and K;[Nig(OH);(EtO)(BDP_O)s] (2@KOH) (Fig. 18).””

The original network is based on octanuclear nickel (II) hydroxo cubic
clusters, of formula [Nig(OH)4(H,O)5] >, connected by linear tetradentate
bipyrazolate ligands as to generate a fou MOF structure with well-defined
cavities. Although the native MOF topology is maintained after the post-
synthetic treatment, as can be deduced from the maintenance of the diffrac-
tion patterns (Fig. 19), it caused the introduction of both missing-linker
defects and extra-framework cations as well as the deprotonation of coordi-
nated water molecules.””'"

Particularly, after the chemical modification with KOH, the connectiv-
ity of the clusters decreased from 12 in the original frameworks 1-3 to 11 for
the 1T@KOH and 3@KOH systems and 10 for the 2@KOH material.



https:/Iwww.twirpx.org & http://chemistry-chemists.com

The role of defects in the properties of functional coordination polymers 929

© =H, -OH, NH,

- it &
1@KOH - 3@KOH
Fig. 18 Post-synthetic functionalization of the fcu framework [Nig(OH)4(H,0),(BDP_X)e]
systems (1, X=H; 2, X=0H; 3, X=NH,) with KOH to yield the K[Nig(OH)s(EtO)
(H,0)2(BDP_X)s5] (1@KOH, 3@KOH) and Ks[Nig(OH)3(EtO)(H,0)s(BDP_0)5] (2@KOH)
systems. Reprinted with permission from Lépez-Maya, E.; Montoro, C; Colombo, V.;
Barea, E.; Navarro, J. A. R. Adv. Funct. Mater. 2014, 24 (39), 6130—6135 © 2014 John
Wiley and Sons.

3EKOH
3
2@KOH

2
1@KOH

;
1 Simuiated

5 10 15 20 25 30 35
26 (deg)
Fig. 19 Calculated XRPD pattern for 1 and experimental XRPD patterns for the iso-
reticular 1, 2, 3, 1@KOH, 2@KOH and 3@KOH materials. Reprinted with permission from
Ldpez-Maya, E.; Montoro, C.; Colombo, V.; Barea, E.; Navarro, J. A. R. Adv. Funct. Mater.
2014, 24 (39), 6130-6135 © 2014 John Wiley and Sons.

Indeed, this structural modification caused an increment of the accessibility
to the porous structure and pore volume as can be deduced from the N,
adsorption isotherms (Fig. 20), resulting in the occurrence of coordinately
unsaturated metal centers that act as strong binding sites.
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Fig. 20 Impact of framework functionalization on N, adsorption (77 K) for 1, 2, 3,
1@KOH, 2@KOH and 3@KOH. Reprinted with permission from Ldépez-Maya, E.;
Montoro, C,; Colombo, V.; Barea, E.; Navarro, J. A. R. Adv. Funct. Mater. 2014, 24 (39),
6130—6135 © 2014 John Wiley and Sons.

Apart from the generation of missing-linker defects and the formation
of charge gradients due to the introduction of extra-framework cations,
the post-synthetic treatment exhibited an enhancement of the basicity
thanks to the deprotonation of coordinated water molecules from
[Nig(OH)4(H,0),]"*" to yield [Nig(OH)5(EtO)]'" clusters. All these fea-
tures were corroborated by elemental analysis (EA), thermogravimetric
(TGA), inductively coupled plasma mass spectrometry (ICP-MS) and trans-
mission electron microscopy (TEM) analyses.”” Moreover, in the case of
2@KOH, the deprotonation of the hydroxo groups of the BDP_OH
linkers originated from a larger fraction of missing linker defects and the for-
mation of new phenolate nucleophilic sites, as deduced from its electronic
spectra. Then, in a first approach, the effect of this post-synthetic treatment
on the CO, capture properties of the materials was studied by static adsorp-
tion isotherms, pulse gas chromatographic experiments and breakthrough
curve measurements. The results showed an enhancement on the CO,
adsorption capacity of ca. 60% on passing from 1 to 1@KOH and of
100% on passing from 2 and 3 materials to 2@KOH and 3@KOH at
P=0.14 bar and 298 K (Fig. 21).
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Fig. 21 Effect of framework functionalization on CO, adsorption at 273 K (A) and 298 K
(B). The isotherms are expressed in mmol of adsorbate per formula unit of the materials
in order to show the effect of framework functionalization on the CO, adsorption.
Reprinted with permission from Lépez-Maya, E.; Montoro, C,; Colombo, V.; Barea, E.;
Navarro, J. A. R. Adv. Funct. Mater. 2014, 24 (39), 6130—6135 © 2014 John Wiley and Sons.

On the other hand, the eftect on the ionic conductivity properties of the
modified materials was studied by electrochemical impedance spectroscopy
(EIS) at different temperatures and relative humidities.'" In this case, the ion
mobility of hydroxide ions increases for the defective-MOFs with respect
to their pristine materials, due to the occurrence of preferential pathways
inside the clusters caused by the presence of the missing-linkers defects
(Fig. 22). Specially, 2@KOH showed a hydroxide conductivity value of four
orders of magnitude higher than the pristine material 2. Furthermore, the high
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Fig. 22 Cluster deprotonation taking place during the conversion of 1-3 systems into
1@KOH-3@KOH materials and proposed proton transfer mechanism to explain the ion
conductivity of the hydrated materials. Reprinted with permission from Montoro, C.;
Océn, P.; Zamora, F.; Navarro, J. A. R. Chem. Eur. J. 2016, 22, 1646-1651 © 2016 John
Wiley and Sons.

basicity and hydrophilicity nature of 3@KOH eased a higher adsorption of
hydration water molecules which provided a hydroxide ion conduction path-
way facilitating a Grotthuss mechanism.

3.2 Modification of zirconia-based MOFs with catalytic groups

Metal-Organic Frameworks have also been thoroughly explored as nano-
catalyst supports thanks to their exceptional chemistry and high surface area.
Nano-catalyst incorporated into the MOF pores can be easily recycled and
re-used several times in a heterogeneous manner, providing an interesting
approach in catalysis. From metal nanoparticles of controlled sizes and shapes
to discrete molecular complexes able to facilitate a wide range of chemical
transformations, the variety of catalysts incorporated within porous MOF

8957 However, the interplay between the

architectures is remarkable.
nano-catalyst and MOF and its role in the ultimate catalytic performance
of the material is not fully understood yet. In this sense, research has focused
on looking for possible answers to these unknowns through different

approaches with satisfactory results as detailed below.

3.2.1 Deposition of catalytic metal-oxo nano-clusters within defective
zZirconia SBUs in NU-1000

NU-1000 is a large-pore zirconia-based MOF that has demonstrated to be a
promising catalyst support.'’ In this porous architecture, the Zr'V—O bonds
within the Zrg(O)g SBUs impart high chemical and thermal stability, thus
allowing its use as catalyst for a wide range of chemical reactions while pre-
serving the average structure without collapsing, and allowing the occur-
rence of local structural distortions.”® In particular, the NU-1000 SBUs
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Fig. 23 Representation of the NU-1000 structure showing (A) the Zrgs-based nodes,
(B) the hexagonal and triangular channels viewed perpendicular to the c-axis, and
(C) the 8 A pores viewed parallel to the c-axis. Hydroxyl groups, available for reaction
with ALD reagents, are shown in red. Reprinted with permission from Platero-Prats, A.
E, League, A. B, Bernales, V.; Ye, J.; Gallington, L. C,; Vjunov, A.; Schweitzer, N. M.; Li, Z;
Zheng, J,; Mehdi, B. L.; Stevens, A. J.; Dohnalkova, A.; Balasubramanian, M.; Farha, O. K.;
Hupp, J. T.; Browning, N. D.; Fulton, J. L; Camaioni, D. M.; Lercher, J. A.; Truhlar, D. G.;
Gagliardi, L,; Cramer, C. J; Chapman, K. W. J. Am. Chem. Soc. 2017, 139 (30),
10410—10418, copyright © 2017 American Chemical Society.

were decorated by accessible —OH,. groups [Zrg(u3-O)4(u3-OH),(OH),
(OH,),4]*" pointing toward both the triangular pores and the hexagonal
channels (Fig. 23), which can effectively bind metal-nano-catalysts using
two post-synthesis modification methods: atomic-layer deposition (ALD
In MOFs, AIM) and solvothermal deposition (Solvothermal deposition In
MOFs, SIM). AIM is a two-step gas-phase modification process to incorpo-
rate well-defined metal-oxo clusters in MOFs, in which an organometallic
reagent first reacts with the —OH, groups on the nodes. Subsequently, the
remaining organic groups release upon exposition to moisture and regener-
ate the surface with fresh —OH,, groups. On the other hand, the SIM method
is based on the MOF treatment with a solution containing either a metal
precursor or a target complex, that allows the coordination of the metal spe-
cies to the —OH,, groups accessible on the nodes. Taking into account this
approach, it was demonstrated that the incorporation of nano-metal defects
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within the NU-1000 nodes is a powerful approach to afford catalytically-
active materials in chemical transformations relevant in energy.'””
Recently, the selective doping of the NU-1000 zirconia-SBUs with
alkaline-metals to give defective-MOF materials active toward the degrada-
tion of nerve agents, has also been studied.'””

AIM is also a powerful synthetic tool to decorate MOF clusters with
nano-sized metal-oxo clusters of designer chemistries. Over the last years,
this approach has been used to bind metal-oxo species with catalytic activity
toward alkene dehydrogenation reactions on the nano-surface of defective
NU-1000 nodes.'”” The defects in the Zrs(O)s nodes in this MOF arise
from the partial loss of labile water ligands binding to the zirconium(I'V) cen-
ters, resulting in a more distorted local geometry of the cluster. Then, it was
demonstrated that the defective-distorted Zr(O)g nodes are an excellent
platform to stabilize catalytic metal nano-clusters via AIM-ing. '’

The incorporation of NiO,H,, species in NU-1000 resulted in a good
heterogeneous catalyst for the conversion of ethylene to ethane,' " after acti-
vation of the material at 200 °C in H,. The Ni-decorated MOF revealed an
unexpected structural feature, showing the formation of infinite hetero-
bimetallic Ni(II)-Zr(IV)-oxo nanowires.'"” This peculiar structural feature
found results from the selective location within the small triangular pores and
bridging of the Ni4O,H, species to the Zrs(O)s MOF nodes (Fig. 24).

Understanding the local structures of nano-materials is key to unreveal-
ing the interplay of structure-activity in heterogeneous catalysis, in which
localized interactions between reagents and surfaces must occur for a reac-
tion to take place. To elucidate the local structural features of the catalytic
NiO.H, species deposited within NU-1000, combined advanced synchro-
tron characterization and DFT modeling were applied. Pair Distribution
Function (PDF) analyses of synchrotron X-ray total scattering and X-ray
Absorption experiments at the Ni K-edge were performed under conditions
relevant for reaction, revealing the formation of nano-sized Ni(Il)-oxo
clusters of 4-Ni atoms size with a local structure that resembles that of
a-Ni(OH), (Fig. 24A). DFT calculations corroborated the stability of the
proposed structural model, further demonstrating the local geometry of
the Niy-oxo clusters added.

Knowing the precise location of catalytic sites within a porous support, is
critical to rationalize its ultimate properties. In the NU-1000 structure, there
are two types of accessible pores where the Niy-clusters can potentially be
deposited — either small triangular pores (ca. 8 A) between two Zrg(O)g
MOF nodes or large hexagonal channels (ca. 30 A). The location of the
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Fig. 24 (A) DFT-optimized Ni,O4H, cluster that best matches the experimental data.
The distribution of related Nis-based clusters within NU-1000 from periodic density
functional calculations viewed (B) parallel and (C) perpendicular to the c-axis.
(D) Bimetallic metal oxide chains formed along the c-direction due to bridging of
the Zrg-based nodes by the Nis-based clusters [C: light gray, O: red, Ni: green, Zr: gray].
Reprinted with permission from Platero-Prats, A. E.; League, A. B.; Bernales, V.; Ye, J.;
Gallington, L. C,; Vjunov, A.; Schweitzer, N. M.; Li, Z.; Zheng, J.; Mehdi, B. L.; Stevens,
A. J.; Dohnalkova, A.; Balasubramanian, M.; Farha, O. K.; Hupp, J. T.; Browning, N. D.;
Fulton, J. L.; Camaioni, D. M.; Lercher, J. A.; Truhlar, D. G.; Gagliardi, L.; Cramer, C. J.;
Chapman, K. W. J. Am. Chem. Soc. 2017, 139 (30), 10410—10418, copyright © 2017
American Chemical Society.

Ni-clusters within NU-1000 was determined by applying Difference
Electron Density analyses of synchrotron X-ray powder diftraction data.
The results showed the unexpected formation of well-defined hetero-
bimetallic NiZr-oxo nanowires along the crystallographic c-axis, in which
each Niy-cluster is bridging two adjacent defective Zrgs(O)s MOF nodes,
providing a porous material containing catalytic defects with good perfor-
mance for the hydrogenation of light alkenes.

An interesting alternative to chemically-modify MOF materials with
nano-sized metal clusters is the SIM method. The incorporation of catalytic
Co-oxo clusters within NU-1000 has been explored, being active for the
oxidative dehydrogenation (ODH) of propane at low temperature. > It
was shown that the activation in a flow of O, at 230 °C provided different
catalytic cobalt sites depending on the method used. While the Co-AIM
NU-1000 system gave the formation of nano-sized Coy-clusters with a local
structure that resembles that of spinel Co;0,, the Co-SIM modification
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Fig. 25 (A and B) k>~weighted magnitude of the Fourier transform of the EXAFS from
k=3.0t0 12.0 A" for Co-SIM+NU-1000 (A) and Co-AIM +NU-1000 (B) before and after
activation in a flow of O, at 230 °C. (C) EXAFS spectra for activated Co-SIM+NU-1000
and Co-AIM+NU-1000 in the real part of R-space. (D) A proposed structural change of
Co-AIM+NU-1000 upon activation. This tetranuclear cobalt cluster can be related to local
structural features in spinel Cos0,. Reprinted with permission from Li, Z.; Peters, A. W.;
Bernales, V.; Ortufio, M. A.; Schweitzer, N. M.; Destefano, M. R.; Gallington, L. C, Platero-
Prats, A. E.; Chapman, K. W.; Cramer, C. J.; Gagliardi, L.; Hupp, J. T.; Farha, O. K. ACS Cent.
Sci. 2017, 3 (1), 31-38, copyright 2017 American Chemical Society.

resulted in the formation of single tetrahedral Co-oxo sites (Fig. 25). The
catalytic tests confirmed that the local structure of the catalytic cobalt defects
play a crucial role, the Co-SIM clusters being the most active species for the
transformation of propane into propene under oxidizing conditions.
Combined DFT calculations with synchrotron XAS experiments under
conditions relevant for catalyst activation were applied to elucidate the local
structure of the cobalt catalytic sites in these NU-1000 systems.

3.2.2 Doping defective zirconia SBUs with acidic/basic species within
porous MOF platforms

It is well-known that porous MOFs composed of zirconia-nodes are good

Lewis acid catalysts for the hydrolytic degradation of toxic agents such as
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chemical warfare agents (CWA).""® Typically, these chemical transforma-
tions are performed using N-ethylmorpholine bufter solutions, hindering
the catalyst deactivation by coordination of the degradation products to
the zirconia nodes."”” For this purpose, the incorporation of acidic, basic
species and/or missing linker defects directly within the zirconia clusters
has been studied for three archetypical mesoporous MOF materials
(Ui0-66,'" NU-1000 and MOF-808'""), through partial post-synthesis
modification of the solids with difterent solutions.

Particularly, the enhancement of the phosphotriesterase catalytic activity
was explored for the hydrolysis of P-F, P—O, and C—ClI bonds typically pre-
sent in CWAs, using defective UiO-66 materials. UiO-66 ([ZrgOy
(OH)4(bdc)e] (bdc=benzene-1,4-dicarboxylate))'™ is a very robust
zirconia-MOF where each Zr metal center is fully coordinated by 12 organic
linkers to form a highly packed feu structure featured by octahedral and tet-
rahedral cages of diameter 9 and 7 A, respectively. In a first step, both defect-
free UiO-66 and its missing-linker-defect analog [ZrsO4(AcO)(bdc)s]" "
(AcO =acetate) were synthesized by using 2.1 mL of AcOH as modulator.
Then, post-synthetic modification on both structures was carried out
by introducing acidic Brensted sites such as SO4H™ groups to lead to
[Z1604(AcO)4(bdc)s(SO4H),] material and by insertion of lithium alkoxides' "’
such as LIOEt and LiOBu to yield [ZrsOg(bdc)s(LiOBu)g 5], [ZrsOg(bdc)4
(LiOBu), 5] and [ZrgO4(bdc)s(LiOEL) 5] materials (Scheme 2)." % It is worth
highlighting that the original fou topology of the UiO-66 is maintained after the
chemical modification. As expected, the adsorption capacity of the defect-free
pristine system decreased after the insertion of the different groups, while
increased when starting from the defective MOF materials. R emarkably, the
materials containing zirconia(IV)-nodes doped with LiOfBu showed the best
catalytic performance toward degradation of CWAs.

Furthermore, the post-synthetic modification of NU-1000 and MOF-
808 materials with methanolic solutions of magnesium methoxide has been
also studied.” MOE-808 ([Zr;O5(OH);(BTC),(HCOO)s(H,0),])' " is a
large-pore zirconia-MOF composed of tetrahedral cages of 4.8 A diameter
size, and a large adamant cage with an internal pore diameter of 18.4 A.
Interestingly, chemical modification of these materials with magnesium
methoxide allowed the partial substitution of zirconia(IV)- by magne-
stum(II) ions within the MOF clusters, resulting in highly catalytically
active MOFs for the degradation of toxic agents using unbuffered aqueous
media at room temperature.

In order to better understand the local structural nature of the Mg(II)-
doped zirconia nodes in these systems, Zr K-edge Extended X-ray
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Scheme 2 Routes to improve the catalytic activity of [ZrgO4(OH)s-(bdc)e]l (UiO-66) by
introduction of missing-linker defects and/or acidic and basic sites. Reprinted with per-
mission from Lépez-Maya, E.; Montoro, C.; Rodriguez-Albelo, L. M.; Aznar Cervantes, S. D.;
Lozano-Pérez, A. A.,; Cenis, J. L.; Barea, E.; Navarro, J. A. R. Angew. Chem. Int. Ed. 2015, 54,
6790—6794 © 2015 John Wiley and Sons.

Absorption Fine Structure (EXAFS) experiments were performed before
and after treatment with the magnesium alkoxide. For the more active
material, MOF-808, the EXAFS data indicated a significant decrease in
the intensity of the y(r)-signal at ~3.1 A, which corresponds to the
3.54 A Zr - Zr distances within octahedral Zr-clusters (Fig. 26), evidenc-
ing the formation oflocal defects within the zirconia nodes after the incor-
poration of magnesium. The EXAFS data could be fitted using an
octahedral Mg(II)Zr(IV)s cluster model, in agreement with chemical ana-
lyses, demonstrating the simultaneous occurrence of Mg-+- Zr and Zr -+ Zr
distances at 3.34 and 3.56 A, respectively. Moreover, the decrease in the
signal centered at ~1.6 A, which is associated with Zr — O (formate) bond
distances at 2.28 A, associated with the partial loss (50%) of formate groups
after magnesium doping.

The formation of this type of local chemical defects in MOF-808 was
hypothesized to allow simultaneous increased basicity (increased nucleophi-
licity of OH™/O* residues) and charge gradients in the MgZrsO,(OH)s
heteronuclear clusters. This results in a significant synergistic effect allowing
the degradation of the model nerve agent diisopropyl fluorophosphate by
hydrolytic cleavage of polar P —X bonds (X=F, OR, SR).
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1.2

riA

Fig. 26 k*-weighted y(r) Zr K-edge EXAFS data collected on pristine MOF-808 (black)
and after modification with Mg(MeO), on MOF-808@Mg(MeO), (green). The inset
shows the MgZrsO,(OH)s SBU model in the doped system. Reprinted with permission
from Gil-San-Millan, R.; Lopez-Maya, E.; Platero-Prats, A. E.; Torres-Pérez, V.; Delgado, P.;
Augustyniak, A. W.; Kim, M. K Lee, H. W.; Ryu, S. G.; Navarro, J. A. R. J. Am. Chem. Soc.
2019, 141 (30), 11801—11805, copyright © 2019 American Chemical Society.

3.3 Metal-cation arrangement control in SBU of MOFs and
their translation to oxides electrocatalytically active

The use of MOF-derived advanced nanomaterials, obtained after the con-
trolled calcination of the pristine MOF, has received a great interest because
of their potential for electrochemical applications."'”""* The incorporation
of multiple metal elements into MOFs can be accomplished by following dif-
ferent synthetic approaches, which in turn determine how the various metal
elements are arranged in the frameworks.' > The three main synthetic methods
to prepare MOFs containing more than one metal cation include: use of meta-
lloligands (organic ligands with additional metal binding sites), post-synthetic
metal exchange, or “one-pot” synthesis. However, the combination of mul-
tiple metal elements during the “one-pot” synthesis often leads to the appear-
ance of competitive crystallization processes, rather than to the formation of
the multi-metal MOFs. Indeed, in 2016 the factors that govern the incorpo-
ration of a second metal cation in the well-known MOF TMPF-88 were
studied.' "

TMPE-88 is composed of multiple zinc-clusters with different coordina-
tion modes and linked by 1,2,4-triazole and 4,4'-(hexafluoroisopropyliden)-
bis(benzoic) acid organic ligands. Upon addition of different amounts of a
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second metal cation (i.e., cobalt(II)), the formation of competing phases was
observed. Interestingly, both experimental and computational studies on the
formation energy indicated that MOF phases that are thermodynamically
favored when exclusively containing zinc in the SBU, do not allow the for-
mation of the mixed Zn/Co MOF analog. Otherwise, MOFs whose forma-
tion is kinetically driven, can be obtained as mixed-metal forms. Based on
these findings, it was recently demonstrated that it is possible to address the
incorporation of various metal cations in the SBU of MOFs by taking advan-
tage of kinetically-driven phases.”” First, a known kinetically controlled phase,
ZnPF-1, is selected as platform for the incorporation of different combina-
tions of multiple metal elements (cobalt, manganese and calcium).

ZnPF-1 consists of the dicarboxylic ligand H,hfipbb (4,4'-
(hexafluoroisopropyliden)bis(benzoic) acid) as organic linker and a helical
SBU with the tetrahedral zinc cations.''” The resulting three-dimensional
structure has square and hexagonal channels, running parallel to the ¢ axis
(Fig. 27A). This phase crystallizes in the hexagonal P6,22 space group
[a=21.22(1) A, ¢=7.710(5) A]. Despite the extensive use of this organic
linker to prepare different MOFs with various metal elements, thus far this
MOF topology has only been reported with the use of zinc as metal cation.'”
The incorporation of different Zn:Mn:Co:Ca initial metal molar ratios, den-
oted molar codes, was investigated within the ZnPF-1 framework.'!” The
combination of zinc and cobalt at different molar ratios resulted in the forma-
tion of the corresponding mixed-metal systems. The chemical composition of

—c Zn:Co 1:10
| 1003 :
[2n(CO.}, 01 2 3
= == %IZn
Fac CF, = :Co
HO O O OH e
0 Hhfipbb 0 Zn(hfipbb)

ZnPF-1
Fig. 27 (A) ZnPF-1 is formed by the combination of H;hfipbb with a helical inorganic
SBU where the zinc atoms are tetrahedrally coordinated. O, C, and F atoms are depicted
as red, gray, and green balls, respectively, and pale blue tetrahedron represent zinc cat-
ions. (B) SEM image and EDS analysis of Zng,;Coq;o(hfipbb). Metal atomic percentage
was determined with the spectra recorded at the various points of the crystal indicated
in the image. (C) The inorganic SBU might adapt to include octahedrally coordinated
cations, which results in a unit cell transformation where the ¢ parameter is doubled.



https:/Iwww.twirpx.org & http://chemistry-chemists.com

The role of defects in the properties of functional coordination polymers 111

the bulk was determined by means of inductively coupled plasma (ICP) and
elemental analysis. Through scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) analyses of the MOF crystals,
it was observed that the amount of cobalt is larger in the external areas of
the crystals than in the core (Fig. 27B). Single crystal X-ray diftraction studies
showed that cobalt atoms present octahedral coordination environments
depending on the initial Zn/Co molar ratio, resulting in a crystal symmetry
change. Thus, the Zn:Co 1:2 M code sample was found to be isostructural to
the original ZnPF-1, with the tetrahedral metal positions within the SBU
occupied by both zinc and cobalt. Differently, the sample prepared with a
Zn:Co 1:10 M code presented a unit cell with a doubled ¢ parameter and
P6522 space group (Fig. 27C). This significant change in the ¢ parameter arises
from the splitting of the crystallographic metal sites within the SBUs, which
are now composed of alternating tetrahedral and octahedral metal sites.

Due to the similar atomic number of zinc and cobalt, it was not possible
to unequivocally determine their position in the MOF structure by X-ray
diffraction. Therefore, neutron powder diffraction (NPD) experiments
were carried out to determine the location of each metal element, as the scat-
tering length of zinc and cobalt are different enough. Neutron thermos-
diffraction experiments evidenced the occurrence of a phase transition for
all Zn:Co samples between 140 and 80 K. Rietveld refinement of the
NPD data collected at room temperature for the Zn:Co 1:2 sample indi-
cated the presence of the ZnPF-1 phase, with only one tetrahedral metal
site in the SBU occupied by either Co or Zn, with a ratio in agreement
with chemical analyses. For the low-temperature data (50 K), a satisfactory
refinement could not be achieved by considering only the transformed
crystal cell. It was concluded that both phases are coexisting within the
MOF crystals, as a result of the compositional variations. The best results
were obtained considering a combination of the original ZnPF-1 phase
(with tetrahedral alone in the SBUs) exclusively containing zinc, and the
transformed phase (with the ¢ parameter doubled and alternated tetrahedral
and octahedral in the SBUs) containing zinc in the tetrahedral sites and
cobalt in the octahedral sites. These results from NPD, along with the pres-
ence of compositional gradients in the crystals, indicated that this MOF was
composed of an inner core with SBUs made of zinc atoms and an outer shell
with SBUs made of alternating zinc and cobalt atoms (Fig. 28A). At room
temperature, both atoms are in a tetrahedral environment, whereas by
decreasing the temperature the cobalt atoms become octahedral, resulting
in the unit cell change.
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Fig. 28 Corresponding MOF crystals might include multiple SBUs mesoscopically
arranged, or just a single one. (A) MOF crystal for the molar code Zn:Co 1:2, (B) Zn:Co
1:10 and (C) Zn:Mn 1:1.

In the case of the sample prepared from a Zn:Co 1:10 M ratio, the room
temperature NPD pattern indicated the presence of both phases. Through a
multiphase Rietveld refinement, the percentage of both phases was esti-
mated to be 67 and 33 wt% for the original and transformed one, respec-
tively. The original ZnPF-1 phase was refined to be composed of both
zinc and cobalt. By decreasing the temperature down to 10 K, the majority
of this phase is converted into the transformed phase with a double «.
However, the 10 K NPD pattern showed also the presence of a residual por-
tion of the original ZnPF-1 phase. Consequently, it was demonstrated that
this MOF has three compositional domains''”: a small core (no more than
5 wt% according to NPD Rietveld refinement) exclusively containing zinc,
together with a shell where the SBUs are composed of zinc and cobalt cat-
ions. Within the first shell, whereas at room temperature both zinc and
cobalt show tetrahedral environments, by decreasing the temperature cobalt
becomes octahedral. Finally, in the outer shell (around 33 wt%), the SBUs
are exclusively composed of cobalt cations with alternating tetrahedral and
octahedral coordination environments (Fig. 28B).

Furthermore, when zinc is combined with manganese or calcium instead
of cobalt, EDS analyses showed that there were no compositional gradients
along the crystals. In this case, the SBUs are formed by alternating tetrahedral
zinc and octahedral manganese/calcium cations according to single crystal
X-ray and neutron diffraction analyses (Fig. 28C). Thus, zinc was found
to be the structure-directing element in this system, being necessary to
obtain the desired MOF SBU topology and always occupies the tetrahedral
position in the SBUs. On the contrary, while cobalt can be located at both
tetrahedral and octahedral sites, manganese and calcium were determined to
be exclusively located in octahedral positions.
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These differences in preferential coordination environments result in the
ability to address the location of the metal cations in the inorganic SBUs of
tri-and four-metallic systems composed of zinc, cobalt, manganese and/or
calcium, by adjusting the initial molar ratios. Thus, it was shown that it is
possible to harness the distribution of multiple metal-cations within the
MOFs SBUs at both atomic and meso scales.

As a proof of concept, the electro-catalytic performance of multi-metal
oxides derived from multi-metal MOFs in the oxygen reduction reaction
(ORR) was evaluated.''® The transference of the MOF chemical compo-
sitions to multi-metal oxides with novel and desired compositions was
achieved by calcination. The resulting three- and four-metal-containing
oxides showed spinel structures and exhibited excellent ORR activity,
comparable to commercial Pt/C, with a high and long stability and meth-
anol tolerance.

4. Conclusions and future perspectives

Although defect engineering of materials is a field of high relevance,
allowing to gain crystal quality and specific physical and chemical properties,
it remains very intricate, in particular for low dimensional defects present in
low concentrations where the usual spectroscopic and diffractometric tech-
niques do not provide information.

MMX are 1D-CP based on chains of dimetal units linked by halides. In
particular those based on platinum-iodine [Pty(dta),15],, (dta= ditiocarboxylate)
are excellent electrical conductors in bulk. They form different nanostructures,
and even can be isolated as single chains, based on disassembly-reassembly
processes between their two building blocks, [Pty(dfa),] and [Pty(dta)415).
The nanostructures so-formed are prone to the presence of defects. As most
of the typical one-dimensional conductors, MMX are very sensitive even to
a low density of structural defects, consequently they show a strong
Anderson localization regime for long enough lengths. It has been shown
that the electrical conductance measured in bulk MMX crystals is slightly
higher than that in the nanostructures and fibers, pointing to a slightly lower
density of defects in bulk as macroscopic crystals are grown close to thermo-
dynamic equilibrium. Therefore, MMX nanostructures present more den-
sity of defects because their growth is dominated by kinetics (fast growth).
However, MMZX chains are one of the best molecular wire candidates even
for long distances. We envision further work to optimize preparation routes
to repair defects. Additionally, functionalization with different terminal
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ligands enabling formation of more complex supramolecular structures will
be an important step forward for molecular electronics.

Cu—TI double chains grafted with different N-donor ligands such as
pyridine, pyrazine or pyrimidine derivatives, is a family of 1D-CPs that
shows interesting electronic properties, producing multifunctional mate-
rials merging emission and semi-conductivity. They are considered new
stimuli-response materials because they present a very sensitive central
Cu—TI double chain. Hence, physical or/and chemical stimulus modify
Cu—TI distances and angles significantly, thus affecting their physical prop-
erties. Bottom-up methods based on fast precipitation have emerged as a
suitable strategy for nano-structuring Cu—1I double chain compounds.
These novel nanostructures show either analogous physical properties to
that found in the bulk or slight variations due to confinement effects.
Importantly, Cu—1I double chain nanostructures are useful to prepare a
variety of composites with different matrices as ultra-thin films with thick-
nesses close to a few tens of nanometers. The thin-films retain the physical
properties of the Cu—TI double chains; therefore, they are a suitable alter-
native for the fabrication of new sensors.

Interestingly, the generation of specific defects in Cu—1I double chains
may significantly affect their electronic properties. Thus, by simple modifi-
cation of the synthetic conditions it is possible to modulate the density of
structural defects present in crystals of [Cu(Cly-py)l], (Cl-py=3,5-
dichloropyridine) with strong variations in the emission of the crystals
so-produced. This is a very recent result in this research field that shows
the relevance of defect engineering for the production of new materials
based on in Cu—1I double chains.

