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Preface

The idea of publishing books based on contributions given by emerging young
chemists arose during the preparations of the first EuCheMs (European Association
for Chemical and Molecular Sciences) Conference in Budapest. In this conference,
I cochaired the competition for the first European Young Chemist Award aimed
at showcasing and recognizing the excellent research being carried out by young
scientists working in the field of chemical sciences. I then proposed to collect in a
book the best contributions from researchers competing for the Award.

This was further encouraged by EuCheMs, SCI (Italian Chemical Society),
RSC (Royal Society of Chemistry), GDCh (Gesellschaft Deutscher Chemiker), and
Wiley-VCH and brought out in the book “Tomorrow’s Chemistry Today”” edited by
myself and published by Wiley-VCH.

The motivation gained by the organization from the above initiatives was, to
me, the trampoline for co-organizing the second edition of the award during the
second EuCheMs Conference in Torino. Under the patronage of EuCheMs, SCI,
RSC, GDCh, the Consiglio Nazionale dei Chimici (CNC), and the European Young
Chemists Network (EYCN), the European Young Chemist Award 2008 was again
funded by the Italian Chemical Society.

In Torino, once again, I personally learned a lot and received important inputs
from the participants about how this event can serve as a source of new ideas and
innovations for the research work of many scientists. This is also related to the fact
that the areas of interest for the applicants cover many of the frontier issues of
chemistry and molecular sciences (see also Chem. Eur. . 2008, 14, 11252-11256).
But, more importantly, I was left with the increasing feeling that our future needs
for new concepts and new technologies should be largely in the hands of the new
scientific generation of chemists.

In Torino, we received about 90 applications from scientists (22 to 35 years
old) from 30 different countries all around the world (Chem. Eur. J. 2008, 14,
11252-11256).

Most of the applicants were from Spain, Italy, and Germany (about 15 from
each of these countries). United Kingdom, Japan, Australia, United States, Brazil,
Morocco, Vietnam, as well as Macedonia, Rumania, Slovenia, Russia, Ukraine,
and most of the other European countries were also represented. In terms of
applicants, 63% were male and about 35% were PhD students; the number of
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postdoctoral researchers was only a small percentage, and only a couple of them
came from industry. Among the oldest participants, mainly born between 1974 and
1975, several were associate professors or researchers at universities or research
institutes and others were lecturers, assistant professors, or research assistants.

The scientific standing of the applicants was undoubtedly very high and many of
them made important contributions to the various symposia of the 2nd EuCheMs
Congress. A few figures help to substantiate this point. The, let me say, “h index” of
the competitors was 20, in the sense that more than 20 applicants coauthored more
than 20 publications. Some patents were also presented. Five participants had more
than 35 publications, and, h indexes, average number of citations per publication,
and number of citations, were as high as 16, 35.6, and 549, respectively. Several of
the papers achieved further recognition as they were quoted in the reference lists of
the young chemists who were featured on the covers of top journals. The publication
lists of most applicants proudly noted the appearance of their work in the leading
general chemistry journals such as Science, Nature, Angewandte Chemie, Journal
of the American Chemical Society, or the best niche journals of organic, inorganic,
organometallic, physical, analytical, environmental, and medicinal chemistry.

All of this supported the idea of publishing a second book with the contributions
of these talented chemists.

However, in order to have more homogeneous publications and in connection
with the great number of interesting papers presented during the competition, we
decided to publish three volumes.

This volume represents indeed one of the three edited by inviting a selection of
young researchers who participated in the European Young Chemist Award 2008.
The other two volumes concern the different areas of synthetic chemistry and life
sciences and are entitled “Ideas in Chemistry and Molecular Sciences: Advances
in Synthetic Chemistry” and “Ideas in Chemistry and Molecular Sciences: Where
Chemistry Meets Life,” respectively.

It is important to mention that the contents of the books are a result of the work
carried outin several topmostlaboratories around the world both by researchers who
already lead their own group and by researchers who worked under a supervisor.
I would like to take this occasion to acknowledge all the supervisors of the invited
young researchers for their implicit or explicit support to this initiative that I hope
could also serve to highlight the important results of their research groups.

The prospect of excellence of the authors was evident from the very effusive
recommendation letters sent by top scientists supporting the applicants for the
Award.

A flavor of these letters is given by the extracts from some of the sentences below:

“The original studies of the candidate shed light on extremely important fun-
damental facets of the chemistry and physics of inorganic materials, such as the
hitherto unknown relationship between their structure and their chemical and
physical properties. The candidate outstanding contribution in this field is testified
by the extraordinary level of publication.” “I am particularly glad to express my
esteem for this candidate and for the scientific work has performed during the
PHD in my Lab.” “A first-rate and enthusiastic young chemist with a strong
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publication record.” “This candidate has a great scientific creativity.” “I write in
the strongest possible support of candidate nomination. He was without doubt
the most productive coworker I have ever had the pleasure of working with. The
candidate intense curiosity about chemical reactivity, the fierce determination to
make projects succeed, the matchless skill at the bench, and the sharp eye for
opportunities across boundaries allowed candidate to pioneer several new areas of
investigation.” “Pioneering work sparked intense interest worldwide. More than
500 papers have been published in the area in just the past four years.” “Extraordi-
narily careful, very well documented, and utterly reliable.” “A revolution enabled by
the candidate pioneering work.” “The candidate career trajectory is clearly on a very
steep incline.” He is an emerging leader in chemistry.” “‘He is one of the finest sci-
entists [ have ever been associated with.” “I was always impressed by the candidate
enthusiasm in dreaming and doing chemistry.” “He is a hard working researcher
and intellectually sharp.” “I had a very positive impression of the candidate ability
to enter new fields, to grab the essential from the very beginning and develop own
ideas.” “The candidate intellectual and scientific abilities are at the highest possible
level. Has established scientific collaboration with various research groups around
the world. (15 countries mentioned). ” “I was always impressed because candidate
idea was very clear and the design was beautiful.” “As a PhD student the candidate
has shown tremendous intellectual capacity. He has been determined and thorough
in his pursuit of research goals, and has shown great maturity and responsibility in
working with a number of collaborators and in leading experimental teams working
at major facilities. Throughout the work candidate has shown great capacity for
independent thought and has strongly influenced the development of a highly
successful and multifaceted project.” “The candidate has made vital and highly
significant contributions to projects being undertaken by other members of my
research group. In summary this researcher has accomplished a very significant
body of first-rate work.” “The candidate has been at the forefront of all the projects
not only in the amount of work undertaken but in providing and developing ideas.”
“The candidate has been very much an exemplary example of a European chemist,
studying and working in different countries.” “He has extra-ordinary intelligence
and hard-working nature. This helps him very much to solve most of the issues
emerging during the research work in a self-reliant way.”

The contributions of various young scientists, which have been collected in
this volume, range from the preparation of new materials to the description of
new characterization methods, to the understanding of properties and functions
of the materials including simulation of the properties of materials by advanced
computational analysis, to materials and materials application in advanced devices.
The authors have been stimulated to present the state of the art of their particular
fields of research, to describe some highlights of their work and, most importantly,
to provide a glimpse into the future by giving their views about future scenarios.

With regard to the area of preparation, the first chapter, by Brea etal., is
dedicated to the illustration of aspects of the supramolecular chemistry of cyclic
peptides, which, under appropriate conditions, stack through hydrogen bonds to
form nanotubes. These nanostructures are being actively investigated because of



XVI

Preface

their potential applications in different fields such as chemistry, medicine, biology,
pharmacology, and materials science. Future research work will be directed to
the preparation of self-assembling «,y-peptide nanotubes with desirable tunable
properties employing the methodology described in the chapter. One of the main
interests of the authors is the use of these nanotubes in potential applications
such as in storage of gases and liquids, selective transport of a wide variety of
molecules, energy conversion, and catalysis. The authors also envisage the use of
larger diameter nanotubes as novel drug delivery systems.

The second chapter (Luque) in this section describes the preparation of nanopar-
ticles and the application of supported metal nanoparticles on porous materials
mainly for the production of catalysts and biofuels. A variety of such systems can
now be synthesized through different preparation routes and supports with tai-
lored size and distribution, thus overcoming the limitations of traditional synthetic
methodologies.

Another chapter (Diaz-Diaz) deals with click chemistry and suggests that this
practice should be helpful at least to create stronger adhesives for both metal and
nonmetal surfaces, to enhance the stability of a number of industrial viscoelastic
soft materials to great levels while keeping their functional integrity, as well as to
fabricate optoelectronic devices. The same chapter suggests the expansion of the
click-chemistry toolbox with the use of alternative reactions that could overcome
the limitations of those based on the traditional CuAAC process.

Supramolecular receptors for fullurenes is the theme of the next chapter by
Fernandez Gustavo et al. The authors show that an alternative to classic flexible
hosts such as calixarenes or cyclodestrins can be the planar recognition motifs,
whose foremost exponents are the porphyrins, while curved and, in most cases,
electroactive recognition motifs like 2-[9- (1,3-dithiol-2-ylidene)antracen-10(9H)-
ylidene]-1,3-dithiole (exTTF)or truxene TTF-based receptors fulfill the advantages
of both classic and planar receptors. The properties of these TTF derivatives are
such that they can be considered as optimal candidates in the design of valuable
materials for optoelectronics.

The contribution on interaction and reactions of halogens (Espallargas) falls in
the same area of supramolecular approach. The chapter summarizes the potentiality
of halogen atoms to act as either nucleophiles or electrophiles depending on their
coordination environment.

C—X- - -X'-~M halogen bonds find interest in the creation of smart materials based
on supramolecular architectures. In particular, the application of these concepts to
gas sorption is reported.

The second section of the book deals with new tools in the characterization
area of materials and nanomaterials. In the first contribution, Baccile discusses
the applications of advanced solid-state NMR techniques in the study of surface,
interfaces, and structural features of the nanomaterials themselves. Then, the
chapter by Gruene et al. focuses on the infrared multiple-photon dissociation
spectroscopy, which is shown to be particularly effective for the study of the
geometries of bare silicon and doped silicon free nanoparticles through the study



Preface

of their complexes with loosely bound rare-gas atoms. This study, in particular,
reports on the possibility to influence the geometry of silicon-based nanoparticles.

The potentiality of the recently introduced X-ray magnetic circular dichroism
technique in the area of single-molecule magnets is underlined in the following
chapter by Mannini.

This section finally deals with evolving analytical techniques based on the usage
of tools not commercially available such as the X-ray diffraction method (Naumov),
which can provide invaluable information on dynamic processes in the bulk state of
ordered solid materials. The same contribution underlines the importance of other
X-ray-based methods to study processes in the time domain, both in solid-state
and in solution such as X-ray scattering at picoseconds scale and X-ray absorption
spectroscopy.

The third section, Understanding properties and function of materials, begins
with the chapter (Reitmeir et al.) dealing with transport in an important class of
materials such as zeolites. This contribution fills the gaps in the understanding of
diffusion and sorption on zeolites and the origin of shape selectivity.

Taking into account the important contribution of supercomputing in the
understanding of the behavior and properties of the materials, a contribution also
in this area was considered a must. The specific contribution by Greenwell refers to
the modeling of organic—mineral interaction. The chapter deals in particular with
some interesting properties of layered structures and their intercalation, as well
as with the possible applications. Electronic structure calculations or large-scale
molecular dynamics simulations on these systems are expected to contribute to
a vast spectrum of areas such as those of petroleum-forming conditions, biofuel
green diesel, origin of life, as well as biodegradable packaging design.

The final section of this book deals more with applications including the area of
innovative devices. This section contains a specific contribution by Baglio et al. on
the direct methanol fuel cells (DMFC). In this chapter, the status of the technology
and perspectives for portable applications of this type of device are reviewed. The
contribution underlines that applications of DMFC in portable power sources cover
the spectrum of cellular phones, personal organizers, laptop computers, military
back power packs, and so on, and that for some applications, this tool may be very
competitive with respect to the most advanced type of rechargeable batteries based
on lithium ion.

The following chapter by Sommer et al. describes new strategies to direct the
nanomorphology of bulk-heterojunctionsolar cells. In this regard, they propose a
block copolymers approach, which is very promising in the design of new materials
and material combinations for the next generation of organic solar cells as also in
improving the energy conversion efficiency of these devices.

Some other contributions refer to materials that are suggested in order to improve
performances of present devices. In one of these (Gil Ibanez, Draper), copper
complexes are suggested as materials of interest in the solar-energy conversion
area. The problem of improving the current lifetimes, intensities, and emission
quantum yields of Cu complexes is underlined. Furthermore, device stability and
light output are still issues that need to be addressed in order to fully exploit these
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Preface

low-cost systems. In spite of this, the authors believe that there is the “the need to
turn from oil and to switch on The Copper Age!” Besides this, the potentiality of
single-molecule magnets as potential memory elements organized on well-suited
surfaces is explored in the above-mentioned chapter by Mannini. The area of
spintronics might receive a fresh impetus by research of the type reported therein.
The last chapter highlights, in particular, the prospects for developing fundamental
research on single-molecule magnets for single-molecule devices in a bottom-up
approach.

On the other hand, the top-down approach is used in another contribution
(Nunes). This approach faces the very important problem of sculpturing nanometric
patterns. Some suggestions are given on what to do in order to take lithography
beyond the 22-nm node for the future device fabrication.

Probably, all those who read this book will have their own opinions on what
is relevant for the future of materials chemistry and nanotechnology, and, in this
regard, I would like to clarify that, owing to its peculiar genesis, this book reflects
the opinions of a select group of young chemists and does not pretend to cover the
whole area of emerging materials chemistry and nanotechnology.

The main aim is just to offer a variety of individual, though-provoking views that
will possibly provide attractive insights into the minds and research ideas of the
next generation of chemical and molecular scientists.

Starting from this point, I hope that the many ideas that can be grasped from
the various contributions by the young authors of the book should be very useful
in helping the chemistry and molecular science take several steps forward in
increasing our knowledge of the molecular world and for better exploiting such
knowledge in present and future applications.

I cannot end this preface without acknowledging all the authors and the persons
who helped me in the book project together with all the societies (see the book
cover) that motivated and sponsored the book. I'm personally grateful to Professors
Giovanni Natile, Francesco De Angelis and Luigi Campanella for their motivation
and support in this activity.

Palermo, October 2009 Bruno Pignataro



List of Contributors

Vincenzo Antonucci
CNR-Istituto di Tecnologie
Avanzate per I'Energia
“Nicola Giordano” (ITAE)
Via Salita S. Lucia sopra
Contesse 5

1-98126 Messina

Italy

Antonino S. Arico
CNR-Istituto di Tecnologie
Avanzate per 'Energia
“Nicola Giordano” (ITAE)
Via Salita S. Lucia sopra
Contesse 5

198126 Messina

Italy

Niki Baccile

College de France
Laboratoire de Chimie de la
Matiere Condensée de Paris
11 Place Marcelin Berthelot
75005 Paris

France

Vincenzo Baglio
CNR-Istituto di Tecnologie
Avanzate per 'Energia
“Nicola Giordano” (ITAE)
Via Salita S. Lucia sopra
Contesse 5

1-98126 Messina

Italy

Roberto J. Brea

Universidad de Santiago de
Compostela

Departamento de Quimica
Organica, Facultad de Quimica
Avenida de las Ciencias

s/n, 15782—-Santiago de
Compostela, A Corufia

Spain

David DiazDiaz

Dow Europe GmbH Dow
Chemical Company
Bachtobelstr. 3

CH 8810 Horgen
Switzerland

Sylvia M. Draper
University of Dublin
Trinity College
School of Chemistry
Dublin 2

Ireland

Ideas in Chemistry and Molecular Sciences: Advances in Nanotechnology, Materials and Devices.

Edited by Bruno Pignataro

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-32543-6

XIX



XX

List of Contributors

Gustavo Fernandez
Departamento de Quimica
Orgénica

Facultad de Ciencias Quimicas
Avenida Complutense s/n
E-28040-Ciudad Universitaria-
Madrid

Spain

and

Ciudad Universitaria de
Cantoblanco
IMDEA-Nanociencia, Faculted de
Ciencias

Moédulo C-IX, 3? planta, Avenida
Francisco Tomas y Valiente, 7
E-28049 Madrid

Spain

André Fielicke
Fritz-Haber-Institut der
Max-Planck-Gesellschaft
Faradayweg 4-6

D-14195 Berlin
Germany

Hugh Christopher Greenwell
Durham University
Department of Chemistry
Addison Wheeler Fellow

South Road, Durham DH1 3LE
UK

Belen Gil

University of Dublin
Trinity College
School of Chemistry
Dublin 2

Ireland

Philipp Gruene
Fritz-Haber-Institut der
Max-Planck-Gesellschaft
Faradayweg 4-6

D-14195 Berlin
Germany

Sven Hiittner

Universitit Bayreuth
Angewandte Funktionspolymere
Universitdtsstrasse 30

95440 Bayreuth

Deutschland

and

University of Cambridge
Department of Physics
Cavendish Laboratory

11 J.J. Thomson Avenue
Cambridge CB3 OHE
United Kingdom

Andpreas Jentys

TU Miinchen, Technische
Chemie 2
Lichtenbergstrasse 4
D-85747 Garching
Germany

Johannes A. Lercher

TU Minchen, Technische
Chemie 2
Lichtenbergstrasse 4
D-85747 Garching
Germany



Peter Lievens

Katholieke Universiteit Leuven
Laboratorium voor
Vaste-Stoffysica en Magnetisme &
INPAC-Institute for Nanoscale
Physics and Chemistry
Celestijnenlaan 200D

B-3001 Leuven

Belgium

Rafael Luque

The University of York
Green Chemistry Centre of
Excellence, YO10 5DD
Heslington, York,

UK

and

Universidad de Cérdoba
Departamento de Quimica
Orgénica

Campus de Rabanales, Edificio
Marie Curie (C-3), Ctra Nnal IV-A
14014 km 396

Cérdoba

Spain

Jonathan T. Lyon
Fritz-Haber-Institut der
Max-Planck-Gesellschaft
Faradayweg 4-6

D-14195 Berlin
Germany

List of Contributors

Matteo Mannini

Universita degli Studi di Firenze
Dipartimento di Chimica
Laboratory for Molecular
Magnetism-LAMM

Florence INSTM Research Unit
Florence ISTM-CNR Territorial
Research Unit

Lastruccia 3

1-50019 Sesto Fiorentino, Firenze
Italy

Nazario Martan

Departmento de Quimica
Organica

Faculated de Ciencias Quimicas
Avenida Complutense s/n
E-28040- Ciudad Universitaria-
Madrid

Spain

and

Ciudad Universitaria de
Cantoblanco
IMDEA-Nanociencia, Facultad de
Ciencias

Moédulo C-IX, 3? planta, Avenida
Francisco Tomas y Valiente, 7
E-28049 Madrid

Spain

Gerard Meijer
Fritz-Haber-Institut der
Max-Planck-Gesellschaft
Faradayweg 4-6

D-14195 Berlin
Germany

Guillermo Minguez Espallargas
Universidad de Valencia
Instituto de Ciencia Molecular
Poligono de la Coma s/n
46980, Paterna

Spain

XXI



XX

List of Contributors

Pance Naumov

Osaka University

Graduate School of Engineering
Department of Material and Life
Science

2-1 Yamada-oka

Suita, Osaka

Japan

and

Institute of Chemistry
Faculty of Science
SSCyril and Method ius
University

Arhimedova 5

PO Box 162

HK-1000 Skopje
Macedonia

Rui M. D. Nunes

University of Coimbra
Chemistry Department

Rua Larga 3049-535, Coimbra
Portugal

Stephan J. Reitmeier
TU Miinchen,
Department fiir chemie
Lehrstuhl fiir
Technische Chemie 2
Lichtenbergstrasse 4
D-85747 Garching
Germany

Luis Sanchez

Departmento de Quimica
Organica

Faculated de Ciencias Quimicas
Avenida Complutense s/n
E-28040- Ciudad Universitaria-
Madrid

Spain

and

Ciudad Universitaria de
Cantoblanco
IMDEA-Nanociencia, Facultad de
Ciencias

Moédulo C-IX, 3* planta, Avenida
Francisco Tomads y Valiente, 7
E-28049 Madrid

Spain

Michael Sommer

Universitit Bayreuth
Angewandte Funktionspolymere
Universitdtsstrasse 30

95440 Bayreuth

Deutschland

Mukundan Thelakkat
Universitit Bayreuth
Angewandte Funktionspolymere
Universitdtsstrasse 30

95440 Bayreuth

Deutschland



Part |
Preparation of New Materials and Nanomaterials

Ideas in Chemistry and Molecular Sciences: Advances in Nanotechnology, Materials and Devices.

Edited by Bruno Pignataro
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-32543-6



1
Self-Assembling Cyclic Peptide-Based Nanomaterials
Roberto J. Brea

1.1
Introduction

Over the last years, considerable efforts have been devoted to the design, prepara-
tion, and characterization of structures on the sub-100 nanometer scale, and their
use as novel functional materials and devices [1]. Nanotubes are extremely attractive
as potential building blocks for various applications — sometimes inspired by the
remarkable functions of natural tubular structures — in fields including catalysis,
drug delivery, optics, electronics, chemotherapy, and transmembrane transport,
because their physical and chemical properties are tunable via control of their size
and shape [2].

Although great advances have been made in the area of covalently bonded
nanostructures [3], noncovalently bonded nanotubes offer significant advantages,
including high synthetic convergence, built-in error correction, control through
unit design, and self-organization [4]. Self-assembling peptide nanotubes (SPNs)
[5] formed by stacking cyclic peptides stabilized by hydrogen bonds have attracted
special attention because of the probable ease with which they may be endowed
with structural and functional properties (Figure 1.1). Suitable peptides are those
in which the cyclic unit can adopt a flat conformation with all the amino side
chains having a pseudo-equatorial outward-pointing orientation and the carbonyl
and amino groups of the peptide bonds oriented perpendicular to the ring. This
approach has two crucial advantages over all others that have so far been tried:
first, the size of the polypeptide units, and hence the internal diameter of the
nanotube, is easily controlled by varying the number of amino acid residues
in each ring; and secondly, the external properties of the peptide nanotube
can easily be modified by varying the amino acid side chains. Appropriate de-
sign of the cyclic unit and optimization of conditions for self-association allow
the properties of the resulting tubular nanostructures to be tailored for specific
applications.
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1 Self-Assembling Cyclic Peptide-Based Nanomaterials
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Figure 1.1 Schematic representation of nanotube assembly from cyclic peptides.

1.2
Types of Self-Assembling Cyclic Peptide Nanotubes

1.2.1
Nanotubular Assemblies from Cyclic b,L-«-Peptides

In 1974, within the context of a theoretical analysis of regular enantiomeric
peptide sequences, De Santis et al. concluded that peptides comprised of an even
number of alternating p- and r-amino acids would form closed rings capable
of stacking through backbone—backbone hydrogen bonding [6]. Initial attempts
to experimentally demonstrate this type of tubular construct were inconclusive
because of the poor solubility of the peptides employed [7]. However, in 1993,
Ghadiri and coworkers took advantage of a strategy based on pH-variation to
control the nanotube formation [8].

1.2.1.1 Solid-State Ensembles: Microcrystalline Cyclic Peptide Nanotubes
The first well-characterized peptide nanotube was prepared using the sequence of
octapeptide cyclo-[(1-GIn-p-Ala-1-Glu-p-Ala), ], which was chosen to impart solubility
in basic aqueous solution, where coulombic repulsion among its negatively charged
carboxylate side chains would prevent premature subunit association [8]. Controlled
acidification produced microcrystalline aggregates that were fully characterized by
transmission electron microscopy (TEM), Fourier transform infrared (FT-IR) spec-
troscopy, electron diffraction, and molecular modeling. These analyses convincingly
established the expected structure in which the ring-shaped subunits stack through
antiparallel S-sheethydrogen bonding to form ordered hollow tubes with internal di-
ameters of 7.5 A and distances of 4.73 A between ring-shaped subunits (Figure 1.2).
Proton-triggered self-assembly described above also allowed the preparation of
microcrystalline aggregates of nanotubular structures with an internal diameter
of 13 A composed of dodecapeptide cyclo-[(1-GIn-p-Ala-1-Glu-p-Ala-)3] units, which
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Figure 1.2 Proton-controlled self-assembly process for the
preparation of cyclic p,L-a-peptide microcrystals.

confirmed that the internal diameter of the nanotube could be controlled just by
varying the number of amino acid residues in the peptide ring [9]. More recently,
Lambert et al. have employed an analogous pH-controlled self-assembly strategy to
synthesize microcrystalline nanotubular structures from a cyclic b,1-«-octapeptide
containing bis-aspartic acid units [10].

Ghadiri and coworkers have also prepared solid-state assemblies using
various uncharged cyclic p,1-e-octapeptides to explore the effects of intertubular
hydrophobic packing interactions on crystal formation [11]. Cryoelectron
microscopy, FT-IR spectroscopy, and electron diffraction analyses have shown
the expected nanocylindrical ensembles with all the characteristic features of an
antiparallel B-sheet-type structure and intersubunit distances of about 4.8 A.