Finally, some of the examples in this chapter have been selected to illus-
trate the wide range of properties in MOF materials that can be tailored by
breaking their native periodicity through synthesis. Defective-MOFs are
adjustable materials, which can contain both local and long-range variations,
not only in their chemistry but also in their structure, without compromising
the average porous architecture. As we have shown, these defective materials
often have enhanced catalytic, adsorptive, and conductive properties at the
nanoscale, resulting in promising platforms for applications.

Defects in MOFs can be incorporated following different synthetic meth-
odologies (either by ‘one-pot’ or post-synthesis methods, PSM), ranging from
the generation of missing linkers or clusters, decoration with nano-species
or multi-metal doping. The complex chemical and structural nature of the
generated defects often requires the use of advanced characterization
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techniques, including synchrotron X-rays and neutrons, in combination with
computational studies. In particular, we envisage that the Pair Distribution
Function (PDF) technique will become a definite probe to assess the atomistic
structure of defects in MOFs.

Over the past years, defects are becoming key players in the field of
MOFs, allowing materials with unprecedented and tunable properties.
Rapid progress and advances in the area are likely to establish defective-
MOFs as the next generation of functional coordination porous nano-
materials.
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Abstract

In this account, we present recent on-going developments on the design and synthesis
of transition metal (M(Il)=Fe, Cu, Zn, Cd, Hg) coordination networks built from 1,2,4-
triazole, tetrazole, benzimidazole or pyrazole building blocks. Special focus is placed
on the use of a high energetic material made of a dissymmetric 1,2,4-triazole-tetrazole
ligand, able to provide coordination polymers of alkali metals and alkaline earth metals,
as well as salts. These materials, apart from their structural diversity and appeal, present
some potential applications in gas or metallic storage, molecular electronics (spin cross-
over), gas sensing, toxic metal sensing and capture, as well as in medicinal applications.

1. Introduction

Ligand molecules containing azole building blocks are widely used as
organic connectors in supramolecular coordination chemistry,' as an alter-
native to classic pyridine and other nitrogen donor molecules.” Such mol-
ecules, which are often coordinated in multi-dentate fashion, have afforded a
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variety of metal organic frameworks (MOFs) and coordination polymers (CPs)
of different topologies. Such networks range from one dimensional (1D) CPs
to two dimensional (2D) layered or three dimensional (3D) metal-azolate/
azole networks (MANGs).” Numerous functional properties were discovered
with applications in gas storage,’ catalysis,’ chromatography,” optics,’
rnagnetism,8 health,” to name but a few. Among azole networks, those with
1,2,4-triazole or tetrazole building blocks coordinated to Fe(Il) ions have
attracted special interest because of their ligand field strength, which was found
to be in the expected range for thermally induced spin crossover (SCO) obser-
vation."” For instance, the Fe(Il) CP [Fe(btzp);](ClO4), (1) (btzp = 1,4-bis
(tetrazol-1-yl)butane, Scheme 1) discovered by van Koningsbruggen ef al."’
displayed on cooling a reversible SCO behavior, which was the first 1D chain
for which the crystal structure was solved, in both low-spin (LS) and high-spin
(HS) states. This linear chain allowed to introduce for the first time, the concept
of elastic interactions cushioning (so called “airbag” effect) to explain the grad-
ual character of its SCO behavior. In addition, it is considered as the first
example of Light Induced Excited Spin State Trapping (LIESST) for a 1D
chain, after green light irradiation at liquid helium temperatures."’

\/z/\r
i/z
]

T[/ N"‘"N\\ N/ \ | \N
72 Lo " S
btzp btzx
N—NH /”-“‘:N T’f-" Hua___il\
LN)\NV\N W aNp
Hbtz Hobtz

Scheme 1 Molecular structures of selected bis-tetrazole ligands.

Later a number of bis-tetrazole and tris-tetrazole CPs, with different
dimensionalities, were investigated,'”'” some being for instance studied
for their gas storage properties, i.e., [Fe(btzx);](ClOy), (2) (btzx = 1,4-bis
(tetrazol-1-ylmethyl)benzene, Scheme 1)."
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A noticeable interest has been devoted too to 1D Fe(Il) chains with
4R -1,2,4-triazole ligands (R =substituent, Scheme 2), due to their syn-
thetic modularity and high yield, allowing to derive structure-magnetic
property relationships. Several chemical parameters were varied such as
the nature of the R group on the 1,2,4-triazole unit, the counter anions
(playing with their size, geometry, charge and volume) and solvent
molecules, if any, allowing to discover a wide range of SCO behavior.'”
For instance, a linear relationship was established for the families
[Fe(hyetrz)s](Anion), (3) (hyetrz =4—2'-hydroxy-ethyl-1,2,4-triazole),"”
and  [Fe(NH,trz)s](Anion), (4) (NH,trz =4-amino-1,2,4-triazole),'
involving the transition temperature observation and the volume of the
inserted counter anion. The smaller the volume of the anion, the higher
the transition temperature.'” This has led to the discovery of SCO behavior

Sy

O & oRe,
hyetrz NH,trz Htrz mttba aHGlytrz

/ \ NHZCI
E? S (@

OO O o

N—N

patrz ppt tpca trzg
Scheme 2 Molecular structures of selected 4R-1,2,4-triazole molecules (R = substituent).
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occurring around the room temperature region, with remarkable
themochromic properties, e.g., for [Fe(hyetrz)s]I,exsolv (5)."” This material
was shown to display, in addition to its thermochromism, weak pressure
piezochromism properties allowing to derive a contact pressure optical sen-
sor operating at room temperature. Applications in aeronautics and civil
security were for instance proposed.'® Numerous efforts were also devoted
to nano-structuration of these 1D materials as nanoparticles or thin films,'’
while their implementation into spintronic devices has recently been
investigated.”” Hybrid materials including such 1D chains were also pre-
pared, e.g., [Fe(Htrz)trz]BF, (6) (Htrz =4H-1,2,4-triazole, trz =1,2,
4-triazolato), embedded into the pores of MCM-41.>" This material displays
exceptional SCO characteristics near the room temperature region, with sharp
spin transitions, a reproducible and large thermal hysteresis loop (35 K), as well
as a contrasting color change. Last but not least, it does not contain any lattice
solvent molecules, which are known to lead to non-reproducible spin tran-
sitions and fake hysteresis loops, when removed from the material by heating.

Apart for linear chains, whose polymerization relies on the bidentate
mode of 4R-1,2,4-triazole, the design of a higher dimensionality network
has involved the use of bis-1,2,4-triazole type ligands containing “long”
flexible spacers, after the discovery of the first 2D SCO network,
[Fe(btr),(NCS),|*H>O (7) (btr = 4,4'-bis-1,2,4-triazole),”> and the first
3D SCO network [Fe(btr);](ClO,) (8).”” The number of coordination net-
works with bis-1,2,4-triazole-derivatives remain, however, scarce.'’ This
situation presumably depends on synthetic issues associated with the prep-
aration of 4R -triazole precursors, which usually relies on the application of
the Bayer’s patent synthetic route, which is known to be moderately effi-
cient in terms of yield and often involves unwanted chromatographic work
ups.”" As a result of the desire to efficiently produce 4R -triazole derivatives,
and in particular the celebrated btr and btre (1,2-bis(1,2,4-triazol-4-yl)eth-
ane) precursors in a large amount (Scheme 3) compared to the multi-step
synthetic method from Bartlett and Humphrey,” we have revised a classic
transamination reaction. This method has been extended to the synthesis of a
wide range of 4R -1,2,4-triazole,* e.g., patrz = N-(4-(4H-1,2,4-triazol-
4-yl)phenyl)acetamide (Scheme 2), an active intermediate in the “sumatriptan”
drug. This methodology has been adopted by many groups to produce interest-
ing CPs and MOFs.”” In particular, we have prepared a new range of building
blocks based on amino acids, which produced new azole CPsand MOFs.”*” In
the present chapter, we present selected recent results in crystal engineering of
CPs with azole based ligands with interesting properties.
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2, Selected coordination networks for metal capture

Maintaining our efforts to produce CPs based on amino acid 1,2,
4-triazole derivatives, which were reviewed in 2011,” Naik ef al. have pre-
pared a conformationally flexible triazole-carboxylic acid ligand derived
from L-amino acid, namely 4H-1,2,4-triazol-4-yl-acetic acid (cHGlytrz,
Scheme 2).”%" Self-assembly of this small molecule in water with CuSiFy
yielded a novel single-wall metal organic nanotube (SWMONT) crystalliz-
ing in the P31c space group (Fig. 1). This material of formula {[Cu;(p;-OH)
(H20)5(Glytrz)s]-SiFs - 8H,O - X} (9) (where X =disordered lattice water
molecules), is made of trinuclear Cu'" cluster units.”’ The originality of this
material stems from its nano-tubular architecture, which is commonly avail-
able in single-walled carbon nanotubes (SWCNTSs),”! but herein prepared
by a one-step synthesis using a simple and small organic precursor reacting to
a common Cu(Il) salt in water (Fig. 1). This material does not suffer any
oxidation and could be prepared in diverse forms: (i) as single crystals which
allowed to determine its crystal structure by X-ray diffraction. (ii) As pow-
ders, on a much larger scale, after checking that its formulation and crystal

[Cu;(p3-OH)(H,0)5(aGlytrz);]+SiF¢+8H,0°X

CuSiFg + aHGlytrz

H,O

=

s '\( : Supramolecular
Cog-8 self-assembly

] —
—Cu—

Trinuclear Cu" cluster SBU ’
SWMONT

P31c

Fig. 1 Synthesis of 9: a SWMONT obtained from 4H-1,2,4-triazol-4-yl-acetic acid
(aHGlytrz).*°
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structure are preserved by powder X-ray diffraction. (iii) As thin layers by
precipitation/deposition using an electrochemical method, to check its
potential to be deposited on a large surface, which could be necessary in case
this material would be used in a sensing device. This material, in addition to
its unprecedented structure, features a pore size as large as zeolites,”” thus
offering potential, e.g., in gas storage.

Apart from gas storage, which is commonly encountered in MOFs, we
have extended its storage properties to metals, in particular metallic mercury
by applying Mercury intrusion porosimetry (MIP), a technique which is
commonly used in the study of hierarchical porous solids, e.g., for catalytic
applications.” Indeed, 9 was shown to store metallic mercury, after a mod-
erate pressure treatment, contrary to previous examples (Fig. 2).

The need of a metallic mercury sensor is motivated by the ability of this
inorganic element to compromise both respiratory and immune systems,” "
and lead to neurological, heart and renal dysfunction when it comes into con-
tact with a tissue in sufficient concentration,”* thus being considered as threat
for public health environment. Interestingly, the chemical composition of 9
completely differs from MIL-53 (Cr), the first reported MOF with mercury
storing properties,”” thus opening a new field of investigation based on chem-
ical design. This material could be used for instance as mercury sponge for
household area safety issues, e.g., when children play with shining mercury
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Fig. 2 Metallic mercury intrusion curve in SWMONT 9.%°
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Apart from metallic mercury capture, Radi et al. recently designed a novel
hybrid inorganic-organic material (10) made of modified silica on which a
diamine Schiff base molecule able to capture Hg(Il) was immobilized.”
This hybrid material was prepared firstly by converting a diamine precursor,
made of 4-aminophenol and picolinaldehyde in dry ethanol, using acetic acid
as catalyst, on an alco-olate salt. This salt was subsequently reacted with a
3-glycidoxypropyltrimethoxysilan
e silylant agent, previously anchored on a silica surface in a heterogeneous
manner to yield the target hybrid material (Fig. 3).

This material displayed good thermal stability as well as chemical stability
in various acidic and buffer solutions (pH=1-7). In addition to its porous
properties, it presented a retention as high as 98(1) mg.g™ ' of Hg(II) after
five cycles. More interestingly, regeneration was reproducible without
destruction of the hybrid matrix by using 5-10 mL of 6 N HCl/g of sup-
port.”® These characteristics offer new opportunities in water cleaning given
the range of hybrid materials which could be prepared based on this tech-
nology, with interesting sensing properties not only concerning Hg(Il) but
also Cd(11), Cu(ll), Zn(II), Pb(II) to name buta few.”” In particular, selective
properties of such hybrid materials towards a given metal was demonstrated.
For instance, coordination of a metal ion (e.g., Cu(Il)) was recently
supported by a single X-ray diffraction study of a model Cu(lI) dinuclear
complex.””” Such hybrid materials have recently been applied to the
cleaning of real water samples originating from two oriental Moroccan riv-
ers: the Ghiss, who is known to drop into the Al Hoceima Gulf, and the
Touissit-bou-bekker who is located near Oujda, with nearby mining activities
recognized to bring enough polluting metals suitable for our investigations.

Pursuing our efforts to investigate the topology and emerging properties
of new CPs with azole based ligands, Adarsh et al. could grow pale-green
block shaped X-ray quality single crystals in reasonable yield (53%) of
[Cu(btzx),(MeOH),](NO3), (11) by mixing, in methanol, Cu(NO3),-
3H,O and btzx (Scheme 1) in a 1:2 and even in a 1:3 metal: ligand ratio.”®
The crystal structure of 11 reveals a coordination environment made of two
btzx ligands and two MeOH solvent molecules with Cu-O =2.2535(14) A.
The designed CulN4O, units laid in a slightly distorted square bipyramidal
geometry, with Cu-N =2.0398(16) A and Cu-N=2.0659(17) A. Such
units are linked to form a 1D looped chain, crystallizing in the triclinic
P1 space group (Fig. 4). The intra metallic Cu--- Cu distance is 10.238 A
The polymeric chains recognize the nitrato counter anion via O-H---O
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Fig. 4 View of the crystal structure of the 1D looped chain in 11 built from 1,4-bis(-
tetrazol-1-ylmethyl)benzene (btzx).*®

hydrogen bonding involving the metal bound methanol molecule
[0 0=2.696(5) A; £ZO-H---O=172.52°]. Such chains are packed on
top of each other in a slightly off=set fashion sustained by various inter-
molecular interactions. Worthwhile to note is that the btzx ligand was pre-
viously used in iron(I) coordination chemistry to produce 1D chains.”
These chains on cooling, displayed gradual SCO profiles due to the flexible
and long btzx spacer between the active spin species, which inefficiently
propagate elastic interactions associated with the spin state change.
Nevertheless, these materials were found suitable to investigate the influence
of gas storage on their SCO properties, in particular with COz(g).13

With the idea of investigating the influence of the chair/boat conforma-
tion of cyclohexane on Cu(ll) coordination chemistry, we have recently
synthesized  [Cu(btrcy)>(H>O),](ClOy4) G (btrcy =Dbis(1,2,4-triazole)-
trans-cyclohexane; G = btrcy or 0), which is a 2D network presenting
host-guest properties.”” Reaction of btrcy (Scheme 3) with Cu(ClOy):
6H,O in water in a 1:2 ratio afforded a blue precipitate of [Cu(btrcy),
(H20),](ClOy)> (12) which is a 2D network without any guest molecules
inclusion. Extension to a 3D network was attempted by reacting
Cu(ClOy),:6H,O with a third equivalent of btrcy in water, which also
led to a blue precipitate. Recrystallization from a water/acetone medium
provided shining blue colored single crystals after 1 week of slow
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Fig. 5 Projection along the a axis of the 2D network 13 incorporating bis(1,2,4-triazole)-
trans-cyclohexane (btrcy) molecules into its voids.>®®

evaporation at room temperature, contrary to the previous experiment. The
single-crystal X-ray diffraction data analysis revealed, however, a 2D-square
grid crystallizing into the centrosymmetric triclinic space group P1. The CP
consists of btrcy connectors around Cu(ll) modules coordinated to two
water molecules and four ligands leading to CulN4O, chromophores
(Fig. 5). Such a Cu(ll) coordination environment adopts a square bipyramid
geometry, defined by only two Cu—N bond lengths (Cu—N4=2.014(2) A
and Cu—N1=2.035(2) A) and one Cu—O bond length (Cu—O1=2.431(3)
A). The Cu(ll) atoms are bridged by the ligands creating a polymeric 2D
structure (Fig. 5). As a result, the shortest Cu--- Cu distances do not bring
into play copper atoms from the same layer. Channels are formed which
can be considered as squared cavities with a surface of ca. 195 A? and a vol-
ume equal to the volume of the crystallographic cell (1022 AY).
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Coordination of Cu(ll) to water molecules thus prevents the polymer-
ization in the third dimension. Nevertheless, incorporation of three btrcy
molecules was successful, but with an unexpected distribution compared
to the target 3D [Cu(btrcy)s](ClO4), network. Indeed, the formula of
our new network is [Cu(btrcy)>(H»O),](ClOy),-btrey (13) with a btrcy mol-
ecule no more acting as a ligand, but as a guest molecule trapped in the crystal
lattice cavities. Indeed, one btrcy molecule and two perchlorate anions were
encapsulated in these cavities (Fig. 5) supported by various H-bonding. The
layers are linked to the guest molecules by H-bonding between the water
molecules and the nitrogen atoms of the ligand and between the ligands
and the perchlorate anions. The perchlorate anions are also involved in
H-bonding with the ligand molecules with the same cavity. No relatively
short distances are created between neighboring cavity contents.
Therefore, the 2D-square grid architecture of 13 is further stabilized by btrcy
molecules trapped as non-coordinated guest molecules in the crystal lattice,
through hydrogen bonds involving the coordinated water molecules. Thus,
this network is able to host large guest neutral molecules into its voids, a
discovery which opens exciting perspectives for sensing guest molecular spe-
cies which could be hosted into this network.

3. Spin crossover materials

Apart from bis-1,2,4-triazole chemistry, our group has recently focused
on a reborn material made of Fe(Il) nodes and the spider like tris-tetrazole
ligand, N(entz); = tris[(tetrazole-1-yl)ethane]amine (Scheme 4).*

=

IN\/\N,—N\\
ZAN
N\/—__/N )\\N/

N(entz),

Scheme 4 Molecular structures of N(entz); and trz-tzH.
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This 2D material, [Fe{N(entz);},|(BF,)> (14) whose topology was first
evidenced by Bronisz et al. during his PhD work,"" represents the first spin
transition grid built from a 1R-tetrazole ligand. It displays on cooling a
sharp, hysteretic and complete SCO behavior with Tt =167 K and
TL=176 K. Reaction of N(entz); in acetonitrile with [Fe(H,O)q]
(ClOy), in 2:1 ratio lead to a clear solution, which after 1 week evaporation
under darkness provided block shaped colorless crystals.”” Single crystal
X-ray diffraction analysis revealed 2D-corrugated sheets along the b axis,
for [Fe{N(entz);}5](ClO,), (15) crystallizing in the P-1 space group
(Fig. 6). At 250K, the Fe—N bong lengths were found to be
2.175-2.204 A, which are typical for Fe(Il) ions in the HS state. On cooling
to 110 K, Fe-N =1.992-1.998 A, which is characteristic for Fe(II) LS ions.

Confirmation of a HS to LS transition was made by Mossbauer spectros-
copy that revealed at room temperature, a quadrupole doublet with isomer

Fig. 6 View of the crystal structure of the 2D Fe(ll) tris[(tetrazole-1-yl)ethane]lamine
(N(entz);) network (15) in the LS state, recorded at 110 K.**



https:/Iwww.twirpx.org & http://chemistry-chemists.com
134 Yann Garcia

shift 6% =1.07(1) mm/s and quadrupole splitting AEQ> =1.46(1) mm/s
typical of Fe(II) HS ions. Reduction of both isomer shifts and quadrupole
splitting was observed at 78 K with 6% =0.59(1) mm/s and AEIQS =0.21
(1) mm/s, which are typical parameters for Fe(II) LS ions. Integration of
the surface area of the Mossbauer spectra, assuming equal Debye Waller fac-
tors for HS and LS states, provided the temperature dependence evolution of
the HS molar fraction. A steep, complete and hysteretic spin transition,
shifted downwards compared to the BFy derivative, with Tl; =149 K
and T\ =170 K, was observed (Fig. 7). This material displays in addition
reversible thermochromism from white (room temperature) to violet (at lig-
uid nitrogen temperature), ™ a feature which was preserved for the thin film
obtained by drop casting an aqueous colloidal dispersion of flakes of this
material into a poly(vinyl alcohol) matrix."”

Indeed, such appealing SCO properties combined to the 2D character of
this material made it a candidate for a delamination study in view to ease its
future implementation into spintronic devices, a field which has been
recently reviewed.”* Large size crystals were selected by Suarez-Garcia
et al. and subsequently delaminated using an ultrasonic treatment followed
by liquid-phase exfoliation using an orbital shaker. Centrifugation afforded
stable colloidal suspensions of 2D flakes."”
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Fig. 7 Bistability domain as seen by the temperature dependence of the HS molar frac-
tion for 15.**
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4. Crystal network design

Combing back to CPs design, the tetrafluoroborate anion has been used
as template to precipitate/crystallize a number of cationic CPs and MOFs. It is
known to be non-coordinating, with many reported examples, e.g., in Zn(Il)

57 In addition, it is readily available in a number of metal salts

complexes.
and can be prepared easily from HBF, acid. It is preferred, along with the
PF¢ anion, to the perchlorate anion which is known to be potentially explo-
sive.”” The number of molecular complexes including coordinated BE, is
rather weak due to the low coordination strength of metal-fluoro bonds, con-
trary to metal fluorides, e.g., ZnF»*2H,0.”" In particular, relatively few
examples of Zn(II) complexes with coordinated BF; anions have been
reported. The list includes mononuclear complexes with monodentate

51-54 55 . .
or l, coordination,”” as well as dinuclear complexes with

56-60

coordination,
mono coordination, and pp coordination,”’ a pentamer,()2 as well as an
octamer.”” This feature is interesting to block the propagation of a CP in
the three space dimensions. Along this line, we have recently reported the first
example of Zn(II) CP with a coordinated BF, anion, which crystallized in a
1D coordination polymer.®* Indeed, the reaction of Zn(BE,),-6H,O with
acyclic cryptate-bis(1 H-1,2,4-triazole) (acbtr) ligand (Scheme 3) in a 1:3 ratio
in methanol yielded the 1D CP Zn(acbtr),(BF,),, (16) which was crystallized
in the monoclinic space group, C2/m.

The Zn(II) metal center sits in a slightly distorted octahedral geometry
while the Zn(II) equatorial positions are occupied by the N atoms of the
ligand. For 16, Zn-N =2.115(5) A, which is longer than the bond lengths
found in the dinuclear complex [Zny(ptpp)2]0.5EtOH (17) (ptpp = (E)-2-
({2-[3-(pyridin-2-yl)-1H-1,2,4-triazol-5-yl|phenylimino } methyl)phenol),
or its polymorph, with Zn-N =2.094 A and 2.052 A, respectively.””° The
Zn—N bond length is however shorter compared to the neutral trinuclear
1,2,4-triazole complex [Znz(mttba)s(H>O)s] (18) (mttba = 4-(methylthio)-
2-(4H-1,2,4-triazol-4-yl)butanoic acid, Scheme 2) with Zn-N =2.159(4)
A and 2.145(4) A.°” The apical positions of Zn(Il) are occupied with
F atoms belonging to BF, anions, with Zn-F=2.178(7) A. This bond
length is in rather good agreement with the one of a dinuclear Zn(II) com-
plex with Zn-F=2.187 A>° The ligand exhibits energetically less favorable
syn-syn conformation around the aliphatic chain and keeps the 1,2,4-triazole
rings syn to each other. Moreover the terminal 1,2,4-triazole rings coordi-
nated to Zn(II) were oriented in a syn fashion resulting in an “W” shaped
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Fig. 8 Projection of the crystal structure of 16 showing 1D chains with the long acyclic
cryptate-bis(1H-1,2,4-triazole) (acbtr) ligand.**

113

ligating topology. The conformational dependent “W” shaped ligating
topology of the ligand, metal: ligand ratio (1:1), and coordination mode
of the counter anion, leads to the formation of a 1D looped chain coordi-
nation polymer. C—H -+ F hydrogen bonding interaction was found in 16
involving the metal bound BF; and C—H of the 1,2,4-triazole ring, which
helped to stabilize the 1D looped CP chains (Fig. 8).

Reaction of achbtr with Cu(NO3),-3H,O in methanol led to the iso-
structural Cu(acbtr),(NO3), (19). The metal bound nitrate anion is connected
to the C—H of'a 1,2,4-triazole ring through a C—H -+ O interaction, which
allows to consider this 1D looped chain as a 2D supramolecular polymer.
Compound 19 represents a rare example of nitrato anion coordination in
Cu(ll) bis-triazole CPs. Few examples have been discovered including a
2D network, [Cu(btr),(NOj3),]-H,O (20) and a 1D chain [Cu,(OH)
(btrad),)(NO3)3-4H,O (21) (btrad =1,3-bis(1,2,4-triazol-4-yl)-adamantane,
Scheme 3) where nitrato anions are weakly coordinated with
Cu-0=2.747 A,°® and 2.768 A,*’ respectively, contrary to 19 which shows
ashorter distance with Cu-O =2.447 A. The situation differs for the 1D chain
[Cu(btrb)NO;](NO;3)-2H,O (22) with btrb = 1,3-di-(1,2,4-triazole-4-yl)
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benzene, Scheme 3), where the nitrato anions py-bridge the Cu(Il) ions, with
expected shorter Cu-O(NO,) bond lengths of 2.3 A0

Sacrificial thermal treatment of molecular precursors is considered as a low
energy consuming as well as straightforward method to produce metal oxides
in powdered form, provided the molecular precursors are available in a decent
amount, e.g., starting from polyaminocarboxylate metal complexes.”' This
method was only recently extended to CP and MOFs, e.g., to produce the
B phase of CdO from the chain [Cd»(Glytrz),CL] (23).”** Thermal treatment
up to 537 °C of 16 and 19 afforded ZnO and CuO oxides, respectively.

Reaction of d'" transition metals (Zn(II), Cd(II) or Hg(II)) with flexible
bent bis-1,2,4-triazole based ligands led to a set of CPs and mononuclear
complexes of diverse topologies, which all display solid state blue lumines-
cence at room temperature. Reaction of Zn(Il) ions with btpm =bis
(4-(1,2,4~triazol-4-yl)phenyl)methane (Scheme 3), a symmetric molecule
prone to coordinate up to four metal centers to lead to multidimensional
CPs, yielded a 1D chain [ZnCly(btpm)] (24) (P-1) and a 2D square-grid
[Zn(btpm),(H,O)[(BE4),-2(btpm)-8H,O (25) (P2,2:2). It is striking that
such a diverse topology can be obtained while only modifying the reacting
counter anion. Indeed, recrystallization from water of the precipitate
obtained by the self-assembly of btpm with ZnCl, afforded the linear 1D
CP (24) by repetition of ZnCl,(btpm) units, with a bidentate bridging btpm
spacer coordinating two tetrahedral Zn nodes, spaced out by 15.18(2) A.
Substitution of chloride by a weakly coordinating BF, anion resulted in
the 2D CP (25). In 25, btpm coordinates as in 24, but four ligands are
arranged around every Zn(Il) cation, and a coordinated water molecule
completes the coordination sphere. Given that a crystallographic twofold
symmetry axis coincides with the Zn — OH, axis, the complex could be
described as a distorted square pyramid, where the coordinated water mol-
ecule occupies the axial position. The distortion parameter 7, of 0.69, how-
ever, fits better with a trigonal-pyramidal geometry.”” Working under
hydrothermal conditions with M(NO3), (M =Zn, Cd) instead, led to the
CP [My(btpm);3(H,0)4](NO3)4-nH,O (26) M=Zn, n=1 or M=Cd,
n=23.5),”” whose crystal structure shows interpenetrating sheets with octa-
hedral Zn nodes, confirming the influence of the synthetic conditions on the
overall topology.

Reaction of a strongly coordinating anion, such as CdCl,, under
solvothermal conditions, resulted instead in a 1D chain, [Cd;Clg(btpm),]-
8H,O (27) (P-1).”* This compound only shows the p,-tetradentate coor-
dination mode, and a bridging CI anion. 27 forms a polymeric 1D chain
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Fig. 9 View of the 2D bi waved polymer 27 built from bis(4-(1,2,4-triazol-4-yl)phenyl)
methane (btmp).”*

by repetition of linear tri-nuclear Cd units; the central Cd(II) ion is located
on an inversion center and on either side it is coordinated by two bridging
1,2,4-triazole moieties and a bridging Cl atom, adopting a distorted octahe-
dron. The terminal Cd(II) ions are also found in octahedral environments
which are completed by three Cl atoms; two of these are bridging with a
neighboring tri-nuclear unit, and one is a terminal Cl atom (Fig. 9).

Reaction with the newly designed ligand, ppt =4-phenoxyphenyl-1,2,
4-triazole (Scheme 2), afforded mononuclear complexes [MCly(ppt),]
(M=Zn, Hg) which crystallize in the 12 (28) and C2 (29) space groups,
respectively. These were obtained following two crystallization methods,
hydrothermal and slow diftusion, respectively. In each case, the metal ion
is bound to one nitrogen atom belonging to two ppt ligands, as well as
two chloride anions. A bivalent cationic 1D CP was, however, observed with
Cd(II). [Cd2Cl(ppt)4] CdCl4-4DME (30) crystallizes in the P-1 space group,
with the inclusion of a non-coordinated CdCl5~ anion which formed in situ
(Fig. 10).

The use of the new bridging ligand, tpca = N-(1,2,4-triazol-4-yl)pyri-
dine-3-carboxamide (Scheme 2) afforded two 1D chains of formula
[MCly(tpca)] M =Zn (31) and Hg (32)) (P2,/¢) along with the 2D net,
[Cd(tpca)»(H,0)5]-2H,O (C2/¢) (33)."
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Cd--Cd =3.798 Aand 3.813 A

Fig. 10 View of the 1D chain 30 built from 4-phenoxyphenyl-1,2,4-triazole (ppt). CdCI3~
anions were omitted for clarity.”*

Solution chemistry Electrochemical synthesis

Fig. 11 Synthesis of single crystals (left) by solution chemistry or balls of coccolith mor-
phology (right) by electrochemical synthesis of 25.”

Electrochemical synthesis of such materials was demonstrated, e.g., on
25, which constitutes a rare example of the successful application of this
preparation method to CPs, a method which has been seldom applied

to synthesize MOFs.”>"”
dimensions were identified by scanning electron microscopy.

Hollow spherical clusters with micrometric

Magnification shows hollow structures of ~1 pm diameter with potential
porous properties (Fig. 11).”* Interestingly, such spherical structuration

was observed earlier on a bulk sample of [Zn(trzg),Cl,]|Cl,-H,O (34)
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(trzg = N-4H-1,2 4-triazol-4-yl-guanidine hydrochloride, Scheme 2),
with porous balls of coccolith morphology with surface decorated
sickle-shaped particles of ~100 nm thickness.”™

Pursuing our efforts in CPs synthesis, we have applied our revised trans-
amination method, to introduce a dissymmetric azole molecule, trz-tzH
(5-(4H-1,2,4-triazol-yl)-2H-tetrazole, Scheme 4). This molecule with a
high nitrogen content (~72%) can be compared to 5,5'-bistetrazole
(H,btz) and 1,5'-bistetrazole (Hbtz) (Scheme 1).”°

Such molecules can be considered as high energetic materials for low
smoke pyrotechnics due to a combination of a fuel and a colorant in a single
compound.”” The synthesis of trz-tzH was done in one step from
N,N’-dimethyl-formamide azine dihydrochloric acid in refluxing toluene
overnight with 5-amino-tetrazole to lead to the target molecule in 70%
yield.”® Starting from N, N'-dimethyl-formamide azine in refluxing benzene
afforded the target molecule in higher yield (79%).”® Reaction of trz-tzH in
water with M(OH) (M =Li, Na, K) yielded two alkali CPs. For instance, the
crystal structure of [Li(trz-tz)H,O] (35) reveals 1D chains of tetrahedrally
coordinated Li" ion with two nitrogen atoms of the 1,2,4-triazole fragments
belonging to two trz-tz anions and two water oxygen atoms (Fig. 12). The
triazole fragments of the anionic ligands each coordinate two lithium cations
in a bridging p*-N3,N4-coordination mode with the Li-N-N-Li torsion
angle being 18.7(7)°. The bicyclic ligands are essentially planar, the dihedral

Fig. 12 View of the 1D chain 35 built from anionic trz-tz ligands.”®
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angle between triazole and tetrazole fragments being only 1.2(3)°. All trz-tz
ligands are therefore coordinated almost orthogonally to the 1D chain axis
(Fig. 12). The water molecules link two neighboring cations with a bridging
p’-O-coordination mode. The Li—Li distances along and across the 1D
chain are 3.434(15) and 3.535(16) A, respectively, while the Li—~O-Li and
O-Li—O angles are equal to 117.9(6)°. Every 1D polymeric chain is con-
nected to four neighboring chains through O—H:--N hydrogen bonds,
via a water molecule and N2 and N4 nitrogen atoms of the tetrazole cycles,
thus forming a supramolecular network.””