1.2.1.2  Solution Phase Studies of Dimerization

The association of cyclic peptides has been recently investigated in water by
Karlstrom and Undén using fluorescence-quenching methods, which confirmed
that such ring-ring association also occurs in solution and is not just a
consequence of crystallization [12]. In order to obtain a better understanding
of these stacking interactions, dimeric motifs were designed and studied in
which complications associated with unlimited stacking are avoided by allowing
only the formation of the corresponding two-ring structures (Figure 1.3). Such
minimal models have been achieved by selective backbone N-alkylation of one
face of the peptide ring. In 1994, Lorenzi et al. reported a crystallographic study
of the hemi-N-methylated hexapeptide cyclo-[(p-Leu-1-M¢N-Leu-);], providing the
expected dimeric antiparallel B-sheet structure in the solid state, while nuclear
magnetic resonance (NMR) investigations revealed that the peptide dimerized in
deuterochloroform with an association constant (Ka) of 80 M~! [13]. Independent
work carried out by Ghadiri and coworkers demonstrated analogous dimerization
results by octapeptide cyclo-[(1-Phe-p-M*N-Ala-),], but in this case the association
constant values were higher (2540 M~1) [14]. Additionally, they establish that cyclic
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Figure 1.3 Schematic illustration of a dimeric structure
composed of cyclic p,L--octapeptides.

octapeptides exhibit optimal rigidity and predisposition for nanotube assembly.
However, cyclic p,1-a-deca- and -dodecapeptides fail to dimerize because of the
difficulty in adopting the required flat conformation [12, 14].

Studies of side chain—side chain interactions have shown that cyclic peptides
containing branched side chains are more favorable for dimerization than
unbranched chains, presumably by predisposing the peptide backbone for
B-sheet adoption. Additionally, aromatic side chain—side chain interactions
in cyclic peptide units containing homophenylalanine residues were used to
induce crystal growth through the prevalent effect of dimer formation [15].
Dimeric structures have also provided the first experimental model system for
evaluation of the relative stability of parallel and antiparallel B-sheet structures
[16]. Measurement of solution equilibrium constants using the enantiomeric
cyclic peptides cyclo-[(1-Phe-p-M¢N-Ala-)4] and cyclo-[(p-Phe-1-MN-Ala-),] revealed
that antiparallel orientation is favored over parallel orientation by 0.8 kcal-mol~1.
Further confirmation of B-sheet-type hydrogen bonding was obtained by covalent
consolidation of noncovalently constituted cyclic peptide dimers [17, 18].

1.2.2
Nanotubular Assemblies from Cyclic -Peptides

The first designs of peptide nanotubes composed of all f-amino acids were
developed by Seebach [19]. Molecular modeling and X-ray analysis showed that
in the solid state, cyclic tetrapeptides composed of chiral B3-amino acids can
adopt flat-ring conformations and stack to form nanotubular structures in the
same way as previously described for cyclic p,1-a-peptides (Figure 1.4). In the
case of B-peptides, such conformation can be achieved with cyclic peptide units
composed of homochiral B-amino acid residues as well as with rings of residues of
alternating chirality. Extensive studies demonstrated that cyclo[(83-HAla),] adopted
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Figure 1.4 Self-assembly of cyclic B-peptides as a nanotube.

a flat conformation and each subunit stacked through four hydrogen-bonding
interactions, presenting an inner pore with a diameter of approximately 2.6 A.
Ghadiri et al. also studied the self-assembly process of several cyclic 83-peptides,
especially due to their application in lipid bilayers to form efficient ion channels
[20]. More recently, Kimura and coworkers have reported the design, synthesis, and
conformation of a novel class of cyclic B-peptides constituted by sugar units [21].

1.2.3
Nanotubular Assemblies from Other Cyclic Peptides

Over the last few years, several cyclic peptide rings composed of novel unnatural
amino acid residues have been developed as potential basic units for nanotube
construction. Dory et al. have recently synthesized a cyclic tripeptide that crystallized
as bundles of nanotubes [22]. This unit is composed of «, f-unsaturated §-amino
acid residues that, because of the trans geometry of the vinyl group, adopt the flat
conformation required for self-assembly (Figure 1.5). As the peptide backbone has
an even number of atoms between the carbonyl and amino groups of each residue,
all the carbonyl groups are oriented in the same direction (as in the S-peptide-based
nanotubes), which gives the nanotubular structure a large dipole moment that
results in highly anisotropic crystals.

Ghadiri and coworkers reported the design, preparation, and full characterization
of a new member of peptide-based macrocycle that incorporates 1,2,3-triazole
g-amino acids in the backbone (Figure 1.5) [23]. The resulting open-ended hollow
tubular ensemble combines the structural aspects and capacity for outside surface
functionalization and the heterocyclic alterations introduced to modify the physical
properties of the inner pore.
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Figure 1.5 Schematic representation of nanotubular
structures formed by self-assembly from cyclic é- and
o, e-peptide units ((a) and (b), respectively).

1.3
Applications of Cyclic Peptide Nanotubes

1.3.1
Antimicrobials

The proliferation of antibiotic-resistant bacteria has intensified the quest for
new antibiotics with novel modes of action [24]. Recent approaches include
the use of peptide rings capable of stacking in the membrane to form trans-
membrane pores. In particular, amphipathic cyclic hexa- and octapeptides have
been shown to infiltrate the bacterial membrane and associate as nanotubes
oriented at an angle of 20° to the membrane plane, causing extensive mem-
brane damage through a carpet-like nanotube formation mechanism (Figure 1.6)
[25, 26]. In this model, hydrophobic side chains are inserted into the lipidic
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Figure 1.6 Carpet-like mode of action of lethal ion channels
based on cyclic peptide nanotubes.

components of the membrane and the hydrophilic residues remain exposed to
the hydrophilic components of the cell membrane. An important aspect of this
strategy is that cyclic units can be designed to associate as nanotubular structures
selectively in bacterial rather than in mammalian membranes. Such peptides ex-
hibit significant antibacterial activity in vitro, and their preferential action against
bacterial cells has been demonstrated in mice, which exhibit activity against a
broad spectrum of bacteria, including methicillin-resistant Staphylococcus aureus
(MRSA).

Ghadiri et al. also demonstrated that membrane-associating cyclic peptide units
effectively block key steps involved in virus entry or escape from endosomes.
Toward this goal, these authors developed a directed combinatorial approach to
select potentially membrane-active amphiphilic cyclic p,1-a-peptides, exploring
their utility in inhibiting adenovirus (Ad) infections in mammalian cells [27].
Their studies also suggested that use of self-assembling cyclic p,1-«-peptides holds
considerable potential as a novel rational supramolecular approach toward the
design and discovery of broad-spectrum antiviral agents.

1.3.2
Biosensors

Cyclic p,1-a-octapeptide-based nanotubes inserted into organosulfur monolayers
supported on gold films have shown the feasibility of diffusion-limited size-selective
ion sensing (Figure 1.7) [28]. The functional properties of this nanotubular arrange-
ment were studied by impedance spectroscopy and cyclic voltammetry, showing
that small electroactive anions and cations such as [Fe(CN)g]*~ and [Ru(NH3)]**
had access to the gold surface, while large ions, such as [Mo(CN)g],*~ did not. Modi-
fications in the cyclic peptide unit, along with the variations in the organosulfur
adsorbates, are expected to increase the repertoire of the sensor applications.
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Figure 1.7 Schematic representation of a cyclic
peptide-based biosensor inserted into self-assembled
organosulfur monolayers supported on gold.

1.3.3
Biomaterials

Biesalski and coworkers recently developed a novel approach to prepare
nanometer-sized peptide—polymer hybrid nanostructures, using peptide nano-
tubes as structurally defined templates (Figure 1.8) [29]. This methodology is based
on the self-assembly of cyclic peptides with polymerization initiator groups on
distinct side chains to form a nanotubular structure that has the initiator groups
exclusively on the outer surface. A subsequent surface-initiated polymerization
coats the peptide core with a covalently bound polymer shell. An interesting aspect
of this strategy is that defined structural information can be transferred from
the peptide nanostructure to the synthetic polymer (and vice versa). Additionally,
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Figure 1.8 Peptide-polymer hybrid nanostructures from cyclic units.
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preparation of a large number of shape-persistent hybrid materials that are not
easily accessed by any other technique can be easily achieved.

1.3.4
Electronic Devices

The fabrication of nanoscale functional wires by self-assembly has attracted consi-
derable attention in recent years for possible applications to nanoelectronics [30]. In
this regard, cyclic peptide nanotubes are one of the most suitable molecular objects
because they allow optimal size and length control. Ghadiri and coworkers have
recently described a wide collection of eight-residue cyclic p,1-e-peptide units bea-
ring 1,4,5,8-naphthalenetetracarboxylic diimide (NDI) side chains to evaluate their
application in the construction of electronic systems [31, 32]. Structural and photo-
luminescence studies have showed that the hydrogen bond-directed self-assembly
of the peptide backbone promotes intermolecular NDI excimer formation, favoring
the efficiency of the charge transfer [31]. Additionally, they have also investigated
the redox-promoted self-assembly of cyclic octapeptides bearing four cationic NDI
residues, obtaining electronically delocalized peptide nanotubes that are hun-
dreds of nanometers in length (Figure 1.9) [32]. This supramolecular approach
provides a rational approach for the design and fabrication of electronically active
one-dimensional biomaterials with potential utility in optical and electronic devices.

1.3.5
Photoswitchable Materials

Molecules whose physical properties can be reversibly switched using light have
been extensively studied because of their great utility in the development of novel

N,

Figure 1.9 Schematic illustration of electronically delocalized cyclic peptide nanotubes.
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Figure 1.10 Reversible switch system based on azo-linked cyclic peptides.

electronic and/or optical data storage devices [33]. Ghadiri and coworkers recently
reported a novel azo-peptide system, in which cyclic b,1-peptide dimers can be E/Z
isomerizated between one state in which the two rings in each dimer are connected
covalently by an azobenzene link in the Z conformation and another in which
the E conformation of this link connects neighboring dimers (Figure 1.10) [34,
35]. As expected, reversible switching between inter- and intramolecular hydrogen
bonds are permitted both in solution and in thin films at the air—water interface.
Intramolecular hydrogen bonding enhanced the stability of the Z form, which
reveals that the E— Z isomerization is the faster process. Further development
may lead to smart nanomaterials that could change their macroscopic properties
in response to light.

1.3.6
Transmembrane Transport Channels

Naturally occurring transmembrane channels can be mimicked by synthetic
peptide nanotubes that are internally hydrophilic and externally endowed with
appropriate characteristics [36]. In 1994, Ghadiri and coworkers synthesized
cyclo-[1-Gln-(p-Leu-1-Trp)s3-p-Leu-] units to explore the possibility of self-association
in lipid bilayers. Spontaneous assembly into hydrogen-bonded nanotubes was
shown by FT-IR spectroscopy, while patch clamp techniques found transport
activities for K* and Na* greater than 107 ions/s [37]. Liposome-based proton
transport assays, grazing-angle reflection/absorption, and polarized attenuated to-
tal reflectance (ATR) analysis of complexes formed from multiple lipid bilayers and
peptides have shown that the resulting nanotubes are oriented nearly parallel to
the lipid alkyl chains, which supports the model of the peptide nanotubes as the
active channel species [38].

These artificial peptide transmembrane channels are naturally size selective.
Exhaustive studies have shown that the passage of glucose, which is estimated to
require a pore diameter larger than 9 A, is not allowed by the octapeptide nanotubes
described above (internal diameter of approximately 7 A), while nanotubes com-
posed of decapeptide [1-Gln-(p-Leu-1-Trp)4-D-Leu-] units (internal diameter of 10 A)
display efficient glucose and glutamic acid transport activity [39, 40]. These fin-
dings suggest that even larger cyclic peptides may prove useful in the size-selective
molecular delivery of pharmacologically active agents.
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Figure 1.11 Schematic illustration of a cyclic B-peptide
nanotube self-assembled in a lipid bilayer.

Like their p,1-a-counterparts, cyclic A3-peptides can also associate tubewise in
lipid bilayers to form channels with K* transport rates of 1.9 x 107 ions/s
(Figure 1.11) [20]. These channels are anisotropic because all the component
subunits of B-peptide nanotubes stack with the same orientation. Application of an
electric field should cause all the peptide rings to adopt the correct orientation for
stacking into nanotubes.

1.4
Nanotubular Assemblies from Cyclic «, y -Peptides

SPNs previously described display a wide range of structural and functional
capabilities that have enabled their application in biological as well as materials
science [5]. Some of their properties depend on the hydrophilic character of the
inner pore, which unfortunately is not possible to modify by introducing functional
groups on the inner face, because all amino acid side chains pointing outward and
additional modification in C, or C would disrupt the nanotube formation process.
However, this shortcoming disappears if cyclic «, y -peptides are used as the basic
units for nanotubular assembly.

With a view to favoring adoption of the required all-trans flat conformation, our
group have recently been working on the design, synthesis, characterization, and
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application of a new class of cyclic peptides in which ¢-amino acid residues alternate
with cis-3 aminocycloalkanecarboxylic acids (y-Acas) [41-49]. The cycloalkane rings
of these peptide units not only direct a hydrophobic, functionalizable methylene
toward the interior of the cyclic peptide ring (thus allowing manipulation of
the behavior of the inner cavity of the corresponding nanotubular structure) but
also ensure the flatness and rigidity of the cycloalkane segments of the peptide
backbone.

1.4.1
Design

Cyclic peptides in which 1-y-Aca residues alternate with p-¢-amino acids adopt
a conformation in which the peptide backbone is essentially flat and the car-
bonyl and amine groups are oriented roughly perpendicular to the plane of
the ring (Figure 1.12). This flat ring-shaped conformation facilitates antiparallel
B-sheetlike hydrogen bonding between oppositely oriented rings and the formation
of hydrogen-bonded nanotubes composed of rings of alternating orientation, in
which one face of each ring is hydrogen-bonded via y-Aca C = O and N-H groups
(y-face) to the similar face of the neighbor (y —y interaction), while the other
face is hydrogen-bonded via C = O and N—H groups of the ¢-amino acid («-face)
to the similar face of the other neighbor (¢ —« interaction). In such structures,
the B-methylene moiety of each cycloalkane is projected into the lumen of the
cylinder, creating a partial hydrophobic cavity. In order to establish and evaluate the
feasibility and the thermodynamic properties of the corresponding SPNs, dimeric
models were prepared.

1.4.2
Homodimers Formation

Hydrogen-bonded homodimers of each of the two types required for nanotubular
construction were obtained from cyclic units in which hydrogen bond donation
was blocked by selective N-methylation on one face of the ring, preventing the
formation of the corresponding peptide nanotubes (Figure 1.12). For this purpose,
Granja and coworkers initially synthesized two different patterns of N-methylated
cyclic hexapeptides, in which the requisite all-trans conformation is achieved by the
alternation of w-amino acids with cis-3-aminocyclohexanecarboxylic acid (y-Ach).
First, the authors employed cyclic units with all the e-amino acids N-methylated
to study the y —y interaction, showing association constant values of 230 M7,
and establishing that the homodimerization process is enthalpy-driven with a
contribution of 2.20 kJ-mol~! per hydrogen bond, which is a value similar to
those found for p,r-a-cyclic octapeptides [41]. Secondly, the & —« interaction was
analyzed from N-methylated y-residue-based peptide rings, obtaining high-affinity
association (Ka larger than 10° M~!) in nonpolar solvents [41]. Crystallographic
data of the homodimeric ensemble have corroborated the nanotubular structure.
Additionally, the cylindrical cavity presents one molecule of chloroform, confirming
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Figure 1.12 Design for self-assembling «, y-cyclic pep-
tide nanotubes. The two types of hydrogen-bonded patterns
involved in nanotube formation are remarked and their cor-
responding N-methylated dimeric models are also shown.

the proposed partial hydrophobic character of the lumen. NMR, FT-IR spectroscopy,
and X-ray diffraction studies conclusively confirmed the formation of both these
homodimers.

Exhaustive studies were carried out with other rings that differ in the number
of amino acids and hence in the internal diameter of the nanotube. Cyclic
octapeptides presented similar properties as hexapeptide homologs, showing
association constant values of 340 M~ for the y —y interaction and high-affinity
association (Ka larger than 10> M~1) for the «—a interaction [42]. On the other
hand, cyclic tetrapeptides do not self-assemble through their y-face, and present
small association constant values (Ka = 15 M~1) for @ —a interaction, suggesting
that the rigidity of the 24-membered ring precludes the cyclic unit from adopting
the flat conformation required for the self-assembly, which was confirmed by
analysis of the corresponding X-ray structure [43, 44].

We recently extended these studies to other y-Aca by synthesizing cis-3-amino-
cyclopentanecarboxylic acid (y-Acp) [45] and cis-4-aminocyclopent-2-enecarboxylic
acid (y-Ace) [46] from Vince’s lactam. Although we initially worked with
y-Ach-based «, y-cyclic units, we began to use their y-Acp analogs when we
realized that such amino acids can be easily obtained, and more importantly, that
the angle defined in the plane of the peptide ring by the C—N and C-C(O) bonds
radiating from the cycloalkane ring is wider for y-Acp than for y-Ach (147° as
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Figure 1.13 Top (a) and side view (b) of the homo-
dimeric supramolecular crystal structure composed of
cyclo-[(.-Leu-D-Me N-y-Acp-)4] units.

against 162°). All these features make y-Acp more suitable for the construction
of large self-assembling «, y-cyclic peptide nanotubes.

Seeking to control the internal diameter of the corresponding nanotubular
structures, we have performed the synthesis of tetra- [43, 44], hexa- [45], octa- [47],
deca- [47], and dodecapeptides [47] made of alternating ¢-amino acid and N-methyl
y-Acp residues with backbones containing between 16 and 48 atoms and diameter
ranging from 4 to 17 A. All the cyclic units form the expected dimers through
their a-face with high-affinity association (Ka>10° M~') in nonpolar solvents,
except for the four-residue y-Acp-based cyclic peptide in which the association
constant was estimated to be 47 M~! [43, 44]. The ability of this kind of peptide
rings to form stable nanocylindrical homodimers was confirmed by NMR, FT-IR
spectroscopy, and X-ray diffraction data (Figure 1.13).

1.4.3
Heterodimers Formation

Recently, our group reported a novel approach for the design and fabrication
of highly stable heterodimeric assemblies based on «, y-cyclic peptides [45]. The
possibility of heterodimer formation was confirmed upon the addition of a cyclic
o,y (Acp)-based peptide to a cyclic «, y(Ach)-based peptide, which resulted in
the appearance in the NMR of a new class of signals corresponding with the
heterodimer, which was the most abundant specie in the equilibrium, being
about 30 times more stable than the possible homodimers. Conclusive evidence
of heterodimerization in the solid state was obtained by X-ray crystallography,
showing the expected heterodimeric structure in which the two essentially flat
antiparallel peptide subunits are connected in B-sheet fashion through hydrogen
bonds (Figure 1.14).

Exhaustive studies also demonstrated that selective formation of the heterodimer
is driven mainly by backbone-to-backbone hydrogen-bonded interactions, being



1.4 Nanotubular Assemblies from Cyclic o, y-Peptides |17

(b)

Figure 1.14 Top (a) and side view (b) of the heterodimeric
crystal structure obtained from combination of «, y (Acp)-
and «, y (Ach)-cyclic hexapeptides.

independent of the side chains used. In this regard, the introduction of different
functionalities could allow the development of new applications without affecting
the self-assembly properties and the heterodimeric structures.

1.44
Applications

1.4.4.1 Artificial Photosystems

The design of highly efficient and highly directional electron transfer devices
is extremely important for the preparation and development of mimics of the
photosynthetic systems of plants and bacteria. In principle, self-assembled peptide
nanostructures bearing an appropriate array of photoactive and electroactive units
might achieve this goal. In this context, our group described the synthesis and
physicochemical properties of a novel class of nanotubular heterodimers in which a
cyclic peptide bearing an electron-donor unit (extended tetrathiafulvalene (exTTF))
is coupled by a B-sheet-like hydrogen-bond system to another bearing a photoactive
electron-acceptor unit (Cg) (Figure 1.15) [48]. Photoexcitation of the fullerene
moieties to their 1.76 eV excited state is followed by a charge separation process
generating a 1.15 eV radical ion pair state. On average, this state perdures for atleast
1.5 us, which is superior to that of typical covalent Cgp-exTTF conjugates. These
peptide templates can be successfully used to form light-harvesting/light-converting
hybrid ensembles with a distinctive organization of donor and acceptor units able to
act as efficient artificial photosystems, optical devices, and/or molecular switches.

1.4.4.2 Multicomponent Networks: New Biosensors

One of the most fundamental problems in the field of supramolecular chemistry
is the control of self-assembly processes through the design of the molecular
components and the practical application at the macromolecular level of such
supramolecular associations. In this regard, our group recently reported the
design, preparation, and characterization of a novel multicomponent network of
pyrene and dapoxyl-derivatized cyclic peptides that display controlled fluorescent



18 | 1 Self-Assembling Cyclic Peptide-Based Nanomaterials

Figure 1.15 Electron transfer nanohybrid system based on «, y-cyclic peptides.

signal output (Figure 1.16) [49]. The network takes advantage of the large
association constant of «, y-cyclic peptides and the controlled formation of homo-
and heterodimers, and makes use of excimer/fluorescence resonance energy
transfer (FRET) effects in conjunction to study complex interaction networks.
Full characterization of the dynamic processes was achieved using steady-state
and time-resolved fluorescence techniques. The first equilibrium studied was the
homodimerization of pyrene derivatives, obtaining association constant values of
2.1 x 10° M~1. Additionally, the preference for heterodimer formation between
Acp-based and Ach-based cyclic peptides rather than homodimerization was
also exploited for the construction of highly efficient FRET systems. This energy
transfer is possible because the spectral overlap between dapoxyl absorption and
pyrene emission is almost complete, which ensures efficient transfer between
the two fluorophores. These preliminary studies are particularly relevant for the
development of a new class of biosensors and optical devices, specifically tailored
for studying systems involving homo- and heterodimerization processes.

= =-
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o

Figure 1.16 Homo- and heterodimeric biosensors from
fluorescently derivatized «, y-cyclic peptides.
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1.4.4.3 Other Applications

Cyclic hybrid «, y-peptide nanotubes are being currently studied because of their
ability to modify their inner face properties, which suggests the application of such
nanostructures as catalysts, selective ion channels, molecular inclusion devices,
and/or porous materials.

1.5
Summary and Outlook

This chapter has fundamentally illustrated various aspects of the supramolecular
chemistry of cyclic peptides, which, under appropriate conditions, stack through
hydrogen bonds to form nanotubes. Crucial for this interaction is the adoption of
a flat conformation in which all the amino acid side chains pointing outward and
the carbonyl and amino groups of the peptide bonds are oriented perpendicular
to the ring. This conformation can be achieved by peptide rings with a wide
variety of residues, paying special attention to cyclic y-amino acids. In all cases,
the corresponding nanotubular ensembles have uniform internal diameters and
external surfaces that can be easily endowed with specific properties by side chain
modifications. These nanostructures are being actively investigated because of
their potential applications in different fields such as chemistry, medicine, biology,
pharmacology, and materials science.

Future research work will be directed to the preparation of self-assembling
o, y-peptide nanotubes with desirable tunable properties employing the metho-
dology described above. One of our main interests is the use of those nanotubes in
potential applications such as the storage of gases and liquids, selective transport
of a wide variety of molecules, energy conversion, and catalysis. We also envisage
the use of larger diameter nanotubes as novel drug delivery systems.
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Designer Nanomaterials for the Production of Energy and High
Value-Added Chemicals

Rafael Luque

2.1
Introduction

We are entering what can be described as the nano age, where the scientific
revolution has nanoscience at the core of future technological progress, provided
Dby the increasing ability to manipulate matter at an ultrasmall scale (i.e., within the
nanometer range) [1, 2]. The potential benefits and consequences of controlling
matter at the nanoscale are yet to be fully realized. Nevertheless, the ability to
directly work and control systems at the same scale as nature (e.g., mitochondria,
DNA, cells) can potentially provide a very efficient approach to the production of
chemicals, energy, and materials (Figure 2.1). Over a billion years, natural systems
have evolved nanoscale biological entities for the efficient production of materials
(i-e., enzymes) and energy (i.e., chlorophyll). By mimicking these systems, scientists
may be able to reach the aims of a future sustainable society.

The interest in nanoscale materials has recently received tremendous attention
(Figure 2.2) and will continue to do so in the future years. Nanoscale forms of
carbon (i.e., fullerenes and nanotubes) and inorganic materials provide the building
blocks for the assembly of the nanoscale machines.

Nanomaterials have therefore been regarded as a major step forward to miniatur-
ization and nanoscaling with various subfields that have been developed to study
such materials. Every different subdiscipline has a role in modern nanoscience
and technology [2]. The nanotechnology field is highly multidisciplinary, where
inputs from physicists, biologists, chemists, and engineers are required for the
advancement of the understanding in the preparation, application, and impact of
the new nanotechnologies.