Reaction of trz-tzH in water with M(OH), (M = Mg, Ca) affords alka-
line earth salts and a CP with M=Ba.”” For the salt, [Mg(H,O)](trz-tz),
(36), the magnesium ion is surrounded by six water molecules octahedrally
coordinated while in [Ca(H,O)g]|(trz-tz), (37) a square antiprism is formed
with eight water molecules. In both structures, layers formed by the
corresponding cationic parts [Mg(H,O)e]*" or [Ca(H,O)g]*", are separated
by layers of anions trz-tz. In 36, the anions are, however, cross-packed
whereas in [Ca(H,O)g](trz-tz), they are packed parallel to each other
(Fig. 13). Both structures contain an extensive hydrogen bonds network,
which is also supported by the anions trz-tz. The latter molecules are also
stabilized by a number of -+ & interactions.

The crystal structure of the CP [Bas(trz-tz) 4(H,O)9] (38) comprises 1D
polymeric chains, built from two different barium-containing building
units. Both metal centers are nine-coordinated with the formation of
mono-capped square anti-prismatic coordination polyhedra. The Ba(1) cat-
ion is coordinated by four nitrogen atoms originating from two N2-
coordinated tetrazole and two pZ—Nl,NZ—coordinated tri-azole rings,

Fig. 13 View of mononuclear calcium units with trz-tz counteranions in 37.”°
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corresponding to four different #rz-tz anions. Two of these anionic ligands
serve as bridging ligands between Ba(Il) cations, connecting them through
the triazole N1,N2-nitrogen atoms. The coordination environment of the
Ba(1) cation is completed by two terminally coordinated and three p*-O-
coordinated water molecules. The latter water molecules also participate
in the coordination with Ba(2), which coordination environment is further
completed by four terminal water molecules. Neighboring 1D chains are
interpenetrated with each other and stabilized by a network of O-H---N
hydrogen bonds as well as a number of &--- & interactions, formed by the
trz-tz heterocycles.

5. Sensing toxic industrial chemicals

There is currently a huge interest for “chemo-sensors” based on col-
orimetric sensor array (CSA) technology for the sensitive and selective
detection of gas- and vapor-phase analytes. Such sensors are actively devel-
oped to reply to current needs of our society in terms of detection, partic-
ularly of toxic threats in food, air, surfaces, for medical diagnostics, and
environmental monitoring. These sensor materials always incorporate a
targeted set of chemically responsive colorants. Currently, coordination
complexes are developed for colorimetric detection of metal-binding spe-
cies, especially, toxic small molecules such as amines, covalent hydrides
and alcohols. It mainly benefits from two contributions of metalo-colorants:
(a) in well documented examples, analytes can directly coordinate to the
metal center, causing significant changes to the d —d absorptions, and thus
to the sensor color; (b) metal center can respond to redox reactions, thus
provoking a sensor color change. Optical detection, in particular visible
one, is the most demanded since it does not require sophisticated detection
systems. Classic approaches consist of using irreversible color change due to
metal or ligand oxidation. In this respect, iron sensors offer a large panel of
possibilities due to their various spin and oxidation states. For instance,
Fe(Il) salts can oxidize in air from colorless to yellow/brown and can be
used straightforwardly. More challenging are detectors which can offer dif-
ferent color sets depending on the probed analyte, as well as unlimited
regeneration.

Reaction of [Fe(H,O)4]A> (A=BF,, ClOy) in water with trz-tzH at
neutral pH afforded an air stable microcrystalline complex. Single crystal
X-ray diffraction revealed a mononuclear Fe(II) neutral complex, [Fe(trz-tz),
(H>0)4]-4H,0O (39) which crystallizes in the P-1 space group (Fig. 14).”°
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X

i

Fig. 14 View of the mononuclear iron(ll) trz-tz complex 39.”%

In this molecule, two trz-tz ligands are bound through the N1 of the
1,2,4-triazole units to Fe(II), while four water molecules complete the octa-
hedral coordination sphere. No counter anions are observed due to tetrazole
deprotonation upon complexation, which balances the charge of the metal
cation. The presence of coordinated water molecules in the coordination
sphere sets a weak ligand field around the iron, which prevents any possibil-
ity of thermally induced spin switching. At room temperature, a large quad-
rupole doublet typical of the HS state, with 6 =1.17(2) mm/s and
AEq =3.18 mm/s, is observed by >"Fe Méssbauer spectroscopy. The HS
state is also confirmed by X-ray diffraction with Fe-N =2.182(5) A and
Fe-O=2.094(4) A and 2.182(5) A. Such material was screened for
colorimetric sensing abilities for a wide spectrum of vapor-phase analytes
(MeOH, EtOH) including toxic gases (HCI, HBr, hydrazine monohydrate,
ammonia). Although pellet 39 possesses a single sensing unit without any
other cross-reactive elements, it can capture information about analyte mol-
ecules in a distributed fashion that is encoded sufficiently to allow discrim-
ination from other closely related chemical structures. In particular, the pink
color detection (e.g., obtained with MeOH4)) was systematically associated
to the emergence of Fe''Ng LS ions as shown by diffuse reflectance spectros-
copy and °’Fe Mdssbauer spectroscopy.’® Clear color differentiation among
four different toxic industrial chemicals (TICs) and alcohols was demon-
strated. Different TICs and alcohols were readily identified using a standard
chemometric approach (hierarchical clustering analysis), with no misclassi-
fications over 18 trials. >’Fe Mdssbauer spectroscopy was applied to inves-
tigate the driving spin state change of the analytes in this Fe-azole sensor
material.” In particular, comparison was made before and after analyte
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sensing. When the native hydrate sensor pellet 39 was in contact with
MeOH,y, it turned instantly from white to pale pink. When the pellet
was subjected to MeOHy,, it was transformed to the same pink color within
5 min, but took hours to be converted into dark pink until the material was
saturated with MeOH ). Remarkably, when MeOH was removed under
vacuum at room temperature, the material did not return to its initial color
and stayed pink. This MeOH removal was not associated with any spin state
and iron coordination sphere modification as show by >’Fe Mdssbauer spec-
tra recorded before and after pumping. Interestingly, this material turned
back to white when exposed to water vapor or washed with water, with full
iron site regeneration, as also shown by >’Fe Mdssbauer spectroscopy. 39
thus detects MeOH with a memory effect by visual, optical and magnetic
feedback.®” This material behaves much different from classic alcohols sen-
sors, where control over the memory eftect is unlikely because of the fake of
analyte departure from the material. Indeed, after experiencing a color
change due to guest molecule detection, the color is lost upon guest release.
This situation holds for various Fe(II) spin crossover materials reported up to
know.”"*? Sensor 39 keeps, however, the color associated with alcohol
detection, even after its full release from the material. Does size play a
role for this coordination system regarding alcohol detection? Actually,
the selectivity of detection decreases in the order MeOH >EtOH >
1-PrOH > with increasing alcohol molecule size, and no color change
was observed for higher size alcohol analogues (o-PrOH, BuOH, pentan-
1-0l).”® A weaker vapochromic behavior was indeed noticed when a pellet
of 39 was exposed to EtOH vapors. Contrary to MeOH, the response
time lasted much longer (2 days). Such a color change was only observed
as a slight effect on the crystal surface of 39 when exposed to EtOH ), pre-
sumably due to the lower available surface area.”” Apart from alcohols, acid
sensing was also studied, among other toxic chemicals. Although acetic, nit-
ric, sulfuric and perchloric acids were not detected at all by this sensor, clear
color changes to yellow and orange were observed for HCl,) and HBr (),
respectively. Surprisingly no change was observed in the isomer shift, 9,
deduced from Mossbauer spectra before and after gas uptake. This indicates
that no change was provoked in the iron coordination sphere. Rather a pro-
tonation of tetrazole units leading to trz-tzH along with inclusion of halide
anions is suggested. More surprising, is the Mossbauer spectrum after NHj3
contact which shows the occurrence of iron(Il) LS ions, with 6 =0.36(3)
mm/s and AE5 =0.65(5) mm/s. Since NHj3 is known to set up a weak
ligand field strength according to the spectrochemical series, as for
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MeOH or EtOH, a similar mechanism valid for alcohol should also apply.
This may imply reversible coordination of neighboring tetrazole ligands, a
hypothesis currently under extensive investigation in our laboratory. This
innovative approach opens up perspectives for the further development
of iron materials as potential optical sensor arrays through colorimetric tech-
niques, given the potential of molecules to be explored.™

6. Nanomedicine

Biomedical application of nanoscale materials for diagnosis and ther-
apy is considered as a promising field of research where coordination chem-
istry could play a driving role. In particular, the design and synthesis of
nanoscale CPs (NCPs) has become an intensive field of investigation.”* ™’
The tune ability of supramolecular architectures through self-assembly pro-
cesses of metallic ions with polydentate bridging ligands, has allowed to
obtain a large set of nanoparticles with specific target properties, for instance
for tumor immunotherapy.”® Among bis-azole coordination networks, the
use of bis-imidazole linkers allowed to produce a considerable amount of
CPS and MOFs.*” Recently, Adarsh et al. reviewed CPs built from 1,4-bis
(imidazol-1-yl-methyl)benzene (bimb, Scheme 5).”

Despite the synthetic advances, challenging steps concern the design of
surface functionalization of NCPs in order to improve their colloidal stabil-
ity, biocompatibility and circulation time in blood, which are crucial for any
optimized therapy. Within this frame, the group of Ruiz-Molina has made
several advances, including the design of fluorescent dyes functionalized
onto NPs in order to enable cellular uptake and monitoring. This applies
for instance for dual fluorescent NCPs,”" novel dual T,/ T» NCPs as novel
contrast agents for MR in the treatment of brain tumor,”” as well as Pt(IV)
based NPCS,”” to name but a few.

Surface decoration of NPs offer many advantages including the fine-
tuning of solubility, biocompatibility and other properties such as, e.g.,
anti-oxidant and anti-bacterial properties. In particular, pyrazoles and
benzimidazoles are present in many pharmaceuticals with a wide range of

. . L 94-9¢
biological activities, "

including potential activity against the proliferation
of human tumor cells.”” Benzimidazole complexes have been explored for
their biological activity,”® some having revealed relatively high antibacterial
. . 99 . . .
and antifungal properties.” For instance, zinc complexes, have been used, in
addition to their antimicrobial activity, as anti-cancer agents for in vitro and

in vivo studies, and have been shown to play an important role in the
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Scheme 5 Molecular structures of selected pyrazole and imidazole molecules.

' Other metal complexes have shown a

chemotherapeutic process.
significant cytotoxic activity, to name but a few.'”" Pyrazole derivatives
are from their side known for their antimicrobial activities,'’” among
many other properties. Along this line, Chkirate ef al.'”” recently synthe-
sized two mononuclear complexes [Co(apmpa),(EtOH),]-Cl, (40) and
[Cu(hgpa)]-H,O (41), based on pyrazole-acetamide derivatives, namely

N-(2-aminophenyl)-2-(5-methyl-1H-pyrazol-3-yl) acetamide (apmpa) and
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(E)-N-(2-(1-(2-hydroxy-6-methyl-4-oxo-4H-pyran-3-yl)ethylideneamino)
phenyl)-2-(5-methyl-1H-pyrazol-3-yl) acetamide (hqpa) (Scheme 5).

The crystal structures of 40 and 41 revealed 1D and 2D supramolecular
architectures, respectively, via various hydrogen bonding interactions.
Furthermore, the antioxidant activity of the ligands and their complexes
were determined in vitro in different concentration ranges by 1,1-diphenyl-
2-picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid (ABTS) radicals, and ferric reducing antioxidant power
(FRAP) test. Significant antioxidant activity were recorded compared to lit-
erature references.’”’

Chkirate et al. extended their studies to pyrazole-benzimidazole deriva-
tives by preparing three mononuclear coordination complexes of
1-butyl-2-((5-methyl-1H-pyrazol-3-yl)methyl)-1H-benzimidazole (bmpmb,
Scheme 5) namely two pseudo-polymorphs [Co(bmpmb)|Cl, (42) and
[Coz(bmpmb),|Cly-H,O (43) as well as [Zny(bmpmb),]|Cl,. Single crystals
X-ray diffraction revealed that the presence of N—H:--Cl and C—H---Cl
hydrogen bonding in the crystal structure of [M(bmpmb)]|Cl, (M= Co,
Zn) assist the formation of a 2D hydrogen bonded sheet (M= Co) and an
orthogonal packed (M = Zn) [2D sheet + a pair of 1D chain], leading to supra-
molecular structures. A combination of N—H-..-Cl, C—H---Cl,
O—H---Cl, C—H - O interactions results, however, in a 2D corrugated
hydrogen bonded sheet with inclusion of water molecules in 43. Hirshfeld
surface analysis confirmed the presence of various hydrogen bonding and
n-stacking interactions, stabilizing the crystal structures.'"

Noticeably, antibacterial activity against the strains of Escherichia coli,
Pseudomonas aeruginosa and Staphylocoque aureus bacteria, was revealed for
these complexes. In particular, a normalized minimum inhibitory concen-
tration as low as 6.25 pg/mL s was recorded for 43, even better than the
antibiotic chloramphenicol.'”* This result correlates very well with its crystal
structure determined by X-ray diffraction, which revealed a lattice included
water molecule, which is one of the key factors for crystalline anti-bacterial
properties. Indeed, crystalline materials having lattice included water mol-
ecules were reported to have more antibacterial activity, due to the hydro-

philic attraction of the bacteria cell wall.'”

7. Conclusions and future developments

In this contribution, we have shown selected examples of coordina-
tion networks including transition metals and azole building blocks.
These materials display several potential applications, in gas or metallic
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storage, molecular electronics, gas sensing, toxic metals sensing and capture,
as well for medicinal applications. The development of nanoscale com-
plexes, coordination polymers and metal-organic frameworks with azole
based molecules is indeed flourishing and considered as an alternative to clas-
sic pyridine type networks to yield to diverse coordination networks with
various topologies. Their suitable ligand field with Fe(Il) along with their
associated thermochromism observed for 1,2,4-triazole and tetrazole build-
ing blocks, make them often attractive to spin crossover developments

. 106
toward nanodevices.

A number of other potential applications in various
fields could also be proposed, be in opto-electronics, energy, public health
and environmental issues. In particular, the biological properties of azole
molecules constitute a potential functionality to explore within coordina-
tion networks, e.g., fungicide and pesticide properties known for
4R-1,2,4-triazole molecules.”® This includes not only property testing
but also the design of novel coordination networks including biomolecules
and natural products. This development concerns metal-peptide
networks,'”” as well as metal-biomolecule networks, e.g., with amino
acids.'” Despite the numerous derivatization possibilities offered by amino
acids, due to the presence of several functional groups, their genuine chiral-
ity (except for glycine) and electronic asymmetry, can allow to introduce
asymmetry in coordination network construction.”” The synthesis of hybrid
inorganic-organic materials containing azole based ligands, in particular in
the form of nanoscale coordination polymers, is not to be neglected, given
the unlimited potentialities offered by nanoparticles, opening a new world of

investigation, particularly suitable in medicinal applications.””
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Abstract

The well-known particularities of the siloxane bond (dual character and flexibility)
induce certain behaviors of the compounds in the structures in which it is found.
Thus, carboxylic or azomethine ligands containing tetramethyldisiloxane spacers or
trimethylsilane tails were prepared and used to build 0D, 1D, 2D or 3D metal complexes.
Despite their great flexibility, in most cases their isolation in the crystalline state and
structural characterization were successful. Due to the length of the ligands, even
the simple discrete molecular coordination structures exceed one or a few nanometers,
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whereas in the case of the 1D-3D structures the distances between the metal centers
also often exceed such values, which may affect some properties especially their
magnetic properties. The presence of highly hydrophobic dimethylsiloxane or
trimethylsilane units in the structure along with relatively polar complexed metal units,
give the complexes an amphiphilic character which affect their surface activity and the
ability of micellar self-assembly depending on the polarity of the solvent. The formed
aggregates can also be found in films generated by the rapid evaporation of the solvent.
The flexibility of the siloxane or silane segment facilitates self-assembly by adopting the
proper conformation in solution, depending on the concentration, but also in films in
response to external stimuli (for example, optical or magnetic). In contrast, when using
silane-centered polycarboxylic ligands, highly crystalline but insoluble structures are
formed. These have different degrees of porosity, depending on the structure. Our
own recent results in the development of such complexes and nanostructures are
reviewed.

1. Coordination compounds in the “nano” context

Nanomaterials describe in principle chemical substances or materials
“with any external dimension on the nanoscale (size range from approxi-
mately 1-100 nm) or having internal or surface structure on the nanoscale”
often exhibit unique optical, electronic or mechanical properties.’
Depending on whether they have all, two, one or no dimensions at the
nanoscale, they are categorized as zero- (0D), one- (1D), two- (2D) or
three-dimensional (3D), respectively.” Nanostructured materials include
atomic clusters, layered (lamellar) films, filamentary structures, and bulk
nanostructured materials.” Different from those formed in nature (e.g., vol-
canic ash, soot from forest fires) and incidental (e.g., welding, diesel engine
by-products of combustion processes), engineered nanomaterials are inten-
tionally produced and designed with physico-chemical properties for a spe-
cific purpose or function.' The nanomaterials have the advantage of a large
surface/volume ratio, thus having a high contact surface, ideal for catalysis
and sensors, and fundamental properties (optical, magnetic, electrical, ther-
mal, biological or imaging) different from those of voluminous material with
the same chemical composition.®

Classical nanomaterials are carbon and inorganic nanoparticles.”* These
materials may also find their way into more complex nanostructures and sys-
tems. Therefore, scientific marketing studies revealed the existence of four
main classes of nanomaterials produced intentionally: carbon based materials
(fullerenes, graphene flakes and single wall carbon nanotubes), metal based
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materials (quantum dots, nanogold, nanosilver and metal oxides, such as tita-
nium dioxide), dendrimers (nano-sized polymers built from branched units,
thus having numerous chain ends, which can be tailored to perform specific
chemical functions) and composites (which combine nanoparticles with
other nanoparticles or with larger, bulk-type materials).”> However, many
other types of unconventional nanomaterials have been developed lately.
Some of these are those based on coordination compounds.” Design and synthe-
sis of coordination compounds, although it has long been a concern of the
scientific world, is now attracting increasing interest. This is due to their
unique tailorable properties and their applicative potential as functional
materials in a wide range of domains.”” Technological challenges stimulate
continuous development of new approaches in the design and synthesis of
coordination compounds with electronic, optical, electrochemical and mag-
netic properties, attractive for their nanoscale applications. The key to such
developments is to understand the fundamental processes occurring in and
around metal centers, as well as at the molecular interfaces. The structures of
complexes can be either discrete molecular architectures with polyhedral or
polygonal shapes, or infinite coordination polymers of metal ions with suit-
ably chosen organic ligands.” As a particular class, coordination polymers
(CPs), which appear as infinite chains (ICPs), amorphous or crystalline,
are generally formed by an automatic supramolecular self-assembly process.
This occurs between the metal ions or clusters, known as structural base units
(SBU), and connective ligands through coordination interactions leading to
1D, 2D or 3D architectures up to nanometer dimensions, depending on the
7219 By their

organic-inorganic hybrid nature, these materials carry the properties of indi-
11

functionality of the ligand and/or the nature of the metal ion.

vidual components as well as new ones induced by their coexistence.
Their molecular tune-ability allows them to be obtained as molecular
nanomaterials in an infinite array of metal/metal cluster as SBUs and bridg-

%19 By choosing appropriate

ing ligands designed for specific applications.
reagents and working conditions, the coordination-driven self-assembly
process allows quick access to mono-, bi- and polynuclear molecular or
supramolecular structures of nanoscale dimensions.'” Nanomaterials based
on nitrogen- (porphyrin and phthalo-cyanine), oxygen- (B-diketones, car-
boxylates) or sulfur- (mainly thiophene and N,S heterocycles) containing
ligands are already known.'”> Among the coordination polymers, special
attention is given to the metal-organic frameworks (MOFs), an emerging
new class of hybrid nanomaterials with promising features for a number

of practical applications.” These define a research area, which is highly active
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due to unprecedented structures, exciting topologies, and wide range of
applications in optics, magnetism, catalysis, gas storage, sensing, electronics,
photochemistry or biology.'' More, CPs having self-assembled structures of
nanometer dimensions, nano-CPs (NCPs), are attractive to investigate
because their properties are controlled by the large number of molecules
on the surface of the nanoparticle that are exposed to a different environ-
ment than the one inside the crystal.” The ability to simultaneously control
the size, shape, composition and activity of nanomaterials continues to be a
challenge.'®

Regarding the size and morphology of the crystal in which these struc-
tures are packed, it should be reiterated that depending on them, compounds
with the same composition may have different properties/behaviors. Two of
the most important parameters that influence the final shape and size of a
NCPs are the CPs structure, whose influence on the morphology of self-
assembly is rather unpredictable, and the preparation method with its param-
eters (nature of solvent, concentration and ratio of reactants, the use or not of
surfactants, the power of thermal, sonochemical or microwave irradiation,
the reaction time, etc.) that has a direct influence on the morphology and
size of the final particles.” In terms of the interaction with solvent, when this
interaction is weak, in order to minimize the interfacial tension at the inter-
face with the compound, the latter adopts a spherical morphology. When
the crystalline lattice energy is superior to the particle/solvent interaction,
crystalline morphology generally occurs, as in the case of particular
MOFs that are highly ordered porous materials.'' Organic ligands can exert
interesting steric and electronic effects on the process of self-assembly of the
coordination polymers. For example, aromatic spacers in ligands can act as
acceptors or donors in hydrogen bonds, but also as sites for n-m stacking
interactions with the formation of supramolecular structures when coordi-
nating to metals.”

CPs are useful precursors/templates for the preparation of nanomaterials.
Increasing interest and efforts to synthesize materials at the nanoscale have
created the possibility to obtain such entities ranging from inorganic metal
clusters to custom-built single molecules.'® There are many methods for the
preparation of nanomaterials, such as hydro- or solvothermal, ultrasound,
and microwave-assisted, sol-gel, electrochemical, micro-emulsion, chemi-

. 17,18
cal vapor deposition, etc.

In addition, thermal decomposition of the
NCPs has become a growing field for the preparation of metal oxides with
7219 NCPs can be used as pre-

cursors/templates for the preparation of certain nanomaterials with special

improved properties for various applications.
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morphologies. This approach shows several advantages: simplicity of prep-
aration without the need for special installations, a good correlation between
the structures of the resulting products and the starting materials, allowing a
good control over the composition, phases and products; the ability to man-
ufacture on a large scale.'” Thus, nanomaterials with different morphologies
can be synthesized based on NCP precursors under appropriate experimen-
tal conditions.” Their suitability for the synthesis of nanomaterials and the
assembly of nanostructures in ordered topographies of the surface make these
materials both functional and operational—two crucial aspects of successful
nanotechnology.'® A disadvantage of this process would be the preparation
of CP itself. The structure and interactions within the crystalline network
(covalent, coordinative, hydrogen bonding and van der Waals forces) influ-
ence the solvent—CP electrostatic and dipolar field interactions, as well as,
hydrophilic or hydrophobic interactions, giving rise to external forces that
control system morphology.'’

The vast majority of coordinating compounds are obtained with full
organic ligands or ones containing nitrogen, phosphorus or sulfur.'”
Intense studies have been conducted to construct such polymeric network
structures with spectacular topologies using rigid ligands, such as 4,4'-
bipyridine, aromatic Schift bases, or 2,4,6—tri(4—pyridyl)—1,3,5—triazine.8
The use of flexible ligands with a number of degrees of freedom has been
practically avoided due to the unpredictable nature of the resulting polymer
structure. For such complexes to be potentially useful, it is essential that their
structures can be adjusted predictably by variations in their building blocks.
In this respect, the rational design of polymer coordination architectures
using flexible ligands is still a challenge. On the other hand, when unusual,
flexible bipyridyl ligands, able to adopt different conformations, was reacted
with silver salts, it has been observed the formation of helices and other new-
supramolecular architectures that are impossible to obtain geometrically
with rigid linkers.”

2. Coordination compounds with
siloxane/silane-containing ligands

Despite the fact that the siloxane linkage is present in a wide range of
compounds and materials including those in nature, such as zeolites, period-
ically mesoporous organosilicates, polyhedral oligomeric silsesquioxanes
(POSSs) and other porous materials, this motifis rarely found in the structure
of coordination compounds including MOFs.'” Ligands based on or
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containing silicon are far fewer and much less than those containing silox-
anes. Therefore, in recent years, our work has focused mainly on the devel-
opment of such ligands containing siloxane or silane spacers or tails and
derived metal complexes of interest for catalysis, magnetics, biology, mate-
rials science, nanoscience, reporting in the CCDC crystallographic database
a large number of such structures.

2.1 Particularities of the diorgano-siloxane or silane motif

Organosiloxanes or silicones, compounds containing the basic motif of the
type in Scheme 1, create an interface between pure inorganic silica and
organic compounds.”’ Among the properties that make silicone derivatives
distinguishable from most other materials are the high conformational flex-
ibility and low surface energy that originate in the nature of the siloxane
bond and the organic group (in general methyl) attached to the silicon
atoms, respectively. The Si—O bond is formed by ¢ bonding of sp” hybrid-
ized electrons of silicon with the p electrons of oxygen and the additional
interaction of the unpaired p electrons of the oxygen with the free
3d-orbitals of silicon via p,-d, conjugation, giving it a partial double bond
character.”’”” The substituents on the silicon atom can alter the ground state
of the siloxane bond (bonding order) by induction, well evidenced by the
values of physical constants, for example, IR and Raman frequencies of
the Si—O—Si bond.”' >’ Electron-acceptor substitutes on the silicon atom
that reduce the energy of 3d orbitals, or oxygen-bound metal atoms that
increase its negative charge, cause an increase in the order of the bond,
whereas the electron-donor substituents on silicon and electron-acceptor
groups bound to the oxygen reduce the siloxane bond order.”" Partial dou-
ble bond character is reflected in the much higher value of the Si—O—Si
binding angle compared to the angle of a single bond in an organic chain
(e.g., 112° in the C—C backbone unit).”* The equilibrium value for the
Si—O—Si bond angle is around 145-160°. The energy required to deform
this bond to 180° is very low (1.3 kJ/mol), whereas for deformation to lower
values (toward 109°, which corresponds to sp> hybridization) much higher

(o] PO
A
7z

1110 ERCA
’r,’ 'r‘ 7
H4C CH3H,C CHs

Scheme 1 The main bonding parameters in the dimethylsiloxane-based chain.?®
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energies are required.”” The Si—O bond length of 1.64 A also suggests an
unusual binding situation, this being longer compared to 1.54 A of C—C
bond but shorter than the sum of the covalent radii of oxygen and silicon
(rq;=1.17 A, ro0.66= A),zJ"Z(’ also assigned to the partial double bond char-
acter. On the other hand, the difference between the electronegativity of the
two atoms of the siloxane bond (1.8 for silicon and 3.5 for oxygen) results in
a stronger bond having a polar, partial ionic (about 40%) character.”"”” The
length of the siloxane bond, as well as the high and flexible bonding angle,
allow the rotation of the organic groups attached to the silicon atoms around
the backbone axis, creating a shield that prevents the Si—O bond polarity
manifestation and imposes its own character. The organic group attached to
the silicon atoms in the siloxane compounds most commonly encountered
as the sole or major substituent, is the methyl group known to be extremely
nonpolar and hydrophobic. In this case, the intermolecular forces are almost
the weakest possible (only those of the aliphatic fluorocarbon groups are
lower).”’

Another factor contributing to the high flexibility of the siloxane chain is
the alternation of the unsubstituted oxygen bridge that reduces steric hin-
drance during conformational reorientation. That is why dimethylsiloxane
chains show very low glass transition temperatures.”> On the other hand,
because the Si—C bond is long (from about 1.87 to about 1.90 A) as com-
pared with C—C (around 1.5 A),” the presence of the silane motif in a
ligand would allow greater conformational flexibility in metal coordination.
The somewhat polar nature of this bond due to the difference of electroneg-
ativity between C and Si would have a positive impact on the ability of the
materials to deposit gases.”’ The silane fragment can be encountered as a
central element (spacer) or termination (tail) in the structure of a ligand.
In the latter case, it appears as trimethylsilane unit, strongly hydrophobic
due to the presence of three methyl groups, inducing specific properties.

2.2 Motivation for the interest in silicon-based ligands
from the “nano” perspective

One of the manifestations of the low intermolecular forces in
dimethylsiloxane-based compounds is the low surface energy (its liquid surface
tension is 20.4 at 20 °C) at the highest molecular weight measured,””” that
gives silicones the ability to easily spread on the surface. But this is also the
key factor that determines the phase separation and self-assembly of the com-
pounds or materials in which silicone derivatives or even siloxane motifs are
associated with any other organic and inorganic partners,”” distinguishing
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silicones from other materials. Longer siloxane bonding allows for easy change
in conformation, giving flexibility to torsion and bending to the structure in
d.””** On the other hand, due to the high hydrophobicity con-

terred by the methyl groups attached to the silicon atoms, the silicone com-
33-39

which it is foun

pounds formed by attaching polar groups behave like surfactants.
Moreover, it is considered that the colloidal phenomena associated with the
silicon element are a science of its own.” The ability of the silicones to
self-assemble is the key to their functionality in making nanostructures.’
Therefore, the capacity of the silicon-based materials for the formation of
nano-aggregates and their utility in practical applications has been extensively
studied.”" ™ Silicone chemistry offers a wide range of possibilities to engineer
the molecules so that they are capable of forming phase domains or well-
defined nano/microparticles particles. Siloxanes serve as the hydrophobic
entity in surfactants that need to reduce the surface tension of water to a lower
level than is possible with conventional surfactants. In addition, low surface
tension recommends silicone derivatives for biomedical applications. It is
suggested that they have minimal surface tension with aqueous protein solu-
tions resulting in the lowest possible driving force for the protein.”” New com-
pounds can be developed, either by attaching functional groups to a siloxane
skeleton, or by introducing siloxane moieties into other organic or inorganic
compounds.

In this chapter, several cases of nanostructures based on coordination
compounds with ligands containing siloxane or silane moieties obtained
in our group over the last years are reviewed. These structures will be dis-
cussed not from the perspective of being part of some nanomaterials, but that
of being themselves, as molecules, supramolecules or aggregates, on the
nanoscale.”

3. Nano-sized coordination compounds of Schiff bases
with siloxane spacer or silane tails

3.1 Mononuclear coordination compounds of Schiff bases
with siloxane spacer

Schift bases have played and still play an important role in the development
of inorganic chemistry, being among the most commonly used ligands for
metals to form complexes with different architectures. Binding to the metal
occurs through nitrogen atom of azomethine group in chelating and bridg-

46-48

ing modes. Schift’ bases also serve as models for metal sites in

metallo-proteins and enzymes."’ In the literature there are reports on the
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use of Schiff base complexes as components for the construction of
nanomaterials, such as Fe(Ill) complexes of pendent Schift base ligands
(salten) used for stabilization and functionalization of gold nanoparticles,”’
Schift base complexes encapsulated in hydrophobic silica channels having
fluorescence, or in cavities of a zeolite having catalytic activity.”'

A large research effort has been dedicated to complexes of Schiff bases
with transitional metals. Of these, most were focused on complexes of
Schift bases of the salen- (N,N’-ethylenenebis(salicylaldimine)), salophen-
(N,N’-0-phenylenebis(salicylaldimine)), and acacen- (N,N’-ethylenebis
(acetylacetoneimine)) type, as simple or having attached extra functional
groups or side chains, with variable length of the diamine spacer.
A number of studies have been dedicated to the effect of the number of
CH, groups between the imine groups (Scheme 2).°>”* In ligands, because
of the length of the N-(CH,),~-N bridge, the nitrogen and the phenolate
atoms are mutually cis.”” It has been found that in general, increasing the
length of the spacer confers flexibility of the ligand allowing gradually the
complex configuration to be changed, from cis-planar to trans-planar.”*
Data from studies on CuSalen complexes (n=2, 3, 4, 6, 8, 10) show that
the stereochemistry of copper complexes varies systematically from cis-
planar (n=2) to distorted tetrahedral (n=3), the tetrahedral (n=4), to
distorted tetrahedral (n=6), to trans-planar (n=8).>"

(HoL)
Q"D
.,

X: (CH2)a withn=2-10
Scheme 2 Structure of the salen-type Schiff base with organic spacer.

On this basis, it is believed that the quadridentate complexes with long
polymethylene spaced di-imines have an approximately tetrahedral geome-
try. Due to their size, the ligands are sufficiently flexible to allow this con-
figuration to be achieved.”® In addition, it has been found that with
increasing aliphatic chain length, the lipophilicity of the complex increases,
which results in increased cytotoxicity and cellular uptake rate, of interest
when the targeted application is that of an antitumor drug.”””®
A series of complexes of transition metals coordinated in the N20O2 mode

with Schiff bases of the salen-type derived from the single diamine with
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Fig. 1 Coordination compounds of salen-type ligands containing tetramethyldisiloxane
spacer; roughly overall dimensions of 12.7 x 6.3 A.

siloxane spacer commercially available, 1,3-bis(3-propyl)tetramethyldisiloxane
(APO) (Fig. 1 top) with different salicylic aldehyde derivatives,”” **

65—67

and not
only, were prepared (Fig. 1).

In these cases, the diamine spacer contains nine atoms. Due to the length
and flexibility of the spacer, crystallization of ligands of this type was rarely
achieved, viz. that derived from 1,3-bis(3-aminopropyl)tetramethyldisiloxane
and pyrrol-2-carboxaldehyde, L' (see below) with melting point 71 °C,°” for
which X-ray crystallography revealed a cis configuration and the presence of
two intramolecular hydrogen bonds between the N—H groups and the imino
nitrogen of the Schiff base. The other ligands were isolated in an oily state and
characterized as such. However, in most cases the complexes were prepared in
a single step with in situ formation of the ligands. Complexes of this type are
generally nano-sized molecular compounds, with few exceptions, when
supramolecular structures are formed through physical interactions (hydrogen
bonds or n-w stacking), for example, CuL®’ CuL’,” or when other ligands
and/or solvents are present in the coordination sphere as in [CuLZ]-[Cu(4-
Me-Py),CI|Cl-2H,0.” Upon coordination of the doubly deprotonated
tetradentate ligand L*~, two 6- and one 12-membered chelate rings are
formed and the overall dimensions of the molecule often exceed 1 nm. In
all compounds, the central metal atom is located in a tetrahedral, generally
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slightly to moderately distorted, square-planar frans-N202 environment. The
degree of tetrahedral distortion can be characterized by the 74 parameter
(74=[360° — (+ P)]/141°, where a and P are the two largest O angles at
the M atom), introduced by Houser to describe the geometry of a four-
coordinate metal complex, its value ranging from 1.00 for a perfectly tetrahe-
dral geometry to zero for the perfect plane-square geometry.”” The calculated
values of this parameter for the synthesized complexes range from 0.142—
NiL’;"* 0.16—NiL%*" 0.15—MnL*%"" to 0.842—2ZnL";*’ 0.46—CuL';"”’
0.387—CuL’.”” As the degree of distortion increases, the value of the siloxane
angle slightly increases, e.g., from 159° in the case of NiL*** to 169° for
CuL'.”” The variation of the siloxane bond angle in a relative wide range indi-
cates a low degree of directionality of the Si—O bond and is proof of its par-
tially ionic character.” Unlike all these, the compound MnL? contains also in
the coordination sphere an acetate ion as a bidentate chelating ligand. The
Mn(III) ion exhibits a distorted axial-compressed octahedral geometry with
an O4N2 donor set.”” In all coordination compounds described, coordination
at the central metal atom is ensured through the trans-N2O2 environment. In
addition to the complexes shown in Fig. 1, the NiL'® complex was also
obtained by template procedure based on 1,3-bis(3-aminopropyl)tetra-
methyldisiloxane, pyrrole-2-carbaldehyde and NiCl,. The coordination
compound having a central atom with a tetrahedrally distorted (t4 index of
0.263) square-planar environment, is isostructural with that found for the iso-
lated ligand L', without significant modifications of the Si—O bond length
(e, 1.619 A in ligand and 1.617 Ain complex) and Si—O—Si angle (i.e.,
160.7° in ligand and 161.7° in complex).®

3.2 Nano-structuration ability

Like diamines with a long, N-alkyl chain, 1,3-bis(3-aminopropyl)tetra-
methyldisiloxane may present surfactant properties.”’ These properties are
further accentuated by converting 1,3-bis(propyl)tetramethyldisiloxane to
bis-azomethine, when the dipole moment value increases, in dependence
on the polarity of the carbonyl compound, from 0.794 D (APO0) to 1.389
D (LY, 1.513 D (L? to 5.621 D (L?), for example. This causes that both
the ligands and, furthermore, the derived metal complexes have a somewhat
amphiphilic character, consequently surface activity and the ability to self-
assemble in solution depending on the polarity of the solvent. Thus, it has
been found that such soluble coordination compounds reduce the surface
tension of a solvent (for example, DMF, from 37.10 to 26.34 mN/m at



https:/Iwww.twirpx.org & http://chemistry-chemists.com

166 Mirela-Fernanda Zaltariov and Maria Cazacu

1.5 g/dL CuL®) as its concentration increases. When the critical micellar
concentration is reached (which in the case of the CuL' complex, for exam-
ple, was found to be 0.2 and 0.56 wt%), the compound assembles in aggre-
gates from several hundred nanometers up to micrometers, as evidenced by
dynamic light scattering (DLS).”" It was found that the size of the aggregates
in solution, estimated by DLS, depends on the polarity of the substituents
from the aromatic nucleus and on the concentration. Thus, in DMF, at
room temperature, at a concentration of 0.1 wt%, it was found that the size
of the aggregates is smaller (average diameter =6.808 nm) in the case of the
CuL?® complex having strongly polar NO, substituents, than those formed
under the same conditions by the CuL’ complex (average
diameter =42.406 nm) having strongly hydrophobic fert-butyl groups
(Fig. 2 top). As expected, in all cases, the aggregate size increases with
increasing concentration, to 55.243 nm at 1 wt% CuL® and 148.651 nm
at 4 wt% CuL' (Fig. 2 down).

The analysis by small angle X-ray scattering (SAXS) indicates nanostruc-
tured models, which also change with increasing concentration, from disk-
like to flat cylinder, for example, in the case of solutions of 17 wt% CuL' in
DME. The aggregates, smaller in size than in the solution where they are in a
swollen state, are found in a film in a thin layer remaining after the free evap-
oration of the solvent, as evidenced by transmission electron microscopy
(TEM).”" The obtained copper(II) complexes have been shown to be effec-
tive as catalyst precursors for the aerobic oxidation of benzyl alcohol to
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Fig. 2 DLS curves recorded for some copper complexes (CuL®, CuL®, CuL’) as solutions
in DMF with different concentrations, at room temperature.
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benzaldehyde mediated by the TEMPO radical, reaching high yields in
desired products, under mild and environmentally friendly conditions.”
More suitable for this purpose proved to be especially those with
electron-withdrawing substituents (chloro-, bromo-, and nitro- in Cul’,
CuL®, CuL?®, respectively) to the aromatic ring. This can be explained by
deepening the amphiphilic character of the complex, which favors more
the self-assembly of the complex. In reactions being conducted in polar
environment, the aggregates will logically expose the active (metal com-
plexed unit) polar groups to the outside. In addition, as the DLS studies have
shown, complexes with more polar substituents on the aromatic nucleus
form smaller aggregates which give a larger catalyst contact surface available
for reactants.

3.3 Polynuclear molecular complexes of Schiff base ligands
with siloxane spacer or silane tails

Manganese(III) complexes of salen and salpn containing ancillary carboxyl-

ate ligands form often polymeric structures in the solid state.””"

Having at
our disposal the Mn(III) complex, obtained with an acetate group in the
coordination sphere (MnL’, Fig. 1), such complex units were coupled
through dicarboxylic acids to replace the acetate moiety, thus obtaining
dinuclear structures.”” Previously, the acetate group had been replaced with
NCS to obtain a new high-spin d* roughly trigonal-bipyramidal
manganese(III) complex with a salen-type ligand.”” Dicarboxylic acids:
fumaric (FA), benzene-1,4-dicarboxylic (BDCA) and biphenyl-4,4'-
dicarboxylic (BPDCA) acid were used as bridging ligands (Fig. 3).

In the dinuclear structures obtained, the distances Mn +-- Mn are 8.736,
10.912, and 15.103 A in L’Mn(OOCCH=CHCOO)MnL’, L°Mn
(OOCC¢H,COO0)MnL’, and L’Mn(OOCCH,C¢H,COO)MnL’,
respectively. Overall dimensions of the molecules are 8.841 x 23.769 A,
8.152 x 25.839 A and 8.975 x 29.902 A, while the Si—O—Si angle values
are 155°, 153° and 166°, respectively. The results of magnetic measurements
and high-frequency and high-field electron paramagnetic resonance
(HFEPR) suggest that magnetic exchange interactions may occur in
di-Mn(III) systems over a relatively long distance (about 11 A) similarly as
in biological systems.””

In addition, azomethine ligands based on other carbonyl derivatives
and/or another amine were obtained and characterized, but in general,
for polynuclear metal complexes synthesis they were in situ generated in
the reaction system by the template method (Fig. 4).
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Fig. 4 Different Schiff base ligands containing siloxane spacers (L*°, L'", L*3) or tri-
methylsilyl tails (L12) 66677475

Thus, the Schiff base ligand L', derived from [2+2] condensation
of 2,6-diformyl-4-methylphenol and 1,3-bis(3-aminopropyl)tetramethyl-
disiloxane, allowed to obtain p-chlorido-bridged di-manganese(Il) com-
plexes, [Mn,Cl,(H,L'")(HL')]C1-3H,O with Si-O-Si angle value
ranging between 145-157°, while Si—O length is 1.590—-1.666 A; overall
molecule dimensions are 16.7 X 17 A (Fig. 5A). These complexes show an
antiferromagnetic interaction between the two high-spin (S=5/2, ¢=2)

67
’" The com-

manganese(Il) ions through the p-chlorido bridging ligands.
plex proved to be suitable as catalyst or catalyst precursor for the oxidation
of secondary alcohols to the respective ketones with fert-butyl hydro-
peroxide as oxidant under low-power microwave irradiation, at 80 °C
and a moderate reaction time.”’

The same ligand L', when treated with CuClL, resulted in a tetranuclear
copper(Il) complex [Cuy(ps-O)(L'")-Cl,] labeled as CuL'' Cl, with overall
molecule dimensions of 17.4 X 16.3 A (Fig. 5B). The 1:2 condensation prod-
uct of 2,6-diformyl-4-methylphenol with trimethylsilyl p-aminobenzoate
(L") forms with copper two different complexes, a tetranuclear complex
with an open-chain, [Cu4([t4—0)(L12)2C14], labeled as CuL'*Cl, with
dimensions of 25.4x15.9 A (Fig. 5C),°° and a mononuclear complex,
CuL}?.”” The central part of the CuL''Cl and CuL"*Cl molecules consists
of a tetranuclear {Cuy} core held together by a p4~oxido ligand. One doubly
deprotonated macrocyclic ligand (L')*~ in CuL''Cl, and two mono-
deprotonated ligands (L'%*)™ in CuL'?Cl, are coordinated to the four
copper(Il) ions through four nitrogen atoms and two phenolato oxygen
donors. In fact, they behave as bidentate chelating ligands for each of the four
Cu(Il) ions. The slightly distorted square-planar geometry of each metal cen-

ter is completed by a chloride anion and the central y ~oxido ligand. In both
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CuL''Cl and CuL'?Cl, the four copper ions of the {Cuy(u,~O)} core are
located at the vertices of a distorted tetrahedron around the central y 4~oxido
66

ligand.”” These coordination compounds also proved to be efficient as catalyst
precursors for hydrocarboxylation of a variety of C5—-C8 linear (n-pentane,
n-hexane, n-heptane and n-octane) and cyclic (cyclopentane, cyclohexane,
cycloheptane and cyclooctane) alkanes to give C6—C9 carboxylic acids with
reasonable yields.”®

The neutral units of mononuclear CuL}? resulted from coordination of
two deprotonated bidentate L'? ligand molecules with Cu(II) ions in the
N202 environment.”” The molecular units of [CuL,] are self-assembled
with the adjacent units through bridging atoms O2 (Cu—0O2 (2.94(1) A))
and O6 (Cu—0O6 (2.82(1) A)) to form stepped polymeric chains via a
center of inversion, giving Cu--- Cu separations of 6.640(8) A. The pres-
ence of strongly hydrophobic trimethylsilyl tails in the structure containing
polar groups (imine, phenolate, ester) causes the self-assembly of these
structures in micellar aggregates in solvents (for example, in hexane).
These were evidenced both by DLS measurements in solution and by
TEM on the film formed by rapidly leaving the solvent (Fig. 6).”

In situ preformed ligand L'? in a protic/aprotic solvent mixture,
followed by addition of cobalt(II) chloride in the presence of a base, resulted
in formation of the complex [Co,(u-Cl),(HL'?),][CoCl,]-4.5CH;CN
(CoL™Cl) (Fig. 5D), with overall dimensions exceeding 1nm
(13.157 x 25.092 A).”* The crystal structure of the resulting complex con-
sists of the [Co,CLLL}*]** cation complex, [CoCl,]*>~ anion and solvate
CH;3CN molecules. In the cation complex, the two Co atoms are linked
through two p-chlorido bridging ligands, according to a distance of
Co—Co of 3.60 A. Each cobalt ion has a cis-octahedral less distorted envi-
ronment being coordinated by two bidentate Schift bases and two chloride
ligands (Fig. 5D). The magnetic measurements suggested the ferromagnetic
interaction, which is released via two bridging coordinated chloride ions.”*
The ferromagnetic interactions between Co(lI) ions was also evidenced by
self-assembly of the Co(Il) complex studied by magnetic force microscopy
(MEM), where ordered self-organization in micelles was observed as shown
in Fig. 7. The presence of magnetic centers in a flexible ligand-based struc-
ture allows the self~organization of the material deposited in the film under
the action of the magnetic field of the cantilever (as can be seen in Fig. 7).

By complexing Fe(IIl) from Fe(SCN); with a ligand in situ generated by
the reaction between 3-formylsalicylic acid and 1,3-bis(3-aminopropyl)tet-
ramethyldisiloxane (L), a {Fe}, wheel is formed, having hosted in the cen-
ter a seventh iron(Ill) atom, [Fe,(H,L")s(NCS)g](ClO4);-10H,O
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(Fig. 5E). Coordination is ensured by the COOH groups attached to the
two formed aldimine fragments that remain protonated without participat-
ing in the coordination and separated by a long flexible aliphatic chain with a
central tetramethyldisiloxane unit, in which Si—O—Si angle is 151°, while
the —Si—O— bond length is 1.599 A.”> The overall dimensions of the
molecule are 15.628 X 24.642 A. Specific measurements indicate the pres-
ence of dominant antiferromagnetic interactions in the complex.

As we have shown in the case of Schiff base ligands, zero-dimensional,
discrete molecular structures are obtained and only in some cases self-assembled
by physical interactionsin 1D or 2D architectures which have limited function-
ality as such. In order to achieve well-defined nanostructures, more
functionality and extended control of chemical interactions are necessary.
Polycarboxylic acids (aromatic or aliphatic), as well as ancillary ligands (imid-
azole, 4,4’ -bipyridyl, 4,4'-azopyridine, 1,10-phenanthroline) and metal ions or
clusters are the most common building blocks in the construction of metal-
organic frameworks (MOFs) or coordination polymers with highly directional
intermolecular interactions (metal-ligand and hydrogen bonds). The ability of
polycarboxylic acids in coordination of metal ions allows the formation of dif-
ferent topologies: mono- and polynuclear 1D, 2D or 3D networks with regular
pores of various sizes: 0.2—2 nm (microporous materials), 2-50 nm (meso-
porous materials) and 501000 nm (macroporous materials) and predicted
functions for gas storage, selective adsorption and separation, magnetism, lumi-
nescence. As it is known, the first MOF was constructed from tetrahedral zinc
clusters (Zn,O)°" bridged by 1,4-benzenedicarboxylate linker (MOE-5).”’
The linker can be easily replaced by different polycarboxylates leading to the
IRMOF series with higher pore size (3.8-19.1 A) and improved functionality,
without altering the framework topology.

In our attempt to investigate the design and control of the self-assembly
of MOFs with flexible or semi rigid (V-shaped) ligands, namely those con-
taining siloxane and silane units, respectively, various complexes with inter-
esting structures have been successfully isolated by template-directed
synthesis and solvothermal procedure.

4. Metal complexes with siloxane-spaced or -supported
polycarboxylate ligands

4.1 Amorphous metal-organic frameworks
4.1.1 Aluminum carboxylate
A less common dicarboxylic acid with siloxane spacer, 1,3-bis(carboxypropyl)

tetramethyldisiloxane, L'*, was used as a ligand having as a particularity the
presence of the tetramethyldisiloxane moiety with high flexibility,



https:/Iwww.twirpx.org & http://chemistry-chemists.com

Coordination compounds with siloxane/silane-containing ligands 175

+AL(S0,);
—
+NaOH

crosslinker

Fig. 8 Schematic illustration of the path from the dicarboxylic ligand with tetra-
methyldisiloxane spacer, L', to the coordination polymer AIL' as nanoparticles and
terminated with high transparent silicone nanocomposites.”®

conferred by the siloxane linkage and hydrophobicity conferred by the
methyl groups attached to the silicon atoms (Fig. 8). Also, the distance
between the carboxylic groups is quite large, being made up of nine atoms.
However, it could be isolated in the crystalline state and analyzed structur-
ally by single crystal X-ray diffraction.”” Instead, when used alone, this
ligand in a reaction with aluminum sulfate in alkaline aqueous medium,
by a protocol similar to that used for the synthesis of the commercial
MOF Basolite A520,”” led to an insoluble, amorphous, collapsed metal-
organic network as roughly spherical particles of the order of tens of nano-
meters at most (Fig. 8).”° The moisture sorption capacity of 3.44 wt% is
about 15 times lower than the similar complex derived from fumaric acid
and it does not undergo structural changes as a result of the repeated mois-
ture sorption-desorption processes. Although the nitrogen sorption iso-
therms indicated low specific surface values (BET surface area 28.1 m*/g;
Langmuir surface area 36.4 m>/g), which do not indicate a porous material,
being a hydrophobic particulate one, it has proved to be highly dispersible
and an effective reinforcing filler for silicone polymers (PDMS) due to their
common nature.’”

4.1.2 Copper carboxylates
Polycarboxylic compounds, which consist of cyclosiloxanes having attached
at each silicon atom the highly hydrophobic methyl group and a carboxyl
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s

Fig. 9 Carboxy-functionalized methylcyclosiloxanes as amphiphilic ligands, L'>-L"7,
and nano-sized metal complexes assembled on their bases.®°

group coupled through thioether bridges, were prepared (L'">-L')
(Fig. 9).%" The coexistence in the structure of the highly polar carboxylic
groups and highly hydrophobic methyl groups attached to the silicon atom
confers an amphiphilic character on these ligands. As a result, at the concen-
tration used, these are aggregated in solution, as evidenced by the in situ
taken microscopy images and nanoparticle tracking analysis (NTA) tech-
nique. The values of the hydrophilic-lipophilic balance, calculated with
the relation: HLB = (% by weight hydrophilic part)/5,°*" range between
10.22 and 10.94.%" With the addition of copper acetate in such a system,
copper ions are readily complexed within the ligand aggregates, concomi-
tantly with self-assembly into particles with spherical morphology with
dimensions of the order of several hundred nanometers up to over 1 um
(Fig. 9).%

Even though they are carboxylic acid coordination compounds, the
complexes are quite hydrophobic (water wvapor sorption capacity:
L'Cu—4.22 wt%, L'*Cu—5.65 wt%, L'Cu—3.02 wt%) due to the
highly hydrophobic methyl groups attached to each silicon atom, which
are exposed at the surface.”’ These compounds can be regarded as
metallo-surfactants of interest for organic catalysis where they can react both
with hydrophilic and hydrophobic substrates.®* *® The tests performed indi-
cate these copper complexes as an alternative to iron-based catalysts in
Fenton reactions.”’
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4.2 Crystalline metal carboxylates

4.2.1 Siloxane-containing metal carboxylates

If the L'* carboxylic ligand alone formed amorphous structure with A(ITI),
as well as with other metal ions in our tests, crystalline structures resulted
when the metal component was a preformed cluster or when a rigid
co-ligand was used. Thus, the reaction product of L'* with in situ generated
manganese salicylaldoximate complex was isolated in the crystalline state.
The structural analysis showed an one-dimensional nano-sized coordination
polymer consisting of hexa-manganese(IlI) salicylaldoxymate clusters, act-
ing as SBUs, coupled by the double deprotonated [L'*]*~ anion, which
behaves as a tetradentate linear linker (Fig. 10). According to crystallo-
graphic data, two {Mn;(¢3-O)} subunits are bridged by two oxygen atoms
of the oxime ligand in the hexanuclear cluster. The Mn:-- Mn separation
within the trinuclear subunits is 3.156(6)-3.252(6) A, while the
Mn -+ Mn length between trinuclear subunits is 3.391(6) A. The Mn(III)
ions within the trinuclear subunits are bridged by double deprotonated
salicylaldoxime ligands, three water molecules and one protonated
salicylaldoxime ligand in a monodentate coordination mode. The distance
between the metal centers of two clusters connected by L'* is around 19 A,
while the diameter of the cluster is about 13 A%’

The coexistence of SBUs and 1,3-bis(propyl)tetramethyldisiloxane
sequences confers to the chain an amphiphilic character. The self-
organization of the coordination polymer, in solution or in cast film, as
either micelles or inverse micelles and vesicles depending on the solution
concentration and solvent polarity, was demonstrated by multiple tech-
niques: TEM, DLS, SAXS.?” Thus, on the TEM images of the films
obtained from DMF and CHCl; aggregates can be observed with dimen-
sions slightly larger than 100 nm in both cases, but with cores having differ-
ent optical densities in the two solvents (Fig. 10 down). DLS analysis in
solution also reveals the presence of aggregates but larger (1-10 pm), because
they are in a swollen state. SAXS investigations confirm the self-assembly of
Mn(III) coordination polymer in a lamellar arrangement assigned to a par-
ticular ordering of the crystalline fragments in the vesicle wall. This behavior
would be very useful for applications in catalysis and biology. The ac mag-
netic susceptibility registrations at low temperatures (2-5 K) confirmed a
slow relaxation of magnetization depending on frequency, which is consis-
tent with the single magnet molecule behavior. The magnetic interaction is
essentially governed by the two antiferromagnetic interactions within the
two triangles of the manganese cluster. As expected, the long aliphatic
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Fig. 10 1D Coordination polymer based on manganese and L** ligand, MngL** (top); presumed mechanism for self-assembling polymer in
solvents with different polarities (A) and TEM images of aggregates formed from DMF (B) and CHCl; (C) (down). Adapted from Viad, A.;
Cazacu, M.; Zaltariov, M.F.; Bargan, A.; Shova, S.; Turta, C. J. Mol. Struct. 20714, 1060 (1), 94—101.
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Fig. 11 Topographic (A,C) and phase (B,D) AFM (A,B) and MFM (C,D) images of the
MngL' aggregates in film born from CHCl5 solution.

siloxane spacer insures a good isolation of the SBUs.”” The self-organization
of the Mn(III) coordination polymer in magnetic field was studied by mag-
netic force microscopy (MFM) and the images confirmed its response by
self-assembling in regular size and shape particles (Fig. 11A and B). Thus,
the spherical aggregates, remained in film as a result of quick removal of sol-
vent (CHCls), easily collapse when the film is scanned by MEM, as can be
seen in Fig. 11C and D.

Also, the L' ligand led to crystalline structures in the presence of rigid
co-ligands, such as 4,4’-azopyridine (APy),SS’SQ imidazole (Im),gg’90 4.4'-
bipyridyl (BPy) and 1,2-(4-bipyridyl)ethylene (EBPy).”" Thus, crystalline
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coordination polymers with different architectures, e.g., 1D with Zn(II),”

or 2D with Co(II),*” Zn(I1),””" and Cu(ll),”” were obtained. In all these
structures, carboxylic acid acts either as a bidentate or tetradentate bridging
ligand. Both cis-,”""" 87.89.90

observed for the ligand L'* in these compounds, depending on the coordi-

and trans-oide conformations have been
nation geometry of the SBUs and H-bonding configuration.®” " The struc-
tures in which L' is a co-ligand with APy for transition metals are built
from dinuclear metal clusters as nodes interconnected by 1,3-bis
(carboxypropyl)tetramethyldisiloxane dianions (one coordinating to the
metal in bidentate and the other in bridging-bidentate mode) and 4,4'-
azopyridine molecules (with weak -7 stacking interactions between aro-
matic rings) as spacers (Fig. 12). Heteronuclear structures of type
CoZnL"Apy (with Co/Zn ratio 1/1.5 or 1/3) were also prepared.

The metals in these structures have generally a strongly distorted octahe-
dral environment [MN,O4].***””> M .. M distance within the rigid chain is
around 13.5 A (Mn),”” and 11.2 A (Zn),”" while along the L' linker is
16.932 A.”

In presence of 4,4'-bipyridyl (BPy), a 2D polymer, {[Zn(L'*)(BPy)]-
1.375H,0},, L"*BPyZn, with the Zn atom tetrahedrally N2O2 coordi-
nated by two monodentate carboxylate groups of the L' ligand in a
trans-oide conformation and two BPy ligands has also been obtained.
The Zn - Zn distance separated by BPy and L'* is 11.220 and 16.932 A,
respectively.” When 1,2-(4-bipyridyl)ethylene (EBPy) was used as rigid
co-ligand, the 2D extended structure {[an(L“)(Ac)z(EBPy)Z]
0.1.8H,0},, ZnL"*EBPy, formed in which Zn has a strongly distorted
N20O4 octahedral coordination with two EBPy ligands, two bidentate car-
boxylate groups provided by the acetate anion and L'* dianion in trans-oide
conformation.”’ These networks showed very good catalytic activity in
H,>0, decomposition and promising catalytic activity in the oxidation reac-
tions of glucose and viscose. Similar hydrophobic MOFs, but based on Cu
and Co, have been shown to be efficient and reusable catalysts for processes
occurring in the aqueous environment, such as hydrogen peroxide break-
down in alkaline environment or Congo red photodecomposition.””

Imidazole was also used as co-ligand with L' for the synthesis of
coordination compounds with Cu,”” or Zn.*” X-ray diffraction analysis
of the Cu complex formed, revealed the formation of an extended 2D net-
work in which dinuclear copper(ll) nodes are bridged by siloxane
dicarboxylate ligands into a paddle-wheel unit, with Cu--- Cu separation
of3.124(9) A. The geometry around copper(l]) is a five-coordinate distorted
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Fig. 12 General route leading to 2D covalent ML*APy structure, with M=C0,%° Zn,%® or Mn (left);’* two-dimensional coordination network
formed (right); inset: the optical aspect of the crystal presented illustratively for CoL**APy.*’
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square-pyramidal, the basal plane being occupied by two nitrogen atoms
and two oxygen atoms. The carboxylate linker adopts a cis-oide conforma-
tion in stabilization of the crystalline network by coordination of
copper(Il) ions in a bidentate mode and H-bonds with the adjacent imid-
azole ligands, and a trans-oide conformation occupying the space between
the 2D layers, leading to a high interconnected 3D network. Magnetic sus-
ceptibility analysis revealed an antiferromagnetic interaction between two
Cu(II) paramagnetic centers within the nodes. It should also be mentioned
that the Hy and N, isotherms revealed very low sorption capacity, the
obtained values at 1 atm being of 3.38 and 18.55 cm® g~ ', respectively.”’
These are probably due to the incomplete removal of guest molecules or
structural deformation during the thermal activation prior to N, and H,
adsorption measurements, which have often been observed in coordina-
tion polymers (Fig. 13).”"

Instead, in the case of Zn, the same ligand pair led to a hydrophobic
(2.6 wt% moisture sorption at room temperature) 1D coordination polymer
with tetrahedral coordinated zinc by three oxygen atoms from carboxylate
groups and one nitrogen atom from imidazole as monodentate ligand.™
One of the carboxylate groups coordinates in a bidentate bridging mode,
while the second in a monodentate mode with the second oxygen atom
involved as acceptor in intermolecular N—H--- O hydrogen bond with
imidazole leading to a 2D supramolecular structure. The ligand L' is in
the ¢is conformation and the Si—O—Si angle is 163°. The polymer shows
a strong emission around 387 nm in the solid state upon 320 nm excitation
being of interest in electroluminescent devices.””

All these structures show, besides melting and crystallization, also glass
transitions assigned to highly flexible and hydrophobic tetramethyldisil-
oxane moieties within the polymeric structures. This transition occurs in
general at low temperatures for a crystalline compound depending on the
intermolecular forces manifested. So the values of these temperatures are
generally lower for 1D (7 °C,”™ 14 °C") structures than for 2D ones
(76 °C,% 17.9°C,”" 23.02°C,* 42.2 °C9]). In general, these compounds
behave as hydrophobic materials, the equilibrium moisture sorption capa-
city at 90% RH and room temperature, being 1.8 (ZnL'*BPy) and 2.5
(ZnL"EBPy),”" 1.50 (CuL"Im),” or 2.6 wt% (ZnL'"*Im).*” In the case
of the 1D hexamanganese complex with L'* (MngL'*), due to the high con-
tribution of the large aldoximate groups, the sorption capacity is rather
high for a compound containing highly hydrophobic tetramethyldisiloxane
moieties, 1.e., 18.9 wt%.?



https://www.twirpx.org & http://chemistry-chemists.com

-2n HO
-2n CH,COOH

S —_n
Fig. 13 Reaction leading to the formation of 2D CuL™Im structure.®
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The three main elements of such structures: the metal in a certain spin
and oxidation state coordinated by the carboxylic groups, the high flexible
and hydrophobic tetramethyldisiloxane extender and rigidity, as well as
other particularities of the co-ligand, can confer these compounds magnetic,
surface (self-assembly) or optical properties.”” Thus, besides the ability to
assemble in the crystal structure in 1D, 2D or 3D architectures, due to their
amphiphilic character, these soluble coordination compounds have also the
ability to self-assemble, both in solution and in film, forming more or less
defined nanostructures, depending on the influence of other external factors.
Thus, AFM images taken on the film of the 2D polymer CoL'*APy and
ZnCoL'"* APy, spin coated from a clear solution in the solvent mixture
CHCI;:THE:DMF, in volume ratio 1:1:1, reveal the self-assembly of the
polymers in columnar aggregates having a size of the order of
100—200 nm (Fig. 14).