A nanomaterial can be defined as a material that has a structure in which at
least one of its phases has one or more dimensions in the nanometer size range
(1-100 nm, Figure 2.1). Such materials include polycrystalline materials with
nanometer-sized crystallites, materials with surface protrusions spatially separated
by distances on the order of nanometers, porous materials with particle sizes in the
nanometer range, or nanometer-sized metallic clusters dispersed within a porous
matrix (supported metal nanoparticles (SMNPs). Among them, metal nanoparticles
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2.1 Introduction

(MNPs) have attracted much attention over the last decade compared to their
nano-organic counterparts, because of their relatively higher chemical activity and
specificity of interaction. Furthermore, MNPs have extremely different properties
as compared to their bulk equivalents that mainly include a large surface to volume
ratio and sizes in the nanometer scale [1-3]. With all the briefly mentioned advan-
tages and outstanding features of MNPs, it is not surprising that the publications
around MNPs have increased almost exponentially over the last few years with
over 8000 publications in 2008. The amplitude of research efforts is expected to
continue increasing as application benefits of the chemical properties achieved at
the nano level become increasingly apparent.

One of the key driving forces for the rapidly developing field of nanoparticle
synthesis is the already mentioned distinctly differing physicochemical properties
presented by metal nanoparticles as compared to their bulk counterparts. Among
these remarkable properties, nanoparticles typically provide highly active centers
but they are very small and not at a thermodynamic stable state. Structures at
this size regime are indeed unstable due to their high surface energies and large
surfaces [1, 3]. To produce stable particles, it is necessary to terminate the particle
growth reaction, and there are a number of methods by which this has been
achieved. The addition of organic ligands, inorganic capping materials, or other
metal salts, creating core shell-type particle morphology as well as colloids and
soluble polymers, is one such method [4, 5]. These materials can be grouped
in the so-called “unsupported” MNPs. However, the nanoparticles may undergo
aggregation and suffer from poisoning under the reaction conditions, resulting in
deactivation and loss of catalytic activity.

A significant volume of research has been published with the expressed aim
of inhibiting aggregation and producing highly active nanoparticles with homoge-
neous size dispersity [6—8]. The control of nanoparticle size, shape, and dispersity
is the key to selectivity and enhanced activity. A mechanism to achieve this control
is to utilize another nanotechnology, that of (nano)porous supports.

A porous material is normally a solid comprising an interconnected network of
pores (voids). Many natural substances such as rocks, clays, biological tissues (e.g.,
bones), and synthetic materials including ceramics, metal oxides, carbonaceous
materials, and membranes can be considered as porous media. A porous medium
is characterized by its porosity (e.g., macro-, meso-, microporosity, or combinations
of them) as well its textural and physical properties that are dependent on its
constituents. These nanomaterials can be grouped into the so-called SMNPs. The
unique properties of SMNPs are directly related to the specific particle morphology
(size and shape), metal dispersion, concentration, and the electronic properties of
the metal within their host environment (Figure 2.3) [1, 2, 9-11].

The fusion between porous materials and nanoparticle technology is poten-
tially one of the most interesting and fruitful areas of this nano-interdisciplinary
research. The use of porous environments with defined pore sizes and character-
istics as supports for nanoparticles allows the generation of specific adsorption
sites, creating a partition between the exterior and the interior pore structure. It
also has the added advantage of inhibiting particle growth to a particular size
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lecting a nanoporous support, potentially

regime as well as reducing particle aggregation. Furthermore, by selecting and
manipulating the textural properties of the porous support (sometimes in unison
with a reduction step), it should be possible to control the size and shape of the
resulting nanoparticles. This leads to the possibility of size-selective and reusable
heterogeneous catalysts based on nanoparticle size rather than on the pore size.
Potential for increased efficiency from nanoparticle catalysts, in combination with
the advantages of heterogeneous supports, increases the “green” credentials of the
process, with higher selectivity, conversion, yield, and catalyst recovery being the
proposed advantages and targets. This provides the opportunity to develop specific
devices with applications in various fields including medicine [12], sensors [13],
and catalysis for the production of chemicals and energy [10, 11, 14, 15].

In parallel to the nanorevolution, environmental issues, growing demand for
energy, political concerns, and medium-term depletion of petroleum have created
the need to develop sustainable technologies based on renewable raw materials.
The term biorefinery is used to describe the future manufacturing paradigm for
converting biomass to valuable products [16—18]. The biorefinery is analogous
to the petroleum refinery, in that here the biomass is “cracked” into separate
components that are then converted into marketed products. It is important to
note that this definition of a biorefinery does not limit the method of conversion of
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crops to “bioconversion” alone. The biorefinery of the future is likely to integrate
both bioconversion and appropriate chemical technologies [16]. It is however
essential that for truly sustainable production the technologies that are used have
a low environmental impact. In the case of chemical technologies and chemical
production, this means the use of green chemistry methods such as heterogeneous
catalysis [19] and the application of green chemistry principles [20]. “Sustainable
chemical products” means sustainable production routes and green lifecycles that
encompass feedstocks and processing as well as product fate.

An increasing interest in the use of alternatives to conventional fuels including
diesel and gasolines that have been employed over the last 50 plus years have led
to the development of the so-called biofuels that have the potential to help meet
future energy supply demands, particularly for transport fuels, as well as potentially
contributing to a reduction of greenhouse gas (GHG) emissions and increase in
new agricultural products for stimulating rural economies [21]. Biodiesel and
bioethanol are currently available and have become increasingly important over the
last few years, with a number of related biofuels being currently developed [21].

This work is intended to be a contribution toward the state of the art and future of
the designer nanomaterials (metal and metal oxide nanoparticles) in the production
of energy and chemicals. It aims to provide an overview of the recently reported
key preparation protocols and applications of such nanomaterials. Because of the
rapidly expanding nature of this field, it is hoped that this chapter will be a helpful
overview and introduction to the readers in this exciting research area.

2.2
State of the Art in the Preparation of Designer Nanomaterials for the Production of
Energy and Chemicals

2.2.1
Preparation of Nanomaterials

Currently, the state of the art in the preparation of SMNPs follows the directions
of more efficient and sustainable routes. These can be subdivided into physical
(e.g., sonication, microwaves, UV), chemical (e.g., impregnation, photochemistry),
and physicochemical routes. The aim of this section is to revise some of the
characteristic reported methodologies as well as other related protocols reported
up to date.

2.2.1.1 Physical Routes

SMNPs have been prepared using a wide range of trendy physical routes including
sonication, microwave irradiation (MWI), laser, supercritical fluids (SCFs), and
plasma. Examples of reported protocols will now be examined.

Sonication Sonochemistry deals with understanding the effect of sonic waves and
wave properties on chemical systems. There are several interesting features of



28

2 Designer Nanomaterials for the Production of Energy and High Value-Added Chemicals

sonication. Ultrasounds (USs) remarkably enhance mass transport, reducing the
diffusion layer thickness and also affect the surface morphology of the treated ma-
terials, normally enhancing the surface contact area [22]. Deposition and reduction
of the particles (favored by ultrasonic radiation) takes place almost consecutively,
so that the heating step normally employed in other protocols can be avoided [23].
These advantages are related to the acoustic cavitation phenomena, that is, the
formation, growth, and collapse of the generated bubbles in a liquid medium. The
extremely high temperatures (>5000 °C), pressure (>20 MPa) and cooling rates
(>101°°C s71) lead to many unique properties in the irradiated solution [22]. The
SMNPs preparation is usually performed using a conventional ultrasonic cleaning
bath or a high power probe. Although, a more controllable NPs size distribution
can be achieved with this methodology, these ultrasonic-assisted protocols some-
times require the additional use of a reductant including sodium borohydride [24],
hydrogen [23], and hydrogen + polyalcohols [25], to further ensure the reduction
of NPs on the supports.

Microwave Irradiation (MWI) Microwaves have been recently demonstrated to be a
very effective technology in applied chemistry. Several reports of microwave-assisted
reactions have been reported, mainly employing solutions of metal salts as
precursors.

MWT has several advantages over conventional methods, including short reaction
time, small particle size, narrow size distribution, and high purity [10, 11]. El-Shall
et al. have extensively investigated the use of MWI for the preparation of a range of
SMNPs including Au and Pd [26]. They have also prepared capped Au and Pd NPs
on metal oxides using polyethylene glycol (PEG) and poly(N-vinyl-2-pyrrolidone)
(PVP) as protective polymers prior to microwaving in order to further stabilize the
NPs from agglomeration. In this way, the obtained SMNPs were found to have a
better dispersion and a narrower particle size distribution, which in turn increased
their activity for the investigated application (oxidation of CO). They claimed that
fast and uniform heating (due to PEG and PVP) high dielectric constants) achieved
under MWI allows a quicker reduction of the metal precursor on the support
26, 27].

Pulsed Laser Ablation (PLA) The laser approach involves the vaporization of
metals of mixtures by employing a pulsed laser (e.g., Nd—YAG) and subsequent
controlled deposition on the surface of the support under well-defined conditions
of temperature and pressure [27, 28]. The method has several advantages for the
synthesis of SMNPs. Firstly, it does not usually involve the use of any chemical
precursors or solvents and therefore it provides a simple and effective synthetic
route for supported contamination-free crystalline MNPs [27]. Secondly, virtually
any metal or mixtures in any composition and form (e.g., sheets, films, and
powders) can be turned into MNPs. Thirdly, MNPs can directly be supported on
catalysts as they are created with a significant number of dangling bonds and
they are strongly adsorbed on supports becoming anchored. Fourthly, and most
importantly, no side products are created and the technique can be scaled up for
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industrial applications [29]. The sizes and compositions of the generated MNPs
can be adjusted to generate materials for specific catalytic applications [29, 30].

Supercritical Fluids (SCF) Another efficient and environmentally friendly alterna-
tive to prepare SMNPs has been the use of SCF. A very good revision on the
subject has been recently prepared by Zhang et al. [31]. The conventional procedure
involves the dissolution of a metallic precursor in an SCF (e.g., supercritical CO,)
and subsequent incorporation on a substrate/support under various conditions
(Figure 2.4) [31, 32]. The impregnated metallic precursor can be reduced to its
elemental form by three different approaches:

1) Chemical reduction in the SCF (using a reducing agent such as H; or ethanol).

2) Thermal reduction in the SCF.

3) Thermal decomposition (in an inert gas) or chemical reduction with hydrogen
or air after depressurization.

SCFs offer several advantages compared to traditional methods. Firstly, they can
provide enhanced mass-transfer properties because of their higher diffusivities
compared to liquids and lower viscosities. Secondly, the lower surface tension
allows a better penetration and wetting avoiding problems related to partial structure
shrinkage or pore collapse on certain materials (e.g., silica aerogels) that are present
in the conventional chemical methodologies. Thirdly, it is possible to control the
particle dispersion and morphology on various supports employing different
metal precursors, metal content, and reduction temperatures and chemistries [31].
ScCO; has been widely employed for the preparation of SMNPs as it is abundant,
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Figure 2.4 Supercritical CO, experimental setup for

the decoration of multiwalled carbon nanotubes with Pd
nanoparticles, as reported by Wai et al. [32b]. Reproduced
by permission of The Royal Society of Chemistry.
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inexpensive, nonflammable, and nontoxic [31-33]. However, more studies are
needed in terms of the solubility of the organic precursors into the SCF and the
reduction step in order to further develop this technique. Another major issue in
its widespread use is the cost of the SCF equipment.

Plasma A novel plasma reduction method at room temperature has been reported
to prepare SMNPs. Legrand et al. employed dihydrogen microwave plasma to
reduce various metal solutions (Au, Pt, and Pt—Au) on zeolites [34]. The afterglow
of such a microwave plasma (2.45 Ghz) was found to contain hydrogen atoms at a
sufficiently low temperature to effectively reduce the metal ions in solution to small
NPs (less than 5 nm) on NaY and HY zeolites. The SMNPs were found to be very
stable to thermal treatment. Ar glow discharged plasma has also been employed to
support Pt, Pd, Ag, and Au NPs on a range of supports including nonporous TiO,,
y-alumina, and H-ZSM-5 [35]. NPs were found to be homogeneously distributed
on the surface of the support, being in the nanoscale range. Oxygen glow discharge
plasma allowed the preparation of SMNPs but small quantities of metal oxides
were also found in their preparation. This technique is a very promising and
straightforward way to prepare NPs as it may be an environmentally friendly, fast,
and simple methodology and also a promising alternative to hydrogen reduction
at high temperatures. However, the specialized equipment needed makes its
widespread use difficult.

2.2.1.2  Chemical Routes

The classical coprecipitation, impregnation, and deposition—precipitation synthe-
sis methods have been recently predated by novel preparation routes including
the precipitation from reverse micelle (water-in-oil) emulsions, photochemistry,
chemical vapor impregnation, and electrochemical reduction.

Traditional Methods (Impregnation, Coprecipitation, and Precipitation/Deposition)
Impregnation. This methodology entails the “wetting” of the solid support with
a solution containing the metal precursor. The common method of chemical
impregnation is the so-called wetness impregnation. In this method, the metal
nanoparticle precursor, which is normally a salt (e.g., metal nitrate, chloride, etc.),
is dissolved in the minimum quantity of solvent to afford its complete dissolution.
The resulting metal salt solution is then added to the porous support filling its pores
so that a thick paste is formed. The solvent is then removed in a rotary evaporator
and the final solid is oven dried and subsequently calcined and reduced (if needed)
before being tested as a catalyst [14, 36]. SMNPs obtained by this methodology have
been reported to have various loadings, being differently dispersed depending on
the metal, support, and loading of the final solid [14, 36, 37].

Coprecipitation. The coprecipitation method involves the simultaneous precipita-
tion of the metal and the support[38]. In this way, MNPs can be incorporated and/or
encapsulated into the structure of various mesoporous materials (Figure 2.5) [2b,
38, 39]. However, the presence of the metallic precursors in solution interferes
with the polymerization chemistry of the material, often resulting in samples
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Figure 2.5 Pt-encapsulated nanoparticles using a solgel co-
precipitation approach [2b]. Reproduced by permission of
the Royal Society of Chemistry.

with undesirable properties. The solgel technology also cannot be easily applied to
polymeric substrates [31].

Precipitation— Deposition. This method was initially reported by Haruta et al. [40].
It involves the dissolution of the metal precursor followed by adjustment of the
pH (i.e., 5-10) to achieve a complete precipitation of the metal hydroxide (e.g.,
Au(OH)j3) that is deposited on the surface of the support. The hydroxide formed is
subsequently calcined and reduced to elemental metal [39, 41].

In general, these methodologies often provide a broad nanoparticle size distri-
bution. It is difficult to tune the particle size for a particular application because of
poor control over the NP size, which also affects the dispersion and NPs sizes at
increasing metal loadings. Particle agglomeration is quite a common phenomena
and the use of liquid solutions has been reported to originate a collapse of fragile
supports (e.g., organic or silica aerogels) due to the high surface tension of the
liquid solution [42]. Furthermore, many of the reported protocols require the use
of an excess of external reductant (e.g., NaBH,4, H,, hydrazine), to ensure the
complete formation of the SMNPs, which needs to be removed after the reaction.

Microemulsions Microemulsions can be described as homogeneous-like combi-
nations of water, oils, and/or surfactants (often in the presence of alcohol- or
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amine-based compounds). The formation of reverse micelles was proved as an
interesting alternative to the preparation of SMNPs. Thus, a solid support is im-
pregnated with a microemulsion containing a dissolved metal salt precursor in a
similar way to that of the previously described traditional chemical impregnation
[42,43]). SMNPs obtained using this methodology have been reported to have a more
controllable, narrow crystallite distribution compared to the traditional impregna-
tion, coprecipitation, and precipitation—deposition methods [43]. This has been
attributed to the confined location of a limited amount of metal salt in the micelles
that are subsequently taken up upon interaction with the support [7, 42, 43].

The interaction microemulsion support has been proved to be enhanced by
increasing the hydrophobicity of the support (e.g., silylation of hydroxyl rich sur-
faces), making it more chemically compatible with the microemulsion during the
deposition step [44]. Wang et al. [45] have also recently reported another interest-
ing approach of this methodology employing a water-liquid CO, (as oil phase)
microemulsion stabilized by a surfactant (sodium bis(2-ethylhexyl)sulfosuccinate)
and hexane. In this way, Pd, Rh, and Pd—Rh NPs with sizes ranging from 2 to
10nm could be homogeneously deposited on the surface of multiwalled carbon
nanotubes (MWCNTSs) [45].

Photochemistry Only a few reports can be found on photochemical protocols to
prepare SMNPs. Kohsuke et al. have recently reported a photoassisted deposition
method that allows the formation of Pt and Pd NPs on the photoexcited tetrahe-
drally coordinated titanium species within the framework [46]. Similarly, He et al.
demonstrated that Au NPs could be supported on a TiO, support via decomposition
and photochemical deposition of a gold precursor (HAuCly) employing a 125-W
high-pressure mercury lamp [47]. This procedure minimizes the use of chemicals
and solvents and is more environmentally friendly than many of the reported pro-
tocols. However, it is still not clear how controllable the NP size and distribution
on a solid support can be.

Chemical Vapor Deposition (CVD) CVD has been reported as another promising
route to the preparation of SMNPs. It has been regarded as a powerful method to
generate highly dispersed metal catalysts in a controlled and reproducible manner
[48]. This procedure involves the vaporization (sublimation) of metals and growth of
NPs under high vacuum in the presence of an excess of stabilizing organic solvents
(e.g., aromatic hydrocarbons, alkenes, THF) and/or reducing agent (e.g., Hj) [48,
49]. The reported NPs have a relatively narrow particle size distribution (2-8 nm).
CVD is claimed to allow the preparation of SMNPs on a wide range of organic and
inorganic supports under very mild conditions (<50 °C) affording highly active
heterogeneous catalysts [50], avoiding the formation of large agglomerated NPs
from other protocols (Figure 2.6). Nevertheless, the method is often limited by the
vapor pressure of the precursor and mass-transfer-limited kinetics.

Electrochemical Reduction Although the method is not widely employed, the
electrochemical deposition of NPs on supports has also been reported, mainly
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Figure 2.6 TEM images of untreated (left) and functional-
ized carbon nanofibers (right, 2.04 wt% Pd) with Pd metal
nanoparticles via CVD [50]. Reproduced by permission of
The Royal Society of Chemistry.

for carbonaceous related supports [51]. The electrodeposition of Pt NPs under
potentiostatic conditions takes place from acidic aqueous solutions of H,PtCls. The
use of stabilizers (e.g., tetralkylamonium salts) is needed to prevent the particles
deposition at the cathode’s surface [42].

2.2.1.3 Physicochemical Routes
A few examples of combined efficient physicochemical routes have been reported till
date. The most common ones are sonoelectrochemistry and flame spray pyrolysis.

Sonoelectrochemistry This approach is a combination of US waves and electro-
chemistry. USs have beneficial effects on electrochemistry. They enhance mass
transport, thereby altering the rate and sometimes the mechanism of the electro-
chemical reaction [52]. USs also affect surface morphology through cavitation jets
at the electrode—electrolyte interface, increasing the surface area [52]. Finally, USs
reduce the diffusion layer thickness and therefore ion depletion.

Flame Spray Pyrolysis This alternative method of preparation was initially
reported by Madler et al. [53] and further reports on the technique have been
recently reported [54]. The liquid precursor mixture was fed in the center of a
methane/oxygen flame by a syringe pump and dispersed by oxygen, forming a
fine spray. The spray flame was surrounded and ignited by a small flame ring
issuing from an annular gap (0.15mm spacing, at a radius of 6 mm). Product
particles were then collected on a glass fiber filter (Whatmann GF/D, 25.7 cm in
diameter) with the aid of a vacuum pump. The technique afforded highly stable
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supported Pd NPs with small particle size (< 5 nm) that were proved to be very
suitable for various applications [53, 54].

222
Production of Energy and Chemicals: the Biorefinery Concept

The sustainable production of energy and high value-added chemicals through
the application of the biorefinery concept has been highlighted as one of the
most important challenges of the twenty-first century in order to switch from the
current petrol-based industry to a more sustainable renewable-based one [16, 55].
In this regard, there are several examples that can well illustrate the recent state
of the art in the production of energy (e.g., biofuels) and fine chemicals utilizing a
variety of designer nanomaterials including supported metal and metal oxide NPs,
nanocrystals, and related nanomaterials.

The aim of this section is to review some of the most commonly reported
applications of SMNPs related to the production of energy and chemicals. These
have been grouped into three areas: energy, catalysis, and other applications.
This section, far from providing a comprehensive revision of all the reported
applications of SMNPs, aims to give an introduction to some of their most
interesting applications.

2.2.2.1 Energy

The search for alternative energies to meet the future energy demands (in particular
for the transport sector) has prompted scientists to come up with ideas for the
preparation of a range of alternative fuels to gasoline and diesel. These alternative
fuels are the so-called biofuels that can be simply divided into crop-based fuels
(biodiesel and bioethanol, first generation) and non-crop-based biofuels (e.g.,
biofuels from thermochemical processes, catalytic cracking, etc.) [21]. Although
this is in reality a very complex classification which includes a wide range of
possibilities, the aim of the next few sections is to provide a very simple overview
of the state of the art in the production of some of these biofuels using SMNPs and
different nanomaterials.

Biodiesel Biodiesel is a nontoxic, sulfur-free, and biodegradable biofuel that can
be used in unmodified diesel engines pure or as a blend [21]. It also has a significant
added value compared to petrol-diesel because of its higher lubricity, flash point,
and lower aromatic content which extend engine life and reduce maintenance
costs.

The conventional methodology for the production of biodiesel involves the
transesterification of triglycerides (TGs) from vegetable oils (e.g., palm, corn,
soybean, rapeseed, and sunflower) with short chain alcohols including methanol
and ethanol to yield fatty acid (m)ethyl esters (FAM/EE) and glycerol as by-products
(Scheme 2.1).

Several reviews on the preparation of biodiesel using different feedstocks and
catalytic processes can be found in the literature [21, 56]. The methods of preparation
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Scheme 2.1 Conventional transesterification of TG for the
production of biodiesel [21]. Reproduced by permission of
the Royal Society of Chemistry.

of biodiesel can be classified as chemical catalytic (base or acid catalysis under
homogeneous and/or heterogeneous conditions), biocatalytic (enzyme catalysis),
and noncatalytic processes. Lee et al. have recently reported the simple preparation
of size-controlled MgO NPs via thermal treatment of a parent nanocrystalline
Mg(OH)(OCH3) precursor for the transesterification of glyceryl tributyrate [57].
Nanomaterials treated at temperatures lower than 600 °C were found to have
high surface areas (>200 m? g~!) and a narrow particle size distribution of small
NPs (2-8 nm). Interestingly, the small, cubic MgO single crystals generated
at low-temperature processing (<400 °C) terminate in high coordination (100)
facets that were found to exhibit a weak polarizability and a poor activity in the
transesterification reaction. Comparatively, the calcination of the materials at higher
temperatures (>400 °C) rendered large, cuboidal particles of periclase MgO which
terminate in more basic (110) and (111) surfaces that provided good conversions
in the production of methyl butyrate under mild conditions (Figure 2.7). These
promising findings should be considered as very interesting as they may pave
the way to the rapid screening of novel nanostructured basic oxides for biodiesel
preparation.

Biofuels Prepared via Selective Hydrogenation Zaccheria et al. have very recently
demonstrated the selective hydrogenation of nonfood oil methylesters using sup-
ported Cu NPs on silica and this has opened up the market for the preparation
of novel biofuels suitable for biodiesel formulations [58]. Mixtures of relatively
homogeneous compositions could be obtained starting from methylesters with a
very different unsaturation degree and acidic distribution (from linseed to tobacco
seed oil methyl esters) by means of a 8% Cu/SiO, catalyst prepared by a sim-
ple impregnation/reduction method. The highly active and selective, cheap, and
benign catalyst (compared to other toxic or pyrogenic such as Ni-and Pd-based
materials) could also potentially offer the possibility to control the hydrogenation
reaction depending on needs by simply following the hydrogen consumption in the
system. This smart approach provides a versatile methodology for the production
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of biofuels depending on feedstocks availability, climate, and regions, thus offering
a wide range of alternative biofuels that do not compete with the food market (food
vs fuel issue).

Fuels Prepared via Thermochemical Processes Significant research efforts have
been devoted to investigate the preparation of biofuels via thermochemical pro-
cesses (e.g., catalytic cracking, pyrolysis, hydrothermal treatment, gasification +
Fischer—Tropsch synthesis(FTS). Chen et al. have reported the tailoring of carbon
nanotubes (CNT) to confine/encapsulate metal oxide nanoparticles (e.g., Fe,03)
[59]. In their work, they have demonstrated that such confinement confers them
particular properties compared to those of the nanoparticles located on the outer
walls, including enhanced redox properties that can be modified for an optimum
performance in catalysis [59]. Fe,O3 nanoparticles confined on CNTs were then
investigated in the FTS process of converting syngas to synthetic biofuels. Interest-
ingly, the yield of Cs; products of the Fe,O3 confined within CNTs was found to
be twice as much compared to that observed for wall-supported Fe,O3 (Table 2.1)
despite both having similar iron particle sizes (4-8 nm). H, and CO-TPR experi-
ments point to the modification of the redox properties with improved reducibilities
in the encapsulated catalysts. Furthermore, the trapping of the reaction intermedi-
ates within the CNT channels has been proposed to extend their contact time with
the active species, therefore favoring the formation of longer chain hydrocarbons
and higher FTS activities.