By irradiation with an UV laser (Xe—Cl excimers) beam at 308 nm and
power density of 45 mJ/cm?, the film based on the MnL"*APy complex is
very quickly structured into hemispherical nanometer formations as a result
of azopyridine photoisomerization (Fig. 15A and B). Structuring, but with a
different pattern, also occurs under the action of a magnetic field when the
film is investigated by MEM technique (Fig. 15C).”

This ability is of interest for their potential to orient other chemical spe-

. . . . 94
cies, such as biomolecules, or in catalysis.

4.2.2 Silane-containing metal carboxylates
The carboxylic acids containing silane units can also be used as organic
building units for metal-organic frameworks on the assumption that the
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Fig. 14 Changing in structuration pattern in film (formed from CHCI5:THF:DMF in vol-
ume ratio 1:1:1) of the heteronuclear ML'*APy 2D complexes in dependence of hetero-
metal ratio: (A) Co; (B) Co/Zn=1/1.5; (C) Co/Zn=1/3 emphasized by AFM.
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Fig. 15 AFM images of the MnL”APy pristine (A) and UV-irradiated (B) film formed
from methanol; (C) MFM image taken on pristine film.

presence of the relative flexible C—Si—C spacer, in their structures would
facilitate the self~assembling in supramolecular architectures, decrease phase-
transition temperatures, and, eventually, improve solubility. In addition, the
phenyl rings can freely rotate around the C—Si—C single bond according
to the small change in the coordination environment in order to minimize
the steric hindrance.”” The carboxylic acid groups can be partially or
completely deprotonated, leading to various coordination modes; they
can be involved in hydrogen bonds, both as an acceptor or as donor, while
the aromatic ring can stabilize the crystal structure via m-m-stacking
interactions. These structural properties are essential in the design of high
dimensional frameworks.”® There are a small number of publications in
which silicon-containing carboxylic acids are used to prepare metal-organic
frameworks, e.g., tetrakis-(4-carboxyphenyl)silane, di-(4-tolyl)-di-
(4-carboxyphenyl)silane and (4-tolyl)-tris-(4-carboxyphenyl)silane, 5,5'-
(dimethylsilanediyl)diisophthalic acid, 5,5'-[4,4'-(dimethylsilanediyl)bis
(1,4-phenyl)bis-(ethine-1,2-diyl)]diisophthalic.”"”" """ Different from
these, the silicon-containing linker was prepared and used in bis-
(p-carboxyphenyl)diphenylsilane, L'®, on the basis of which two manganese
complexes, one pentanuclear and one trinuclear, Mns(L'®),> ~(HCOO),
(H0)(DMF),, MnsL'®, and [Mng(p-H.0)(L"%)," ™ (L™),* " (DMF),]-
2DMF-12H,0, Mn;L"%, both as 2D coordination structures were obtained
(Fig. 16).""!

The formation of a nano-sized pentanuclear cluster is insured by
the coordination of 10 carboxylate groups provided by four bis
(p-carboxyphenyl)diphenylsilane and two formate ligands. While the latter
act as bridging ligands, the dicarboxylic ligands play a dual role, holding
together the metal ions of the SBU and bridging the SBU together.
Crystal Mn;L"® is built of trinuclear manganese(II) SBUs that are held
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Fig. 16 Experimental pathways leading to: tri- and pentanuclear manganese(ll), MnsL'®
and Mn;L'8, dinuclear zinc(ll), Zn,L'8, and infinite Zn(ll) clusters, Zn.,L'®, as SBUs, self-
assembled as MOFs by V-shaped silicon-containing dicarboxylates.>'°’

together by [L'®1*” and [L'®],' ™ in a 2D (4,4) coordination polymer.
The magnetic susceptibility measurements indicate antiferromagnetic
interactions between paramagnetic manganese(Il) centers modulated by
the coordination mode of the carboxylate bridges. MnsL'® and Mn;L"®
contain large, bidirectional rectangular 8 X 9.2 A® channels along the crys-
tallographic b axes, comparable to MOF-5, where the 3D channel systems
are of 8 x 12 A.”” These channels are filled with solvated water and DMF
molecules in the case of MnsL'® (see below).'”" The solvent accessible
surface values theoretically estimated on the basis of the crystallographic
data for particular guest molecules (CO,, H,O, Ar, N»), vary in the range
1.6% of unit cell volume for CO, (compound MnsL'®) to 19.5% of unit
cell volume for N, (compound Mn3L18), whereas for water these values
are 9.4% and 7.5% of unit cell volume in the case of the first and second
compounds, respectively.

Following the same strategy, two zinc coordination polymers, Zn,L'®
and Zng, L'®, have been obtained under different solvothermal conditions
(Fig. 16). The Zn(I)-coordination polymer Zn,L'® is built up from
deprotonated carboxylate linkers connected to the dinuclear Zn in a syn-
syn bidentate coordination mode. The Zn-:-Zn separation is 2.941(2) A,
both Zn(Il) ions being in a square-pyramidal environment assigned to the
four oxygen atoms from carboxylate ligands with Zn—O length of 2.058
(5)-2.060(5) A and to one oxygen atom from DMF molecules used as sol-
vent with Zn—Q distance of 1.989(5) A. The self-assembly in the solid state
occurred by parallel packing of 1D polymeric chains leading to the
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formation of a 2D networks in which 4.9 x 11.3 A channels accommodate
coordinated and solvated DMF guest molecules (Fig. 17). The channels are
similar to those found in Zn-MOEF-54 built with 2,5-dioxido-1,4,-
benzene-dicarboxylate linker with 10.3 X 5.5 A2 In the Zng, L' frame-
work, the silicon linker extends in three dimensions by bridging the zinc(II)
centers into infinite clusters as SBUs, the space between zinc(1I) layers being
occupied by diphenyl units attached to the silicon atom (Fig. 17). The
geometry around a zinc(Il) ion is a distorted trigonal bipyramid.

Dinuclear Ni(II) and Co(II) complexes were also prepared under
solvothermal conditions by heating L'®, 1,10-phenanthroline and metal
acetates in a water/DMF mixture. Single-crystal X-ray structure analysis
revealed that the Ni(II) complex adopts an extended 2D network composed
from discrete dinuclear Ni(II) complexes connected in 1D supramolecular
layers by two monodentate carboxylate groups, two nitrogen atoms from
1,10-phenanthroline and two water molecules in an octahedral environ-
ment (Fig. 18).

The Ni -+ Ni distance within the molecular unit is 13.4 A. The structure
is stabilized also by m-xt stacking interactions between the parallel 1D chains
leading to a very compact structure with no surface access for guest mole-
cules. On the contrary, large cavities similar with those of MnzL'® are
formed when Co(Il) acetate is used as connector, the Co---Co distance
being of 2.078(6) A. Co adopts an octahedral geometry being coordinated
by two nitrogen atoms from 1,10-phenanthroline, one carboxylate in bid-
entate bridging mode, two carboxylate groups in chelating bidentate mode
and one water molecule (Fig. 18).

Pore expansion can be achieved by simply adjusting the structure of the car-
boxylate linker. Therefore, in addition to bis(p-carboxyphenyl)diphenylsilane
(L'®), another silane-based carboxylic acid, bis(3,4-dicarboxyphenyl)
dimethylsilane (L'®) was prepared and both were used to coordinate
copper(Il) in the presence of 1,10-phenanthroline as co-ligand (Fig. 19).""

The molecular structures of the two complexes formed resemble in prin-
ciple. In both, the copper atom has a similar coordination polyhedra, a
slightly distorted square-pyramidal N4O coordination environment, both
carboxylate ligands (L'® and L'®) behave as monodentate ligands and partic-
ipate in the coordination with half of the carboxylic groups, the other
remaining protonated. Both complexes show 2D supramolecular architec-
ture assembled via a complex network of O—H -+ O hydrogen bonds and
7-r stacking interactions (Fig. 19). The solvent (water) accessible surface
value, estimated by the technique available in Olex2,'"" reveals water
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Fig. 17 3D coordination networks build on trinuclear- and pentanuclear manganese(ll), dinuclear and infinite Zn(ll) clusters and L*® ligand.
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Fig. 18 Crystal structure and self-assembly in the solid state of Ni(ll) and Co(ll) com-
plexes with L'® and 1,10-phenanthroline co-ligands.

s oA o ) 202 %@%@W

R4=-CgHs, Ro=H, Rz= COOH, n=1 (CuL'®Ph)
R=-CHa, R;=COOH, R3=COO", n=0 (CuL'®Ph)

A
Fig. 19 The formation of copper complexes with phenantroline and di- and
tetracarboxylic aromatic acids having silane spacer; view of the crystal structure pack-
ing: (A) complex L"®PhCu along a axis; (B) complex L'®PhCu along c axis.'*
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accessible volume of 493 A (20.1%) and 834 A (34.7%), respectively, for the
two complexes. These relatively high values are justified by the presence of a
large number of donor and proton acceptor groups in these structures. The
results of magnetic measurements on these coordination compounds indi-
cate the non-interaction of penta-coordinated copper paramagnetic centers
(S=1/2, gis 2.14 and 2.19)."”

Another silane-centered polycarboxylic acid, tris(carboxyphenyl)phenyl
silane (L?°) was prepared and used alone to obtain 3D coordination net-
works with open channels in the presence of 3d and 4f block elements,
under solvothermal conditions (Fig. 20).

X-ray structure of lanthanide MOFs revealed a unit cell containing one
pentanuclear sub-unit with two eight-coordinated lanthanide(III) centers:
Dy’* or Eu’". The deprotonated tricarboxylate linker is coordinated in bid-
entate bridging and chelating modes leading to a separation between Eu(I1I)
ions of 3.486(3) A within the dinuclear centers. In Zn-MOF, X-ray diffrac-
tion studies revealed centro-symmetrical secondary building units formed by
four Zn(Il) ions bridged by four carboxylate groups and two p3-0xo atoms.
The coordination environment of two Zinc(Il) ions is described as a quite
regular trigonal bipyramide, while other two Zinc(II) ions have a strong dis-
torted tetrahedral coordination, as shown in Fig. 20. In the crystal, the car-
boxylate groups are connected through the benzene ring to the silicon atom
which sits at the center of the nearly regular tetrahedron of the organic mol-
ecule. 3D extended structures resulted from self-assembly of unit cells in the
crystal structure can be seen in Fig. 21.

The total solvent accessible volume calculated by tools available in the
Olex2 program was estimated at 49.7% for Zn,L*® and 68.4% for
Eu,L?°, while in the case of Dy,L*° the channels formed along the crystal-
lographic axes accommodate water molecules. A comparison with the

Eu®'/ Dy* S
- 5 DMFhwater, 125 °C, 72h i’\/ Eu L2
© : o >a BEut™
sthanoliwater, 90 °C, 72h
Zn2g

1

LEU
o )
" \( znLs

Fig. 20 Solvothermal procedures to obtain zinc(ll) and lanthanide(lll) MOFs.
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Fig. 21 Structural packing motif in Zn(ll) and lanthanide(lll) MOFs built with L°.

[RMOF series shows analogous values for IRMOF-5 (55.8%), the free vol-
ume being higher than the most open zeolites with 45-50%.""

In most cases, the properties of the crystalline structures based on silane-
centered polycarboxylic acids with/without co-ligand (porosity, optical or

catalytic, etc.) are investigated in the solid state, these being mostly insoluble.

5. Conclusions and future perspectives

Although used relatively rarely, organosiloxane/silane-spaced or
silane-tailed ligands are valuable blocks for assembling metal coordination
structures, at least from a few points of view. First of all, by their hybrid
nature, such motifs constitute a bridge between the general organic part rep-
resented by the ligand and the inorganic component represented by the
metal in coordination compounds. Then, the extremely high flexibility of
the siloxane bond gives the ligand conformational freedom to adopt the
most convenient position in the coordination sphere. The large length of
the ligand, when it contains the tetramethyldisiloxane spacer, allows the for-
mation of over nanometer-sized cyclic or linear structures. The hydropho-
bicity of the methylsiloxane moiety and the amphiphilic character of the
resulting metal coordination compound allows the self~assembly in solution
and in film in micellar structures of interest for catalysis, optics and biology.

Coordination compounds of Schiff base ligands containing siloxane
spacer or silane tails were presented. Depending on the nature of the car-
bonyl component used in the Schift basis synthesis, mononuclear com-
pounds (mainly with salen-type ligands of salicylic aldehyde derivatives)
or polynuclear derivatives with complex architectures were obtained in
the case of ligands derived from 2,6-diformyl-4-methylphenol or
3-formylsalicylic acid having several coordination moieties. In addition,
in the latter cases, metal salt anions are also often involved in coordination.
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In the case of carboxylic ligands with tetramethyldisiloxane spacer,
amorphous, hydrophobic structures with low specific surface area were
obtained. When a rigid co-ligand was added, 1D or 2D, di- or poly-,
homo- or heteronuclear crystalline structures were obtained. In addition
to self-assembly in the solid state, these compounds, generally soluble, are
capable of micellar self-assembly in solution and in film. The self-assembly
pattern in the film, may be responsive to external stimuli such as optical or
magnetic, depending on the structure. The use as ligands of silane-spaced
polycarboxylic acids has led to 2D or 3D self-assembled structures, generally
polynuclear. These crystalline structures, most of them insoluble, are useful
as such, in solid state due to their optical, magnetic or porosity properties.
However, their investigation is not complete and their properties have
not yet been sufficiently validated, this being still in our attention.

Additionally, future prospects are on expanding the range of silicon-
derived ligands and metal complexes with different architectures and
nuclearities and assessing their suitability for emerging fields: catalysis, mag-
netics and spintronics, optics, biology and pharmaceutical, electronic,
environmental protection, etc. The design and synthesis of the flexible
metal-organic frameworks with the gate opening pressure is also intended
to be further addressed.
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Abstract

With the advent of new analytical technologies and a firm grasp on the fundamentals of
chemical reactivity, the area of coordination-driven self-assembly has grown signifi-
cantly over the last number of years. This field can be roughly divided into two subcat-
egories: the solution and solid state based area of molecular architecture and the more
materials-oriented discipline of coordination polymers and network solids. The former
deals exclusively with single molecules that form in solution before crystallizing out,
while the latter is focused on infinite systems in the solid state. Both hope to present
chemists with large and well-defined, novel compounds that may have several potential
applications and can be synthesized with relative ease and predictability. One of the
most interesting and challenging fields is coordination polymers. Helping to link the
black and white worlds of organic and inorganic chemistry, coordination polymers
can simply be described as the bridging of coordinated metal centers with organic
ligands resulting in supramolecular structures. In this section, we present an overview
of methods for the preparation of coordination compounds and coordination polymers
in two forms of bulk and nano. Here we summarize the effects of some factors such as
structure and morphology of the products.

Advances in Inorganic Chemistry, Volume 76 © 2020 Elsevier Inc. 197
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1. Introduction

The crystal engineering of inorganic—organic hybrid materials has
become an increasingly popular field of research over the past few decades
owing to the potential for the synthesis of technologically important com-
pounds with tailored topologies. Metal-organic compounds, which consist
of both an organic and inorganic components, have shown promise in a vast
array of applications such as catalysis, gas storage, ion exchange, magnetic
materials, optics, and separations.' °

Among them, the design and synthesis of extended network materials has
been an area of intense research over the past decade. Specifically, the porous
nature of many of these materials makes them attractive for numerous appli-
cations.”” Coordination compounds and coordination polymers can be
designed through a node and linker. This method uses metal ions as nodes
and organic molecules as linkers. The metal ion, with a preferred coordina-
tion number and geometry, in combination with divergent linker
molecules, creates an extended network in one, two, or three dimensions.
The interactions of the metal ion and the linker molecule vary widely and
have included ionic, covalent, and coordinate interactions, as well as hydro-
gen bonding and m—r interactions. Often, the strengths of these interactions
directly influence the overall stability of the resulting framework. Infinite
coordination polymers have been the subject of much research for more
than three decades. Having been studied for so long, a number of interesting
applications have been discovered or postulated for such species. These
include: molecular magnets, electrical conductivity and superconductivity,
nonlinear optics, and ferroelectric materials.

In a direct way, the chemistry established with the coordination poly-
mers has helped develop the coordination methodology that is prevalent
in the larger, infinite supramolecular systems of today. These systems, which
include such architectures, often attempt to mimic naturally occurring zeo-
lites and provide materials with predictable pore sizes and functionality. The
hopes are to create predesigned chemical environments for such phenomena
as host-guest chemistry, anion-exchange, and catalysis.” '

Along with the development of functional hybrid materials in recent
years, synthesis, characterization and investigation of properties as well as
applications of nanostructure materials, have been the subject of extensive
research. This trend has found an even greater pace in the past few years.'” '
These materials find very diverse potential applications including catalysis,
magnetism, optics, sensors, biosensing, medical diagnostics, energy storage
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and batteries, data storage and others.'® There are many methods for the
preparation of nanomaterials including hydrothermal or solvothermal
methods, microwave-solvothermal synthesis, microwave synthesis,
magnetic-field-assisted hydrothermal, sol-gel process, electrochemically
induced sol-gel, microemulsion and reverse micelle/microemulsion,
homogeneous precipitation method, cluster growth method, chemical
vapor deposition, vapor-liquid—solid process, soft chemical method, elec-
trophoretic deposition, electrochemical fabrication, chemical reduction
method, electrolysis of metal salts, rapid expansion of supercritical solvents,
photoreduction of metal ions, microwave plasma synthesis, sonochemical
method and mechano-chemical processes.'® "

In this section, we reviewed some new coordination compounds (CC),
coordination polymers (CP), nano coordination compounds (NCC), and
nano coordination polymers (NCP).

2. General comment
2.1 Preparation of metal-organic coordination polymers

Metal-organic coordination polymers and porous metal-organic systems with
regular-pore structure have attracted considerable attention in recent years for
applications in gas storage, heterogeneous catalysis, selective guest adsorption,
and sensing technologies. Several processes with the same starting reagents
sometimes lead to different isomeric or polymorphic products.

Saturation methods allow crystal formation from a mixture of the different
reagents. Molecular recognition permits the construction of products following
pre-determined rules. This technique can be conducted using facile conditions:
— Crystals grow in saturated solutions, and ideal concentrations can be

achieved by slow evaporation of the mother liquor
— Solubility increases with temperature, and crystals can appear during the
cooling step, for which the speed of cooling and final temperature have to
be controlled
Diffusion methods are preferred for obtaining single crystals that are suitable
for X-ray diffraction analysis rather than non- or poly-crystalline products,
especially if the products are poorly soluble. This method is based on grad-
ually enhancing the contact of difterent species, which can be achieved by
the following:
— Solvent liquid diffusion, where the components of the reaction are dis-
solved in appropriate immiscible solvents and crystal growth occurs at
the interface
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— Slow diffusion of reactants, which is similar to the previous method except
that the reactants are each dissolved separately in one of the two solutions.
Separation of the solutions can solve problems with the formation of
layers or physical barriers. Instead of liquid solvents, gels are also used
as diffusion and crystallization media in some cases, especially to slow
down diffusion and to avoid precipitation of the bulk material.

Hydrothermal and solvothermal methods were originally used for the synthesis of
zeolites but have been adopted for the formation of metal-organic coordi-
nation polymers. They exploit the self-assembly of products from soluble
precursors. The temperature range is usually 120-260 °C inside a closed
space (an autoclave) under autogenous pressure. Under these conditions,
the reduced viscosity of water enhances the diffusion process and thus the
extraction of solids and crystal growth from solution. The difference in sol-
ubility between organic and inorganic components in a solvent is often a
barrier in the formation of single crystals. However, hydrothermal experi-
ments can be a good approach since the solubility of starting materials can
be increased. This crystallization technique is a non-equilibrium synthesis
and may lead to metastable products. This can mainly be influenced by
the cooling speed at the end of the reaction.

Microwave and ultrasonic methods have not been used as much for coordi-
nation polymer formation. They are also based on the improvement of sol-
ubility in order to improve the reaction or crystallization of involved species
and products. These methods remain to be exploited more efficiently.

For lead(IT) metal-organic coordination compounds, most of the synthe-
ses are simple and straightforward in concept, but frequently present diffi-
culties in execution. This results from the limited solubility of the desired
species that are usefully crystalline. This has been overcome in many cases
by making use of the temperature dependence of the solubility, which is
generally common for lead(II) salts.

For less soluble species, suitable crystalline products have been accessed
by methods where the reactants are placed in an appropriate solvent in sep-
arate arms of a sealed branched tube. The lower end of the tube contains the
lead salt reactant, which is typically very insoluble. It is held in an oil bath at a
relatively high temperature (around 60 °C), while the branch is at room
temperature. Very frequently, crystalline material that is useful for X-ray
studies is deposited in the branch, often only after an extended period. In
most systems, the ligand in the branch held at room temperature is very read-
ily soluble in the solvent, so the success of the procedure could also possibly
depend on the slow rate of liquid phase diftusion.
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2.1.1 Sonochemical methods in nanomaterial synthesis

Compared with traditional techniques, sonochemical methods are more
convenient and easily controlled. Many nano-compound syntheses have
been carried out using ultrasound, which result in high yields within a short
reaction time. Ultrasound consists of high-frequency sound waves and are
considered either destructive (20 kHz to 2 MHz) or nondestructive diag-
nostic ultrasound (5-10 MHz). Sonochemical applications require the
high-energy waves of destructive ultrasound. When a liquid is irradiated
with ultrasound, the sound waves locally compress and expand the liquid.
The liquid follows the movements, but the distance between the molecules
can become so large that cavitation bubbles are created, which increase in
size over several compression and rarefaction cycles. When a bubble grows
beyond a certain size, it becomes unstable and collapses. During the collapse,
the liquid surrounding the bubble is strongly accelerated, and collisions
between the molecules create hot spots with very high temperatures and
pressures.

2.2 Lead(ll) nano coordination compounds
2.2.1 Nano-peanuts lead(ll) coordination polymer [Pb(qcnh)(NOs),],,
The reaction between 2-quinolincarbaldehyde nicotinohydrazide “qcnh”
Schiff-base ligand and a solution of lead(II) nitrate led to the formation of
the new lead(Il) coordination compound [Pb(qcnh)(NO3),], (1). Nano
structure of compound 1 was obtained by ultrasonic irradiation in a
methanolic solution and single crystalline material was obtained using a heat
gradient applied to a solution of the reagents. X-ray structure of complex 1
revealed the composition and stereochemistry of a fundamental building
block, having a formula of {Pb(qcnh)(NO3),} (Fig. 1). These blocks are
connected via non-covalent contacts originating from the qcnh and nitrato
ligands into infinite 1D polymeric chain (Fig. 2). A view of the molecular
structure of 1 together with atom numbering scheme is shown in Fig. 1.
The morphology of compound 1 prepared by the sonochemical method
(Fig. 3) is very interesting. It is composed of peanuts-shape nanoparticles
with diameter of about 50 nm.

2.2.2 Nano-flower lead(ll) one-dimensional (1-D) coordination
compound {[Pb(phen)(u-CH3;COO)][PF¢l}, (2)
[phen = 1,10-phenanthroline]
The reaction between the “phen” ligand with a mixture of
Pb(CH;COO0),-3H,0 and hexafluorophosphate led to the formation of
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Fig. 1 A view of the molecular structure of [Pb(Hqcn)(NOs),],, 1 with the atom number-
ing scheme, showing the coordination environment of the Pb(ll) atom. Dashed lines
indicate the coordination to the neighboring molecules, symmetry codes: (i) —x, —y, —z
(i) —x, 1—y, —z. The Pb(1)—N(1) bond (2.939(2)A) is not shown for the clarity."’

“ A \“_. % “‘, . W
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Fig.2 A part of the crystal structure of 1, showmg the formation of 1D polymeric chains.
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Fig. 3 SEM photographs of [Pb(Hqcn)(NOs),l, (1) nano-groundnuts at different
magnifications.*'

the new lead(IT) coordination compound {[Pb(phen) (u-CH;COO)|[PFq]},,
(2). Nano-flowers of compound 1 were obtained by ultrasonic irradiation in
a methanolic solution, and single crystalline material was obtained using a
heat gradient applied to a solution of the reagents.*

The X-ray structure of complex 2 revealed the composition and
stereochemistry of a fundamental building block with a formula of
{[Pb(phen)(p-CH3COO)][PFq]}. A view of the asymmetric molecular struc-
ture of 2, together with a selected atom numbering scheme, is shown in Fig. 4.
The lead (II) atoms are bridged by two acetate ions with a Pb--- Pb distance of
4.220 A. The complex takes the form of a one-dimensional polymer (Fig. 5).
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Fig. 5 Fragment of the coordination polymer showing the 1-D polymer 2.

Fig. 6 shows the nano-flower that was observed by SEM. The mor-
phology of compound 2, prepared by the sonochemical method, is
very interesting. It is composed of cross-sheets with thickness of about
40-50 nm.
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Fig. 6 SEM photographs of {{Pb(phen)(n-CH3;COO)][PFl}, (2) nano-flowers.

2.2.3 Nano-cauliflower-shaped lead(ll) metal-organic coordination
polymer, [Pb(u-2-pinh)N3(H,0)],, (3)

The reaction between the 2-pyridinecarbaldehyde isonicotinoylhydrazone
(H-2-pinh) ligand with a solution of lead(Il) acetate and sodium azide led
to the formation of the new lead(II) coordination polymer, [Pb(p-2-pinh)
N3(H,0)],, (3). Nano-cauliflower shapes of compound 3 were obtained
by applying ultrasound to a methanolic solution, and single crystalline mate-
rial samples were obtained by applying a heat gradient to a solution of the
reagents.

Single crystal X-ray structure determination reveals that 3 has the stoi-
chiometry of [Pb(p-2-pinh)N;(H,O)],. Fig. 7 shows the asymmetric unit
and atom numbering scheme.

The data indicate that the lead atom is chelated by one oxygen and two
nitrogen atoms of the 2-pinh ligand. It is also coordinated by the pyridyl-N4
atom of a neighboring molecule to generate a zigzag chain along the c-axis.
Thus, the 2-pinh ligand is tetradentate. The lead atom is also coordinated by
a water molecule and the N5 atom of a terminally bound azide. The water
molecule and donor atoms from the 2-pinh ligands occupy an approximate
plane with the azide N5 atom lying to one side. To the other side is a weakly
connected N3 atom that is otherwise not involved in coordination such that

the zigzag chains are linked into double chains (Fig. 8)."
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Fig. 7 Molecular structure of the asymmetric unit of [Pb(p-2-pinh)N3(H,0)],, with atom
labeling.”

W‘&LM*

\

AP

Fig. 8 Fragment of the coordination polymer showing the 1D zigzag polymeric chain.
Association between chains related by twofold symmetry via Pb--- N3 interactions.*®

Compound 3 prepared by the sonochemical method shows interesting
morphology comprising sheet-like structures with an approximate thickness
of 30 nm (Fig. 9).

2.2.4 Nanorods of a lead(ll) 3D metal-organic coordination system
{[Pb(u2-NO3),]-(hmta),-H,0}, (4)
(hmta = hexamethylenetetramine)
The reaction between the hmta ligand with Pb(NO3),-3H,0 led to the for-
mation of the new lead(Il) 3D metal-organic coordination system {[Pb(p2-
NO3)4]-(hmta),-H,O},, (4). Nanostructures of 4 were obtained unity
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Fig. 9 SEM image of [Pb(u-2-pinh)N3(H,0)], (3) nano-cauliflower.*®

ultrasound in a methanolic solution, and single crystal material was obtained
using a heat gradient applied to a solution of the reagents.**

The X-ray structure of 4 revealed the composition and stereochemistry
of a fundamental building block with a formula of {[Pb(u2-NO3),]-
(hmta),-H,O},, (Fig. 10). This building block crystallizes in an orthorhom-
bic system with Pmmn space group and takes the form of a three-dimensional
coordination polymer (Fig. 11).*"

Fig. 12 shows the nan-orod structures that were observed by SEM. The
formation mechanism of these structures needs to be investigated further.
However, it may be a result of the supramolecular crystal structure of this
compound; i.e., the packing of the structure on a molecular level might have

influenced the morphology of the nanostructure of the compound.

2.2.5 Nano Pb(ll) 1D metal-organic zigzag chain [Pb(p-2-einh)NO,],, (5)
(p-2-einh = (1-(pyridin-2-yl)ethylidene)isonicotinohydrazide)

The reaction between the “Hp-2-einh” ligand with Pb(CH3COO),-and

NaNO; led to the formation of the new lead(II) metal-organic polymer

[Pb(p-2-einh)NO;],, (5). Nanostructures of compound 5 were obtained

by ultrasonication in a methanolic solution, and the single crystalline sample

was obtained using a heat gradient applied to a solution of the reagents.
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Fig. 10 Molecular Structure of {[Pb(u2-NO5),]-(hmta),-H,0},, (4).**

Based on single crystal X-ray crystallography, the structure of [Pb(p-2-
einh)NOy],, (Fig. 13) crystallizes in the monoclinic system with space group
P2,/n, taking the form of a one-dimensional zigzag metal-organic polymer
in the solid state (Fig. 14). A view of the asymmetrical unit structure of 5,
together with a selected atom numbering scheme, is shown in Fig. 13.%

Fig. 15 shows the nanostructures observed by scanning electron micros-
copy. Interestingly, the morphology of compound 5 prepared by the
sonochemical method is composed of hexagonal nano-plates with thickness
of 25-40 nm.*

The TEM image and SAED pattern of compound 5 confirm the hexag-
onal plate morphology and its crystallinity (Fig. 16)."

Further investigation is required to explain the mechanism of formation
of these structures. However, the supramolecular structure of the compound
may influence it. The morphology of the nanostructured compound can be
affected by the packing of the structure on a molecular level (Fig. 17)."
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Fig. 13 Molecular asymmetrical unit of [Pb(p-2-einh)NO,], (5).
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Fig. 14 Fragment of the coordination polymer showing the 1D zigzag metal-organic
polymer.*

Fig. 15 SEM photographs of [Pb(p-2-einh)NO,],, (5) nano structures.

2.2.6 Rod-shaped nanostructures of 1D lead(ll) tri-nuclear coordination
polymer [Pbs(tmph)4(u-N3)s(u-NO53)], (6)*°
The reaction between the 3,4,7,8-tetramethyl-1,10-phenanthroline (tmph)
ligand with a mixture of Pb(NO3),-3H,O and sodium azide led to the
formation of the new lead(Il) coordination compound [Pbs(tmph),
(U-N3)5(u-NO3)] (6). Nanorods of compound 6 were obtained by ultra-
sonic irradiation in a methanolic solution and single crystalline material
was obtained using a heat gradient applied to a solution of the reagents.**



https:/Iwww.twirpx.org & http://chemistry-chemists.com

212 Younes Hanifehpour et al.

4 ‘¢

Fig. 17 Left: packing of the structure on a molecular level, Right: morphology of the
nanostructure.
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Fig. 18 Molecular structure of [Pbs(tmph)4(p-N3)s(p-NOs)] (6).

The determination of the structure of [Pb;(tmph)4(1-N3)s(p-NO3)] (6)
(Fig. 18) showed that the complex crystallizes in the monoclinic system with
space group P,,4, taking the form of a one-dimensional polymer in the solid
state (Fig. 19). A view of the molecular structure of 6 together with selected
atom numbering scheme is shown in Fig. 18.

Fig. 20 shows the nanorods that were observed by scanning electron
microscopy. The morphology of compound 6 prepared by the sonochemical
method is very interesting. It is composed of cross-rods with thickness of about
55 nm (Fig. 20).