Another important example for the production of enhanced fuels is the hydroiso-
merization of n-alkanes. Light isoalkanes are required for the production of more
environmentally friendly and high-octane number gasolines. Thus, n-alkanes are



2.2 State of the Art in the Preparation of Designer Nanomaterials | 37

Table 2.1 Comparison of FTS activities and product selectivi-
ties of different Fe materials at 51 bar.

Hydrocarbon selectivities (%)

catalyst CO conversion (%) CO; selectivity (%) CHy4 C-Cy Cs,
Fe-in-CNT 40 18 12 41 29
Fe-out-CNT 29 12 15 54 19
Fe-AC 17 5 15 71 9

Adapted from [59].

isomerized to increase the octane number in the naphtha (transformation of linear
chain paraffins to branched isomers with high-octane numbers) as well as to induce
significant improvements in several physical properties of the gasoline, including
the pour point and viscosity [60].

The conversion of Cg, alkanes has two different and competitive pathways:
isomerization and cracking. Alkanes are dehydrogenated on the metallic phase
and the alkenes generated are protonated on the acid sites to form alkylcarbenium
ions. The reaction (either isomerization or cracking of the alkane) then takes place
on the acid sites and the alkene generated in the process is hydrogenated in the
metallic sites nearby, affording the isomerized-fragmented n-alkane (Scheme 2.2).

Hydrogenolysis
n-alkane ——» Cracking products
-2 H+T l p-scission gg‘gﬁgg
+H* V.
n-alkene = n-alkyl carbenium cation (secondary)
_H* T l
iso-alkene -~——— jso-alkyl carbenium cation (tertiary)
Cracking
+2H" T l B-scission  product
Hydrogenolysis
, ¥ .
iso-alkane Cracking products

Scheme 2.2 Reaction mechanism of the hydroisomeriza-
tion of n- alkanes [61]. Copyright Wiley-VCH Verlag GmbH &
Co.KGaA. Reproduced with permission.
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Thus, it is rather complicated to obtain high selectivities to branched isomers
without an appreciable selectivity to cracking due to the f-scission of long-chain
paraffins [60]. Consequently, the preparation of materials with improved activities
and selectivities to the isomerization of long-chain paraffins is highly desirable. The
hydroisomerization reactions are generally performed on bifunctional materials
having a noble-metal function, usually involved in hydrogenation—dehydrogenation
processes, and acidic sites (C—C skeleton rearrangements). The major parameters
influencing the reaction selectivity are the pore structure and the acidity [60,
62]. The key to the successful preparation of active and selective catalysts lies in
the selection of mild acidity (to minimize the production of cracking products)
together with a high active metallic function (e.g., Pt, Pd, and Ni) that improves the
selectivity to isomerization and gives high conversion to alkyl branched alkanes.
Various catalysts have been reported to be active in the hydroisomerization of Cs and
longer Cy chain n-alkanes, including materials based on MoO3 [60], Pt—WO3;—-ZrO,
[60, 63], AlI-MCM-[60], zeolite-supported Pt [60], and Pt-silicoaluminophosphates
(SAPOs) materials [62] as alternatives to the traditional Pt and Re/Al,Os catalysts.

2.2.2.2 Catalysis

Several reports can be found on a wide range of applications of various SMNPs in
catalysis including Au, Ag, Pd, and Pt. The key applications of the most commonly
employed metals are now briefly reviewed, based on the number of publications.
Astruc et al. have recently reviewed the applications of metal nanoparticles in
catalysis [14, 64]. Tables 2.2-2.5 summarize some of the most reported applications
of SMNPs in catalysis.

Oxidations SMNPs have been extensively investigated in the oxidation of a wide
range of substrates (Table 2.2), Au being the most employed metal for such
catalytic applications. Pd NPs and, to a smaller extent, Pt and Ag NPs, have also
been reported to be active and selective in oxidation processes.

The most studied oxidation carried out by SMNPs is the oxidation of CO [65, 66].
The reason for this interest is because of CO oxidation in fuel cells, where residual
traces of CO have to be removed from the hydrogen used as fuel source. Au NPs are

Table 2.2 Selected applications of SMNPs in oxidation reactions.

Metal nanoparticle (references)

Oxidations Au Pd Rh Ag Ru
Cco [14, 23, 26, 27, 36, 41, 65, 66] [14, 27] - - -
Alcohols [14, 65-67] [14, 67, 68] - [67] -
Amines [65, 60] - - [14] -
H, 0, synthesis [66] [66] - - -
Alkenes [65-67] [67] [29] [67] -

Alkanes - - - - [25]
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Table 2.3 Applications of SMNPs in hydrogenations.

Metal nanopatrticle (references)

Hydrogenations Au Pd Pt Rh
Alkenes and dienes [65, 69] [14, 33, 64, 70-72] - [72]
Alkynes [8e, 65] [14, 64] [14, 64] -
Aromatics - [14, 64, 70] [14, 64] [70-72]
Allylic alcohols - [14, 64] - -

the most popularly employed NPs in this oxidative transformation because of the
higher selectivity and activity than can be achieved by variation in nanoparticle size
as initially reported by Haruta et al. [65]. The activities of SMNPs in the oxidation
of CO were found to follow the order:

Au>Pd ~Rh>Pt>1Ir>» Ru>» Ag

The optimum nanoparticle size was found to be around 3nm for Au. The
supports employed, mostly metal oxides, can be ordered relative to their efficacy in
the oxidation reaction (from best to worst) as follows:

CCOZ > ZIOZ > A1203 > SIOZ

The catalysts were prepared using a deposition—precipitation method [65].

Among the other reported examples, the oxidation of alcohols is of great
importance as a key transformation in organic synthesis. Many reports can be
found on the use of supported Au and Pd NPs (Table 2.2) using a wide range
of oxidants. Recent research efforts have focused on the oxidation of glycerol, a
widely available chemical that is currently obtained as a by-product of biodiesel
production. Various reports indicate that the reaction has a selectivity issue [66],
although Au NPs on ceria and titania gave very good selectivities to glyceric acid.

Table 2.4 Selected applications of SMNPs in C—C coupling reactions.

Metal nanopatticle (references)

Reaction Pd Ni Ru
Heck ArX + alkene — aryl alkenes [14, 37, 73] - [14]
Suzuki ArX + Ar'B(OH), — Ar—Ar’ [14, 73] - [14]
Sonogashira ArX + alkyne — arylalkyne [14, 73] - -
Negishi ArCl + RZnX — Ar-R - [14] -

Kumada ArCl + RMgX — Ar-R - [14] -
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Table 2.5 Various applications of different SMNPs in catalysis.

Metal nanoparticle (references)

Reaction Au Pd Pt Rh Co
Water—gas shift [42] - - - _
Hydroisomerization of n-octane - - [61, 62] - -
Hydrochlorination [66] - - - _
NOy remediation - - [30] [30] -

Cyclization of 7-octen-1-ynes - [49] - - -
Formylation of 1-octene - - - - [71]

The supports investigated in the reaction (from best to worst) followed the order:

CeO; > TiO; > Fe; 03 > C

Hydrogenations Hydrogenations are key transformations and SMNPs have been
extensively employed for this purpose over the last few decades. Pt, Rh, Pd and
Ru, Ni, and Au to a lesser extent have been reported to be very effective in the
hydrogenation of a wide range of substrates including alkenes, alkynes, aromatics,
and alcohols (Table 2.3).

Of particular interest is the hydrogenation of aromatic compounds catalyzed by
SMNPs. The hydrogenation of aromatic compounds is an important reaction used
to reduce aromatic content in petroleum. Furthermore, it is also considered a route
to obtain high-value commercial chemicals [14, 70]. Silica-supported Ni NPs were
found to be relatively active and selective in the hydrogenation of methylbenzene
despite the low surface area of the porous silica (15 m? g~!). Ni NPs prepared using
a conventional impregnation/reduction route were found to be relatively small
(<10 nm) and well dispersed on the silica surface, providing interesting activities
that were dependent on the preparation of thermal pretreatment step in such a
way that the presence of NiO particles was found to influence the hydrogenation
process [74].

C-C Coupling Reactions C-C bond forming reactions are among the most inter-
esting and important synthetic transformations in organic chemistry. A summary
of the main reported examples of the use of SMNPs in C—C coupling reactions has
been included in Table 2.4. Pd is probably the most versatile metal in promoting
or catalyzing these reactions, many of which are not easily achieved in good yields
and selectivities using other transition metals.

Au and Ru have also been employed in Heck and Suzuki couplings while Ni
nanoparticles supported on C catalysts have been reported to be active in Negishi
and Kumada couplings [14].
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Other Reactions A range of various catalytic applications of SMNPs have also been
included in Table 2.5.

2.2.2.3 Other Applications

SMNPs have also been employed in a variety of related applications including
hydrogen sorption to be employed as fuel cells in cars [71] (Pd/Pt on carbonaceous
materials) and environmental remediation (Fe NPs supported on chitosan and
silica [75]). These promising applications will be discussed in more detail in the
future prospects section as they may have an important contribution in our future
society.

23
Highlights of Own Research

This section summarizes some of the most important research studies the author
has reported over the last few years in the field of designer nanomaterials for the
preparation of high value-added chemicals and some of the recent work on the use
of designer materials for the production of biofuels.

2.3.1
Sustainable Preparation of SMNP and Catalytic Activities in the Production of Fine
Chemicals

2.3.1.1 Supported Metallic Nanoparticles: Preparation and Catalytic Activities

Over the last few years, the main aim of our research has been the preparation
of SMNPs in view of their applications in catalysis. A significant number of
publications in the area have dealt with the synthesis of noble-metal nanoparticles
(e.g., Pt, Pd, Ag, Au).

A methodology to prepare Pd NPs on mesoporous materials derived from
starch at room temperature [73] and silica [37] supports using a conventional
impregnation protocol was recently developed. Materials with a bimodal metal
particle size distribution (2—4 nm, respectively, Figure 2.8), were found to be very
active and selective in microwave-assisted C—C coupling reactions including the
Heck, Suzuki, and Sonogashira couplings in very short times of reaction (<30
minutes), showing good reusability under the conditions employed.

Along these lines, the preparation of Pd metal nanoparticles supported on
organically modified thin films has also been investigated [76]. The hybrid films
containing low loadings of Pd (0.5-1%) were prepared using a modified solgel
approach using methyl triethoxy silane (MeTES) with or without the addition of
a stabilizing/capping agent (e.g., mercaptopropyl trimethoxysilane, MPTMS) to
study the effect of this modifier in the activity of the metal nanoparticles in the
Heck coupling of iodobenzene with methyl acrylate (Table 2.6). Pd NPs were
found to be highly dispersed on the thin films with particle sizes ranging from
7 to 10 nm. The catalytic hybrid films containing Pd NPs (with and without
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Figure 2.8 TEM micrographs and nanoparticle size distribu-
tion (calculated from TEM) of Pd—starch materials (5 wt%
Pd) prepared in (a) acetone and (b) ethanol [73]. Repro-
duced by permission of The Royal Society of Chemistry.

Table 2.6 Catalytic activity (conversion and selectivity to
methyl cinnamate) of supported Pd NPs on hybrid films in
the Heck coupling of iodobenzene and methyl acrylate®.

Material T(°Q) Conversion (mol%) Selectivity (mol%)
MeTES film (no Pd) 106 —b -
0.5%Pd-MeTES 109 >99 >99
1%Pd-MeTES 90 >99 >99
MeTES/MPTMS film (no Pd) 102 -b -
0.5%Pd-MeTES/MPTMS 101 >99 >99
1%Pd-MeTES/MPTMS 106 >99 >99

“Reaction conditions: 8 mmol iodobenzene, 8 mmol methyl acrylate, 5 mmol triethylamine, 0.05 g
catalyst, microwave irradiation, 300 W, 90-115 °C, 15 minutes.
No reaction.
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MPTMS) gave quantitative conversion and complete selectivity to the targeted
product (methyl cinnamate) in a short time of reaction (<15 minutes) under MWI.
While Pd containing films without MPTMS were highly active and reusable after
three runs, MPTMS containing films were found to be inactive after the first use
[76).

Such phenomenon was correlated to the steric hindrance round the Pd NPs due
to the adsorption of species on the surface that rendered the catalysts inactive,
ruling out the leaching of Pd species as no Pd was found in solution [76]. This
protocol has been currently extended to the preparation of highly active Ag NPs in
oxidation reactions [77].

A range of SMNPs (Au, Ag, Pd) on ordered mesoporous silica SBA-12 structure
have been also recently synthesized using MWI [67]. The Au, Ag, and Pd NPs
were prepared in a very short time (<2 minutes) under MWI of a solution of
the metal salt precursor in ethanol/water or ethanol/acetone mixture without the
need for additional reductant. Both the ethanol and the hydroxyl-rich silica surface
facilitate the reduction of the NPs on the support as previously reported [69, 73].
The microwave protocol afforded highly dispersed and relatively small NPs (2, 3.8,
and 11.3nm average particle size for Au, Ag, and Pd, respectively) (Figure 2.9)

Figure 2.9 Transmission electron microscopy (TEM) micro-
graphs of SBA-12 material ((a) x160000 and (b) x300000)
and (c) Ag and (d) Au MNP on SBA-12 at the same mag-
nification (x300000, 50 nm) prepared in a domestic mi-
crowave oven [67]. Reproduced by permission of the Royal
Society of Chemistry.
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Figure 210 TEM micrographs of Pd—SBA-12 materials pre-
pared in a domestic microwave oven at different times: (a)

2 minutes; (b) 10 minutes; and (c) 20 minutes [67]. Repro-
duced by permission of the Royal Society of Chemistry.

and highly active and selective materials in the oxidation of alcohols (e.g., benzyl
alcohol) and alkenes (e.g., styrene).

The time of MWI is a critical parameter to control in the preparation of such
materials, as longer reaction times lead to substantial particle agglomeration
(Figure 2.10). Our recent studies were in good agreement with findings by El-Shall
et al. [26]. This methodology has, in general, difficulties to control the particle size
and distribution of the NPs on the support. However, the polyalcohols added as
stabilizers/capping agents will help to achieve a more homogeneous and narrow
particle size distribution. The preparation of the materials was highly reproducible,
with different batches of the materials providing similar activities in the oxidation
reactions, and the SMNPs were also found to be reusable in the process.

Similarly, a 9.2 wt% Pd supported on a carbonaceous polysaccharide-derived
mesoporous material (Starbon®) prepared employing the same MWI methodology
was also employed in the oxidation of glycerol (Scheme 2.3) [68]. The material
provided high conversions of starting material with unusual selectivities to gly-
colic acid (following oxidation and decarboxylation) and eventually to oxalic acid
(Table 2.7).

2.3.1.2 Supported Metal Oxide Nanoparticles: Preparation and Catalytic Activities
Similarly, the use of related nanomaterials containing metal and metal oxide
nanoparticles (e.g., Cu, Fe, Ru) and prepared following an MWI protocol in
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Scheme 2.3 Reaction pathway in the oxidation of glycerol
using 9.2% Pd/Starbon® with products obtained marked
inside a box [68].

oxidations [78] and oxidative couplings (e.g., C-S arylation) [79] has also been
recently reported.

Iron and iron oxide nanoparticles supported on MCM-41 were found to be
highly active and selective in the oxidation of alcohols and alkenes, providing
turnover numbers (TONs) and turnover frequencies (TOFs) significantly superior
to any previously reported similar catalysts (Table 2.8 and Figure 2.11). These
supported NPs were also highly reusable in the oxidation reaction, giving even
slightly improved results after a few cycles with the support playing a critical role in
the stability and reusability of the materials. Comparatively, Fe on starch, cellulose,
and even related silica supports was not stable under the reaction conditions
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Table 2.7 Catalytic activity of 9.2% Pd—Starbon®-400 tested
in the oxidation of glycerol with hydrogen peroxide .

Reaction conditions Conversion  Selectivity glycolic  Selectivity oxalic
(mol%) acid (mol%) acid (mol%)
No catalyst 300 W, 100 °C, 30 min <10 10b -
Effect of power (W) 100 70 90 <5
200 88 80 16
300 >95 75 22
Effect of time of reaction (min) 5 58 80 20
15 >95 75 22
30 >95 30 60

Adapted from [68].

“Reaction conditions: 1 mmol glycerol, 4 mmol H,0,, 0.1 g catalyst, 80-100°C (maximum
temperature reached), 300 W (maximum power output) and 15 minute time of reaction, unless
otherwise stated; the difference to 100 in selectivities is due to glyceric acid and tartronic acids.
bGlyceric acid was obtained as a major product.

and a complete deactivation of the catalysts was observed after two to three cycles
(Figure 2.11). The protocol could also be extended to a range of substituted alcohols.
Further work carried out to unravel the species involved in the oxidation point
to the formation of highly reactive hydroperoxide species on the surface of the
catalyst upon contact with H, O, that speed up the rates of reaction in the process
(unpublished work).

The most recent work has dealt with the preparation of supported Cu and Fe
oxides NP on silica following coprecipitation MWI and conventional heating proto-
cols [79]. These materials were reported, for the first time, in the heterogeneously
catalyzed C-S coupling of thiols with aryl iodides (Table 2.9, reaction scheme).

Materials had a very narrow particle size distribution (2—3 nm) and were found
to be highly dispersed on the porous support. Cu and Fe materials were found to
be differently active and selective in the coupling reaction.

While poor to moderate conversions with complete selectivities to the homocou-
pling product (B, disulfides) were found for Fe-based nanomaterials, the supported
Cu nanoparticles provided complete conversions of starting material and very
high selectivities to the cross-coupling product (A) in short times of reaction
under MWI. The S-arylation was also found to be amenable to a wide range
of substrates and susbtituents (Table 2.9) and the catalysts were reusable under
the reaction conditions, preserving almost their initial catalytic activity after three
reuses.

2.3.1.3 Other Related Nanomaterials

Further, latest research efforts have been focused on a wider range of nanomaterials
including nanotubes, nanocubes, and nanoprisms [80]. The major outbreak in this
field firstly came in an attempt to alternatively prepare supported NPs using a
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Table 2.8 Efficient and selective oxidation of alcohols (con-
version of starting material, conv, mol%; selectivity to the
targeted product, select., % and turnover number, TON) us-
ing Fe/MCM-41 as catalysts “.

Entry Substrate Product TON?  Conversion  Selectivity
(%) (%8)°
1 /@/\ CHO 170 31 > 90
T

H
/@/\OH CHO 294 60 > 95
Cl

3 O/OH
4 Q/OH go 290 54 > 99

5 e 46 <99 > 99

OH

(jo 162 38 > 99

o
I
O§

Adapted from [78]. Copyright Wiley-VCH Verlag GmbH & Co.KGaA. Reproduced with permission.
#0.2 g substrate, 4 mmol H,0, (0.4 ml, 30 wt% in water), 2 ml acetonitrile, 0.050 g catalyst, microwave
irradiation, 200 W, 70-90 °C, 1 hour.

"Number of moles of product produced per mole of catalyst.

“Selectivity based on alcohol conversion.

one-pot step process by coprecipitation of the metal precursor and a gel of the
support in solution following a similar protocol to that employed in [79].

Apart from the expected formation of silver nanoparticles on the eventual
porous material, the formation of distinctive nanotubular networks self-assembled
from the original n-dodecylamine/TEOS/water/ACN mixtures was unexpectedly
observed [[80]a. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of these materials included in Figure 2.12 proved the
formation of characteristic nanotubular-like domains of several micrometers long
with diameters typically between 0.1 and 5 wum. These materials, not observed in
the absence of metal precursor in solution, could facilely be extended to a range of
precursors including Ni, Cu, Fe, Ru, and Co with a satisfactory degree of nanotube
formation.

The most plausible explanation for the self-assembly of such mixtures into
nanotubes, which was found to be highly dependent on the metal and precursor,
may be related to two different effects: the generation of metallic nanoparticles that
act as in situ generated catalytic seeds to build up the nanotube network and the
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Table 2.9 Catalytic activity of Cu=MW-HMS in the
S-arylation of aryl iodides with thiols under microwave
irradiation [79].

Cu-SMNP S S—S
Al + RSH —— A7 R ' A7 T
mw, <100 °C,
10 min A B
Entry Aryl iodide Thiol Conversion (mol%) Selectivity (A : B ratio)

1 /©/ ! SH > 99 30:1
O,N ©/
2 /©/ ! /©/ SH > 99 25:1
O,N HsC
3 /©/ I SH 90 40:1
|
4 @\ SH 95 18:1
5 @\ /©/ s 82 25:1
NO, HsC
6 @\ SH > 99 21:1
. O
7 /@/ ! SH > 99 25:1
. o
8 /@/ ! SH 89 42:1
.
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Table 2.9  (Continued)

Cu-SMNP S\ S—S
Al + RSH ——> A" R T A/ N
Ar Ar
mw, <100 °C,
10 min A B
Entry Aryl iodide Thiol Conversion (mol%) Selectivity (A : B ratio)
SH
9 E E ©/ 86 33:1
F F
F

10 /@/' SH 9 20:1
: Ly

Reproduced by permission of the Royal Society of Chemistry.

%1 mmol thiol, 0.5 mmol aryl iodide, 1 mmol K,CO3, 2 ml acetonitrile, 0.05 g catalyst, microwaves,
80 W (60-100 °C maximum temperature reached), 10 minutes. Conversion values were based; on the
consumption of aryl iodide in the coupling reaction.

anions from the metal precursor. The well-developed nanotubes in Cu—-MWNT
compared to Cu—NT correlate well with the remarkably superior proportion of
metallic copper in the materials while the relatively similar content of metallic Fe in
both Fe-MWNT and Fe—NT was in good agreement with a comparable degree of
nanotubular arrangement (Figure 2.13). These results will support the hypothesis of
the generation of nanotubes mediated/promoted by metal nanoparticles as catalytic
seeds [81]. The fast and homogeneous heating achieved under MWI [82] and its
reducing properties on solution containing metals [83], compared to conventional
heating, are believed to be responsible of the differences found between both types
of materials.

23.2
Preparation of Designer Nanomaterials for the Production of Energy

2.3.2.1 Biodiesel Preparation Using Metal Oxide Nanoparticles

Following the recent interesting work by Lee et al. in the preparation of MgO
nanoparticles for the transesterification of glyceryl tributyrate [57], further
work related to the preparation of metal oxide heterogeneous catalysts for the
transesterification of sunflower oil is ongoing (unpublished work). A range of
mixed solid bases including Ca, Mg, and SrO nanoparticles have been prepared
following a simple hydrothermal protocol [84] and their activities have been
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Figure 2.11 Reuse of the supported iron catalysts in the
oxidation of benzyl alcohol. Reaction conditions (each run):
0.2 g benzyl alcohol, 0.4 ml H,O,, 0.05 g catalyst, microwave
irradiation, 200 W, 70 °C, 1 hour [78]. Copyright Wiley-VCH
Verlag GmbH & Co.KGaA. Reproduced with permission.
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Figure 2.12 (a) SEM and (b) TEM micrographs of nan-
otubular structures containing metal nanoparticles prepared
under microwave irradiation using metal chlorides as precur-
sors [80a]. Reproduced by permission of the Royal Society of
Chemistry.

tested in the production of FAME of sunflower oil. Initial results may point to
Mg-Sr mixed oxides providing the best FAME profiles in the preparation of
biodiesel.

2.3.2.2 Fuels Prepared via Thermochemical Processes

The preparation of platinum nanoparticles supported on Al-MCM-48 fol-
lowing a simple impregnation/reduction methodology and their use in the
hydroisomerization of n-alkanes (n-octane) was recently reported [61]. In this
work, Pt NPs were found to be evenly dispersed on the mesoporous materials
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tra of (c) Fe=MWNT and (d) Fe—NT show-
ing relatively similar Fey content in the mate-
rials (slightly lower in Fe—=NT 6% compared
to a 14% in Fe—~MWNT) that correlate well
with the comparably developed nanotubes in
both Fe materials. Reproduced by permission
of the Royal Society of Chemistry.

1
705

with particle sizes in the 4-6- nm range (Figure 2.14). The activity of the
nanoparticles was tested in the hydroisomerization of n-octane to increase the
octane number of gasolines as a way to improve the performance of fuels
for transport (see Section 2.2.1.3). The catalytic activities were typically over
50% conversion of n-octane, with selectivities to the isomerization process
higher than 70%, favoring the formation of the 3-methyl-heptane isomer with
respect to the 2- and 4-methyl-heptanes (Table 2.10). Materials were found
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(c) 200 nm 100 nm
pr— e

Figure 2.14 TEM micrographs of Pt/AlI-MCM-48 materials

with different loadings prepared via conventional impregna-

tion/reduction method. (a) 0.5 wt% Pt; (b) 1 wt% Pt; (c) 3

wt% Pt; and (d) 5 wt% Pt [61]. Copyright Wiley-VCH Verlag

GmbH & Co.KGaA. Reproduced with permission.

Table 2.10 Total conversion (X1, mol%) and selectivities to
cracking (Sck, mol%) and isomerization to methyl-heptanes
(Smm, mol%), including 2, 3, and 4methylheptanes, of differ-
ent materials in the hydroisomerization of n-octane?.

Catalyst 4 h reaction 12 h reaction 20 h reaction

Xt Scx SmH X Sck SmH X7 Sck SMH

0.5%Pt—40Al1 50 18 75 48 17 77 48 18 79
0.5%Pt—30Al1 52 28 69 49 27 70 48 19 73
0.5%Pt-20A1 44 17 75 36 14 80 35 14 81
0.5%Pt-15A1 54 26 70 52 21 72 51 15 80
0.5%Pt—SAPO5 50 79 21 45 76 24 41 65 35
0.5%Pt-SAPO11 28 33 59 25 29 64 21 26 74

Adapted from [61]. Copyright Wiley-VCH Verlag GmbH & Co.KGaA. Reproduced with permission.
4T =375°C, P = 5 bar, 0.1 g catalyst, Weight hourly space velocity = 12.7 h~1; the difference to 100
in selectivity was due to toluene (ethyl benzene was also obtained in small quantities).
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to have activities comparable to those of Pt NPs on SAPOs and commercial
zeolites.

Latest research effort has also been devoted to the search of supported Fe and
Cu metal oxide nanoparticles supported on a variety of porous materials for the
preparation of different synthetic biofuels. Further work in this field is currently
ongoing and some interesting results are expected fairly soon in FTS and related
processes.

2.4
Future Prospects

2.4.1
Future of the Preparation of SMNPs

The preparation of SMNPs for a wide range of applications has been well de-
veloped over the last few years. However, with sustainability as an emerging
design criterion in nanoparticle synthesis and applications since the mid 1990s,
there is still room for improvement in the methodologies employed for this
purpose. In the nanomaterials context, the sustainability concept is reflected in
many of the green chemistry principles [20]. Ideally, NPs should be prepared
with less toxic precursors, in water or more environmentally benign solvents
(e.g., ethanol) using the least number of reagents and a reaction temperature
close to RT [20, 85] with as few synthetic steps as possible (one-pot reaction),
as well as minimizing the quantities of generated by-products and waste. NPs
should also be well dispersed on the support surface and highly active in their
catalytic applications. The use of less toxic precursors in benign solvents (e.g.,
metal acetate or nitrate solutions in water and/or ethanol) [67] using more envi-
ronmentally friendly supports (e.g., biopolymers and biomaterials) [75, 86] and less
energy-intensive protocols [67, 78—80, 85, 87] has been the subject of many recent
reports.

Bioreducing agents including sugars, glutathione, starch, and a range of plant
and algal extracts have also been employed in the preparation of Au, Ag, and Ni
NPs with reasonable good control over particle size and, in some cases, shape [87].
These NPs have been proved to have exceptional catalytic activities in a large range
of reactions [10, 11, 67, 88].

Despite their high activities and selectivities in catalysis, the toxicity issue
associated with engineered SMNPs also needs to be addressed. It is not clear
whether the highly active and dispersed SMNPs desired for catalytic applications
are hazardous in contact with human tissues (specially as a result of prolonged
exposure) as a consequence of their unique physicochemical properties and the
chemical nature of the NP and/or support surfaces [89]. Therefore, more innocuous
groups (e.g. hydroxyls) have been explored to replace and/or cover up potentially
toxic surface groups in order to improve the biocompability of such nanomaterials
87, 90].
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2.4.2
Applications of SMNPs for the Future

Some of the most interesting catalytic trends and future prospects for SMNPs
including applications in fuel cells, transformation of platform molecules, envi-
ronmental remediation, and more recently NMR imaging are highlighted in this
section. These only reflect the vision of the author for the future in the research of
SMNPs on porous materials.

2.42.1 Fuel Cells

Pd/Pt NPs supported on carbonaceous materials (CNTs) have been reported as
promising materials to be employed in fuel cells for automotive applications
[71]. However, there is still quite a long way to go for the full implemen-
tation of such systems, as recent studies by Shao-Horn etal. have demon-
strated that the stabilities of supported Pt NPs in lowtemperature fuel cells
were compromised by the degradation of the electrochemically active surface
area in the material through Pt loss from fuel cell electrodes and coarsen-
ing of Pt NPs [91]. Manipulation of the surface structure [92] and chemistry
(via deposition of Au clusters on Pt NPs) [93] of the SMNPs can improve
durability.

2.4.2.2 Catalysis of Platform Molecules

Transformations of platform molecules (e.g., 1, 4 diacids, glycerol) are another
interesting research avenue for SMNPs. The US department of energy (USDOE)
defined a list of the so-called 12 top sugar-derived main platform molecules
(aka building blocks) to be focused on in the next few years [94] (Table 2.11).
These platform molecules are generally compounds with various functionalities
that can be turned into a plethora of chemicals and high value-added products
through different catalytic transformations including oxidations, hydrogenations,
amidations, and esterifications. Glycerol and succinic acid are two examples of
such platform molecules.

Glycerol is a well-known compound that has recently attracted a great deal of
attention, as it is produced in large quantities as by-product in the preparation of
biodiesel. The glycerol surplus has challenged both industry and organic chemists
to come up with potential routes to obtain high value-added products from glycerol
[95]. The oxidation and hydrogenolysis of glycerol has been extensively investigated
in a wide range of Pt, Pd, and Au NPs supported on carbonaceous materials
68, 95].

Succinic acid (1, 4, dibutanoic acid) is another important platform molecule.
The preparation of high value-added products from succinic acid via different
transformations has been recently reported [55, 96] and further investigations are
ongoing using supported noble NPs (Pt, Pd, Rh, Ru) in the hydrogenation of
succinic acid.
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Table 2.11  Top 12 sugar-derived platform molecules (from USDOE report) [11].
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Table 2.11  (Continued)

Sorbitol OH OH

OH
HO

OH OH

Xylitol/arabinitol OH OH
HO OH

OH

Copyright Wiley-VCH Verlag GmbH & Co.KGaA. Reproduced with permission.

2.4.2.3 Environmental Remediation

SMNPs also have a great future in a truly sustainable application: environmental
remediation. Fe NPs supported on chitosan and silica [75] and Fe and Ni-cellulose
acetate materials [97] were employed in the removal of chlorinated compounds in
water. Fe NPs on anionic hydrophilic carbon (Fe/C) and polyacrylic acid (Fe/PAA),
with a particle size ranging between 20-100 nm, were also employed in the
remediation of soil and groundwater through the dehalogenation of chlorinated
hydrocarbons [98] and the remediation of metal ions such as Cr (VI) and As(V) [75,
99]. Both trichloroethylene and metal ions [Cr(VI) and As(V)] were effectively and
rapidly reduced under the reaction conditions.

2.4.2.4 Advanced NMR Applications

More recently, supported Pt and Pd NPs on Al,0; were reported to provide
para-hydrogen induced polarization (PHIP) signals in heterogeneous catalyzed
hydrogenations [100]. PHIP can improve the NMR signals of reaction intermediates
and products by several orders of magnitude providing a high sensitivity that
is ideal for following reaction mechanisms. Furthermore, the combination of
para-hydrogen with SMNPs in hydrogenations will be able to develop new research
tools for fundamental and practical applications including kinetics and mechanistic
studies and the production of polarized fluids for advanced magnetic resonance
imaging (MRI) [101]. MRI techniques suffer from a low intrinsic sensitivity and
much effort has been devoted to the use of homogeneous hydrogenations with
para-hydrogen to produce hyperpolarized contrast agents for biomedical and related
applications [101, 102]. In this context, the use of active and reusable heterogeneous
catalyzed processes will enable the production of catalyst-free polarized fluids (after
separation of the catalyst from the reaction products) and also polarized gases. MRI
has also been employed to study catalyst morphologies and synthesis techniques
[103, 104].



2.5 Conclusions

2.5
Conclusions

The twenty-first century heralds the dawn of a new age in materials science, where
the scientist no longer observes the behavior of matter but with the advent of
nanoparticles, materials, and technology, is able to predict and manipulate matter
for specific applications, with sensitivity and efficiency far surpassing previous
systems. This is possible in part due to the “density of states” phenomena
that exists at the nanometer scale. This idea has sparked tremendous interest
and research efforts in the field of nanoparticles. The fusion of the nanoporous
and nanoparticles represents one of the most interesting and fruitful areas in the
rapidly expanding “nano” field, and may ultimately lead to the synthesis of designer
catalysts and materials with enormous possibilities in terms of applications. The
ideas of sustainable and green chemistry overlap with the core ideas of the
SMNP research field. The optimization and use of highly active materials for
the preparation of commodity chemicals, in the most efficient manner possible,
presents a driving force behind research in both areas. The “green’ and the ‘“nano,”
particularly when considering the biorefinery concept, coincide with the desire to
carry out transformations under ambient and benign aqueous conditions, with the
use of SMNPs potentially offering the most efficient routes to achieving this aim.

Recent advances in the design and preparation of nanomaterials have proved
that a numerous variety of them can nowadays be synthesized through different
preparation routes and supports with tailored size and distribution, overcoming
the limitations of traditional synthetic methodologies. Such designer materials
will have significant impact in many areas including increasing applications in
industrial catalytic processes. However, the implementation of such nanomaterials
may not come without a price and the environmental impact associated with
the preparation of SMNPs must be assessed from as many different points of
views as possible (e.g., transport, waste, food chain biomagnification, and potential
toxicity).
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3
Supramolecular Receptors for Fullerenes

Gustavo Fernandez, Luis Sanchez, and Nazario Martin

3.1
Introduction

Since the extraction of fullerenes from the carbon soot using aromatic solvents [1],
the interaction between the convex surface of fullerenes and the flat 7 surface of
aromatic moieties has received increasing attention [2]. Fullerene [3] is a polyenic
structure constituted by 12 pentagonal and 20 hexagonal rings, in which each
carbon atom possess sp*? hybridization [4]. The existence of pentagonal rings
provokes a curvature and, therefore, a weak polarization on its surface between the
5:6 ring junctions, which represent centers of positive charge, and the negatively
charged 6: 6 fusions [5, 6]. This anisotropic distribution of the electronic charge is
the basis to determine the interactions with other substrates.

There are two main driving forces to design supramolecular receptors for
fullerenes: on one hand, it would be feasible for an effective purification from their
natural extraction sources, mainly carbon soot and fullerite. On the other hand,
in combination with electron donor receptors, we could design highly organized
architectures that can find application in optoelectronics, where the organization of
the active materials plays a crucial role in the improvement and precise operation
of the devices.

In the design of supramolecular receptors for fullerenes we have to consider
the neutral features of fullerenes. Therefore, there are some energetic factors to
take into account that will determine the final properties and the nature of the
interactions involved in the supramolecular complexes: (i) van der Waals forces,
(i) electrostatic interactions, (iii) induction energy, (iv) charge-transfer, and (v)
desolvation [7, 8].

Considering the nature of all of these noncovalent forces and the geometry and
electronic features of Cg and its higher congeners, van der Waals and solvophobic
interactions should be decisive in the stability of the Cgo-receptor complexes [9].
The large global area of fullerenes, consequence of their spherical geometry, and
their nonpolar character make these noncovalent effects key factors to attain highly
stabilized complexes. Thus, the direct strategy consists in increasing the aromatic
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3 Supramolecular Receptors for Fullerenes

surface of the receptor in short contact with the fullerene guest, where van der
Waals forces would be maximized and fullerenes can find refuge from the solvent.

Taking these factors into consideration, we will revise those receptors for
fullerenes described up to now, including (i) the earlier and most significant
examples of classic receptors, (ii) flat receptors — primarily based on porphyrins
as recognizing elements — and (iii) the most recent examples based on curved
aromatic scaffolds.

3.2
Classic Receptors for Fullerenes Based on Curved Recognizing Units

Host—guest chemistry of fullerenes with traditional or classic host molecules,
calix[n]arenes, calix[n]resorcinarenes, and cyclotriveratrylenes (CTVs) has been
widely used with the main goal of separating fullerenes from their natural sources.
The first receptor for [60] fullerene was serendipitously described in 1992. Wenner-
strom and coworkers observed that B-cyclodextrins (8-CDs) formed water-soluble
complexes of 2: 1 stoichiometry with Cg. Shortly after this discovery, Diederich et al.
described the first purposely designed receptor capable of forming stable complexes
with fullerenes in solution [11]. These authors demonstrated that a set of azacrown
ether-derived macrocycles decorated in their periphery with lipophilic chains (1-2)
were capable of effectively binding Csy and Cy in solution (Scheme 3.1).

P2 4

O(CHy)11CH3

N\_/N‘ R’K/N N\\)

R

Scheme 3.1 Chemical structure of the receptors reported
by Diederich, Ringsdorf, and coworkers and cartoon repre-
sentation showing their binding stoichiometry.
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Figure 3.1 Chemical structure of different classic curved receptors for fullerenes.

In 1994, Atwood [12] and Shinkai [13], independently, found out that
p-tert-butylcalix[8Jarene (3, Figure 3.1) selectively precipitated with Cg from a
mixture of fullerite, thus giving rise to an effective purification of Cgp. These
authors demonstrated that the complexation of Cg depends fundamentally on
the size cavity as well as the functional groups present in the upper rim of the
calixarene. This discovery motivated several research groups to design different
calixarene-based receptors for fullerenes. Calix[8]-, [6]-, y [S]arenes (4 [14], 5 [15],
and 6 [16], Figure 3.1), and oxacalix[3]arenes (7) [17] have been demonstrated to
form a large variety of inclusion complexes with fullerenes, in which the guest is
located in the inner cavity of the calixarene (Figure 3.1).

At the same time, Atwood and coworkers reported that cyclotriveratrilene (CTV)
derivatives (8) were capable of effectively binding Ce in the solid state, yielding a
“ball-and-socket” nanostructure [18]. Fukazawa and coworkers described for the
first time that unsubstituted OH-calix[5]arenes (compounds 9-11 in Figure 3.2)
form stable complexes with Cgo in solution [19]. UV-Vis titration experiments
demonstrated the appearance of a new transition with an isosbestic point at 478 nm
upon addition of Cgy to a solution of receptors 9 and 10 in different solvents
(toluene, 0-DCB, CS;, benzene). The binding constants extracted from titration
experiments were determined to be highly solvent dependent. Thus, receptor
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9:R=1,X=CH,

10 : R, X =CH,
11:R=H, X=CH,
12:R, X =Ph

Figure 3.2 Chemical structures of hydroxycalixarene-based receptors.

9 showed a binding constant (K,) of 308 M~! in 0-DCB, 660 M~! in CS,, 1840
M~! in benzene, and 2120 M~! in toluene. Consequently, the binding constant
increases as the solubility of Cgy decreases, a fact that clearly demonstrates the
crucial role that solvophobic forces play in this interaction. Likewise, the K, resulted
to be dependent on the nature of the peripheral substituents of the receptors. Thus,
receptor 9, substituted in its periphery with two iodine atoms, showed the highest
stability for all complexes described therein, affording a K, of ~ 2120 M~! in
toluene, whereas receptors 10 and 11, endowed with smaller substituents, showed
a lower ability (K, ~ 1670 and 590 M~!, respectively) to bind Cgo. These results also
prove the great contribution of van der Waals forces in the final interaction.

Shortly after, Fukazawa and coworkers found that calix[5]arene 11 formsa 1:1
complex in solution. This behavior is completely different to that observed in
the solid state [20]. The X-ray crystalline structure of complex 12-Cqy revealed
that one Cgp molecule is sandwiched between two units of calixarene, affording
a complex with 2:1 stoichiometry. This apparent contradiction in the complex
stoichiometry when comparing solution and solid state was later observed in
several supramolecular fullerene assemblies [21]. On the basis of these findings,
it seems reasonable to attribute a lower complexation stoichiometry in solution,
where molecules are more disordered due to solvent and thermal vibration effects,
in comparison with the regularly packed arrangements of solid-state structures
(Figure 3.3).

(@ ' (b)

Figure 3.3 (a) X-ray structure of receptor 12. (b) Optimized geometry of complex
[12];-Ceo.
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4

Figure 3.4 Chemical structure of complexes 13-15 and Cgp.

The discovery of a 2:1 supramolecular complex in the solid state led Fukazawa
and coworkers to design novel bis-calix[5]arene receptors in which two units of
calixarene were covalently attached through different spacers [22]. Three new
receptors were synthesized with well-defined cavities with the aim to cover the
maximum available surface of Cqy (Figure 3.4). As expected, the use of receptors
that effectively match the convex surface of Cg provokes a dramatic increase in the
binding constants. Thus, the 1:1 complex between receptor 13 and Cg afforded
a K, of 76000 M~! in toluene. The values of K, followed a similar pattern than
that observed for receptors 9-12. Moreover, receptors 13—15 were demonstrated
to bind Cyo even more selectively than Cgo, affording a K, of 163 000 M~ for the
complex 13 - Cy, a significantly higher value than that observed in the complex
13 - Cgo under similar conditions. Later on, other similar dimeric receptors with
comparable binding constants have also been described [23].

Mendoza and coworkers described a calix[4]arene dimer with a high affinity
for Cy (Figure 3.5), affording a calculated K, of 15 000 M~! in toluene [24]. The
formation of a smaller cavity in comparison with calix[5]arene derivatives makes the

Figure 3.5 (a) Chemical structure of receptor 16, formed by
two calix[4]arene units. (b) Optimized geometry of [16],-Cyo.
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participation of two units of receptor 16 to complex Cyy necessary, thus generating
a dimeric capsule (Figure 3.5). Recently, these authors have reported the synthesis
and complexation of two CTV-based derivatives, decorated in their periphery with
three self-complementary ureido pyrimidinone (UPy) units [25]. In the presence
of Cg and/or Cyy, receptors 17 and 18 were capable to encapsulate Cgy and Cyg
through a combination of self-complementary hydrogen bonds between UPy units
and n-stacking of CTVs in nonpolar solvents, similar to that observed for receptor
16 (Figure 3.6). These receptors were proved to bind Cy¢ with higher affinity than
Cgo, and by means of solid-liquid extraction techniques, these authors succeeded
in the selective purification of Cy from carbon soot and fullerite.

Some cage-shaped host molecules constructed by metal-assisted coordination
have been examined for the encapsulation of [60]fullerene. Shinkai and coworkers
first reported a Cgp complex with a self-assembled cage, the oxacalix[3]arene dimer,
functionalized with three pyridine moieties. The introduction of Pd (II) centers
allows the coordination of the peripheral pyridine units of two complementary
fragments of oxacalixarene and yields a dimeric capsule (19, Figure 3.7). NMR
studies demonstrated the inclusion of Cg inside the cavity generated by two
units of oxacalixarene. 'H NMR studies showed the shielding of most aromatic
resonances corresponding to the receptor upon addition of '*C-enriched Cgp, which
demonstrates the interaction between the aromatic rings of the receptor and Ceo.
Furthermore, *C NMR experiments showed the presence of a new downfield
resonance (140.9 ppm) besides the typical signal at ~142.8 ppm of free fullerene.
This new resonance was assigned to the inclusion complex formed between the
dimeric capsule 19 and Cg [26].

Recently, Wang, and coworkers described a set of receptors (20-21, Figure 3.8)
based on calix[5] pyridines and calix [10] pyridines as recognizing elements [27].
Unlike calix[5]arenes, which adopt a cone conformation, X-ray structures revealed
that calix[S]pyridines show a distorted 1,3-alternate conformation with one pyridine
ring oriented inward in which all bridging nitrogen atoms have nearly sp? character,

C1 1 H23

17:R=NH
(a) 18:R=0 (b)

Figure 3.6 Chemical structure and molecular modeling of [17],-Cyo.
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Figure 3.7 Inclusion complex formed between dimeric capsule 19 and Ceo.

Et

giving rise to a partial conjugated system in combination with pyridine rings
(Figure 3.8). On the other hand, calix[10]pyridines present a parallelogram structure
in the solid state with the four corner pyridine atoms pointing inward (Figure 3.8).
UV-Vis titration experiments of both receptors with Cgy in toluene revealed
a ~20nm red shifting in the electronic transition at 452nm upon addition of
increasing amounts of fullerene. Moreover, fluorescence titration experiments
shed K, values of 2.6 x 10° and 3.0 x 10° M~! for 20 and 21, respectively.
Remarkably, receptors 20 and 21 showed a similar binding ability to form 1:1
complexes with Czo, affording K, values of 1.2 x 10% and 1.3 x 10> M1, respectively.

33
Receptors for Fullerenes Based on Planar Recognizing Units

Porphyrins are widely known to interact favorably with fullerenes in solution and in
the solid state, which has been exploited to design a variety of receptors for Cg and
higher fullerenes [28]. In principle, the planar surface of porphyrins would serve
as a primary recognizing element to increase 7 —7 and van der Waals interactions
with fullerene surface.

The association between Cgy and a porphyrin was firstly observed in the solid
state by Boyd, Reed, and coworkers [29]. The short distance observed (2.75 A)
between the free-base porphyrin and Cg in the crystalline structure of dyad 22
(Figure 3.9) points out to a strong w —7 interaction.

However, different examples described in the literature demonstrate that the
presence of only one planar recognizing unit is not sufficient to complex fullerenes
in solution [28]. Therefore, at least two recognizing moieties are necessary to bind
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Figure 3.8 (a) Chemical structure of receptors 20 and 21.
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Figure 3.9 Chemical structure and crystalline packing of dyad 22.
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Figure 3.10 Supramolecular complexes formed by bisporphyrins 23—-25 and Cgo.

Cyo efficiently, what has been achieved through suitable spacers and leads to bi-
and polyvalent receptors.

Boyd et al. prepared a series of porphyrin-based tweezer-like receptors (23-25)
capable to complex Cg in solution [30]. X-ray structures of their corresponding
complexes revealed that the electron-rich 6 : 6 fusions of fullerene rings were in close
contact with porphyrin planes (Figure 3.10). Furthermore, it was demonstrated
that the substitution pattern of the metallomacrocycle rings strongly influences the
association of these receptors. Thus, the binding constants in toluene varied from
490 M~! for Fe—porphyrin to 5200 M~ for the free-base porphyrin. The higher K,
observed for the free-base porphyrin accounts for the participation of electrostatic
forces that strengthens the initial 7-stacking. It is also suggested that solvation
effects could reinforce the sum of electrostatic and 7-stacking interactions involved
in the complexation.

In a recent example, Sanders and coworkers described the synthesis and fullerene
complexation of two different tripodal porphyrin hosts (26-27) by means of X-ray
crystallography, and NMR and fluorescence titrations [31]. Surprisingly, the bind-
ing of Cg resulted to be completely different in solution and in the solid state.
Whereas 'H NMR titration and Job plot analysis demonstrated the formation
of supramolecular complexes with 1:1 stoichiometry for both receptors, crystallo-
graphic analysis showed a rather complex packing of fullerene and porphyrin units.
For receptor 26, two of the porphyrins intercalate a Csp molecule in a tweezer-like
arrangement, whereas the remaining porphyrin unit bends to one side relative to
the tweezer motif (Figure 3.11). The resulting solid-state packing is composed by
a dimer of trimers in which four Cyy fragments are intercalated both intra- and
intermolecularly. On the other hand, the asymmetric unit in 27 contains one por-
phyrin trimer and two crystallographically unique Cgo molecules. The small trimer
in the unit cell is arranged in such a way that binding cavities suitable for two inter-
molecularly bound fullerene are created (Figure 3.11). Two fullerene molecules are
accommodated in binding pockets composed of two tilted porphyrins, belonging to
the neighboring trimeric units. The resulting structure revealed that all fullerene
molecules are surrounded by two porphyrins in an inclined fashion, consequently,
leaving no unbound Cg in the structure.
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Figure 3.11 (a) Chemical structure of the porphyrin-based
tripodal receptors. (b) Crystalline structure of the complex
formed from 27 and Ceo.

The binding constants extracted from NMR and fluorescence studies were found
to be ~2500 M~!, which is in the range of the affinities of previously reported related
systems under similar conditions [32]. This markedly different behavior in solution
and in the solid state is attributed to the large entropic penalty associated with
solvated molecules, which prevents the formation of supramolecular networks, yet
observed in the solid state.