2.2.7 Nanostructures of a new coordination polymer with the ligands
1,10-phenanthroline (phen) and 4-aminobenzene sulfonic acid
(4-abs), [Pb(phen),(4-abs),], (7) ¥/

The reaction of the 1,10-phenanthroline (phen) and 4-aminobenzene sul-

fonic acid (4-abs) ligands with a of Pb(II) acetate using two difterent routes

provide crystalline materials of the general formula [Pb(phen),(4-abs),],, (7)

(Fig. 21).

The determination of the structure of 7 by single crystal X-ray crystal-
lography shows that the complex crystallizes in the orthorhombic system
with space group Py,,, taking the form of a 1D polymer in the solid state
(Fig. 22). A view of the molecular structure of 7 together with selected atom
numbering scheme is shown in Fig. 21.



Fig. 19 Fragment of the coordination polymer showing the 1D polymer.*®

Fig. 21 The molecular structure of the asymmetric unit of [Pb(phen),(4-abs),] (7).
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Fig. 22 Fragment of 11 showing the 1D polymer.*’

Fig. 23 SEM photographs of 11 nano-flowers.*”

Fig. 23 shows the nano-layers that were observed by SEM. The mor-
phology of 7 prepared sonochemically is very interesting. It is composed
of cross-sheets with a thickness of ~32 nm that form a flower-like network.
The packing of the structure on a molecular level might influence the mor-
phology of the nanostructure of the compound (Fig. 24).

2.2.8 Neutral nanorod binuclear lead(ll) azido coordination compound,
[Pb,(tmph);(u-N3)>(CH;COO),] (8) [tmph = 3,4,7,8-
tetramethyl-1,10-phenanthroline]*®

The reaction between “tmph” ligand with a mixture of Pb(CH3COO),-3H,O

and sodium azide led to the formation of the new lead(Il) coordination com-

pound [Pb,(tmph),(pu-N3)2(CH;COO),| (8). Nanorods of compound 8 were
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Fig. 24 Left: packing of the structure on a molecular level. Right: morphology of the
nanostructure.

Fig. 25 Molecular structure of [Pb,(tmph),(i-N3),(CH;COO0),] (8).*®

obtained by ultrasonic irradiation in a methanolic solution and single crystalline
material was obtained using a heat gradient applied to a solution of the reagents.

X-ray structure of complex 8 revealed the composition and stereochem-
istry of a fundamental building block, having a formula of [Pb,(tmph),
(p-N3)2(CH3COO),]. A view of the molecular structure of 8 together
with selected atom numbering scheme is shown in Fig. 25. The complex
[Pb,(tmph), (-N3)2(CH3;COO),] acts as a monomer unit in the 1D supra-
molecular chain (Fig. 26). The lead(II) atoms are bridged by two azide ions
in a pp-1,3 fashion with a Pb---Pb distance of 4.302 A.
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Fig. 27 TEM image of [Pb,(tmph),(p-N3)»(CH;COO0),] (8).*8

There are two different types of non-covalent 7— stacking interactions
between the parallel aromatic rings belonging to adjacent dimers. The inter-
planar distance of the “tmph” ligands are 3.38 and 3.61 A, appreciably
shorter than the normal m—r stacking. Consequently, the z—n stacking
and Pb--- C interactions also allow the [Pby(tmph),(pu-N3)>(CH;COO),]
(8) structure to form a 1D chains (Fig. 26).

Fig. 27 shows the nanorods that were observed by transmission electron
microscopy. The morphology of compound 8 prepared by the
sonochemical method is very interesting. It is composed of cross-rods with
thickness of about 20-35 nm.
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2.3 Some other metal coordination compounds

2.3.1 Bismuth(lll) nano coordination polymer, {[Bi(pcih)(NOs),]-MeOH},,
(9), (“pcih” is the abbreviations for 2-pyridinecarbaldehyde
isonicotinoylhydrazoneate)*’

Reaction between 2-pyridinecarbaldehyde isonicotinoylhydrazone
ligand (Hpcih) with a solution of bismuth(III) nitrate led to the formation
of the new bismuth(IIl) coordination polymer {[Bi(pcih)(NOj3),]:
MeOH}, (9). Nanorods of compound 9 were obtained by ultrasonic irra-
diation in a methanolic solution and single crystalline material was
obtained using a heat gradient applied to a solution of the reagents
(Fig. 28).

Determination of the structure of 9 by X-ray crystallography showed
that the complex crystallizes in the monoclinic system with space group
P2,/n, taking the form of a zigzag one-dimensional polymer in the solid state
(Fig. 29). A view of the crystal structure with atom numbering scheme is
shown in Fig. 28.

The morphology of compound 9 prepared by the sonochemical method
(Fig. 30) is very interesting. It is composed of rods structures with thickness
of about 20—40 nm (Fig. 30).

S,

Fig. 28 The molecular structure of the asymmetric {[Bi(pcih)(NO3),]*MeOH},, unit.*
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Fig. 30 TEM photographs of {[Bi(pcih)(NOs),]*MeOH},, (9) nanorods.
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2.3.2 Flower-like cadmium(ll) coordination compound, [cd(2,2'-bpy)
(ftfa),l,, (10), (“2,2'-bpy” and “ftfa” are the abbreviations for
2,2'-bipyridine and furoyltrifluoroacetonate) *°

Reaction between furoyltrifluoroacetone (Hftfa) and 2,2’-bipyridine with a

solution of cadmium(II) acetate led to the formation of the new cadmium(II)

coordination compound [Cd(2,2'-bpy)(ftfa),], (10). Flower-like crystals of
compound 10 were obtained by ultrasonic irradiation in an ethanolic solu-
tion and single crystalline material was obtained using a heat gradient applied
to a solution of the reagents. Structure determination at 100 K reveals that
the complex 10 has the stoichiometry of [Cd(2,2'-bpy)(ftfa),]. A view of the

crystal structure with atom numbering scheme is shown in Fig. 31.

With the presence of 2,2-bipyridine ligands on each metal and furyl ring
of the “ftfa” ligand, it is unsurprising that there are m—m interactions, given
the importance of n—r stacking and C—H -+ & interactions apparent in the
solid-state structures of numerous complexes of aza-aromatic ligands. The
packing diagram of this complex (Fig. 32) exhibits self-assembled structural
topologies via two difterent m—7 stacking (face-to-face of furyl rings of “ftfa”
ligands with distance of 3.371 A, slipped face-to-face of 2,2'-bipyridines
with distance of 3.402, and C3—H3:-- Cg(C22C23 --- C26N) with distance
of 2.525A) appreciably shorter than the normal intermolecular

: : 50
nteractions.

Fig. 31 Perspective view of the coordination environment of Cd atoms in 10.>°
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Fig. 32 The packing of 10 to form 3D supramolecular layers via intermolecular
interactions.

The morphology of compound 10 prepared by the sonochemical method
(Fig. 33) is composed of cross-sheets with thickness of about 40-200 nm, and
they form a flower-like network (Fig. 32).

2.3.3 Nanostructures of cobalt(ll) discrete coordination compound with
the pyrazol (pzH) containing the terminal isothiocyanate anions,
[Co(pzH)>(NCS)] (11)

The reaction between pyrazol (pzH) and cobalt(Il) acetate and potassium

thiocyanate using two different routes provided crystalline materials of

the general formula [Co(pzH),(INCS),] (11). Nanostructure of compound

11 was obtained by ultrasonic irradiation in a water/methanolic solution

and single crystalline material was obtained using a heat gradient applied

to a solution of the reagents.

X-ray structure of complex 11 revealed the composition and ste-
reochemistry of a fundamental building block, having a formula of
[Co(pzH)>(NCS),] (Fig. 34). The determination of the structure of
[Co(pzH)>(NCS),], (11) showed that the complex crystallizes in the
monoclinic system with space group C2/c, taking the form of a discrete
coordination compound (DCC) in the solid state (Fig. 34).
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Fig. 34 Fragment of the discrete coordination compound (DCC) of 11.%'

There are several supramolecular interactions observed in the structure.
There are N—H -+ S interactions, ©t--- H—C interactions among the weak
non-covalent contacts belonging to fragments of adjacent, distances values
of these interactions that suggest relatively strong interactions within this class
of weak non-covalent contacts. With expanding all the week supramolecular
interactions, the discrete coordination compound interacts with neighbors
and the structure extended to 3D supramolecular networks (Fig. 35).
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The morphology of compound 11 prepared by the sonochemical
method is very interesting. It is composed of flower sheets with thickness
of about 15—40 nm (Fig. 36). The mechanism of formation of nano struc-
tures may be a result of the crystal structure of the compound which is, i.e.,
the packing of the structure on a molecular level might have influence on the
morphology of the nanostructure of the compound.

Fig. 36 SEM photograph of [Co(pzH),(NCS),] (11) nano-flowers.”’
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2.3.4 Nanostructure of a zinc(ll) organic-inorganic compound
[Zn(dapt),(ttfa),] (12) [dapt = 2,4-diamino-6-phenyl-1,3,5-triazine
and ttfa = 2-thenoyltrifluoroacetonate]’”

The reaction between the 2,4-diamino-6-phenyl-1,3,5-triazine (dapt)

and 2-thenoyltrifluoroacetone (ttfa) ligands with Zn(CH;COO),-2H,O

led to the formation of the new zinc(Il) coordination compound

[Zn(dapt),(ttfa),] (12). The nanostructured form of compound 12 was

obtained by ultrasonic irradiation in a methanolic solution, and crystalline

material was obtained using a heat gradient applied to a solution of the
reagents.

The X-ray structure of complex 12 revealed the composition and stereo-
chemistry of the fundamental building block as having a formula of
[Zn(dapt),(ttfa),] (12). The molecular structure of 12 and a selected atom
numbering scheme are shown in Fig. 37.

Complex 12 has crystallographically-imposed centro-symmetry with
the zinc atom at the center of a tetragonally elongated octahedron. The
triazine ligands occupy the axial positions (Zn1-N1=2.3066(11) A) and
the chelating ttfa ligands the equatorial sites (Znl1-O1=2.0468(9) A;
Zn1-02=2.0234(9) A) resulting in a ZnN,O, donor set. Fig. 38 also shows
the intramolecular N—H -+ O hydrogen bonds which aid in establishing the
orientation of the triazine ligand (Fig. 38).

Fig. 39 shows the nanostructure that was observed by SEM, and Fig. 40
shows the TEM image of the nanostructure. These structures may be a result
of the crystal structure of a compound that is a supramolecular structure. The
packing of the structure on a molecular level might have influenced the
morphology of the nanostructure of the compound (Fig. 41).

2.3.5 Nanostructures of a new supramolecular coordination compound
of divalent nickel with the pyrazol (pzH), [Ni(pzH),(Ns),] (13)**

The reaction between pyrazol (pzH) and nickel (II) acetate and sodium azide
using two different routes provided crystalline materials of the general for-
mula [Ni (pzH)»>(N3),] (13). Nano structure of compound 13 were obtained
by ultrasonic irradiation in a water/methanolic solution and single crystalline
material was obtained using a heat gradient applied to a solution of the
reagents.

The determination of the structure of [Ni(pzH)»(N3),], (13) showed that
the complex crystallizes in the monoclinic system with space group C2/c,
taking the form of a discrete molecular architecture (DMA) in the solid state
(Fig. 42).
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o

15.8kV X68.0K 288nm

Fig. 39 SEM photographs of [Zn(dapt),(ttfa),] (12) nanostructures.>?

Fig. 40 TEM photographs of [Zn(dapt),(ttfa),] (12) nanostructures.>?
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There are several supramolecular interactions observed in structure 13.
There are N—H --- N interactions, C—H :-- N and N—H --- H—C interac-
tions among the weak non-covalent contacts belonging to fragments of

Fig. 42 Fragment of the discrete molecular (DMs) of 13.>3

adjacent, distance values of these interactions that suggest relatively strong
interactions within this class of weak non-covalent contacts. With expan-
ding all the weak supramolecular interactions, the discrete molecular
architecture interacts with neighbors and the structure extended to 3D
supramolecular architecture (Fig. 43).

Nanostructure of compound 13 was obtained by ultrasonic irradiation in
a water/methanolic solution as seen in Fig. 44. The mechanism of formation
of nano structures may be a result of the crystal structure of the compound
which is, i.e., the packing of the structure on a molecular level might have
influenced the morphology of the nanostructure of the compound (Figs. 43
and 44).

2.3.6 Nickel(ll) nano coordination complex, {[Ni(phen)s](BF,),-H,0},
(14) (phen = 1,10-phenamthroline)**

The reaction between the 1,10-phenamthroline (phen) ligand with
Ni(CH;COOQO), and NaBF, led to the formation of the new nickel(Il)
supramolecular coordination polymer {[Ni(phen);](BF,),-H,O}, (14).
Nanostructures of compound 14 were obtained by ultrasonication in a
methanolic solution, and the single crystal sample was obtained using a
heat gradient applied to a solution of the reagents using the branched
tube method.



https:/Iwww.twirpx.org & http://chemistry-chemists.com

Nanoscale coordination compounds 231

Fig. 43 From discrete molecular architecture to supramolecular coordination polymer
via labile interactions.

Fig. 44 SEM photograph of [Ni(pzH),(Ns),] (13) nano structures.>®
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Fig. 45 Molecular structure of {[Ni(phen)s](BF,),-H,O}, (14).>*

Based on single crystal X-ray crystallography, the structure of
{[Ni(phen);]|(BF,)>-H>O}, crystallizes in a triclinic system with space group
T and takes the form of a discrete metal-organic polymer in the solid state.
Fig. 45 shows a view of the asymmetrical unit structure of 14 with a selected
atom numbering scheme.

The F---H—C and O --- H—C interactions are usually classified as weak
non-covalent bonding between adjacent atoms. However, the observed dis-
tance values for these interactions suggest relatively strong interaction
between these atoms.

There are 7— stacking interactions in the structure between the parallel
aromatic rings belonging to adjacent chains. The interplanar distance of the
aromatic rings is 3.564 A, which is noticeably shorter than the normal n—n
stacking distance. As a consequence, the labile interactions also allow the dis-
crete molecular architecture to interact with neighboring chains and for the
structure to extend into a 3D supramolecular metal-organic coordination
polymer (Fig. 46). Thus, the coordination sphere of nickel (II) ions in this
complex may be controlled by labile and n—r stacking interactions.

Fig. 47 shows the nanostructures observed by SEM. Interestingly, com-
pound 14 prepared by the sonochemical method (Fig. 47) showed nanorod
morphology with diameter of 40-120 nm. The supramolecular structure of
the compound may have an influence. The morphology of the nanostruc-
tured compound could be affected by the packing of the structure at a
molecular level (Fig. 48).
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Fig. 47 SEM photographs of {[Ni(phen)s](BF,),-H,O0}, (14) nanorods.>*
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Fig. 48 Left: packing of the structure on a molecular level. Right: morphology of the nanostructure.
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3. Conclusions and future perspectives

The design and synthesis of extended network materials has been an
area of intense research over the past decade. In recent years, synthesis, char-
acterization and investigation of properties as well as applications of
nanostructure materials have been the subject of extensive research.
These materials find very diverse potential applications including catalysis,
magnetism, optics, sensors, biosensing, medical diagnostics, energy storage
and batteries, data storage and others. There are many methods for
the preparation of nanomaterials including hydrothermal or solvothermal
methods, microwave-solvothermal synthesis, microwave synthesis,
magnetic-field-assisted hydrothermal, sol-gel process, electrochemically
induced sol-gel, microemulsion and reverse micelle/microemulsion,
homogeneous precipitation method, cluster growth method, chemical
vapor deposition, vapor-liquid—solid process, soft chemical method, elec-
trophoretic deposition, electrochemical fabrication, chemical reduction
method, electrolysis of metal salts, rapid expansion of supercritical solvents,
photoreduction of metal ions, microwave plasma synthesis, sonochemical
method and mechano-chemical process. The study of new structures of
coordination polymers and nano coordination polymers are very interesting.
There are relations between the structures at the molecular level and the
morphology at the nano sized level. These structures may be a result of
the crystal structure of a compound that is a supramolecular structure.

Most likely the mechanism of final morphology formation in
nanomaterials depends on various intermediates controlled by inner and
external forces during the formation process. Crystal structure and the inter-
actions in metal-organic coordination compounds (MOCC) (such as cova-
lence, coordination, hydrogen, and van der Waals forces) are inner forces
affecting intermediates and solvent-MOCC interactions, electrostatic and
dipolar fields as well as hydrophilic or hydrophobic interaction give rise
to external forces controlling system morphology. Finally, finding the pre-
cise and clear-cut mechanisms for transformation of MOCCs to desired
nanomaterials is the main challenge in this field. So, the future research
should focus on description and explanation of nanomaterial formation
mechanisms and finding rules that govern the relation between influential
factors and final morphologies. This might be accomplished through pur-
poseful utilization of various MOCPs with diftferent compositions and struc-
tural varieties, i.e., 1D, 2D, 3D as well as porous and nonporous structures.
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Abstract

As compared with self-assembly of lipids and surfactants, coordination-based assem-
blies are conducted through well-defined geometry to produce designable internal
nano-structures of the assembled materials. Coordination would be a powerful tool
in the nano-architectonics approach for functional materials. Another key term, inter-
face, also has crucial roles in the nano-architectonics approaches. Interfacial environ-
ments provide anisotropic media for material associations. From the viewpoints of
possible applications such as device usages and dominant contributions of surfaces
in nano-sized objects, it is important to investigate fabrication and properties of the
coordination assemblies at the interfacial media. In this chapter, fabrication and prop-
erties of metal complexes and coordination compounds are reviewed, focusing on their
interfacial effects especially in interfacial thin films. Based on this background, some typ-
ical examples and recent examples in nano-architectonics for coordination assemblies
at interfacial media are shortly introduced in this chapter. The introduced examples are
categorized according to interfacial film types: (i) self-assembled monolayer (SAM)
method; (i) Langmuir-Blodgett (LB) technique; (iii) layer-by-layer (LbL) assembly;
(iv) lipid bilayer membrane.

Advances in Inorganic Chemistry, Volume 76 © 2020 Elsevier Inc. 239
ISSN 0898-8838 All rights reserved.
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1. Introduction

Although novel methodologies based on information processing' * and

. 59 . . .
theories” ~ have received much attention, research efforts for material produc-

10-15 1620

tion in organic syntheses, polymer syntheses, and inorganic material

fabrication,” ~ are continuously required for the development of functional

~ - - 2832
materials. Increasing social demands for energy productions, energy

33-37 3842 434

storages, ecological strategies, environmental problems,™ " sensing/

. 4851 . 5255 . e 56-60
detection,™ ~" devices,”” ~~ and biomedical issues,””

can be mostly solved
with developments of functional materials. In addition to intrinsic functions
of materials, fine tuning of their structures are often required for high efficiencies
and high selectivity.®'

become more and more important in material sciences.

Control over nano-level structures within materials

As a research field for nano-scale objects, nano-technology is well recog-
nized. Research progress in nano-technology make us to observe and manip-
ulate nanoscale objects such as atoms, molecules, and nanomaterials.®® "
However, fabrication of large-size objects is not always scope of nano-
technology. On the other hand, preparation of large-size objects on the
micrometer-scale and even on the visible scale is often handled by other

71-74
and

scientific disciplines such as supramolecular chemistry
microfabrication.””””” Through combining these research fields, a new
paradigm for rational preparation of functional materials with sufficient
nano-level knowledge has to be established. This important task is taken
by an emerging concept, nano-architectonics.”>’”

The nano-architectonics concept in this meaning was initiated by
Masakazu Aono®’ who proposed the nano-architectonics concept as
methodology for construction of functional materials from non-units
through fusion of research fields including nano-technology, organic
chemistry, supramolecular chemistry, microfabrication, and biotechnol-
ogy. In the nano-architectonics approach, functional materials are synthe-
sized through selection and/or combination of various processes including
atom/molecular manipulation, transformation by organic synthesis and
catalysis, self-assembly and self-organization, field-induced assembly,
microfabrication techniques, and bio-related processes (Fig. 1).%"%
Unlike construction of objects on macroscopic scales, architectonics on
the nanoscale has to take into account unavoidable fluctuations such as
thermal fluctuations, statistical uncertainties, and quantum effects.

Assemblies and constructions of nano-units have to be done under these



https:/Iwww.twirpx.org & http://chemistry-chemists.com

Nano-architectonics for coordination assemblies 241

Organic Chemistry

Supramolecular Chemistry
Nanotechnology ; Microfabrication
Biotechnology

4 2
Transformation by
Atom/Molecular Organic Synthesis  Self-Assembly
Manipulation  and Catalysis  Self-Organization
Design . Sluctuation’ NI
T ¢ Harmonization Function
Uncertainty:
Field-Induced icrofabrication Bti:-Related
Assembly Technique rocess
\. J

Fig. 1 Outline of the nano-architectonic approach where structures and functions are
created through selection and/or combination of various processes including atom/
molecular manipulation, transformation by organic synthesis and catalysis, self-
assembly and self-organization, field-induced assembly, microfabrication techniques,
and bio-related processes.

uncertainties.”” Therefore, harmonization of various effects and processes
is necessary rather than simple summation of the contributed effects.
These features and strategies can be common among many materials.
The nano-architectonics concept has been recognized for many research tar-
gets including material production,”™®  structural fabrication,”>"’

88,89 S 90-92 C e 93 : . 94
catalysts, sensing, energy applications, = environmental issues,
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device technology,””* biological research,”’ "’ and biomedical applica-
tion. """ Although many effects are included in various material systems
for the nano-architectonics processes, the most important matter would be
self-assembly/self-organization. Self-assembly is actually a key player in the
. . 102 .
nano-architectonics concept. ~ Therefore, developments in self-assembly
research would have important influences in on-going evolution of the
nano-architectonics concept. In addition to traditional and conventional

103-105

self-assembly processes, novel concepts in self-assembly such as

106,107 108 .
> instructed assembly, "~ formation of

supramolecular polymerization,
discrete low-dimensional assemblies,'"” motional synchronization of assem-
bling units,''” and functional controls upon self-assemblies,"'' ' have been
paid much attention in recent research approaches. Inclusion of these trends
would promote their development and evolution.

In this chapter, two features are especially focused on for materials
nano-architectonics. They are coordination interactions and interfacial
environments. Self-assembly based on coordination has several advantages.
As compared with self~assembly of lipids and surfactants, coordination-based
assemblies are conducted through well-defined geometry to produce
designable internal nanostructures of the assembled materials. As seen in
metal-organic frame works (MOFs), porous coordination polymers
(PCP), and the related nano-porous materials,'' " """ bulk materials
integrated with well-defined nano-pore geometries can be synthesized by
very simple processes, by mixing of well-selected organic ligands and
metal ions. Therefore, coordination would be a powerful tool in the
nano-architectonics approach for functional materials.

Another key term, interface, has crucial roles in the nano-architectonic
118120

approaches (Fig. 2) Interfacial environments provide anisotropic
media for material associations. At the liquid-solid interface, molecules dis-
solved in the solution often precipitate onto the solid surface with forming
low-dimensional structures with oriented molecular organization. Similar
features can be found in molecular self-assemblies at liquid-liquid interfaces.
For example, the liquid-liquid interfacial precipitation method can create
many types of fullerene assemblies based on drastic solubility changes of
fullerene molecules at interfaces between good and poor solvents.'”'
Liquid-liquid interfaces also provide opportunities for materials dissolved
in different phases to encounter and form anisotropic thin film structures.
Interfacial processes are related with various fabrication procedures of
thin films such as self-assembled monolayer (SAM) method, Langmuir-

Blodgett (LB) technique, and layer-by-layer (LbL) assembly.
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Liquid-Solid L Liquid{iquidg
Interface : Interface
T —

Gas-Liquid
Interface "

Fig. 2 Various types on interfacial media with their common features.

Based on this background, some typical examples and recent examples in
nano-architectonics for coordination assemblies at interfacial media are
shortly introduced in this chapter. The introduced examples are categorized
according to the interfacial film types: (i) SAM; (i) LB film; (iii) LbL assem-
bly; (iv) lipid bilayer membrane.

2. General significance of research on coordination
assemblies at interfacial media

Various properties of functional molecules and their aggregates, not
limited to metal complexes, are often examined in solution systems or crys-
tals.'”*'*> In solution, molecules are dispersed by a certain-level of solva-
tion, and influenced by intermolecular interaction from the other
molecules are minimized. Properties close to the ideal state may be obtained
by analyses of their solutions. In the case of crystals, conformation of mol-
ecules and complexes are fixed. Properties in sharp distributions without
emotional disturbance can be evaluated. However, these properties might
be different from those fixed at interfaces of such device surfaces.
Functional molecules such as metal complexes in practical usages are often
immobilized as a thin film on interfacial media such as electrodes.'**'*’
Properties of functional molecules including coordination complexes in
solution and at crystals might be far from those in working devices. We can-
not avoid the high possibility that the complexes and molecules exhibit

properties completely different from those known in solution and crystals.



https:/Iwww.twirpx.org & http://chemistry-chemists.com
244 Katsuhiko Ariga

Coordination assemblies placed at the interface may have a different energy
state than in a bulk isotropic medium where structural factors such as orien-
tation and organization would also affect their functions.

Interfaces are not so simple. There are many factors to alter properties of
interfacial coordination assemblies from their isolated states. The interfaces
are not only macroscopic visible-sized ones such as an electrode surface, but
also an microscopic and nanoscopic interfaces such as a surface of a colloid

128130
1.~ In the case

particle or an inner pore surface of a nano-porous materia
of bulk materials and macroscopic materials, the percentage of surfaces or
interfaces are limited. However, nano-sized objects such as nanoparticles
and ultrathin films have huge contributions from surfaces in their properties.
As the material size or structural unit becomes nanometer-sized, the propor-
tion of the material exposed to the interface increases dramatically. As a
result, the physical properties and functions of the chemical species at the
interface become dominant.

From the viewpoint of possible applications such as device usages and
dominant contributions of surfaces in nano-sized objects, it is important
to investigate the surface properties of the coordination assemblies at the
interfacial media. In this chapter, fabrication and properties of metal com-
plexes and coordination compounds are overviewed, focusing on their
interfacial effects especially in interfacial thin films. Immobilization methods
to immobilize coordination assemblies on the interface are not limited to
simple adsorption. According to film types, SAM, LB, LbL, and lipid bilayer
membrane, various nano-architectonic factors such as immobilization den-
sity, two-dimensional and three-dimensional arrangement, orientation, and
anisotropy can be modulated. These characteristics are briefly described in
this chapter with classification according to the interfacial film types.

3. Self-assembled monolayer (SAM)

Self-assembled monolayers (SAMs) are excellent strategies for strongly
immobilizing functional groups or coordination complexes at the interfacial
media such as electrodes (Fig. 3)."”" '** For example, functional species can
be covalently immobilized onto various surfaces such as glasses and ITO
(indium tin oxide) electrodes through reactions to form siloxane linkages
(-O-Si-O-) between surface OH groups on the substrates and alkoxysilane
(-Si(OR)3, where R is methyl or ethyl) or chlorosilane (SiCls) groups of
monolayer components. Another driving force to nano-architect stable
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Fig. 3 Self-assembled monolayers (SAMs) with typical monolayer-forming species.

SAM structures is based on strong interaction between metal surfaces and
thiol (-SH) and disulfide (-S-S-) groups of the monolayer components.
Not limited to typical alkyl-chain type SAM structures prepared
with octadecyltrichlorosilane (CH3(CH,)(7SiCl3) or dodecanethiol
(CH3(CH,){1SH), various functional molecules including coordination
metal complexes attached with silane groups and/or thiol groups can be
immobilized on the surfaces as SAM structures. For example, molecules
having a specific shape can be precisely adsorbed and arranged as a mono-
layer on the surface. In some cases, the coordinating functional groups can
be precisely attached to the substrate interface. As exemplified in Fig. 4,
porphyrin ligands for their metal complex can be precisely embedded

135,136 . .
’ Rotational motions are somewhat allowed

on metal surfaces.
between the central porphyrin ring and the phenyl substituents when
the porphyrin ligands are in their reduced form. Conversion of the ligands
into their oxidized form make the molecules much more inflexible
because of double bond formation between the porphyrin ring and the
phenyl substituents. Alteration of alkyl groups at phenyl substituents also

controls opportunities of hydrogen bonding between hydroxyl groups in
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Reduced Form

Fig. 4 An example of two-dimensional assembly of porphyrin-type ligand molecules.

their reduced form. >’

Molecular designs and their modifications can reg-
ulate two-dimensional arrangements for assemblies of the ligand units for
coordination complexes.

Thermal control of the ligand arrangements were also demonstrated
(Fig. 5). When these ligand molecules were immobilized on the Cu(111)
surface at the sub-monolayer-level, upon vacuum evaporation at low temper-
atures, the hexagonal array was formed with well packed arrangements. As
temperatures are increased, hexagonal phases formed at lower temperatures
shifted into square arrangement. This example indicates that the two-
dimensional arrangement of porphyrin ligand molecules can be precisely con-
trolled on the surface of metals only by temperature control. These structures
and their regulation would lead to molecularly (or even atomically) precise
nano-architectonic regulation of coordination assemblies.
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Reduced Form

Hexagonal

Fig.5 Thermal control of two-dimensional ligand arrangements on the Cu(111) surface.

4. Langmuir-Blodgett (LB) film

The LB technique is based on formation of a monolayer of basically
amphipathic molecules, such as surfactants and lipid molecules at the air-
water interface (Fig. 6)."”* " The formed monolayer is laterally com-
pressed to a well-condensed monolayer film, which can be transferred onto
asolid surface in layer-by-layer fashion. Langmuir monolayers have several
interesting features.'*' Langmuir monolayers are thin film structures with
monomolecular thickness placed at the boundary of two phases with totally
different dielectric natures, air phase with low dielectric constant and water
phase with high dielectric constant. Therefore, molecules and coordi-
nation complexes embedded within Langmuir monolayers often exhibit
properties much different from those in bulk water. Another specific
point of Langmuir monolayers is high anisotropy with motional freedoms.
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Monolayer

H Langmuir-Blodgett (LB) Film

Fig. 6 Outline of Langmuir-Blodgett (LB) method.

In the lateral direction, Langmuir monolayer can be deformed (compres-
sion and expansion) in visible size. These macroscopic motions can be
reflected to molecular motions and functions within the film of nano-sized
thickness direction. Therefore, macroscopic mechanical motions and
molecular-level functions can be connected in Langmuir systems.' > '

Because Langmuir monolayer systems provide opportunities of contacts
between water-insoluble membrane components and aqueous molecules,
they are often used for sensing and detection of aqueous biomolecules such
as amino acids, peptides, saccharides, nucleobases, and nucleic acids by
monolayers of well-designed molecular receptors (Fig. 7).'"'** The air-
water interface is also medium suitable for coordination assembly, where
the coordination complex can be formed between a water-insoluble ligand
in the monolayer phase and aqueous metal ions. Syntheses of two-
dimensional coordination networks and MOF structures have been
explored.'*”-'*%
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Fig. 7 Examples of biomolecular recognition at the air-water interface.

Talham and coworkers demonstrated the preparation of two-
dimensional coordination networks at the air-water interface (Fig. 8).'"
The coordination network structures were prepared through coordination
between an amphiphilic pentacyanoferrate complex in the monolayer phase
and Ni** jons from the aqueous phase. Formation of two-dimensional
iron-nickel cyanide-bridged network structures were confirmed by various
analytical methods including X-ray photoelectron spectroscopy, FT-IR spec-
troscopy, SQUID magnetometry, X-ray absorption fine structure, and graz-
ing incidence synchrotron X-ray diftraction. Preparation of two-dimensional
MOF structures was reported by Makiura et al. (Fig. 9).""
tures of MOF structures were also nano-architected through repeated trans-

Multilayer struc-

fer of the monolayer MOF onto a solid substrate with incorporation of
metal-coordinated pyridine molecules. With these structure motifs, a highly
ordered and interdigitated MOF sheets can be formed.