In 1999, Aida reported for the first time the formation of highly stable inclusion
complexes between fullerenes and a dimeric porphyrin in which two porphyrins
are covalently attached by flexible alkyl chains (28—30, Figure 3.12) [33]. Structural
variations on this design, either introducing different substituents on the porphyrin
rings or exchanging the metal center, have led to one of the richest collection of
receptors for fullerenes up to now [34]. Itis also worth noting that the flexible linkers
have a decisive influence on the stability of the complexes. When the alkyl linkers
were substituted by more rigid unsaturated hydrocarbon chains of approximately
equivalent length, the dimeric receptor completely loses the capability to bind Cgo.
Moreover, the solid-state structure of the inclusion complexes shows the alkyl
spacers folded in order to maximize van der Waals contacts with fullerenes, once
more highlighting the important contribution of the alkyl chains to the stabilization
of the complexes.

The nature of the metal center also affects the K, values to a great extent.
Binding constants of 7.9 x 10° M~! for the free-base porphyrin, 1.8 x 10° for Co
(IT) porphyrin, and 2.5 x 107 for the case of Rh (II) porphyrin were calculated,
using toluene as solvent. Recently, it was found that Ir (II) porphyrin showed
remarkably high values of association constant, affording a maximum value for
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Receptor Z M1 M,
28 (CHy)g Zn (I1) Zn (1)
29 (CHy)s Ir (1) Ir (1)
30 (CHy)g Me, H Rh (1)

Figure 3.12 General structure and substitution pattern of
the bisporphyrin receptors 28-30.

29 of ~1.3 x 108 M~! in 0-DCB. This example is, up to now, the receptor with
highest ability to complex C in solution [35]. Nevertheless, the most significant
feature in all these complexes is the shape of porphyrins in the solid state, since
all of them adopt a nonplanar concave conformation to maximize the positive
contacts with Cgo and Cyg. These findings again demonstrate the key role that van
der Waals interactions play in the formation of supramolecular complexes with
fullerenes.

34
Concave Receptors for Fullerenes

Curved molecules are tensioned structures with bond lengths and angles away
from the preferred ones, and therefore, their synthetic methodology is not a simple
task. This circumstance explains why the number of receptors described in the
literature is scarce in comparison with planar ones [36].

Corannulene, a large aromatic system composed of a five-membered central ring
fused to five benzene rings (31, Figure 3.13) was the first bowl-shaped molecule
reported in literature [37]. Theoretical calculations predicted that the curvature
of corannulene would favor a concave—convex stacking with the outer surface of
fullerenes [36]. However, X-ray studies showed the lack of interaction with Cgo in
the solid state [38]. On the other hand, it was proved that corannulene forms a
stable complex with Cg in the gas phase [39], which demonstrates the geometrical
complementarity between concave corannulene and the convex surface of Cg in
the gas phase.

On the basis of this early observation, several corannulene-based receptors have
been reported. Receptors 32 [40] and 33 [41] feature five additional aromatic rings
on their periphery, what is expected to increase the cavity size and, consequently,
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Figure 3.13 Chemical structure of receptors based on
corannulene (31) as recognizing element.

the affinity for fullerenes (Figure 3.13). The calculated binding constants were
found to be 3.0 x 10> M~! for receptor 32 and 1.4 x 10* M~! for 33 in toluene
and CS,, respectively. The higher value for 33 was attributed to the increase in
electronic density due to the methoxy-substituted rings.

Recently, Sygula et al. reported receptor 34 in which two corannulene units were
connected through a rigid aromatic spacer to give rise to a tweezer-like bivalent
receptor [42]. X-ray diffraction studies of mixtures of “buckycatcher” 34 and Cg
allowed the determination of the solid-state structure of the complex (Figure 3.13),
where two corannulene units cover great part of the convex surface of Cgo. The
K, values extracted from UV-Vis titrations in toluene shed values of 8.6 x 103
M~1, which is slightly higher than that for receptor 33. This fact reveals the strong
influence of the enhancement of the curved surface in the design of suitable
receptors for fullerenes.

Subphthalocyanines (SubPcs) are curved molecules that can behave as weak
electron donors or acceptors, depending on the nature of their peripheral and
axial substituents [43]. Unlike porphyrins, SubPcs feature an aromatic and concave
surface which is expected to interact favorably with Cg, essentially by means of
van der Waals and w—n stacking interactions. Torres and coworkers were the
first to harness the curved surface of SubPcs to complex fullerenes [44]. These
authors described a 3-ethynylpyridyl-based subphthalocyanine coordination cage
(35) capable of encapsulating Cg in solution. By means of 'H and *C NMR and
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Scheme 3.2 Chemical structure of the
subphthalocyanine-based capsule 35 and schematic
representation of its complexation with Ceo.

MALDI-TOF experiments, the encapsulation of Cg inside the cavity of the dimeric
capsule 35 (Scheme 3.2) was demonstrated.

One of the most remarkable contributions in the field of macrocyclic concave
receptors comes from the research group of Kawase, and makes use of cyclic
oligophenyleneethynylene (OPE) derivatives. In 1996, this group described the first
example of a OPE-based receptor for fullerenes [45]. This example reports a series
of macrocyclic [n]-paraphenyl acetylenes (36—39) called nanorings (Figure 3.14). The
diameter of the cavity of 36 extracted from its solid-state structure was found to be
1.33 nm, which, taking into consideration the dimensions of Cgy and Cy, would be
a perfect cavity to host fullerenes. Therefore, Kawase et al. investigated the ability
of this receptor to bind fullerenes. As revealed by UV-Vis titrations, 36 is able to
host Cgo with a binding constant of 1.6 x 10* M~! in benzene and a value of free
energy associated to complex formation (A Gpinding) of 9.9 kcal mol 1.

Figure 3.14 Chemical structure of different rigid carbon nanorings 36-42.
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On the basis of the structural design of nanorings 36-39, other different
OPE-derived macrocycles were later synthesized in which some benzene units
were exchanged by naphthalene rings (40—42, Figure 3.14) [46]. The association
between these macrocycles and the convex surface of Cgy and Cyq is particularly
favored, taking into account the sum of different van der Waals and aromatic
concave—convex interactions. Whereas Cg fits well in the cavity of the receptors,
Cyo can adopt different conformations, thus favoring a higher overlap with the
orbitals of the receptor.

The complexation of nanoring 36 with a more soluble Bingel-type fullerene
derivative (43) has also been explored. Variable temperature (VT) NMR experiments
allowed the determination of the complex stability and values of free energy
A Ginding = 9.4 keal mol~!, revealing that this complex is less stable than 36-Cy.
X-ray structure of the complex 36—43 showed that the Bingel-type fullerene adduct
did not reside in the center of the cavity, but slightly above, forcing the aromatic
rings of 36 to tilt to maximize the contact with this fullerene derivative and adopting
a bowl shape (Figure 3.15).

Furthermore, Kawase serendipitously observed the formation of double inclu-
sion complexes between previously described nanorings 36 and 39 together with
Ceo [47]. In this complex structure, Cq was accommodated inside the smaller
cycle 36, which, at the same time, was included in the larger cavity of the
ring 39. This rather peculiar double complexation was termed as nano-onions by
the authors. Surprisingly, in the purification of 36 and 39, both nanorings co-
precipitated in a 1:1 ratio. Subsequent theoretical calculations revealed that 39
has a cavity diameter of 1.98 nm, in which 36 (1.33-nm diameter) perfectly fits
(Figure 3.16). VI-NMR experiments unambiguously demonstrated the formation
of inclusion complexes between 36 and 39. In addition, the cavity left by 36
can be exploited to host a molecule of Cg, which was further proved by NMR
titrations between the inclusion complex 36-39 and Cg. The binding constant
extracted from NMR titrations was calculated to be ~470 M~! in chloroform

(Figure 3.16).

43 36-43

Figure 3.15 Chemical structure of 43 and X-ray of its
supramolecular complex with nanoring 36.
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Figure 3.16 Cartoon representation of the onion-type 36—39-Cgo complex.

3.5
Concave Electroactive Receptors for Fullerenes

In comparison with neutral or weakly electroactive curved receptors for fullerenes,
highly electroactive concave receptors for fullerene are relatively scarce in literature.
The usage of an effective electron donor and concave receptor in combination with
the electron-poor character of fullerenes would arise as a completely new approach
to control the morphology of the electroactive materials in the solid state, which, as
previously explained, is a key factor to ensure the precise operation of optoelectronic
devices [48].

In this regard, tetrathiafulvalene (TTF) is an outstanding electron donor fragment
and has been exploited to construct a wide variety of molecular devices [49],
including photo- and electroactive donor—acceptor dyads and triads [50], organic
field-effect transistors (OFETSs) [51], cation sensors and bistable molecular shuttles,
and catenanes [52]. The corresponding 7 -extended analogs, in which the 1,3-dithiole
rings are covalently connected to a 7-conjugated core, have been primarily utilized
as electron donor units covalently attached to fullerenes to give rise to a number
of donor—acceptor conjugates [50]. Therefore, although the covalent chemistry of
TTF and m-extended analogs has been deeply investigated by several research
groups, their supramolecular aspects are yet to be explored. In this regard, we
now briefly describe the recent advances carried out by our research group in
the development of TTF and m-extended derivatives to construct supramolecular
receptors for fullerenes and, in a final part, we also make use of structurally related
electron-deficient fragments to achieve suitable fullerene receptors.

Recently, we noticed that the concave curved shape of the electron donor 2-
[9-(1,3-dithiol-2-ylidene)antracen-10(9 H)-ylidene]-1,3-dithiole (exTTF, Figure 3.17)
would be a perfect match for the convex surface of fullerenes. Moreover, exTTF
is capable of aromatizing upon a two-electron oxidation process, giving rise to a
dication with a planar geometry, unlike the concave shape of the neutral molecule
(Figure 3.17).
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Figure 3.17 Chemical structure of exTTF and molecular
modeling of its neutral and oxidized forms.

Theoretical calculations (DFT) predicted binding energies up to 7.00 kcal mol !
between a single unit of exTTF and Cgo (Unpublished results in collaboration with E.
Orti (Universidad de Valencia). Calculations carried out at the BH&H /6—31 + G™*
level; AGpinding = 9.47 kcal mol ™! which is reduced to 7.00 kcal mol ™! after BSSE
correction.) However, we have not observed conclusive experimental evidence of
association in either UV-Vis or NMR titrations.

Thus, preliminary molecular-modeling studies suggested that an isophthalic
ester would be well suited as a spacer between two exTTF fragments. Receptor 44
was synthesized in excellent yield in only five steps from easily available exTTF
methyl alcohol and commercially available isophthaloyl dichloride [53]. To evaluate
the ability of our receptor to host [60] fullerene, we performed UV-Vis titrations
of 44 upon addition of increasing amounts of Cg in chlorobenzene. The depletion
of the absorption band characteristic of exXTTF (A, = 434 nm) was accompanied
by the appearance of a new transition centered at 482 nm, which we attributed
to a charge-transfer band. Fitting the spectral changes to the binding isotherm
displayed a hyperbolic binding curve, affording a binding constant of 3.0 x 103
M~ in chlorobenzene at room temperature. The emergence of one isosbestic
point suggests the formation of only one kind of supramolecular complex, which
was further confirmed by Job Plot analysis by the appearance of a maximum at
molar ratio of 0.5. These combined results demonstrate the formation of a 1:1
stoichiometry complex. The considerable stability of 44 - C¢p complex — given the
lack of preorganization of 44 — demonstrates the validity of exTTF as a building block
to design efficient fullerene receptors. Surprisingly, the complexation behavior of
44 with Cgo in CHCl3/CS, mixtures proved to be significantly different. Similar to
that observed in chlorobenzene, the maximum at 434 nm decreases as a new band
(Amax = 482 nm) increases, forming a distinctly clear isosbestic point at 451 nm,
which points to the formation of a 1:1 complex in this system, too. The binding
stoichiometry was further supported by Job Plot analysis, in which a maximum at
molar ratio of 0.5 is again noticeable. However, in this case, the binding isotherm
turned to be sigmoidal in shape, which is generally regarded as the criterion of
cooperativity [54]. Indeed, the binding isotherm fitted well to the Hill equation
[54], yielding a Hill coefficient (ny) of 2.7 and an apparent binding constant of
3.56 x 10° M~!. Although it is considered a direct indication of the number of
available binding sites on the receptor, the Hill coefficient also reflects the degree
of the cooperativity of the system, with a maximum value equal to the maximum
number of binding sites. Therefore, a value of nyy > 2 rules out the formation of
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Scheme 3.3 Chemical structure of exTTF-based receptor 44
and scheme showing its different binding modes with Cgo.

the expected pincer-like complex 44 - Cg since it features two binding sites only.
This, together with the 1:1 stoichiometry, strongly suggests the formation of a
supramolecular tetramer in which two units of Cgy are sandwiched between two
molecules of receptor 44, as depicted in Scheme 3.3.

Photophysical studies carried out on complex 44 - Cg in solution demonstrate
the formation of a supramolecularly bound radical-pair with lifetimes in the
range of ~12 ns. The short lifetime values are indeed an indirect proof of the
orbital overlapping between both electroactive species that experience a fast
recombination in solution [55]. Time-dependent DFT theoretical calculations
(B3LYP/6—31 G**) predict that the lower energetic transitions (~480nm) occur
between the HOMO and HOMO+1 levels, located on the exTTF receptor, and the
LUMO+4 which spreads on the whole Cgp molecule. The HOMO — LUMO + 4
and HOMO—1 — LUMO + 4 transitions generates new excited electronic states
in which the exTTF moieties accumulate a positive charge of +1 electron and a
negative charge of —1 electron on the Cgo unit (Figure 3.18).

The great capability of our tweezer-like receptor 44 to bind fullerenes and give
rise to stable charge-transfer complexes encouraged us to design highly organized
self-assembled architectures to the basis of these recognition elements. These
two prerequisites are essential for the successful design of optoelectronic devices.
We first designed a linear monomer 45 composed of a tweezer-like recognition
fragment covalently attached to a PCBA-derived fullerene-containing fragment
(Scheme 3.4) [56].

The introduction of two connected complementary binding motifs, namely,
exTTF-based tweezer and fullerene fragment, would ensure the self-organization
of our system in a head-to-tail fashion. A comprehensive collection of exper-
iments, including variable concentration and temperature NMR, PFG-NMR,
MALDI-TOF-MS, dynamic light scattering (DLS), and atomic force microscopy
(AFM) demonstrated that 45 forms linear and/or cyclic multimeric supramolecular
aggregates, in solution, gas, and solid phase. Moreover, cyclic voltammetry (CV)
and UV-Vis experiments demonstrated a great electronic communication between
both electroactive fragments. We are currently investigating the photophysical fea-
tures and the applicability of this linear monomer 45 in the construction of efficient
optoelectronic devices.

81



82

3 Supramolecular Receptors for Fullerenes

(@)

(b) (©

Figure 3.18 Electrostatic potential (B3LYP/6—31 G**) cal-
culated for the complex 44-Cg in (a) the ground electronic
state and (b) the charge-separated HOMO — LUMO + 4
and () HOMO—1 — LUMO + 4 excited states.
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Scheme 3.4 Chemical structure of monomer 45 and
scheme showing its self-organization into linear polymers.

On the basis of our research on electroactive supramolecular dendrimers, we
began to investigate the possibility of constructing polydisperse supramolecular
dendrimers, with the aim of exploring a new type of organization that would lie at
the interface between dendrimers and supramolecular polymers. We synthesized
a branched monomer 46 composed of two units of our tweezer-like receptor and
a Cgo derivative as recognizing units [57]. The bifurcated nature of 46 would be
expected to drive the self-assembly into arborescent, dynamically polydisperse
aggregates (Scheme 3.5).

A thorough set of experiments in solution, in particular variable temperature 'H
NMR experiments, suggests that binding primarily occurred inside the cavity of
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Scheme 3.5 Chemical structure of bifurcated monomer 46
and scheme showing its self-organization into supramolecu-
lar dendrimers.

the receptor, as previously anticipated. AFM images provided evidence on the size
and shape of the aggregates formed on solid substrates. Most of the aggregates
of 46 show a triangular or pseudocircular form in which two of the vertices are
rounded off, reminiscent of a bunch of grapes with average sizes of 0.9-1.1 nm in
height and 60-80 nm in length. These dimensions match with those expected for
branched, flattened oligomers of 46, since it is well understood that dendrimers
tend to adopt planar structures when cast on surfaces.

The relatively high association constant of receptor 44 in combination with Cgo,
despite its inherent lack of preorganization, prompted us to investigate the specific
contribution of the different noncovalent forces involved in the binding to the
overall stabilization of the complexes formed in solution. In this regard, the group
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Scheme 3.6 Chemical structure of receptors 44—49.

of Kawase recently introduced the term concave—convex interactions to define the
noncovalent interactions between curved and concave aromatic hosts and convex
guests. These authors also suggest that these “concave—convex” interactions have
their own contribution to the stability of the complexes and serve to reinforce other
noncovalent forces involved in the complexation [2, 45—47]. To have some insight
whether or not these concave—convex forces have their own contribution to the
global stability of the complexes formed from 44 and Cg, we designed and synthe-
sized a new collection of structurally related receptors 47—49 (Scheme 3.6) [58].

In combination with receptor 44, these provided a full collection of receptors in
which we modulated the size, shape, and electronic character of the recognizing
motifs. In this case, the binding constants were extracted from 'H NMR titrations.
The solubility of receptors 44-49 at the concentrations employed in titration
experiments (<1 mM) is sufficient to discard solvophobic effects as a major factor
in the stability of the complexes.

Receptor 44 incorporates five aromatic rings —two per recognizing unit plus
the isophthalic spacer, a large and concave surface — and is electronically
complementary to Cgp. As expected, 44 is the receptor with highest affin-
ity for Cgp, with a K, = 3.00 x 10> M~! (CDCl3/CS,). Receptor 47 utilizes
11,11,12,12-tetracyano-9,10-anthraquinodimethane (TCAQ) as the recognizing el-
ement [58]. Thus, as compared to 44, it presents equal number of aromatic rings
and surface available for recognition, with close to identical curvature (dihedral
angle C,—C,—C.—Cyq = 144.7° for 44 - Cg, 146.1° for 47 - Cg, averaged values), but
electron-poor character. The change in electronic nature results in a decrease of
K, to 1.54 x 10> M~!. Although with small differences, this trend is reproduced
by DFT calculations (Figure 3.19). A similar drop-off in the association constant
is observed when moving from 47 to 48. In this case, the surface available for
van der Waals interactions is similar to that of 44 and 47, but 48 lacks both the
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Figure 3.19 Structures of (a) 44-Cgo, (b) 47-Ceo, and

(c) 48-Cgp complexes calculated at the BH&H/6—31 G**
level. The distances shown are given in angstroms. The
C,—Cp—C.—C4 dihedral angle is taken as a measure of the
curvature of the anthracene units.

concave—convex and the electronic complementarity. This results in a binding
constant of 0.79 x 10* M~1. In this case, DFT calculations seem to overestimate
noncovalent interactions and predict a slightly more stable complex for 48-Cg com-
pared to 47-Cgp. It should, however, be noted that calculations were performed in
gas phase without taking solvent effects into account. Finally, no sign of association
with Cgy was observed in either the 'H NMR or the electronic absorption spectra
of receptor 49, which is decorated with the electron rich, small, and nonaromatic
TTF unit.

Therefore, comparison of the binding constants of 44 and 47 toward Ce suggests
a perceptible contribution of electrostatic interactions, which is in agreement with
previous observations on related systems. However, receptor 49 showed no sign of
complexation toward Cgo, which implies that this contribution is not quantitatively
comparable to those of w—x and van der Waals interactions. Remarkably, we
observed for the first time that concave—convex complementarity does make
its own contribution, as was shortly before anticipated by Kawase, although
the contribution is relatively small. Despite the more electron-poor character of
47 in comparison with 48, its binding constant toward Cgy was considerably
higher. This observation can only be justified by the concave shape of the TCAQ
fragments.

On the basis of the principle of concave—convex complementarity, 7-extended
derivatives of TTF in which the dithioles are connected to a 7 -conjugated core have
been shown to exhibit improved photophysical properties. We noticed that a truxene
core [3, 59] would be particularly well suited as a scaffold, as its 7-delocalized system
should result in a significant shift of the electronic absorption spectrum toward the
visible region and at the same time provide a large aromatic surface with which
fullerenes might establish favorable noncovalent interactions. Thus, we designed
three truxene TTF’s with variable substituents (50—52, Figure 3.20) in which three
dithiole units were connected to a truxene core [60].

The association of 50 in solution and fullerenes was investigated by 'H NMR
titrations in 1:1 CDCl3/CS, mixtures. The progressive shielding of the aromatic
protons of 50 upon addition of fullerene guests fitted well to a 1:1 binding
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Figure 3.20 Chemical structure of receptors 50-52 and
structures of the complexes 50-Cgo and 50-Cyo calculated at
MPWB1K/6—31 G** level.

isotherm, which was further demonstrated by Job Plot analysis, affording binding
constants of 1.2 x 10* M~! and 8 x 10°* M~(CDCl3/CS;) for Cg and Cy,
respectively. A slight deshielding of the dithiole resonances owing to charge-transfer
interactions between the electron-rich receptor and the electron-poor fullerenes was
also observed, suggesting that binding occurs preferentially on the aromatic face
of 50. To gain some insight on the complex stability, we also studied theoretically
the complexes formed at DFT level using the MPWB1K density functional. These
calculations afforded a binding energy for the complexes of 8.98 and 9.94 kcal
mol~! for 50-Cgo and 50-Cyo, respectively (Figure 3.20).

Single crystals suitable for X-ray diffraction were obtained by slow diffusion of
cyclohexane into a solution of 50 in chloroform. As illustrated in Figure 3.21,
the truxene core breaks down its planar structure to accommodate the dithioles
and adopts an all-cis spherelike geometry with the three dithiole rings protrud-
ing outside. This arrangement results in the generation of a molecule with
threefold helical chirality of which only the P, P, P/ M, M, M enantiomeric
pair can be found in the crystal structure. Interestingly, each enantiomer ap-
pears forming homochiral dimers in the unit cell (Figure 3.21). The concave
bowl-shaped configuration adopted by the truxene core perfectly mirrors the con-
vex surface of fullerenes, as has already been demonstrated by complexation
studies.

3.6
Conclusions and Future Perspectives

The search for supramolecular receptors for fullerenes continues to be a very active
field of research. The earlier receptors, primarily based on classic and flexible
aromatic scaffolds such as calixarenes, cyclotriveratrilenes, and cyclodextrins have
been widely demonstrated to form highly stable complexes with fullerenes in
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Figure 3.21 X-ray crystal structure of 50. (a) (P, P, P) top
view, (b) side view, and (c) unit cell showing the racemic
mixture. S yellow, C green, H white.

solution and in the solid state. An alternative to classic flexible hosts are planar
recognition motifs, whose foremost exponents are porphyrins. The planar surface
of porphyrins serves as a primary recognizing element to increase 7 —n and van
der Waals interactions with fullerene surface. The most recent approaches for
the design of efficient receptors for fullerenes make use of curved and, in most
cases, electroactive recognition motifs. Among them, exTTF- or truxeneTTF-based
receptors have been demonstrated to fulfill the advantages of both classic and
planar receptors: (i) they harvest light efficiently in the visible region, (ii) possess
electron-donating character, and (iii) are capable of effectively binding fullerenes in
solution, solid state, and in the gas phase. These properties make TTF derivatives
optimal candidates to design valuable materials for optoelectronics, where the
absorption of light, generation of free charges upon electron transfer processes,
and the morphology between donor and acceptor are essential prerequisites for
their precise operation [48, 61].
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4
Click Chemistry: A Quote for Function
David Diaz Diaz

4.1
Introduction

In the 1960s, Huisgen presented, to the scientific community, the wide scope of the
1,3-dipolar cycloaddition between azides and alkynes (AAC) to give 1,2,3-triazoles
[1]. Over 40 years later, the Cu!-catalyzed variant of this reaction (CuAAC) became
the prototype of a new synthetic philosophy inspired by the simplicity and efficiency
of the processes that take place in nature. Such modular synthetic approach was
designated as “Click Chemistry” by Sharpless and coworkers, who published a first
analysis of the most efficient chemical reactions that can be used to stitch organic
fragments together to make complex functional molecules [2]. Since then, more
than 1000 citations for this work have been reported. In general, click chemistry
encourages a number of criteria, such as modular application, wide scope, large
thermodynamic enthalpy force (>20 kcal mol~!), formation of a stable linkage via
carbon—heteroatom bond formation, minimal cross-reactivity with other functional
groups (maximum orthogonality), high atom economy, quantitative conversions
with high yields, stereospecificity, simple reaction conditions, involvement of no
solvent or a benign solvent (preferably water), no or inoffensive by-products, easy
product isolation and purification (e.g., crystallization, distillation), production of
a physiologically stable product, and use of readily available starting materials
and reagents. Despite the intrinsic subjectivity of some of these criteria, several
reactions has been already identified as potential candidates to fit the requirements
of a click process: (i) cycloaddition reactions (e.g., 1,3-dipolar cycloadditions, hetero
Diels—Alder reactions); (ii) nucleophilic ring-opening reactions, especially of small
strained rings (e.g., epoxy, aziridine, cyclic sulfates); (iii) carbonyl-chemistry of the
nonaldol type (e.g., formation of ureas, oxime ethers, hydrazones); and (iv) addition
reactions to carbon—carbon multiple bonds (e.g., epoxidation, dihydroxylation, and
aziridination).