Formation of two-dimensional structures by specific reaction, interac-
tion, and coordination, depends highly on molecular interaction capabilities
at interfacial media. Such interaction with molecules and ions largely
depends on the dielectric environment of the medium. Several interactions
such as coordination, electrostatic interaction, and hydrogen bonding are
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from Air Phase
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Fig. 8 Two-dimensional iron-nickel cyanide-bridged network structure at the air-water
interface prepared through coordination between an amphiphilic pentacyanoferrate
complex in the monolayer phase and Ni?* ions from the aqueous phase.

governed with uneven distributions of electronic status such as charged
states. In the aqueous phase, stabilization of charged species by hydration
significantly decreases efficiencies of such interaction. On the other hand,
at the interface with the low dielectric phase, molecular interaction often
increases dramatically (Fig. 10)"”' compared to molecular dispersions in
water. Theoretical consideration based on quantum chemical calculations,
confirmed that the dielectric environment of the vicinity medium can also
have significant influences to interactions of molecules embedded at the
interfacial media.'>* ">

It 1s possible to control the optical properties of the metal coordina-
tion complex at interfacial boundaries between totally different dielectric
media. As shown in Fig. 11, a new concept, so-called submarine emission,
has been recently demonstrated by faint positional controls of the coordi-
nation complex at the air-water interface.'”* In this case, double-decker
platinum complexes are laid as a monomolecular film on the air-water
interface. Compression of the monolayer of the double-decker platinum
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OH o}

Metal lon Cu?*
Fig. 9 Preparation of two-dimensional MOF structures at the air-water interface.

complex changes positions of the complexes at the air-water interface
accompanied with drastic changes of luminescence emission. Due to the
high sensitivity of emission properties on the dielectric nature of sur-
rounding media, floating up of the double-decker platinum complex from
the water to the air phase induces a significant increase of luminescence
emission. This is called submarine light emission because it emits light
when floating on water.

Another characteristic of the Langmuir monolayer, the connection of
macroscopic mechanical motions and molecular functions, can be used for
operation of molecular machines tuning the molecular receptor structures

. . 155
at the air-water interface.

In the case depicted in Fig. 12, monolayer
assemblies of molecular receptor, Li" complex of cholesterol-armed cyclo-
nonane, are laterally compressed at the air-water interface.'”® Mechanical
compression induces fine mechanical tuning of the receptor conforma-
tions for optimized molecular recognition. By gradually changing the

compression state of the monolayers, selective discrimination of uracil
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Fig. 10 Binging constant between guanidinium and phosphate with electrostatic
hydrogen bonding capability at various interfacial media.

from thymine derivatives was optimized to have about 75 times difference
of binding constants between these similar nucleic acid bases, which cannot
be discriminated by DNA or RNA.

Because suitable monolayer components in the LB technique usually
have lipid-like balanced amphiphilic nature of the hydrophobic part and
the hydrophilic part, some coordination metal complexes themselves
might not be well used for the LB method. However, application of many
coordination complexes to the LB systems becomes possible by mixing
them into an appropriate monolayer matrix. As shown in Fig. 13, vitamin
B, Co-complex derivatives are successfully incorporated into the
matrix of dialkylorganosilane-type monomolecular film at the air-water

interface.””” "”” The latter matrix monolayer forms a stable network
through formation of siloxane linkages upon reaction of the tri-ethoxysilane

group under acidic conditions, which maintains the monolayer structure
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Lateral ‘ Emission
Compression

Fig. 11 Submarine emission by weak positional control of the coordination complex at
the air-water interface.

even with incorporation of bulky vitamin Bj, derivatives. The formed
monolayers can be transferred to the surface of an ITO electrode and fur-
ther immobilized through the remaining silanol groups with the surface.
Cyclic voltammetry measurements confirmed the electrochemical proper-
ties derived from vitamin Bj, derivatives.

Interfacial medium for the LB method, i.e., the air-water interface, pro-
vides environments for contact of components with different solubility to
water with enhanced interaction efficiencies. It can be also a place for the
association of the organic ligand and the metal ion, creating various co-
ordination assemblies such as two-dimensional coordination polymers and
MOF materials.
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Fig. 12 Selective binding between the uracil and thymine derivatives by monolayer
assemblies of the molecular receptor, Li* complex of cholesterol-armed cyclononane.
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Fig. 13 Vitamin B;, Co-complex derivatives incorporated into the matrix of
dialkylorganosilane-type mono-molecular film at the air-water interface.

5. Layer-by-layer (LbL) assembly

As a nano-architectonics technique for multilayer structures for a

wider range of substances, a layer-by-layer (LbL) assembly is well recog-

d. 160-162

nize A typical layer-by-layer method uses electrostatic interaction
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as a driving force (Fig. 14). When a solid substrate having a negative charge
is immersed in an aqueous solution of a polyelectrolyte having a positive
charge, adsorption of positive polyelectrolyte is induced due to electrostatic
interaction. Interestingly, the adsorption occurs not only in neutralization
but also in excess, and finally reaches charge re-saturation accompanied

i 1)

W

ption

Charge Neutralization
:I—) Charge Reversal
Charge Resaturation

Fig. 14 A typical layer-by-layer (LbL) assembly with electrostatic interaction as a
driving force.
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by inversion of the surface charge. At this stage, the surface of the films on
the solid substrate becomes positive. Further immersion of the substrate
with the film into another aqueous solution of a nanoparticle with a neg-
ative charge, efficiently induces adsorption of the latter negative nano-
particles with surface charge reversion to negative. This general rule of
surface charges in the LbL process enables us to architect multilayer films
with desirable thickness and sequences.

One of the pronounced advantages of the LbL assembly is its huge

e 163,164
versatility. 7"

Driving forces for the LbL assembly are not limited to
electrostatic interaction. Various interactions including coordination,
hydrogen bonding, charge transfer interaction, bio-specific recognition,
supramolecular inclusion, sol-gel reaction, and stereo-complex formation
can be used for the LbL assembly. This high freedom in assembling mech-
anisms leads to a wide range of applicability in the component materials
including polyelectrolytes, biomolecules such as proteins and DNA, col-
loid particles, quantum substances, supermolecules, molecular aggregates,
and coordination complexes, Assembling processes for the LbL assembly
can be done very easily only using beakers and tweezers, while advanced
techniques to use automatic machines, spin-coating, and spray coatings
have been also proposed.

As mentioned above, coordination interactions are recognized as use-
ful driving forces for the LbL assembly. Mallouk and co-workers used
complex formation between phosphoric acid and zirconium ions for the
105190 They initiated

this strategy in a very early stage in the history of the LbL assembly, which

logical assembly of layer-by-layer structures (Fig. 15).

was carried out historically parallel to the electrostatic LbL assembly by
Decher and co-workers.'®”'® The LbL method proposed by Mallouk
and co-workers is named as Molecular Beaker Epitaxy to represent the
simple nature of this technique.'®” In their method, the SAM structure of
a phosphonate-functionalized thiol compound was first anchored on a gold
surface. Onto the modified surface, zirconium ions and 1,2-ethanediylbis
(phosphonic acid) were adsorbed in layer-by-layer manner. Successful prep-
aration of multilayered structures were confirmed with various analytical
methods including X-ray photoelectron spectroscopy, ellipsometry, and
electrochemical measurements. It was said that the prepared multi-layered
films would have a higher order than the conventional electrostatic
LbL films.

Coordination-based LbL assembly have been done by many researchers.
For example, Hatzor et al. fabricated multi-layered metal coordination
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Fig. 15 LbL assembly based on complex-formation between phosphoric acid and
zirconium ions.

assemblies using bishydroxamate and phosphonate.'”’ These ligands can
strongly interact with tetravalent ions such as zirconium. In this case, bis-
hydroxamate groups were immobilized onto a gold surface, first through
interaction between disulfide and gold. Ligand molecules with bishydro-
xamate groups at both ends were assembled in layer-by-layer fashion
through interaction with the zirconium ion. Introduction of phosphate
layers are possible because both bishydroxamate and phosphonate interact
strongly with zirconium ions. These two kinds of ligands have different
sensitivity to addition of acids. Therefore, selective peeling of layers
becomes possible under selected acidic conditions.

Fabrication of LbL assemblies consist of rigid-rod chromophores connec-
ted by terminal pyridine moieties to palladium centers on a siloxane-based
template SAM layer was reported by Van der Boom and co-workers
(Fig. 16).""" This LbL assembly was done on the photo-patterned surfaces.
Controllability in lateral and vertical directions as well as high freedom of
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Fig. 16 LbL assemblies consist of rigid-rod chromophores connected by terminal
pyridine moieties to palladium centers on a siloxane-based template SAM layer.

chromophore ligands, would be a powerful nano-architectonic strategy to
fabricate stable custom-designed three-dimensional layered materials.

Yamauchi and colleagues succeeded in fabricating an LbL thin film in
which a coordination polymer and graphene oxide were alternately stacked
by a one-pot process.'’~ In this process, a lamellar crystal structure is formed
by depositing a thin film structure of a coordination polymer compris-
ing nickel and cyano groups on the surface of the graphene oxide nano-
sheet. The formed LbL structure shows very good electrochemical catalytic
activity and high durability against oxygen reduction reaction.
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6. Lipid bilayer membrane

Interfacial assemblies are not limited to those on the solid surface.
Mesoscopic interfaces formed by lipid bilayer membranes provide
mesoscopic-size interfacial environments dispersed in water. Spherical
assemblies based on lipid bilayer structures, liposomes and vesicles, have
been aggressively used as cell membrane mimics and/or artificial cells.' >
These membranes are often used for imitating natural cell functions by
immobilizing various functional units including coordination complexes.

In the assembled system on a lipid bilayer membrane, the dynamic
change of the metal coordination function can mimic to signal transduc-
77180 A artificial receptor molecule
and a natural enzyme (lactate dehydrogenase, LDH) are immobilized on a

tion of a biological system (Fig. 17).

lipid bilayer. Two events, coordination of Cu®" to the receptor site and
inhibition of enzyme activity by Cu", can be balanced depending on addi-
tion of external signals. Enzymatic activity of LDH is inhibited by Cu®"
that can be entrapped by the artificial receptor. Addition of aldehyde-type
signal molecules to the system induces formation of Schift’s base between
the aldehyde-type signal and the amine-type receptor. The resulting

Receptor Effector
MNH Wez - Mediater (| DH, inhibited)

w ) '|N__o (Inhibitor
Chemical Signal ﬁﬁﬁ :ﬁﬁ :ﬁﬁ %ﬁﬁ

Enzyme Activity ; ;J
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~
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N T Pyruvate +MAD*
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Fig. 17 Mimic of a signal transduction system based on coordination of Cu®* to the
receptor site and inhibition of enzyme (lactate dehydrogenase, LDH) activity by Cu®*
on lipid bilayer membrane.
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SchifPs base structure form coordination with Cu®* and removal of Cu®*
from the solution can switch on LDH activity.

Photo-sensitive features can be introduced to this artificial signal
transduction systems using an azobenzene-type artificial receptor
(Fig. 18). Although the Schiff’s base structure formed upon reaction of
aldehyde, the chemical signal has the capability of binding to Cu®",
photo-isomerization from trans to cis isomer of the azobenzene moiety
significantly suppress binding with Cu”". As a result, the activity of the
enzyme LDH is activated only with appropriate combination of a chemical
signal and photo-signal. The demonstrated system with combined regula-
tion of metal ion coordination and enzyme activity can be regarded as an
AND-type logic gate. While the system is considered to mimic the signal

NH;

0’| NH
OFF State | oy

wi

Chemical Signal

ON State " P OFF State
0 roosors 5 &
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Fig. 18 An AND-type logic gate of artificial signal transduction systems with chemical
signal and photo-signal.
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transduction system of living organisms, it enables complex information
conversion by combining coordination and enzyme inhibition. This nano-
architectonic strategy can be connected even with a more advanced con-
cept, molecular computation.

7. Summary and future perspective

In this chapter, the methods for assembling and immobilizing func-
tional molecules including metal complexes at interfaces using various thin
film structures, self-assembled monolayers (SAM), Langmuir-Blodgett (LB)
films, layer-by-layer (LbL), and lipid bilayer membranes, are outlined.
Although the most advanced designs of metal complexes themselves are
not completely included in these examples, the basic concept introduced
here can be widely applied to various kind of coordination complexes.
Especially, nano-architectonic efforts for functional coordination com-
plexes using thin films, surface and interface structures would lead to pos-
sibilities of applications including devices and biomedical usages. In

addition to their advanced functional features of coordination complexes,

181 182

some features such as biocompatibility © and wet system conjugations

would open ways for practical applications.
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Abstract

Coordination bonds are most often reversible. Using them to crosslink polymers into for
example hydrogels can therefore be expected to result in reversible crosslinks, which in
turn provides self-healing properties. Polyphenols such as the catechol group of the
special amino acid DOPA (L-3,4-dihydroxyphenylalanine), which is used in mussel byssal
threads to form a self-healing coating and for adhesion, are excellent coordinators of
hard metal ions like iron(lll). We will discuss the use of polyphenols and metal
crosslinking to form self-healing hydrogels. We also treat less specific effects of metal
jions on hydrogel gel mechanical properties by describing Hofmeister effects of cations
on hydrogel rheological properties.

Advances in Inorganic Chemistry, Volume 76 © 2020 Elsevier Inc. 269
ISSN 0898-8838 All rights reserved.
https://doi.org/10.1016/bs.adioch.2020.03.006


https://doi.org/10.1016/bs.adioch.2020.03.006

https:/Iwww.twirpx.org & http://chemistry-chemists.com
270 Henrik Birkedal and Yaging Chen

1. Introduction

Crosslinking of polymers can result in a wide range of advanced mate-
rials such as coatings and hydrogels. A multitude of crosslinking mechanisms
has been proposed.' There is a special interest in materials with the ability to
self-heal.”™ To this end, reversible crosslinks are needed, i.e., chemical
interactions that can reform following damage. Coordination bonds
between ligands and metals are especially promising in this regard due to
their reversible nature and the potential that coordination bonds can reform
very rapidly and without external energy. Coordination chemistry based
crosslinking is widespread in many biological systems” and self-healing
involving metal ions has been observed in several biological systems includ-
ing bone’ and mussel byssus threads.”” Especially mussel byssus threads have
proven to be an immense source of inspiration in bioinspired materials
design, to a large degree due to the fact that this system is one of the best
understood advanced, multicomponent biological material.'’'* The key
chemical motif of mussel byssus thread—essential for both self-healing,
covalent crosslinking and underwater adhesion—is the special polyphenolic
amino acid DOPA (1-3,4-dihydroxyphenylalanine), Fig. 1."""'*'* The mus-
sel byssus has a complex architecture with DOPA playing important roles in
many aspects of the thread.'”'*'>'® The byssus is formed in the mussel foot,
Fig. 1, by injection molding in a process that is becoming increasingly
understood even if some details are still missing.'"""'""'® The byssus is in

OH
DOPA

Fig. 1 The blue mussel byssus is a bundle of threads made by injection molding of pro-
teins into a mold made by the mussel foot organ that is caught in the action of making a
new byssus thread in this photo. The pH increases dramatically upon release from
the acidic conditions in foot cavity to seawater. The amino acid DOPA (.-3,4-
dihydroxyphenylalanine) is a key ingredient in the mussel foot proteins and a central
component in mussel inspired materials, including self-healing ones based on coordi-
nation chemistry.

e ez
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many species covered by a granular coating that is quite hard, yet very
deformable.” Using resonance Raman spectro-microscopy, it was shown
that the granules contain iron-DOPA tris-complexes that were proposed
to be involved in shape-restoration after large deformations.”

The catechol moiety of DOPA enables multiple chemical interactions
and reactivities'~ as will be discussed in Section 2; with proper control over
its functionality it is a versatile and extremely powerful functionality that has
rendered it possible to design a multitude of materials. Polyphenols, such as
DOPA, are excellent ligands for hard metal ions like for example Fe(III). In
this chapter, we will describe our recent advances on developing self-healing
hydrogel materials based on polyphenols that we and others have used in
conjunction with coordination chemistry to make advanced materials.”” **

It should be stressed that other types of coordination chemistry are used
for crosslinking in biological systems, especially histidine coordination with
zinc or copper. This occurs both in the central part (see below) of mussel
byssus threads™ but also in the jaws of marine polychaete worms. The inter-
tidal bristle worm, Nereis sp., has two impressive pincer jaws made from his-
tidine rich proteins crosslinked by zinc coordination chemistry so that the
local stiffness is governed by the zinc-induced protein crosslinking.” >
The predatory blood-red Glycera marine worm has needle sharp jaws that
both harbor a copper biomineral (atacamite) and copper coordination-based
cross linking of proteins.”**”*" These interactions can also be harnessed for
self-healing materials design, as recently reviewed by the Harrington

25
group.

2. Catechol chemistry

Polyphenols like the catechol functionality of DOPA have a very rich
chemical reactivity.'” >* Scheme 1 summarizes this reactivity. In the follow-
ing section, we will refer to the reactions in Scheme 1 by placing the refer-
ring letter in parentheses. The catechol itself is involved in equilibria with
oxidized forms, semi-quinone (b) and quinone (a); above pH about 8 in
air, the conversion to quinone is spontaneous and rapid. The catechol reacts
with hard metal ions like iron(III) to form coordination complexes (c) in pH
dependent equilibria compounding mono-, bis- and tris-complexes with
higher-order catechol coordination at increased pH. Complexes can also
be formed with boron (d). The metal coordination is responsible for adhe-
sion to metal surfaces (F)."” The catechol can also participate in -7 stacking
(f), cation-w interactions (e), and hydrogen bonds (h). The quinone is quite
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Scheme 1 Summary of the diverse reactivity of catechols. Redrawn with modifications
from a figure in Andersen et al.>° For details, see text.

reactive. It can form hydrogen bonds to surfaces (i) but will typically
undergo covalent bond formation if suitable reagents are present. These
include amines (j, ) and sulthydryls (k), but also imidazoles (m) and other
catechols (n). This reactivity of the quinone form has on its own given birth

0,19,22,23,31 . .
» 752220 Herein, our focus will be on the

20,21

to a broad range of materials.’
reversible metal coordination bonds (c).

3. Self-healing hydrogels based on polyphenols

The first example of coordination-chemistry based hydrogels using
polyphenol ligands was by Holten-Andersen et al.”” The hydrogel was based
on a 4-armed PEG (polyethylene glycol) polymer functionalized by boc-
protected DOPA, PEG-(N-boc-DOPA),. This molecule was conveniently



https:/Iwww.twirpx.org & http://chemistry-chemists.com

Mussel inspired materials 273

made from a central 4-arm PEG functionalized with amines to which
N-boc-DOPA was coupled using carbodiimide chemistry. The low solubil-
ity of Fe(III) in aqueous solution at ambient pH was circumvented by for-
ming mono-complexes at low pH and then increasing pH to the desired
level by addition of base. The coordination equilibria were followed using
UV-VIS (ultraviolet-visible) spectroscopy exploiting the fact that the
mono-, bis- and tris-catecholato iron complexes are green, blue and red,
respectively. Mono-complexes dominated up to a pH of 5.5, bis-complexes
in the pH range 5.5-9, and tris complexes above pH 9. The complex for-
mation could also be followed by resonance Raman spectroscopy, which is
facilitated by the large resonance enhancement of the Raman bands involv-
ing metal-ligand vibrations. The concept of initiating complexation at low
pH and then driving increased coordination by addition of base emulates the
proposed processing of mussel byssi, i.e., a pH change from acidic to basic
conditions upon release of the nascent thread from the mussel foot cavity to
sea water. The pH increase resulted in a drastic change in the physical behav-
ior. At low pH, the polymer chains remained isolated and the solution was a
liquid. Upon increasing pH, the formation of bis- and tris-complexes
resulted in increased polymer crosslinking. This gave first a very viscous lig-
uid at pH about 8 and at higher pH, an elastic moldable solid. Thus coor-
dination chemical crosslinking drove a phase change from liquid to solid.
The drastic change in physical properties upon increased coordination
crosslinking could be followed by oscillatory rheology. Liquids and solids
have very different responses to mechanical load: an ideal liquid has a purely
viscous response, where all added mechanical energy is dissipated, whereas
an ideal solid will respond elastically following Hook’s law. Viscoelastic
materials, like hydrogels and byssus threads, will behave somewhere in
between depending on the time scale of the chemical interactions binding
the material together. Shearing a sample between two plates at varying fre-
quency or amplitude will therefore sample the relative contributions of
elastic, storage modulus, GG, and dissipative, loss modulus, G”, behavior.
A material is a gel, if the elastic modulus exceeds the loss modulus, i.e.,
G'> G, Oscillatory rheology on the PEG-(N-boc-DOPA), iron quanti-
fied the qualitative observations: liquid behavior at low pH and solid-like
behavior at high pH. The obtained storage modulus was significant
suggesting that the coordination bonds achieved strengths approaching
the lower end of covalent bonds. The rheological behavior of such systems
was since systematically explored to reveal how ligand and metal choice can
govern the crosslinking dynamics.”” The gels were also self-healing in
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contrast to gels formed by covalent bonds. Covalent gels can be formed eas-
ily by oxidizing the catechol to the reactive quinone form using sodium
periodate, NalOy. Such gels were brittle whereas the iron-coordination
chemistry based gels regained structural integrity rapidly across the damaged
interface.

3.1 Magnetic gels: Incorporating magnetic nanoparticles

Instead of iron-ion crosslinking, nanoparticles can also be used as cross-
linkers to form nanoparticle-functionalized gels: the catechol functionalized
four arm PEG in the form of PEG-(dopamine), (4cPEG) formed the basis of
hydrogels containing magnetic nanoparticles to result in magnetically
responsive hydrogels with altered rheological properties compared to the
iron-ion crosslinked gels.”* First the authors prepared iron oxide nano-
particles that were stabilized by a linear PEG functionalized at one end by
a carboxylate group. Adding 4cPEG to solution containing more than
1 vol% of the iron oxide nanoparticles gave gels by exchange of the surface
stabilizing molecules on the nanoparticles by the 4cPEG at pH~4-5 and a
temperature of 50 °C. The relaxation behavior of the hydrogels was studied
by frequency sweeps in rheology. Analysis of the data afforded effective
relaxation spectra that were compared to the behavior observed in covalent
gels formed by oxidative crosslinking with sodium periodate and with iron-
ion crosslinked gels. The relaxation spectra of the covalent gels displayed
little scale dependence whereas that of ion-linked gels had strongly time-
dependent crosslinking dynamics. The nanoparticle gels were intermediate
between the covalent and ion-crosslinked gels. Contrary to covalent gels,
they retained self-healing properties. These gels were interesting not only
because they revealed new aspects of the complex rheological properties
of these hydrogels but also because of their magnetic properties obtained
from the nano-scale coordination chemistry between the polymers and iron
oxide nanoparticles.

Magnetic hydrogels were obtained in a similar approach using catechol
functionalized chitosan (see also Section 3.3). The gels were formed by reaction
of the catechol functionalized chitosan polymer (0.5 wt%) in 15% acetic acid
with 1 mL of 0.1 or 1 equivalent of nanoparticles to catechol. The mechanical
properties of the resulting nanocomposite were analyzed by nano-indentation.
Incorporation of the nanoparticles gave stiffer hydrogels. The hydrogels
retained the superparamagnetic magnetic response of the nanoparticles and
macroscopic hydrogel pieces could be attracted to a magnet.”
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The same concept of catechol binding to iron oxide nanoparticles was
used to make ultra-light-weight iron oxide/carbon frameworks.”® The
frameworks only had a density of 4 mg cm > and were made by sintering
polyurethane sponges grafted with polyacrylic acid that had been dipped
in ferric iron solutions. The resulting magnetic frameworks were coated
by nitrocatechol-functionalized chitosan. Interestingly, the coating process
resulting in self-healing ultra-light-weight frameworks presumably by inter-
action between the iron oxide nanoparticles and the catechol bearing

biopolymer.”

3.2 Closer to biology: Amine rich polymers

We then designed polymer models incorporating more of the chemical moi-
eties of the mussel byssus thread.”””® The mussel foot proteins (MFPs) are rich
in lysine and DOPA.'""" We hypothesized that employing an amine rich
polymer in hydrogel design would lead to a change in pH behavior, because
the polymer itself becomes pH responsive and has reduced electrostatic self-
repulsion as the pH reaches and exceeds the pK, of the amine groups on the
polymer. We first synthesized g¢-DOPA-polyallylamine, Scheme 2, with a
grafting density of 9.5% using polyallylamine with a My (molecular weight)
0f 120200 kg/mol.”® We used DOPA to ensure that the total number of free
amines remained unchanged so that the polymer charge remained constant.
We then formed hydrogels by forming coordination bonds with iron(III).
As in the case of PEG-(N-boc-DOPA),, complexation was easily controlled
by pH. The mono-, bis- and tris-complexes were found by UV-VIS spectros-
copy to dominate below pH 5, pH 5-10.8 and above pH 10.8, respectively, as
illustrated in Fig. 2A. The minor variation in the pH ranges for each complex
resulted from changes in the polymer environment. At the lowest pH values,
below about 2.5, the mono-complexes were not fully formed, reflected in a

< >

A H{HO’-&,me\ﬂ/qﬁO ‘@/O ran
HoN™ HNT NH, NH
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OH Z 0N

g-DOPA-polyallylamine g-DOPA-chitosan

Scheme 2 DOPA-grafted amine rich polymers: g-DOPA-polyallylamine and g-DOPA-
chitosan.



https:/Iwww.twirpx.org & http://chemistry-chemists.com

276 Henrik Birkedal and Yaging Chen
8 P
w © i
0.5 oL o [
F < 4 > 5 I
[G] U] )
0.04 0 T 0 ! .
0 2 46 8 1012 10 20 30 40 50 60 1 10100 150 450
pH umol NaOH %strain tfs

Fig. 2 Coordination chemistry and self-healing behavior of g-DOPA-polyallylamine
crosslinked with Fe(lll). (A) Speciation determined by UV-VIS spectroscopy. Green, blue,
red show the fraction of mono-, bis-, and tris-catecholato-iron(lll) complexes as a func-
tion of pH, respectively. (B) Shear storage modulus as a function of pH given as the
amount of base added. The maximum in the curve occurs at pH 9.3 while the left
and right hand side of the plot are pH 4 and 12, respectively. (C) Self-healing behavior
probed by oscillatory rheology for a gel at pH 9. The sample was subjected to increasing
shear strain at a frequency of 1 s~. After the maximum applied strain, indicated by the
vertical dashed line, the healing was monitored at 1% strain, 1 s~ frequency. The stiff-
ness recovered almost fully within the time resolution of the experiment. Data redrawn
from results originally presented by Krogsgaard et al.*®

mono-complex fraction below 1 in Fig. 2A. This was explained as resulting
from coordination inhibition between the highly charged polymer and the
highly charged iron(III) ion below the pH generated by the free iron(III) ion.

We made gels with a DOPA:Fe molar ratio of 3:1. At a polymer weight
fraction of 15 wt% (150 g/L), the storage moduli were in the kPa range.
Upon addition of base to the acidic starting solution, the storage modulus
rose sharply, Fig. 2B, reflecting the increased crosslinking induced by the
shift from mono- to bis- to tris-complexes. Above pH 9.3, the storage mod-
ulus started decline with pH in spite of increased coordination chemical
crosslinking. At this pH value, the polyallylamine polymer is half-way to
charge neutrality and the free unfunctionalized polymer was found to
undergo a structural transition from an extended to a more compact struc-
ture as revealed by small angle X-ray scattering. The gels had excellent self-
healing properties as illustrated in Fig. 2C. In this oscillatory rheology
experiment, the sample was subjected to increasing strain at a constant fre-
quency. Above a threshold strain, the gel lost its storage modulus and was
purely dissipative reflecting that the crosslinks holding the gel together
had been broken. After deforming to 100% strain, the strain was returned
to 1% strain and the storage modulus was followed. The storage modulus
was essentially fully recovered within the time resolution of the measure-
ment, Fig. 2C, reflecting the very rapid reformation of cohesive coordina-
tion crosslinks.
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3.2.1 Changing metal ions—Gel strength and catechol oxidation
Polyphenols coordinate many metal ions very well. Based on the gel forma-
tion mechanism described above, one would expect that changing the coor-
dination chemistry by changing the metal from iron to metals with different
metal-catechol binding constants should afford self-healing hydrogels with
different maximum storage moduli depending on the choice of metal. We
therefore synthesized hydrogels with Al(III), Ga(III) or In(III) chlorides as
the metal source with the rationale that going down group III should result
in progressive less cross-linked gels due to the lower propensity of the metal
to form catechol complexes.”” This was indeed observed; the maximum
storage modulus fell from AI(III) (18.5 kPa) over Ga(Ill) (13 kPa) to
In(III) (12 kPa) whereas the pH of maximum crosslinking was almost
unchanged at pH 8.8, 8.1 and 8.5, respectively. Secondly, these metals
are not redox active unlike Fe(III) that in some cases can oxidize catechols
even under moderate acidic conditions.”” Thus we showed that solutions of
g-DOPA-polyallylamine remained colorless at pH 12 as long as oxygen was
kept away; simple purging with nitrogen gas was sufficient to ensure this. In
the presence of oxygen, catechol oxidation could be rescued under basic
conditions using ascorbic acid as antioxidant.

An additional advantage of using these main group metals to form gels is
their lack of electrons in d-valence orbitals meaning that their catecholato-
complexes are uncolored in stark contrast to the deep, almost black, color
of the corresponding Fe(IIl) tris-coordination complex hydrogels.
Characterizing the degree of catechol coordination—mono, bis, or tris—
is in turn challenging for these systems since there are, e.g., no facile
UV-VIS spectral signatures. Therefore, we used gallium EXAFS spectros-
copy. The analysis was complicated by the fact that sensitivity to the second
coordination sphere is needed because the first coordination sphere is oxy-
gen with almost constant bond distance at all pH as the complexes at low pH
are mixed catecholato/aqua complexes:

M(OH,),cat :>M(OH2)2cat2 —Mocats,

where cat represents the catechol. This means that the dominant contribu-
tion to the EXAFS signal coming from the first coordination sphere almost
does not change with pH. Nevertheless, changes in the radial distance dis-
tribution reflecting the carbon atoms from bis and tris complexes could be
detected, which is consistent with the expected coordination chemistry
based crosslinking mechanism.
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3.2.2 Changing the backbone polymer

To further explore the impact of the polymer design on the pH dependent
properties of the self-healing hydrogels, we synthesized g-DOPA-chitosan,
Scheme 2. Chitosan is derived from the biopolymer chitin, which is highly
ordered and difficult to work with. As shown by other authors, notably the
Lee group, grafting chitosan with DOPA drastically improves solubility and
process-ability of chitosan to make it a versatile and very useful material.”" "
The amine group on chitosan has a significantly lower pK, value than that of
polyallylamine, about 6.7 rather than ca. 9.5. As a consequence, we observed
a shift to lower pH values in the maximum storage modulus in hydrogels
formed from g-DOPA-chitosan with a grafting ratio of 3.3% crosslinked
by Fe(IIl) in a 3:1 DOPA:Fe(Ill) ratio.

3.3 Crabs and mussels: Double network and double
crosslinked hydrogels based on chitosan and catechol
chemistry

Hydrogels are formed by crosslinked chemical networks. Having two types
of crosslinks results in double crosslink hydrogels (DC). Such hydrogels dis-
play altered rheological properties due to the presence of crosslinks at two
different time scales as illustrated elegantly for coordination chemical cross-

>3*1 It has been proposed that

links by Holten-Andersen and coworkers.
hydrogel toughness can be improved by having two interpenetrating hydro-
gel networks, that is to form double network (DN) hydrogels.** For optimal
properties, one network should be highly crosslinked with stift crosslinks,
while the other network should be loosely crosslinked and in consequence
soft and ductile. Thus the first network provides high stiffness while the sec-
ond affords energy dissipation and therefore toughness. DN hydrogels have

- o : . 4345
provided promising mechanical properties.