One of the most interesting examples within the above groups of reactions is the
1,3-dipolar cycloaddition of azides and alkynes, which, under thermal conditions,
affords an equimolar mixture of the 1,4- and 1,5-disubstituted regioisomers of
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Scheme 4.1 Huisgen 1,3-dipolar AAC under general thermal and Cu'-catalyzed conditions.

1,2,3-triazoles (Scheme 4.1, on the right). In 2002, the regioselective Cu'-catalyzed
cycloaddition at room temperature of organic azides and terminal alkynes to
exclusively give the 1,4-regioisomers of 1,2,3-triazoles (Scheme 4.1, on the left) was
reported independently by the groups of Sharpless [3] and Meldal [4], the former
working under solid-phase conditions. This catalytic process was soon referred as
“the cream of the crop” of click chemistry by Sharpless and coworkers, due to its
unprecedented level of selectivity, reliability, and scope for those organic synthesis
endeavors which depend on the creation of covalent links between diverse building
blocks. Cu! catalysts bind to terminal alkynes to form copper acetylides, the key
intermediate for the triazole formation [5], and accelerate the process by factors
up to 107 while preserving the inertness of both azides and alkynes toward the
vast majority of functional groups and conditions that are typical of the terrestrial
environment.

More recently, Sharpless and his group have also reported the ruthenium-cata-
lyzed version of this reaction to form the complementary 1,5-disubstituted
triazoles [6]. Among several ruthenium complexes, Cp*RuCl(PPh;s), (Cp* =
pentamethylcyclopentadienyl) provide the best results. Remarkably, although the
Cu'-catalyzed reaction is limited to terminal alkynes, the Ru''-catalyzed reaction is
active with internal alkynes as well.

From an experimental point of view, CuAAC can be performed using com-
mercial sources of Cu! (e.g., CuBr, Cul), although the Cu! catalyst is usually
generated in situ by a mixture of a Cu'! salt (e.g., Cu;SO4) and a reducing agent
(e.g., sodium ascorbate). As Cu! is unstable in aqueous solvents, stabilizing lig-
ands have been proved to be effective for improving the reaction outcome (e.g.,
tris-(benzyltriazolylmethyl)amine (TBTA), benzimidazole-based ligands) [7, 8]. The
reaction can be run in both solution and solid phase, and in a variety of solvents
including mixtures of water with a number of (partially) miscible organic solvents
(e.g., alcohols, DMSO, DMF, t-BuOH, acetone). Significantly, the starting reagents
need not be completely soluble for the reaction to be successful, and usually the
product can be simply filtered from the solution as the only purification step
required [3]. It is worth mentioning that the use of microwave irradiation can sig-
nificantly shorten reaction times of CuUAAC, while keeping excellent yields, purity,
and selectivity [9].

The click nature of the CuAAC has propelled it as the most versatile example for
molecular connections in organic synthesis, but especially for biological molecules
[10—12] and for the discovery of biologically active compounds [13, 14], principally in
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combination with combinatorial chemistry, by making each reaction in a multistep
synthesis fast, efficient, and predictable. Undeniably, the practical importance
of this reaction is derived from the easy introduction of azides and alkynes
functionalities into organic molecules. The reaction is useful in biological settings
for two main reasons: (i) the azide and alkyne components are largely unreactive
with biological molecules (and therefore selectively reactive with each other) and (ii)
the product triazole can interact with biological structures in several noncovalent
ways while being, at the same time, extraordinarily stable. In addition, CUAAC has
also rapidly captured the attention of researchers in material and surface sciences
by allowing more efficient synthetic routes to functional materials [15-25]. After all,
the use of a limited number of supremely reliable bond-forming methods to easily
achieve sophisticated functions is indeed the foundation of polymer science [26]. It
is under this concept where click chemistry should serve as a guiding principle in
the quest for function.

This chapter is not intended to be a comprehensive survey of the subject, which
has been already the aim of many previous review articles [27-33]. The objective
is instead to review several new applications of the CuAAC in the synthesis of
well-defined multifunctional materials, derived from our research activities during
the last few years, and give a brief perspective of the future direction in this
field.

4.2
New Applications in Materials Synthesis

4.2.1
Metal Adhesives

Adhesive connections between metallic surfaces are important in a variety of appli-
cations, but perhaps most notably in electronics where conductive, semiconducting,
or insulating properties may be required. The range of available metal adhesives
is rather limited especially when conducting connections are desired, as ductile
solders containing lead have become recognized as environmental issues [34].
In particular, polymers incorporating 1,2,4-triazoles are widely used in corrosion
inhibitors and adhesion promoters on copper or copper-based products, which act
as a stabilizing inert film by covering the vulnerable oxide layer [35]. With the
exception of benzotriazoles, the 1,2,3-triazole isomer is poorly represented in the
adhesives and coatings literature probably due to the difficulty of its synthesis prior
to the development of the CUAAC.

Taking advantage of the anticipated affinity of triazoles for metal surfaces, Finn,
Diaz and coworkers reported, in 2004, the use of the CuAAC in fast cure adhesive
applications [36], which indeed constitutes the first example of this reaction for
networks synthesis. A first approach to generate polymeric structures via CUAAC
was developed in solution using bivalent azides and bivalent acetylenes (i.e., 1 4 2)
in the presence of Cu,SO, and sodium ascorbate in a t-butyl alcohol /water mixture
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Scheme 4.2 Solution-phase polymerization of diazide 1 and
dialkyne 2 by CuAAC (Ts = Tosyl). Adapted from [36] with
permission from John Wiley & Sons.

(Scheme 4.2). This methodology allows the synthesis of linear polycondensates
with molecular weights up to about 12 000 g mol~!.

The success of the polymerization reaction was taken as a starting point to
prepare in situ resin-type structures derived from polyvalent azides and alkynes on
copper and brass plates (Figure 4.1). The general experimental procedure consists
of spreading a mixture of monomers dissolved in the minimum amount of a
volatile solvent (e.g., THF) over the surface of two metal plates, and pressing the
crossed plates together after evaporation of the solvent, under defined conditions
of pressure, temperature, and time. These adhesives usually show cohesive failure
with extensive crack propagation, which is in agreement with the brittle nature of
these materials.

Herein, polyvalency and flexibility of the monomeric units constitute critical
factors in determining the power of azide/alkyne adhesive mixtures. Thus, com-
binations of diazides with dialkynes provide poor results, since such reactions
should produce linear, rather than covalently cross-linked networks. Control exper-
iments has established that no adhesion is obtained with monodentate azides and
polyalkynes (i.e., 3 + 19), nor with polydentate azide or alkyne alone (Figure 4.2).

Since Cu" or Cu® are unable to promote the AAC, the Cu® surface must act to
reduce the Cu'' species, formed by air oxidation, into diffusible Cu' available to
both the metal surface and the developing polymer matrix. Indeed, adhesion to Cu
surfaces requires oxygen at approximately the level of atmospheric composition
[37]. From a mechanistic point of view, despite the necessary oxidation for such
comproportionation equilibrium [38], too much oxygen would be expected to be
deleterious to the reaction, since active Cu' centers could be oxidized before
engaging in CuAAC catalysis. Nevertheless, samples prepared in the absence of
oxygen have shown adhesive strengths near but slightly below than those of the
samples prepared in air, showing that the surface Cu' atoms are all that are
required to get the reaction going [37]. The metal adhesion takes place by the
binding of the surface to the growing polymer, by virtue of o- or m-interactions
with multiple triazoles and perhaps dangling alkynes (Figure 4.3). Interestingly,
when no additional Cu' catalyst is used in this process, the final cross-linking
products usually contains between 2 and 5wt% of copper indicating that the
triazole products efficiently leach copper ions from the surface [36], creating a
surface binding region with a blurred boundary between the various copper species
and the triazole backbone.
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Figure 4.1  (a)Three-dimensional (3D) plot 9.81N; 1 Pa = 1N m~2. The photographs
and (b) axes projection of adhesive strength  (c and d) illustrate a simple peel test with
on Cu for a series of azides and alkynes (see crossed (c) Cu and (d) Zn plates for the

Figure 4.2). Alkynes designations marked determination of load-bearing capacity of ad-
with boxes denote the use of a 1:1.5 ra- hesives by measuring the force normal to
tio of total azide groups to alkyne groups the surface required to separate the adhered
in the mixture instead of the usual 1:1 ra-  plates. Adapted from [36] with permission

tio. The bonded area was the same in each  from John Wiley & Sons.
case (0.001 m?). Conversion units: Tkg =

As polytriazoles bind to metals of various kinds, the addition of Cu' or Cu'l
salts to the monomers mixture promotes also the formation of adhesive materials
with other metal surfaces (i.e., Zn), which do not mediate the AAC [36]. On the
other hand, it has been found that the formation of a uniform oxide layer (e.g.,
by etching) on Al surfaces is likely to promote adhesion, albeit not as effective
as Cu surfaces, which requires no such pretreatment, since its surface (including
the surface oxide) is already etched by the oxidative generation of Cu' ions and
their participation in the AAC process [37]. Several factors that affect the adhesive
strength of these materials are listed below:

« Effect of amine-containing Monomers: The use of amine-containing monomers
(i-e., 18, 23) are beneficial to the Cu-catalyzed process because they assist
in the production of Cu-acetylide intermediates and contribute to productive
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Figure 43 Proposed copper adhesion surface, where Cu' concentration is pre-
mechanism by formation of networked tri- sumed to be highest; and later polymer
azoles: (a) azide and alkyne monomers in cross-linking by triazole formation. Potential
the presence of Cu' ions generated from, Cu-acetylide and Cu-triazole interactions are
and/or stabilized by, the Cu® surface; (b) shown. Adapted from [36] with permission
Cu-mediated cycloaddition near the metal from John Wiley & Sons.

chelating interactions with the metal center [36—39]. Indeed, the Cu' complexes
of tris (triazolylamine) compounds derived from 23 are highly active catalysts in
solution-phase triazole-forming reactions as mentioned earlier [7].

+ Addition of Cu! Catalyst: The addition of Cu! catalyst has been also found to
be important for the synthesis of stronger adhesive polymers when cured at
room temperature by speeding the polymerization of the preadhesive [37, 39].
For instance, the addition of CuPF¢4MeCNprovides uniform adhesive strength
improvements.

+ Addition of Accelerating Ligands: The use of adhesive mixtures having accelerat-
ing ligands (e.g., TBTA, benzimidazole-based ligands) can enhance the average
maximum load strength, at least one-third. Nevertheless, the right amount of the
specific ligand must be used (i.e., [ligand] = 50 mM; [total azide or alkyne func-
tional groups] = 1 M), since it is necessary to reach a balance between competing
factors of cross-link density and brittleness, and/or different CuAAC reaction
rates at different ligand : metal ratios [39].

« Effect of Temperature: In general, the reactions between the metal plates are
slow, requiring curing for several hours under pressure to achieve the maximum
adhesive strength. However, heating at about 70 °C also accelerates curing rates,
although the maximum adhesive strengths achieved at both room temperature
and high temperature are very similar, suggesting that cross-linking reaches
the same advanced point in any case. Under these conditions, enough Cu! is
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apparently made available from the metallic surface (without additional catalyst
or precatalyst) to achieve full adhesive strength [37].

+ Other Minor Effects: Other factors like adsorbed water, annealing pressure, or
the addition of a dendrimeric poly(alkyne) has been also explored, each having
only a modest effect on the outcome when the adhesive material is formed in a
thin layer between two metal surfaces.

Figure 4.4 summarizes the results of a survey of adhesive mixtures along
with 2 mol% CuPF¢4MeCN catalyst at room temperature. Among the alkynes, all
distinguished by their branched nature, 31-34 provide the strongest adhesion. For
azides, tripodal connections are also more effective than dipodal ones, the triazide
5 and the triol 12 being the most effective. Acetates 11 or 13 give weaker adhesives
than their corresponding free-hydroxyl derivatives 10 or 12 respectively. Although it
seems that hydroxyl versus acetate substitution makes little difference in the extent
of triazole formation in the CuAAC, it is possible that additional hydrogen bonding
of the OH groups favors the formation of a more effective network in terms of both
cross-linking and flexibility. On the other hand, long flexible alkyl chains seem to
have an adverse effect on the adhesion strength (i.e., tetraacetylene 35 vs 32). This
screening has allowed to identify a particularly effective tetravalent alkyne 5 and

Maximum load (N)

Figure 4.4 Adhesive strength given my max- area was the same in each case (2.0 x
imum load for combinations of multivalent 1075 m?). Conversion units: 1kg = 9.81N;

azides and alkynes (see Figure 4.2) in the 1 Pa=1N m~2. The failure load tests were
presence of 2mol% CuPFg4MeCN (ratio performed by a customized prototype in-
azide: alkyne groups = 1:1, curing time = strument designed to mimic the standard
three days, RT). Commercial adhesives: A =  Instron® machine in a shear lap configu-
J-B Weld, B = crazy glue, C = amazing goop, ration. Adapted from [39] with permission
D = metal epoxy, E = copper bond. Esti- from John Wiley & Sons.

mated values error = 5-20%. The bonded
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trivalent azide 32 combination, which provides exceptional strength (32.8 + 4.9N)
that matches or exceeds twice the load of the best commercial products, either
made at room temperature in the presence of 2% Cul salt or at 70°C without
additives.

Finn and coworkers recently demonstrated that the strength of these adhesives
can be even further improved by the incorporation of amine functionality into
the monomers and/or the addition of CuAAC-accelerating ligands, which is in
agreement with previous observations [39]. Very interestingly, the use of some
divalent alkynes and azides as additives can also considerably improve the strength
of the materials. In general, additional 3D branching from the additives is helpful
in preventing the aggregation of flat triazole components into phase-separated
brittle domains [39]. The most impressive strength improvement so far (twice
as strong as the mixture 5 4+ 32) has been reached by the incorporation of
flexibility-inducing polyethylene glycol (PEG)-based difunctionalized additives in
optimized proportions (i.e., 4% of the total amount of reactive groups). The most
advantageous PEG-containing components were found to be divalent azides or
alkynes having 24 units of ethyleneglycol, which corresponds to an optimized
chain length to keep the right dilution of the cross-linked matrix.

In order to understand the physical properties of these polymers, several
cross-linked polymers analogous to the adhesive materials have been prepared
in bulk via CuAAC and characterized by standard techniques such as modulated
differential scanning calorimetry (MDSC) and dynamic mechanical analysis (DMA)
[40]. Interestingly, these materials present the remarkable glass transition temper-
atures (Tg) (up to 200 °C), which are time-dependent and usually up to 60 °C higher
than the curing temperatures (Ture) employed. This value is well above the normal
range of 10-25°C seen in step-growth polymerization systems [41]. This finding
indicates a high degree of cross-linking even in the diffusion-restricted glassy state.
As the G’ and tan § peaks are not unusually wide for these polymers, the inho-
mogeneity of the network is unlikely responsible of the large difference between
Teure and Ty, as it happens in other materials [42]. A plausible explanation for
this observation considers as potential contributing factors: (i) the high mobility of
catalytic Cu! centers and (ii) the intrinsic thermodynamic properties of the CuAAC.
In this sense, triazoles have good thermodynamic affinity for Cu' ions and yet the
Cu-triazole interaction is kinetically labile. Therefore, Cu ions should be able to
move readily from one triazole binding site in the developing network to another,
even when the network is in the glassy state, in a similar way to radical diffusion in
addition to polymerizations. Besides, the fact that Cu-triazole complexes are also
good catalysts for the AAC [7, 8] enables the Cu ions to migrate through the struc-
ture to create local hot spots of catalytic reactivity, especially in areas of the polymer
matrix in which multiple triazoles have already been formed. The exothermic
nature of the AAC (about 50 kcal mol~!) may also induce increased local motion of
polymer chains in the vicinity of the catalytic hot spots. In addition, the large dipole
moments, good hydrogen-bond accepting capability, and pseudoaromatic nature
of 1,2,3-triazoles [2, 3] allows for n-stacking, which can also contribute to strong
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noncovalent interactions facilitating the easy formation of associated domains in
cross-linked polymers.

4.2.2
Synthesis and Stabilization of Gels

4.2.2.1 Strength Enhancement of Nanostructured Organogels

Low molecular weight organogelators (LMWOGs) represent remarkable examples
of molecular self-assembly [43]. Such compounds make networks of fibers that
can immobilize up to 10° liquid molecules per gelator and increase the viscosity
of organic media by factors up to 10'%, with the potential to respond to a variety
of external stimuli. The aggregation of gelator molecules into fibrous networks
is driven by multiple low-energy interactions, such as dipole—dipole, van der
Waals, and hydrogen bonding. However, the stability of this assembly is associated
with a certain range of physico-chemical conditions (pH, monomer concentration,
temperature, solvent quality, ionic force, etc.), outside of which the gel becomes
a solution again. The solution/gel transition is therefore reversible by these
so-called physical gels [44, 45]. Therefore, they are different from chemical or
polymer gels, which have 3D structures created by cross-linked covalent bonds
[46]. One of the biggest challenges in this field is the development of new
methods to increase the thermo-mechanical stability of the gels with the minimum
disruption of their functional properties. Several methods for in situ enhancement
of gel thermostability have been reported, including post-polymerization of gel
fibers, addition of polymers, use of host—guest interactions, and use of metal ion
coordination [47]. However, some of these methods turn the physical gels into
chemical gels with a consequent loss of their thermoreversibility.

In this context, the first practical use of the CuAAC in a supramolecular
environment was reported in 2006 by Finn, Diaz and coworkers for the stabilization
of gels via the introduction of azide or alkyne groups into organogelator compounds
and subsequent cross-linking of their noncovalent networks by CuAAC [48]. In this
approach, the small and nonprotic azides and alkynes groups are placed at the end
of the hydrophobic chains of the gelator molecule to avoid a major disruption of
the intermolecular interactions that lead to gelation. The concept has been tested
using the LMWOG based on the undecylamide of trans-1,2-diaminocyclohexane,
36, and its “clickable” analogs 37 and 38 (Figure 4.5).

In general, gels made from 37 or 38 have been found to be strengthened by the
incorporation of an equimolar amount of 36 into the mixture, The introduction
of Cu! and cross-linkers (optimized ratio gelator: cross-linker = 10:1) into these
samples afforded brittle gels with even much greater thermostability, as confirmed
by oscillatory rheological measurements (storage moduli (G') > loss moduli G”;
frequency range = 0.1-100 rad s~!; <1% strain). It is important to note that the
direct triazole cross-linking of azide and alkyne gelators (i.e., 37 + 38) provides
weaker materials relative to those produced by the addition of aliphatic cross-linkers
(i-e., 39 + 37, 40 + 38). Herein, Cu! catalyst can be introduced into the materials
by (i) direct addition to the isotropic solution of the components or (ii) by layering
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Figure 4.5 (a) Organogelators (36—38) and linear divalent
cross-linkers (39-40). (b) Proposed hydrogen-bond pattern
for gelation by 37 and Cu'-catalyzed cross-linking with a lin-
ear diazide. The presence of triazole moieties in cross-linked
materials can be confirmed by NMR analysis. Adapted from
[48] with permission from the American Chemical Society.

a solution of the catalyst after gel formation with further diffusion into the matrix.
Control experiments has demonstrated that enhancement of gel thermostability
upon cross-linking is dependent upon the simultaneous presence of the metal in
the active Cu' oxidation state and the appropriate bivalent additive, as opposed
to the use of monovalent capping reagents such as 1-heptyne or 1-azidooctano
[48]. The expected Cu-triazole interactions seem not to be imperative to the
stabilization of these materials, and the low concentration of click connectivity
in the cross-linked gels allows the preservation of the thermoreversible function.
Indeed, Fourier transform infrared (FT-IR) spectroscopy has showed the same
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characteristic evidence for amide H-bond participation in the gelled state of
both noncross-linked and cross-linked materials, which also present a similar
morphology under transmission electron microscopy (TEM), suggesting that the
enhanced stabilities are not the result of gross changes in structure.

Such in situ cross-linking process has been later applied for the stability enhance-
ment (including thermoresistance, mechanical strength, and temporal stability
under storage conditions) of photoactive organogels [47]. Thus, stable photoactive
organogels can be successfully prepared by a two-step sequence involving (i) for-
mation of thermoreversible organogels by use of a combination of LMWOGs (i.e.,
41) and ZnPc moieties containing complementary organogelator structures (i.e.,
42) and (ii) strength enhancement of the gels by in situ cross-linking via CuAAC
(Figure 4.6) making use of a flexible C6 aliphatic diazide (i.e., 39) and a suitable
complementary diacetylene (i.e., 43) (molar ratio 1:1, and 5mol% with respect to
the organogelator system [LMOG + ZnPc]). Emission of a red luminescence from
the dry nanoscale fibrous structure due to the self-assembly of the phthalocyanine
(Pc)-containing compounds in the organogel fibers can be directly observed by
confocal laser scanning microscopy (CLSM). On the other hand, the dialkyne unit
incorporated into the system for the stabilization process should resemble the
LMWOGs structure in such a way that it could also participate in the self-assembly
of LMWOG + ZnPc].

It is important to note that the CuAAC here represent a much more challenging
process than that in the previous case [48], since the cycloaddition must occur
in an already multicomponent preformed organic gel, in which the appropriate

ZnPc-containing complementary
organogelator structure
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Figure 4.6 Organogelator 41, ZnPc-containing complemen-
tary organogelator molecule 42, and azide/alkyne-containing
cross-linkers (43, 39) used to prepared stable photoactive
organogels.
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“clickable” acetylene monomer should be at least partially associated with the gel
fibers by virtue of multiple noncovalent interactions.

In this example, FT-IR studies have indicated that the greater part of the
original noncovalent pattern is still retained upon stabilization, whereas UV/Vis
and fluorescence spectroscopic evidences pointed to a preservation of the optical
properties and a certain agglomeration degree of the Pc moieties upon CuAAC [47].

Figure 4.7 provides an overview of the procedure developed for the preparation of
standard functional organogels and their further stabilization by in situ cross-linking
through CuAAC. System 4 represents a standard organogel formed upon cooling
of the isotropic solution of the appropriate LMWOG (system 2). If further strength

@ 124

Solvent \—/> / {

_ = Dialkyne-containing complementary
\j LMWOG / LMWOG structure (cross-linker)

= Pc-containing complementary — Diavi O
J LMWOG structure 4 = Diazide (cross-linker)

o = Triazole ring H-C = Heating-cooling cycle

Figure 4.7 Strategy for the synthesis and stabilization of
standard and Pc-based photoactive organogels. Reprinted
from [47] with permission from Wiley-VCH.
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enhancement of the material is required, a well-defined concentration of a suitable
diacetylene-containing complementary LMWOG structure, linear diazide, and Cu!
catalyst can be swollen into the organogel network or premixed with the LMWOG
prior to gel formation (system 3) in the heating—cooling process. The subsequent
cross-linking reaction should enhance the thermostability of the organogel while
preserving its thermoreversibility (system 5). On the other hand, organogel 4
may be prepared in the presence, for instance, of the appropriate Pc-containing
complementary organogelator structures to afford a multicomponent photoactive
viscoelastic material (system 6). Also in this case, suitably designed clickable
monomers (diacetylene-containing complementary LMWOG structure and linear
diazide) and the Cu! catalyst can be incorporated into the gel network (system 7) in
order to achieve further cross-linking to generate a new photoactive organogel with
enhanced thermostability and mechanical properties. Nevertheless, the structural
differences between a preformed [1,3,5]-triazole-based polymer (system 9) —made by
CuAAC of the appropriate monomers in solution- and the cross-linked material (sys-
tem 10) —obtained by in situ CuUAAC of the clickable monomers-, induce a fast-phase
separation process when the former is incorporated into the photoactive organogels.

4.2.2.2 Synthesis of Polymer Thermoreversible Gels

Selective [1,2,3]-triazole-based polymeric organogelators can be also prepared via
CuAAC [49]. As demonstrated by rheological experiments, from a series of syn-
thesized click polymers (Figure 4.8), those of the type {(44a-b),(45e-f),}, having
at least a sulfonyl group in the polymer backbone, exhibit a discriminating gelling
ability for DM SO and organic solvent mixtures containing at least 80% DMSO by
volume, with minimum gelator concentrations in the range 3-5 wt %. Surprisingly,
the {(44a—Db),(45e—f),} macromonomers (MACs) did not yield supramolecular ag-
gregates in any solvent upon treatment either with 0.1 M EDTA aqueous solution
for 24 hours at 65 °C or with coppersorb, remove effectively all the Cu ions asso-
ciated to the polymer backbone. These results might suggest the importance of
Cu ions interactions with the polymer backbone (typically with triazole rings) in
forming these gels. In this sense, the Cu ions could probably help the cross-linking
between the supramolecular polymers and play a critical role in the formation
of a closely packed 3D-network, as no gelation was either observed by using the
materials obtained under thermal conditions (absence of copper catalyst).
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Figure 4.8 Alkyne and azide-containing divalent monomers.
Adapted from [49] with permission from Elsevier.
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From a morphological point of view, these organogels are formed by fibers
of about 150-200nm diameters and lengths in the micron scale, intertwined
through numerous junction zones. They typically show broad endotherms with
onset temperatures ascertained in the range 41-63°C, and a Tgel which rises in
an approximately linear manner as the concentration of the polymers increase,
indicating that the polymer organogelators form more closely packed 3D-networks
at high concentrations [49].