Introducing self-healing
crosslinks in the first network via adamantane/cyclodextrine host-guest
chemistry improved hysteresis properties during the first loading cycle,

*® This work also showed that some

which has otherwise been a problem.
level of covalent crosslinks between the two networks can improve the
mechanical performance.

We wished to obtain tough hydrogels that at the same time were stiff
and could be made by injection.”” To this end we explored the
¢-DOPA-chitosan described above, here with a grafting density of 5.1%.
The hydrogel design is illustrated in Fig. 3. Chitosan can be covalently
crosslinked by the reagent genipin. Thereby, DC hydrogels were simply

formed by mixing iron, g-DOPA-chitosan and genipin. Adding genipin
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Fig. 3 Tough double crosslink (DC) and double network (DN) hydrogels. The DC hydrogel is based on g-DOPA-chitosan crosslinked by Fe(lll)
coordination chemistry and genipin covalent crosslinks. Further addition of another chitosan (Myw-CHT in blue) afforded DN hydrogels with
superior properties.*’
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Table 1 Mechanical properties of chitosan based hydrogels crosslinked with genipin
(GP) and/or through Fe(lll) coordination crosslinks, see also Fig. 3.

Hydrogel E/kPa  e/percent  Strength/MPa
Single covalent network, GP crosslinked  16.6 48 ~0.1

Single coordination network, 1.6 <90% 0.9

Fe(III) crosslinked g-DOPA-chitosan

Double crosslink hydrogel 28.5 <90% 1.1

Double network hydrogel 49.6 <90% 2.5

Data measured at 37 °C."

to chitosan alone affords covalently crosslinked hydrogels. Therefore, we
synthesized DN hydrogels by adding an additional higher molecular weight,
but not DOPA functionalized, chitosan, to the g-DOPA-chitosan solution.
Hydrogels pucks were formed by injection into PDMS molds (Fig. 3).

The mechanical properties of the gels were compared in compression
and the results are summarized in Table 1. The covalent genipin crosslinked
gel was stiff and brittle while the coordination chemistry crosslinked gel was
ductile, had much higher compressibility and almost an order of magnitude
higher compressive strength. The double crosslinked gel combined the fea-
tures of both: high stiffness, high compressibility and strength. However,
replacing just 10% of the g-DOPA-chitosan with medium molecular weight
chitosan (Mprw-CHT, Fig. 3) gave drastically improved properties: while
retaining compressibility, the stiftness increased 1.74-fold and the strength
more than doubled (Table 1) proving that the DN hydrogel indeed had
superior properties.

The differences in mechanical properties were further explored in cyclic
compressibility tests where the gels were cyclically compressed to 50% and
back. The behaviors of the gels were very different. DN gels recovered their
shape fully while the single network gels did not. Additionally, mechanical
measurements (displacement, load curves) showed that DN gels had an
opened hysteresis loop reflecting a significant dissipation mechanism and
toughness introduced by the DN design. Self-healing was demonstrated
by cutting gels with a blade; full recovery was observed for the DN hydrogels
within 5 min.
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The DN hydrogels thus formed showed promising capabilities for
potential biomedical applications. Hydrogels could be made injectable by
a double syringe design where one syringe contained the chitosans and
genipin while the other contained Fe(IlI). The fast formation (on a second
time scale) of coordination crosslinks meant that injection of the solutions
into spaces or molds quickly set into DN hydrogels. The biocompatibility
of the gels was tested on 1 d old hydrogels on which ATDC5 cells were
seeded. After 7 d incubation, the cell viability was investigated. It was higher
for DN hydrogels (91%) than single network hydrogels or coordination
chemistry only hydrogels (about 88%).

The DN hydrogels thus combined injectability, high toughness, self-
healing and good biocompatibility processes and indicate that such hydro-
gels may become useful in applications requiring high toughness, including
possibly even biomedical ones.

3.4 Deconstructed hydrogel design: Self-healing hydrogels
from supramolecular interactions between polyphenol-
metal coordination polymers and polyallylamine

The hydrogels discussed above result from coordination chemical

crosslinking of polymers to formed crosslinked polymer networks.

Evidently, other chemical interactions, for example supramolecular ones,

can form hydrogels as in protein folding driving networks known from

gelatin. We hypothesized that it should also be possible to form hydrogels
by having two polymers interact supra-molecularly where one of the poly-
mers was formed by crosslinking polyphenols into coordination polymers
in situ. To this end, we required multivalent polyphenol bearing mole-
cules. Tannic acid is one such molecule, Scheme 3. Tannic acid is a mul-
tivalent polyphenol, where pyrogallol groups decorate a central sugar
group in a manner akin to dendrimers. Like catechols, pyrogallol groups
can undergo coordination chemistry and/or oxidative coupling reactions,

Scheme 3. Tannic acid and analogous molecules are known from plants

and were first suggested by Messersmith and coworkers to be useful in

coating formation akin to the use of dopamine.*” It was then proposed
by Caruso and coworkers that one can form coordination chemical shells
using a variety of metal ions that bind tannic acid into shells on sacrificial

49,50
templates.
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Scheme 3 Pyrogallol groups are very useful polyphenols, for example, in the form of
tannic acid. Like catechols (Scheme 1) pyrogallols can form coordination bonds (here,
only a tris complex is shown) and undergo oxidative crosslinking, most notably with
amines as used in the text.

We instead made coordination polymers of tannic acid with Fe(III) or
AI(III) that formed supramolecular hydrogels with polyallylamine in a simple
one pot reaction.”’ Hydrogels were formed by the following way:
Dissolving 2.2 mg tannic acid and 19.9 mg polyallylamine hydrochloride
(120—200 kDa M) in 75 pL demineralized H,O gave a solution of pH
1.5. We then added 25 pL 0.0865 M FeCl; (aq) to afford a pyrogallol to
Fe(III) molar ratio of 3:1. Upon mixing this immediately gave a very dark
green/blue colored solution. Adjusting the pH to the desired value by addi-
tion of 50 pL NaOH gave the final hydrogel. When the base contacted the
polymer solution, the color locally became dark red immediately reflecting
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Fig. 4 Sketch of speciation of iron coordination by tannic acid in a mixture of tannic

acid, Fe(lll) and polyallylamine as determined by UV-VIS spectroscopy of dilute solutions
at a pyrogallol to iron molar ratio of 3:1.

tris-complex formation. Mechanical mixing for 1 min gave homogeneous
hydrogels with a final tannic acid and polyallylamine concentration of
14.7 and 133 mg/mL, respectively. We investigated the pH dependence
of iron coordination by tannic acid in dilute hydrogel solutions by fitting
spectral models to UV-VIS spectra. The results are shown in Fig. 4.
A significant shift toward lower pH values are observed in the mono-bis
and bis-tris equilibria. This is an important advantage of using pyrogallols
and other more acidic polyphenols over simple catechols as the one
on DOPA.

Based on the coordination equilibria, mono complexes dominate below
pH 3. Indeed below this pH, a green liquid was observed. Above however,
hydrogels were obtained. The storage modulus obtained from oscillatory
rheology is shown in Fig. 5. The storage modulus increased with pH until
pH around 4 after which it was constant until pH 8 above which it increased
again. We rationalized this behavior as follows: below pH 8 the gels result
from supramolecular interactions between coordination polymers of Fe(III)
and tannic acid. Below pH 4, these are less stift since the coordination poly-
mers are not fully formed due to the large fraction of mono-coordination. In
the bis/tris-regime from pH 4 upward, the hydrogel storage modulus is
independent of pH because the supramolecular interactions do not change
with pH. Above pH 8, however, covalent crosslinking sets in giving net-
works consisting of coordination polymers covalently crosslinked to the
polyallylamine, Fig. 5B.

Support for this idea came from a combination of experiments. First, the
need for all three components was explored in inversion tests of gel forma-
tion at pH 8. Gels formed instantly when all three components were present,
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Fig. 5 Hydrogels formed by a one pot reaction between tannic acid, Fe(lll) and
polyallylamine are dominated by supramolecular interactions below pH 8 and by a com-
bination of covalent crosslinks and coordination polymers formed by pyrogallol groups
of tannic acid and iron above pH 8. Panel (B) shows a hypothetical structure of the high
pH hydrogel.

but vials with only tannic acid and polyallylamine, tannic acid and iron, or
polyallylamine and iron all remained liquid. After 15h, the latter two
remained liquid. The vial with tannic acid and polyallylamine had a dark
coating on the air water interface and partial gel formation that we ascribe
to oxidative crosslinking between the two components at the air water inter-
face; this type of interaction has been explored by others in slightly difterent
systems to form films that could self-repair while in contact with the liquid
from which they formed.”” The vial containing all three components
remained a hydrogel. Secondly, gel formation could be reversed in compet-
itive binding assays with EDTA (ethylenediaminetetraacetate) at pH 6 but
not at 9 or 12, illustrating the covalent ramification above pH 8. Thirdly,
small angle X-ray scattering revealed nanostructural signatures that diftered
from those in pure polyallylamine or in Fe(III)/tannic acid solutions. As pH
increased, the SAXS data indicated that larger nanostructures formed con-
sistent with the crosslinking mechanisms proposed above. The hydrogels
obtained by this facile route were self-healing at pH 6, 9 and 12 as evidenced
by rheology. In qualitative experiments at pH 8, gel pieces cut by a spatula
were found to have self-healing properties: when the two pieces were
brought back together, the interface rapidly gained strength allowing
lifting/straining the gel without damage. Hydrogels formed also with
poly-L-lysine instead of polyallylamine or Al(III) instead of Fe(IIl), further
illustrating the concept.
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Interestingly, Rahim et al. recently reported that gels could be obtained
directly by reaction of tannic acid with Ti(IV) in organic solvents or water.””
This provided a facile route to hydrogels or organogels that could be
functionalized by nanoparticles, other metal ions or graphene oxide.
These gels only formed with Ti(IV) (and Zr(IV)) and not with Fe(III).

In our tannic acid, polyallylamine, M(III) system, however, another
interesting phenomenon was observed.”’ At high concentrations (15-fold
that of the hydrogel formation procedure presented above) and low
pH, a sticky and viscous fluid was obtained. It easily attached to various sur-
faces, for example spatula or glass. It was extremely shear thinable, i.e., it
underwent immense plastic deformation when subject to load. This allowed
pulling meter long threads from it. This could be achieved by pulling threads
onto a motor-driven spindle. It was only possible to draw long threads when
all three components where present; either Fe(III) or AI(III) could be used.
The thread thickness depended on the pulling speed as expected for the
strongly non-Newtonian behavior of the liquid. The thread diameter
increased exponentially with pulling speed from 39 to 280 pm at pulling
speed from 10 to 25 rounds per minute.

The wet threads were highly plastically deformable. Dried threads were
remarkably strong with a tensile strength of 3.8 MPa, about 1% of that of
cotton, which is remarkable considering that it is held together purely by
supramolecular interactions. The dried threads were highly swell-able and
gained 15%—25% in mass within 20 min at 45% relative humidity. This
suggested that they could be used as vapor sensitive “locks”: containers could
be sealed by applying the tacky liquid and letting it dry. Upon swelling by
addition of water, the seals broke unlocking the containers. This behavior
was quantified at 90% humidity where the tensile strength of previously
dried gels exposed to the high humidity dropped almost a factor of two
to 2 MPa. We hypothesized that this swelling-induced thread weakening
might be rescued in part if the network could be fortified by covalent cross-
links. This was achieved by exposing threads to ammonia gas. This did not
change significantly the tensile strength of dry threads, but the drop in
strength at high humidity was cut in half: ammonia exposed threads had a
tensile strength of 3 MPa at high humidity. These highly non-Newtonian
liquids are remarkable. They are stable over a long time; they flow even
if they contain extremely high concentrations of active reagents
(0.22 g/mL tannic acid and 1.99 g/mL polyallylamine), over twice the mass
of water in the “solution.”
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The hydrogel synthesis discussed in this section is very easy. Indeed, we
currently use it in freshman laboratory exercises at Aarhus University to
introduce students to supramolecular chemistry, coordination chemistry,
self-healing materials and hydrogels. In these exercises, the students study
gel formation by inversion tests, follow coordination and oxidation by
UV-VIS spectroscopy and study the self-healing properties of the hydrogels
quantitatively by oscillatory rheology.

3.5 Double crosslinked hydrogels that retain self-healing by
combination of oxidation resistant and oxidation labile
polyphenols

The hydrogels discussed thus far are based on catechols that can both

undergo coordination and oxidative crosslinking (Scheme 1). These have

been very successful, but there 1s a risk that slow oxidation impairs the coor-
dination crosslinking and thereby the self-healing properties. Therefore, it
would be beneficial to employ polyphenol ligands that are less sensitive to
oxidation. Catechols with electron-withdrawing substituents such as —CI,

—NO,, —CN, —CFj3 (Scheme 4) are hard to oxidize compared to pure cat-

echol, whereas the opposite holds for catechols with electron-donating

substituents such as ~OMe and ~Me. ">’

have been employed in bioinspired materials with the added benefit, respec-

Thus, chloro- and nitro-catechols

tively, of antibacterial properties and the ability to break down the network

by light induced cleavage of the nitro-catechol from the polymer.”*’

A OH B OH
HO\T//:\ HO‘T/ l/
= /L P I
YR eR
x
2-Methyl-3-hydroxy-4
4-X catechol (X= NO,. Cl, Br) -pyridinone (HOPO)
C
R R Ry
N N N
I
HO OH o Ho oH pHT 0 O
O -M HO oM 0 o-M-0
O O NR (0 o NR ¢ -0 O NR
R Monao R Bis R Tris

Scheme 4 Oxidation resistant catechol analogues. (A) Electron withdrawing substitu-
ents reduce the propensity to oxidation. (B) Changing the ring structure to a pyridinone
achieves the same effect. (C) pH dependent chelation equilibria of 3-hydroxy-4-
pyridinone.
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Oxidation can also be prevented by use of alternate ring structures as pro-
posed by Menyo et al. who used a chelating HOPO functionality instead of
DOPA (the structure of HOPO, 3-hydroxy-4-pyridinone, is shown in
Scheme 4B).”® HOPO is less prone to oxidation than DOPA because
electron density is withdrawn from the ring by inductive and resonance
effects. This dramatically lowers the phenolic pK, values (HOPO:
pK, =3.6, pK,» =9.9, DOPA: pK,; =9.1, pK,, =14).”® HOPO retains
high affinity toward hard metal ions such as Fe'" and AI'"', meaning that
it is a very good replacement for DOPA in hydrogel design.””

We synthesized a HOPO analogue functionalized by a carboxylic acid,
cHOPO, 1-(2'-carboxyethyl)-2-methyl-3-hydroxy-4(1H)-pyridinone, to
allow facile coupling to e.g. polyallylamine.”’ cHOPO was synthesized from
maltol inspired by the synthesis of 1-carboxymethyl-3-hydroxy-2-methyl-
4-pyridinone described by Mawani et al. and Zhang et al.”""*> We then
made g-cHOPO-polyallylamine using standard EDC/NHS coupling chemis-
try on to polyallylamine (MW 120-200 kDa) giving a cHOPO grafting
density of 7%.

We determined the pK, of the catechol analogue by UV-VIS titration
using the pH dependent integrated absorption signals. The resulting titration
curves are shown in Fig. 6. For pure cHOPO the first pK, was 3.52 and the
second was 9.89. Upon conjugation to polyallylamine, these values changed
significantly. The first pK, shifted almost a full pH unit to 2.60 while the
second shifted to 9.65 and broadened significantly (Fig. 6). We ascribe
the shift in the first pK, to the change in environment upon conjugation

Signal/a.u.

0 2 4 6 8 10 12
pH
Fig. 6 UV-VIS titration of cHOPO (dashed line) and g-cHOPO-polyallylamine
(g-cHOPO-PAH, full line). Note the shift in the first pK, and the broader transition in

g-cHOPO-polyallylamine around pH 9. Redrawn from data in Andersen, A,
Krogsgaard, M.; Birkedal, H. Biomacromolecules 2018, 19, 1402—1409.
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to polyallylamine, where the molecule changes from having a carboxylic
acid substituent to being linked via an amide bond to the polyamine
environment of polyallylamine, 1ie., from —-CH,CH,COOH to
—CH,CH,CONH-polymer. The second pK, shifts less, but the transition
broadens significantly from an apparent width of 2.9 pH units to one of
5.5 pH units. We ascribe this to overlap with the pK, of the amines of
the polymer backbone, which means that the local electronic environment
of the HOPO rings changes significantly with pH in this pH range.

The iron complexes were strongly colored, purple at low pH and orange
at high pH and the absorption spectra of the Fe(IIl) complexes with cHOPO
shifted from about 450 nm to around 550 nm as the pH increased from 1 to
11. The mono-complex is thus purple while the tris-complex is orange.
Upon grafting to polyallylamine, the absorption peaks start to red shift at
significantly lower pH than for free cHOPO, around pH 3 rather than 7.
This indicates that the onset of the bis-complex formation shifts to much
lower pH values for g-cHOPO-polyallylamine than for free cHOPO, most
likely due to a combination of the lower pK, but possibly also to the spatial
proximity of cHOPOs bound to the same polymer molecule. Thus polymer
conjugation shifts the formation of higher-order complexes (bis- and tris-
complexes) to lower pH, which is a significant advantage for hydrogel
formation and reflects that the coordination and crosslinking properties of
these ligands can be altered by substituents several carbons away from the
hetero-aromatic ring.

We formed self-healing hydrogels with AI(III) to circumvent the strongly
colored Fe(III)-cHOPO complexes. Hydrogel formation was reversible at all
pH values as evidenced by competitive binding experiments with EDTA.
Additionally, we conducted UV-VIS absorption experiments of solutions
of iron complexes mixed at pH 1 and then subjected for 5 min to pH 12, after
which the pH was returned to pH 1. The absorption spectra reversed
completely for g-HOPO-polyallylamine while persistent changes reflecting
oxidation at high pH were observed for ¢-DOPA-polyallylamine. The con-
cept of fully reversible gel formation was thus established. The hydrogels were
self-healing at all pH values as shown for oscillatory rheology on Al(III) hydro-
gels. Qualitative macroscopic tests, where gel pieces were cut in half and
placed in contact to heal, confirmed the rheological data: the gel pieces healed
within minutes and could be lifted and strained with a spatula without
breaking.

The hydrogel mechanics were investigated by oscillatory rheology as
summarized in Fig. 7A. In keeping with the pH dependence of the
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Fig.7 Storage modulus of hydrogels of Al(lll) and g-cHOPO-polyallylamine as a function
of pH. (A) Pure Al(ll)—g-cHOPO-polyallylamine hydrogel. (B) Comparison of pure
Al(I)—g-cHOPO-polyallylamine hydrogel with ones where 1 mol% tannic acid was
added for additional pH dependent oxidative crosslinking. Redrawn from data in
Andersen, A.; Krogsgaard, M.; Birkedal, H. Biomacromolecules 2018, 19, 1402—1409.

coordination complex equilibria and the general hydrogel formation mech-
anism of these polyallylamine backbone polymer hydrogels, the storage
modulus increases until pH 9 where a maximum storage modulus of about
15 kPa was obtained. The hydrogel formed already at pH ~4, which is about
3 pH units lower than in the corresponding DOPA based hydrogel due to
the shift in cHOPO-metal stoichiometric changes to lower pH values. This
lowering of the pH onset of significant gel crosslinking is a significant addi-
tional advantage of the cHOPO-hydrogels over the corresponding
DOPA ones.

‘We hypothesized that combining in a controllable manner the effects of
coordination and covalent crosslinks would afford detailed control over
hydrogel stiffness while retaining self-healing at all pH values and all times.
We achieved this by forming DC hydrogels: the AI(IIl) ¢-cHOPO-
polyallylamine hydrogels were reinforced in a dial-in manner by covalent
crosslinks through addition of tannic acid that was also used in the one
pot hydrogel formation system described in the preceding section.
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This worked very well. Storage moduli as a function of pH of purely coor-
dination crosslinked gels are compared to ones with 1 mol% tannic acid,
corresponding to 5 mol% pyrogallol groups per amine monomer, in
Fig. 7B. Atlow pH, before oxidative crosslinking can set in, the two curves
are similar. However above pH of about 8 where oxidative crosslinking
becomes important, the storage modulus increased drastically and reached
a maximum stiffness 5.5 times larger than without tannic acid at pH 9, prov-
ing that the DC hydrogels combine the two crosslinking mechanisms.
Between pH 4 and 7, the tannic acid system has somewhat higher storage
modulus than the pure coordination system. We suggest this is caused by
the larger proportion of metal binding ligands in the tannic acid containing
system, which provides additional crosslinking in this bis-complex dominant
regime.

The self-healing properties of the hydrogels were retained both as deter-
mined by macroscopic qualitative tests and by rheology at pH 3, 6, 9 and 12.
Competitive binding by EDTA showed that hydrogel formation no longer
was reversible as expected for the added covalent crosslinking. Next we
investigated the dependence of the storage modulus on the concentration
of added tannic acid. The storage modulus at pH 9 increased exponentially
with tannic acid concentration until about 2 mol% tannic acid where a stor-
age modulus of no less than 434 kPa was reached in comparison to the
15 kPa for pure coordination chemistry hydrogel. Above this tannic acid
concentration, the hydrogels became syneretic, i.e., they excluded water
due to the high degree of covalent crosslinking and the stiftness no longer
increased in the same manner. Nevertheless, the results clearly demonstrated
that the hydrogel stiffness could be dialed-in at will through control of the
concentration of added tannic acid.

We further harnessed the reversible AI(III) gelation of g-cHOPO-
polyallylamine to study the plasmonic sensing with chiral plasmonic gold
nanostructures.”” Chiral gold nano-hooks were made by hole-mask colloi-
dal lithography and could be lifted out. The nano-hooks were only a few
hundred nanometers in diameter with a complex curving 3D structure gen-
erating the chiral hook-shape. The chirality of the nano-hooks gave them
strong circular dichroism. The nano-hooks were incorporated into Al(III)
g-cHOPO-polyallylamine hydrogels. The CD (circular dichroism) signa-
ture of the nano-hooks remained easily measureable. The wavelength of
the CD spectral signatures depended on polymer concentration. This made
it possible to follow the water uptake into the hydrogel during swelling

experiments by following the change in the CD spectra over time.”
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This illustrates the versatility of these hydrogels that we expect can find
widespread used in many nanoscience scenarios.

4. Specific ion effects in hydrogels: Impact on gel
strength and a platform for chemical gardens

In the preceding sections, we have discussed how coordination chem-
istry can be used to form and control hydrogel mechanics. However, metal
ions can also impact hydrogels through specific ion or Hofmeister

64—66

effects. For example, changing anions added to ethylene glycol-

functionalized poly-isocyanide based hydrogels, drastically influences the

thermal behavior of the gels.”’

There have only been a few studies of such
effects based on cations and we therefore explored how metal chloride salts
of mono- and divalent metal ions impact rheological properties of gelatin
68

hydrogels.” We observed that gelatin gels were weakened upon addition
of in particular divalent metal chlorides and to a lesser degree by monovalent
metal chlorides. We quantitatively investigated rheological behavior of gel-
atin gels to which various quantities of Na“, K', Rb", Cs", Mg2+, Ca’t,
Mn>", Zn?", Sr*7, and Ba®". Gels with Cu®" were observed to be very
significantly softened, but quantitative rheological measurements were
not possible due to partial reduction of copper in the rheometer. Gels were
melted at 55 °C and the temperature then reduced to 25 °C. We measured
the time to gelation and measured the magnitude of the gel complex mod-
ulus (G* = G'+iG’, ie., the sum of the storage and loss moduli) after
500 min gelation time. Additionally, we measured the gel melting time.
Addition of cationic chlorides reduced the gel modulus, increased the gela-
tion time and reduced the melting temperature. The effects were drastic for
divalent cations but less so for monovalent ions as illustrated in Fig. 8 for the
ions with largest and smallest effects. The impact of the ions followed the
orders Cs* >Rb* >K" >Na" for the monovalent and Ba®" >Sr**/Ca>"
>7Zn”" >Mn>" >Mg" for the divalent ions, which is consistent with the
chaotropic Hofmeister series.”” The effects were drastic, for example the melt-
ing point (Fig. 8) dropped by over 5 K at a BaCl, ionic strength of 1 M
corresponding to a BaCl, concentration of 0.33 M. Likewise, large increases
were observed in the gelation time from ~8 min to over half an hour for 1 M
ionic strength BaCl,. The behavior of the investigated properties were found
to follow the power law behavior
Tw(l) =T —krl*, x>1,

m
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Fig. 8 Melting temperature of gelatin gels to which metal ions were added as a function
of the ionic strength of the added salts. Dashed lines indicate the envelope of responses
for monovalent ions, while full lines do so for the divalent earth alkali metal ions.
Figure redrawn from data reported in Andersen, A.; Ibsen, C. J. S.; Birkedal, H. J. Phys.
Chem. B 2018, 122, 10062—10067.

for the melting point where I is the ionic strength, T%, is the melting tem-
perature at zero added salt, x and kp are adjustable coefficients. A similar
behavior was observed for log| G*| while the gelation time followed

log (tgel(l)) = log (tgel) + kg I*, x> 1.

Fitting these expressions to the data showed that the pre-factors, k-, kg,
and k| ¢+|, depended linearly on the ionic radius cubed (rﬁ,n) that was used as
a proxy for ion size and hence polarizability. The linear relationship differed
for monovalent and divalent cations. This showed that the Hofmeister
effects on gelatin gels depend on ion size in an ionic charge dependent man-
ner. Fourier transform infrared spectroscopy in attenuated total reflection
mode as a function of added KCl, MgCl, or CaCl, indicated that the gelatin
chains were increasingly denatured, corresponding to a decrease in the frac-
tion of helical collagen, upon addition of cations and that this effect was
larger for ions with larger impact on gel rheology.

We used the metal-laden gelatin gels as one component in crystallization
experiments as part of our broader work on bioinspired crystallization and
the controlled formation of nano-crystalline materials through nanoscale

)—80

coordination chemistry.”’® By adding a volume of solution containing
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phosphate or carbonate at high pH on top of the gel, the scene was set for
inter-diffusion crystallization processes. The result was the formation of
chemical gardens.”’ Chemical gardens are tubular (typically) structures
formed by instabilities in a membrane between two liquids/phases.
Classically, metal salts are placed in water glass (sodium silicate) and tubes
grow in a tree like fashion from the membrane formed by initial dissolution
of the metal salts.” Chemical gardens are a subset of a larger set of reaction-
diffusion or self~organized reaction systems that are gaining increasing inter-

est.”” % In our incarnation, the cations are placed in the gelatin gel while the
anion source for forming crystals are placed in a solution in which the gel is

placed, Fig. 9A. After a brief time, a mineralized slightly swollen interface

"—'—'__._._‘_\__‘_'\-\-\\
iy

High pH
Phosphate or
'+ carbonate
Gelatin, pH ~6
MI’N--
b

Fig.9 Chemical gardens formed by placing an anion source on top of a metal-ion laden
gelatin gel.®' (A) Sketch of the process. A carbonate or phosphate solution was placed
on top of a gelatin gel containing metal chloride salts. The interface between gel and
liquid mineralized to form a membrane and tubes formed by jetting from defects in this
membrane. (B) Example of tubes (optical photograph). The scale is indicated by the rule
(cm-scale) to the left. The tubes are for gels containing SrCl, layered with NasPO, solu-
tion. (C) SEM image of tube extracted from the growth solution for gels containing a
50:50 mix of CaCl, and SrCl, overlain by K3PO, solution.
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between the solution and gel was formed.” Many cm long tubes then grew
by jetting of metal ion carrying liquid from the gel into the high pH anion
containing liquid followed by precipitation of minerals at the liquid/liquid
interface, Fig. 9A and B. The system was found to be quite general. We
investigated solutions containing carbonate or phosphate with either
sodium or potassium as counter ions. The cations spanned Ca*", sr*,
Ba®", Cu”™ and Zn>". We formed apatite phases for calcium, strontium
and barium accompanied by mixed sodium/strontium or sodium/barium
salts when Na;PO, was used as the anion source. For zinc and copper,
chloro-hydroxides or carbonate-hydroxides (malachite) were formed.
The observed minerals are summarized in Table 2 and are seen to follow
the propensity of the different metals to form carbonate and phosphate min-
erals. Similar behavior was observed for calcium-laden agar gels in phosphate
solutions.”® The crystals that form the tube walls were in general very small
and in many cases nano-crystalline. For the case of SrCl,-laden gelatin over-
laid by sodium phosphate solution gave tubes with a complex wall structure
that consisted of a main wall about 10 pm thick, which was further decorated
by large Hopper-like needle shaped crystals. The main wall consisted of two
layers, a ball layer formed of ball-shaped aggregates of nanocrystals of
sodium-substituted strontium apatite and a needle layer containing a few

Table 2 Mineral phases of tubes formed in the chemical garden systems shown in Fig. 9
as a function of which cations were in the gelatin gel phase and which anions were
placed in the liquid phase placed on top of the gelatin gel.

Cation\Anion Na,CO; NasPO,
CaCl, Vaterite, calcite Apatite

(CaCOj; polymorphs) (Cayp(PO4)s(OH),)
SrCl, Strontanite (SrCO3) Sr-apatite

(Sr19(PO4)6(OH)o),
Nastrophite (NaSr(POy,)-

9H,0)
BaCl, Witherite (BaCO3) Ba-apatite
(Ba;(PO4)s(OH)2)
CuCl, Atacamite (Cu,Cl(OH)3),
Malachite (Cu,CO3(OH),)
ZnCl, Simonkolleite Simonkolleite
(Zns(OH)gC13'H20), (Zns(OH)gC13‘H20),
“Zn,NaCl, £H,O” amorphous

CuCl,/ZnCl, 50:50 Atacamite (Cu,CI(OH)3)
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pm long needles about 50 nm wide. For the calcium chloride/sodium phos-
phate system, the wall was formed of needle shaped apatite nanocrystals and
displayed significant nanocrystal size broadening in X-ray powder diffrac-
tion. Indeed, size broadening was observed in almost all cases indicating that
the rapid nucleation at the liquid/liquid interface during tube formation
generally favored nanocrystal formation.

The gelatin based system was later expanded upon by others with the aim of
87,88

making potential biomaterials. The weakening of the gelatin gel by the
metal ions could be large enough to preclude formation of the membrane
needed for chemical garden formation. With CuCl, for example, the gel
was extremely soft. Instead of chemical gardens, beautiful 3D precipitation pat-
terns formed in the gel, most likely driven by a mixture of convection and pre-

cipitation while the surface of the gel was decorated by malachite balls.”’

5. Conclusions

In this chapter we have discussed how metal coordination chemistry
can be engineered into hydrogel designs to aftord self-healing materials. We
harnessed the coordination of hard metal ions by polyphenols—mussel
inspired materials—to form reversible crosslinks. By tailoring the polyphe-
nol chemistry, detailed control over hydrogel properties were obtained. We
stressed that metal ions also can play other roles as illustrated by the
Hofmeister type weakening of gelatin hydrogels by mono- and divalent
metal ions, which was further harnessed as a platform for the formation
of chemical gardens in a diffusion-reaction self-organized system.

The self-healing materials, formed by coordination chemistry of hard
metal 1ons like Fe(III) with polyphenols such as catechols or pyrogallols, were
shown to be very versatile. Indeed, hydrogels were formed either by conju-
gating these groups covalently to polymer back bones or through in situ for-
mation of coordination polymers by the multivalent polyphenol tannic acid.
By using pH responsive polymers, just as in the blue mussel byssus, additional
pH responsiveness was introduced. Both polyallylamine and the chitosan
derived from the biopolymer chitin were employed. Introducing double
crosslinked or double network hydrogels into this chemistry afforded inde-
pendent control over storage moduli and self-healing properties. Gels based
on magnetic nanoparticles added functionality and altered mechanical prop-
erties. The chemistry of polyphenols is rich and in our view an excellent tool
for the synthesis of advanced self-healing materials and indeed nano-materials
with a multitude of advanced properties.
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