It is important to note that the gelation property here refers to well-defined
[1,2,3]-triazole based polymers, in contrast to the previously discussed strategy to
improve the thermal stability of the organogels [48], where the same or similar
monomers are used only to induce cross-linking between the organogels fibers
formed by an LMWOG without the formation of polymers in the gel phase.

4.2.2.3 Synthesis of Degradable Model Networks

The structurally simplest polymer networks are termed model networks (MNs) and
are typically comprised of MACs, which are linear telechelic polymers cocovalently
cross-linked through their end groups with multifunctional small molecules [50].
MNs are unique because their cross-link functionality is constant and predeter-
mined, so that the molecular weight between cross-links is defined by that of the
MAC, and the material is homogeneous with respect to cross-link density [50].
Despite the practical well-defined pore sizes of MNs [51] they are not considered
“ideal” in a theoretical sense because (i) they unavoidably contain some number
of unreacted functionalities, chain entanglements, and inelastic loops, (ii) the in-
herent polydispersity polydispersity index, (PDI) of the MAC precursor leads to a
corresponding dispersity of pore sizes, and (iii) their intrinsic insolubility in many
solvents makes them difficult to characterize by common analytical techniques.

In 2006, Finn, Turro, and coworkers envisioned a new way to prepare MNs
easy to characterize [52]. The synthetic strategy is based on the reaction of an
azide-containing MAC of low PDI (i.e., «,w-azido-poly(tert-butyl acrylate), 46),
previously prepared by atom transfer radical polymerization (ATRP) [53], and a
small polyalkyne (i.e., 24) (Scheme 4.3). The MAC has a cleavable functionality
at its center, which allows the preparation of degradable MNs via ozonolysis.
Such process can yield soluble products that are easily analyzable by size-exclusion
chromatography (SEC) in order to confirm the well-defined MN between cross-links.

Interestingly, when an approximately 2:1 ratio of azide to alkyne is used,
the FT-IR spectrum still displays an azide resonance. The remaining azides and
the olefin moiety can potentially be functionalized after cross-linking, providing
another means of tailoring the properties of these materials.

4.23
Functionalization of SWNTs with Phthalocyanines

The electrical conductivity, morphology, and good chemical stability of single-wall
carbon nanotubes (SWNTSs) are promising features that stimulate their integration
into photovoltaic systems or electronic devices [54]. In fact, the attachment of
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exceptional donor/antenna building blocks such as Pcs [55, 56] to nanotubes and
fullerenes has recently emerged as an excellent approach to carbon nanostructure
Pc-based photovoltaic and other electronic devices [57]. However, the fabrication
of nanotube-based molecular assemblies is still limited mainly because of the
difficulty to incorporate highly engineered molecules on the nanotube surfaces.
This problematic issue can have mainly two origins: (i) the incompatibility between
the functionality on the molecules and the conditions required for nanotube func-
tionalization and/or (ii) the fact that nanotube functionalization usually requires a
large excess of reagent, which is difficult or impossible to recycle and cannot be
envisioned with high added value molecules such as Pcs. For instance, functional-
ization of carbon nanotubes with diazonium derivatives requires at least 4 equiv.
of amine precursor or diazonium salt per carbon atom.

CuAAC has proved to overcome these problems and allowed the effective func-
tionalization of alkyne-containing SWNTSs 49 with an azido-containing ZnPc deriva-
tive 48 [58]. The synthetic strategy (Scheme 4.4) involves a first functionalization



of the SWNTSs with 4-(trimethylsilyl)ethynylaniline and a subsequent Cu!-catalyzed

4.2 New Applications in Materials Synthesis

click attachment of an azide-containing ZnPc derivative [59, 60].

The physico-chemical characterization of the so prepared nanohybrids 50 [58]

have showed a series of remarkable features, which are summarized as follows:

+ The addition of Pc does not modify the linkage on the nanotube carbon lattice

and the sp?/sp® ratio, as established by Raman spectroscopy.

+ Thermogravimetric have demonstrated the successful reaction of all the acetylenic
groups (estimated loading = 1 phenylacetylene per 165 carbon atoms in ffSWNTSs
49) with azido-Pc moieties (estimated loading = 1 Pc per 155 carbon atoms in

SWNT-ZnPc 50).
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Scheme 4.4 Functionalization of alkyne-containing SWNTs
49 with azide-containing ZnPc 48 via CuAAC. Adapted from
[58] with permission from the American Chemical Society.
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« The typical lengths of both fSWNTs 49 and SWNT-ZnPc 50 are about 500 nm to
1.5 um with diameters of about 1-3 nm in the form of individual or bundles of
nanotubes as showed by atomic force microscope (AFM).

 Despite being linked to SWNTs, the ZnPcs keep their electronic integrity as
demonstrated by fluorescence and transient absorption measurements.

+ A series of steady-state and time-resolved spectroscopy experiments have also
demonstrated an impressive photoinduced communication between the two
photoactive components of the nanoconjugate 50 (incident monochromatic
photon to current conversion (IPCE) = 17.3%) when tested as a photoactive
component in an indium tin oxide (ITO) photoanode in a photoelectrochemical
cell at 4+ 0.6 V and ascorbic acid as sacrificial electron donor.

4.3
Perspective

Our research during the last few years has convinced us that the click chemistry
philosophy will afford the development of new ways to create stronger adhesive
systems for both metal and nonmetal surfaces, to enhance the stability of a number
of industrial viscoelastic soft materials to great levels while keeping their functional
integrity, and to fabricate optoelectronic devices based on functionalized carbon
nanotube field effect transistors. From a more general standpoint, the scientific
community has been gifted, in less than a decade, with an impressive number
of articles related to the synthetic aspects and applications of click chemistry
in important research fields such as drug discovery and materials synthesis.
Although most of these contributions are based on the use of the CuUAAC as
a key process, they have also assisted in a slow identification of some of its
limitations. For instance, current shortcomings in materials synthesis indicate
the participation of terminal alkynes in free radical polymerizations, which may
require the use of protection—deprotection strategies in some applications. In
this context, a general aqueous protocol for performing the cycloaddition with
free radical polymers would be highly desirable. On the other hand, the use
of Cu-based catalysts remains a drawback in some biomedical applications, in
which a great level of nontoxicity is required. Thus, the development of more
metal-free methods (e.g., a photochemically activated AAC) or other catalytic
systems based on more biocompatible catalysts should be in the line of fire of
future investigations. In this sense, a first breakthrough has been made by Bertozzi
and coworkers, who employed a difluorinated cyclooctyne instead of the usual
terminal alkyne to carry out copper-free click chemistry [61, 62]. Here, the ring
strain and the electron-withdrawing difluoro group activate the alkyne toward the
cycloaddition, allowing the use of this reagent attach fluorescent labels to cells with
azide-containing sialic acid in their surface glycans.

Above all, the learning from the CuAAC should encourage chemists to expand
the click-chemistry toolbox with alternative reactions that could overcome the
limitations of their predecessors, especially in industrial environments. Without
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doubt, this exercise will be driven by the permanent need of achieving specific and
sophisticated molecular functions. A dose of motivation has been given already by
the successful use of the thiol-ene click reactions in the modification of polymer
multilayers [22]. With all the success associated so far to the use of the versatile click
chemistry so far, it is easy to imagine that much more applications may appear by
understanding the full spectrum of capabilities of any named click reaction. In the
particular case of the CuAAC, the general vision of the triazole, only as a very stable
and innocuous heterocyclic linkage, should also undergo an expansion by sharply
looking at new opportunities where its other inherent and unique physicochemical
properties [2, 3] could play a key functional role.

Acknowledgments

The author is deeply indebted to Profs M.G. Finn, K. Barry Sharpless, Valery V.
Fokin, and Craig J. Hawker for their continuous support and guidance. Special
thanks to Prof. T. Torres and coworkers for their work related to the functionaliza-
tion of SWNTSs. The great effort of all individual co-authors of the key papers cited
in Section 4.3 is also deeply acknowledged.

References

1. Huisgen, R. (1961) Cenetary 6. Zhang, L., Chen, X., Xue, P., Sun,
lecture—1,3-dipolar cycloadditions. Proc. H.H.Y., Williams, 1.D., Sharpless,
Chem. Soc. Lond, 357-396. K.B., Fokin, V.V., and Jia, G. (2005)

2. Kolb, H.C,, Finn, M.G., and Sharpless, Ruthenium-catalyzed cycloaddition
K.B. (2001) Click chemistry: diverse of alkynes and organic azides. J. Am.
chemical function from a few good Chem. Soc, 127, 15998—15999.
reactions. Angew. Chem. Int. Ed, 40, 7. Chan, T.R,, Hilgraf, R., Sharpless, K.B.,
2004-2021.

and Fokin, V.V. (2004) Polytriazoles as
copper(I)-stabilizing ligands in catalysis.
Org. Lett, 6, 2853—-2855.

8. Rodionov, V.O., Presolski, S.I.,
Gardinier, S., Lim, Y.-H., and Finn,
M.G. (2007) Benzimidazole and related
ligands for cu-catalyzed azide-alkyne
cycloaddition. J. Am. Chem. Soc, 129,
12696-12704.

9. Appukkuttan, P., Dehaen, W., Fokin,
V.V., and Van der Eycken, E. (2004)

3. Rostovtsev, V.V., Green, L.G., Fokin,
V.V., and Sharpless, K.B. (2002) A step-
wise huisgen cycloaddition process:
copper(I)-catalyzed regioselective ligation
of azides and terminal alkynes. Angew.
Chem. Int. Ed, 41, 2569-2599.

4. Tornge, C.W., Christensen, C., and
Meldal, M. (2002) Peptidotriazoles on
solid phase: [1,2,3-triazoles by regiospe-
cific copper(l)-catalyzed 1,3-dipolar
cycloadditions of terminal alkynes to

azides]. . Org. Chem, 67, 3057—3064. A microwave-assisted click chem-

5. Rodionov, V.O., Presolski, S., Diaz, istry synthesis of 1,4-disubstituted
D.D., Fokin, V.V., and Finn, M.G. 1,2,3-triazoles via a copper(I)-catalyzed
(2007) Ligand-accelerated cu-catalyzed three-component reaction. Org. Lett, 6,
azide-alkyne cycloaddition: a mecha- 4223-4225.
nistic report. J. Am. Chem. Soc, 129, 10. Beatty, K.E, Xie, F., Wang, Q., and

12705-12712. Tirrell, D.A. (2005) Selective dye-labeling

111



112

4 Click Chemistry: A Quote for Function

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

of newly synthesized proteins in bac-
terial cells. J. Am. Chem. Soc, 127,
14150-14151, and references therein.
Klok, H.A. (2005) Biological-synthetic
hybrid block copolymers: Combining the
best from two worlds. J. Polym. Sci., Part
A: Polym. Chem, 43, 1-17.

Kele, P., Mezo, G., Achatz, D., and
Wolfdeis, O.S. (2009) Dual labeling of
biomolecules by using click chemistry: a
sequential approach. Angew. Chem. Int.
Ed, 48, 344-347.

Kolb, H.C. and Sharpless, K.B. (2003)
The growing impact of click chemistry
on drug discovery. Drug Discov. Today, 8,
1128-1137, and references therein.

Fu, X., Albermann, C., Zhang, C., and
Thorson, J.S. (2005) Diversifying van-
comycin via chemoenzymatic strategies.
Org. Lett, 7, 1513-1515.

Evans, R.A. (2007) The rise of
azide—alkyne 1,3-dipolar ‘click’ cycload-
dition and its application to polymer
science and surface modification. Aust.
J. Chem, 60, 384—395, and references
therein.

Lutz, J.-F. (2007) 1,3-dipolar cycloaddi-
tions of azides and alkynes: a universal
ligation tool in polymer and materi-

als science. Angew. Chem. Int. Ed, 46,
1018-1025.

Nandivala, H., Jiang, X., and Lahann,

J. (2007) Click chemistry: versatility

and control in the hands of materials
scientists. Adv. Mater, 19, 2197-2208.
Binder, W.H. and Sachsenhofer, R.
(2007) “Click’ chemistry in polymer

and materials science. Macroml. Rapid
Commun, 28, 15-54.

See articles references published at

the special issue ‘Click’ chemistry

in polymer science. Binder, W.H.

(ed.) Macroml. Rapid Commun, 29,
952-1185.

Carlmark, A., Hawker, C., Hult, A., and
Malkoch, M. (2009) New methodolo-
gies in the construction of dendritic
materials. Chem. Soc. Rev, 38, 352—362.
Fokin, V.V., Finn, M.G., and Sharpless,
K.B. (2006) Polymeric materials via click
chemistry. US Patent WO/2006/012569,
filed Jul. 22, 2005 and issued Feb. 2,
2006.

22.

23,

24,

25.

26.

27.

28.

29.

30.

31.

32.

Connal, L.A., Kinnane, C.R., Zelikin,
AN., and Caruso, F. (2009) Stabilization
and functionalization of polymer mul-
tilayers and capsules via thiol-ene click
chemistry. Chem. Mater, 21, 576-578,
and references therein.

Kohman, R.E. and Zimmerman, S.C.
(2009) Degradable dendrimers diver-
gently synthesized via click chemistry.
Chem. Commun, 794—796.

Nagao, Y. and Takasu, A. (2009) Click
polyester: synthesis of polyesters con-
taining triazole units in the main chain
by click chemistry and improved ther-
mal property. Macroml. Rapid Commun,
30, 199-203.

Xu, X.-D., Chen, C.-S., Lu, B., Wang,
Z.-C., Cheng, S.-X., Zhang, X.-Z., and
Zhuo, R.-X. (2009) Modular synthesis of
thermosensitive P(NIPAAm-co-HEMA)/
B-CD based hydrogels via click chem-
istry. Macroml. Rapid Commun, 30,
157-164.

Hawker, C.J., Fokin, V.V., Finn, M.G.,
and Sharpless, K.B. (2007) Bringing
efficiency to materials synthesis: the
philosophy of click chemistry. Aust. J.
Chem, 60, 381-383.

Wang, Q., Chittaboina, S., and Barnhill,
H.N. (2005) Advances in 1,3-dipolar
cycloaddition reaction of azides and
alkynes—a prototype of “click” chem-
istry. Lett. Org. Chem, 2, 136—138.
Bock, V.D., Hiemstra, H., and

van Maarseveen, J.H. (2006)
Cul-catalyzed alkyne-azide “click” cy-
cloadditions from a mechanistic and
synthetic perspective. Eur. J. Org. Chem,
51-68.

Wu, P. and Fokin, V.V. (2007) Catalytic
azide-alkyne cycloaddition: reactivity
and applications. Aldrichchim. Acta, 40,
7-17.

Meldal, M. and Tornge, C.W. (2008)
Cu-catalyzed azide-alkyne cycloaddition.
Chem. Rev, 108, 2952-3015.

(2009) http://clickchemicals.com/
Click_Chemicals.html (accessed 8 March
2009).

(2009) http://www.sigmaaldrich.com/
chemistry/chemical-synthesis/technology-
spotlights/click.html (accessed 8 March
2009).



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2009) http://www.scripps.edu/chem/
sharpless/click.html (accessed 8 March
2009).

Rovner, S.L. (2007) Stopping the tin
whisker stalkers. Chem. Eng. News, 85,
30-33.

Trachli, B., Keddam, M., Takenouti, H.,
and Srhiri, A. (2002) Protective effect of
electropolymerized 3-amino 1,2,4-triazole
towards corrosion of copper in 0.5M
NaCl. Corros. Sci, 44, 997-1011, and
references therein.

Diaz, D.D., Punna, S., Holzer, P.,
McPherson, A.K., Sharpless, K.B.,
Fokin, V.V., and Finn, M.G. (2004) Click
chemistry in materials synthesis. 1. Ad-
hesive polymers from copper-catalyzed
azide-alkyne cycloaddition. J. Polym. Sci.,
Part A: Polym. Chem, 42, 4392—4403.
Accurso, A.A., Diaz, D.D., and Finn,
M.G. (2009) Click chemistry in materials
synthesis. IV. Improved metal-adhesive
polymers by cui-catalyzed azide-alkyne
cycloaddition, submitted.

For an application of this phenomenon
in microcontact printing, see: Spruell,
J.M., Sheriff, B.A., Rozkiewicz, D.I.,
Dichtel, W.R., Rohde, R.D., Reinhoudt,
D.N.,, Stoddart, J.F., and Heath, J.R.
(2008) Heterogeneous catalysis through
microcontact printing. Angew. Chem. Int.
Ed, 47, 9927-9932.

Liu, Y., Diaz, D., Sharpless, K.B.,

Fokin, V.V., and Finn, M.G. (2007)
Metal-adhesive polymers from
cu(l)-catalyzed azide-alkyne cycload-
dition. J. Polym. Sci., Part A: Polym.
Chem, 45, 5182-5189.

Le Baut, N., Diaz, D.D., Punna, S.,
Finn, M.G., and Brown, H.R. (2007)
Study of high glass transition tem-
perature thermosets made from the
copper(I)-catalyzed azide-alkyne cycload-
dition reaction. Polymer, 48, 239-244.
Rozenberg, B.A. (1986) Kinetics, thermo-
dynamics and mechanism of reactions
of epoxy oligomers with amines. Adv.
Polym. Sci, 75, 113-165.

Lu, H., Lovell, L.G., and Bowman, C.N.
(2001) Exploiting the heterogeneity of
cross-linked photopolymers to create
high-Tg polymers from polymerizations

43.

45.

46.

47.

48.

49.

50.

51.

References

performed at ambient conditions. Macro-
molecules, 34, 8021-8025, and references
therein.

Gronwald, O., Snip, E., and Shinkai,

S. (2002) Gelators for organic liquids
based on self-assembly: a new facet

of supramolecular and combinatorial
chemistry. Curr. Opin. Colloid Interface
Sci, 7, 148-156, and references therein.
George, M. and Weiss, R.G. (2006)
Molecular organogels. Soft matter com-
prised of low-molecular-mass organic
gelators and organic liquids. Acc. Chem.
Res, 39, 489-497.

Ajayaghosh, A., Praveen, V.K., and
Vijayakumar, C. (2008) Organogels as
scaffolds for excitation energy transfer
and light harvesting. Chem. Soc. Rev, 37,
109-122, and references therein.
Bohidar, H.B., Dubin, P., and Osada,
Y. (2003) Polymer Gels: Fundamentals
and Applications, American Chemical
Society Symposium Series, Vol. 833,
Washington, DC.

A detailed collection of references in
this aspect can be found in: Diaz, D.D.,
Cid, J.J., Vazquez, P., and Torres, T.
(2008) Strength enhancement of nanos-
tructured organogels through inclusion
of phthalocyanine-containing comple-
mentary organogelator structures and
in situ cross-linking by click chemistry.
Chem. Eur. ], 14, 9261-9273.

Diaz, D.D., Rajagopal, K., Strable, E.,
Schneider, J., and Finn, M.G. (2006)
“Click” chemistry in a supramolecular
environment: stabilization of organogels
by copper(I)-catalyzed azide-alkyne

[3 + 2] cycloaddition. J. Am. Chem. Soc,
128, 6056-6057.

Diaz, D.D., Marrero-Tellado, J.J.,
Velazquez, D.G., and Ravelo, A.G.
(2008) Polymer thermoreversible

gels from organogelators enabled by
‘click’ chemistry. Tetrahedron Lett, 49,
1340-1343.

Hild, G. (1998) Model networks based
on ‘endlinking’ processes: synthesis,
structure and properties. Prog. Polym.
Sci, 23, 1019-1149.

Hoffman, A.S. (2002) Polysaccharide
colloidal particles as delivery systems for
macromolecules. Adv. Drug Deliv. Rev,
54, 3—12, and references therein.

113



114

52.

53.

54.

55.

56.

57.

4 Click Chemistry: A Quote for Function

Johnson, J.A., Lewis, D.R., Diaz, D.D.,
Finn, M.G., Koberstein, J.T., and Turro,
N.J. (2006) Synthesis of degradable
model networks via ATRP and click
chemistry. . Am. Chem. Soc, 128,
6564-6565.

Tsarevsky, N.V., Sumerlin, B.S., and
Matyjaszewski, K. (2005) Step-Growth
“Click” coupling of telechelic poly-
mers prepared by atom transfer radical
polymerization. Macromolecules, 38,
3558-3561.

O’Connell, M.]. (2006) Carbon Nan-
otubes: Properties and Applications, CRC
Press, Boca Raton.

de la Torre, G., Vazquez, P.,
Agullo-Lopez, F., and Torres, T. (2004)
Role of structural factors in the nonlin-
ear optical properties of phthalocyanines
and related compounds. Chem. Rev, 104,
3723-3750.

O’Regan, B.C,, Lopez-Duarte, I.,
Martinez-Diaz, M.V., Forneli, A.,
Albero, J., Morandeira, A., Palomares,
E., Torres, T., and Durrant, J.R. (2008)
Catalysis of recombination and its lim-
itation on open circuit voltage for dye
sensitized photovoltaic cells using ph-
thalocyanine dyes. J. Am. Chem. Soc,
130, 2906—2907, and references therein.
Ballesteros, B., Campidell, S.,

de la Torre, G., Ehli, C., Guldi, D.M.,
Prato, M., and Torres, T. (2007) Synthe-
sis, characterization and photophysical
properties of a SWNT-phthalocyanine
hybrid. Chem. Commun, 2950-2952, and
references therein.

58.

59.

60.

61.

62.

Campidelli, S., Ballesteros, B., Filoramo,
A., Diaz, D.D., de la Torre, G., Torres,
T., Rahman, G.M.A,, Ehli, C,, Kiessling,
D., Werner, F., Sgobba, V., Guldi, D.M.,
Cioffi, C., Prato, M., and Bourgoin,
J.-P. (2008) Facile decoration of
functionalized single-wall carbon nan-
otubes with phthalocyanines via “click
chemistry”. J. Am. Chem. Soc, 130,
11504-11509.

For the functionalization of SWNTSs
with polystyrene via CuAAC, see:

Li, H., Cheng, F., Duft, AM., and
Adranov, A. (2005) Funtionalization of
single-walled carbon nanotubes with
well-defined polystyrene by “click”
coupling. J. Am. Chem. Soc, 127,
14518-14524.

Juricek, M., Kouwer, P.H.J., Rehak,

J., Sly, J., and Rowan, A.E. (2009)

A novel modular approach to
triazole-functionalized phthalocyanines
using click chemistry. J. Org. Chem, 74,
21-25.

Baskin, J.M., Prescher, J.A., Laughlin,
S.T., Agard, N.J., Chang, P.V., Miller,
I.A., Lo, A., Codelli, J.A., and Bertozzi,
C.R. (2007) Copper-free click chem-
istry for dynamic in vivo imaging.

Proc. Natl. Acad. Sci. U.S.A, 104,
16793-16797.

Johnson, J.A., Baskin, ].M., Bertozzi,
C.R,, Koberstein, J.T., and Turro, N.J.
(2008) Copper-free click chemistry for
the in situ crosslinking of photodegrad-
able star polymers. Chem. Commun,
3064-3066.



5
Supramolecular Interactions and Smart Materials: C-X- - -X'-M
Halogen Bonds and Gas Sorption in Molecular Solids

Guillermo Minguez Espallargas

5.1
Introduction

The ultimate goal of a solid-state chemist is the rational design and synthesis of
crystalline materials with the presence of specific and tunable chemical or physical
properties, the so-called “smart materials.” Porosity, magnetism, chirality, conduc-
tivity, superconductivity, spin-transition, optical, and photophysical properties can
be exploited for a wide variety of applications including gas storage, separations,
electronic, catalysis, nonlinear optics, or drug delivery, and are therefore the objec-
tives of intense research activity. The occurrence of these properties in crystalline
materials” results from the combination of two aspects: (i) the molecular units
(building blocks) that compose the crystal and (ii) the arrangement of these building
blocks in the crystal. Controlling the former is relatively simple, and essentially it
is only limited to the imagination and creativity of the researcher, since molecular
chemistry has, over about two centuries, developed a wide range of very powerful
procedures for creating even more sophisticated molecules from atoms linked by
covalent bonds. On the contrary, organizing the molecules, or building blocks,
in a predetermined manner is difficult to accomplish given that the structure of
crystalline solids results from a delicate balance between all the intermolecular in-
teractions present in the crystal, maximizing the attractive ones and minimizing the
repulsive ones while, although not always, adopting the densest packing [1]. When
a single strong interaction dominates in the system other weak intermolecular in-
teractions normally play a secondary role in the crystal packing, providing support
to the stronger interactions. In this situation, control over the molecular packing
can successfully be achieved [2], although the presence of numerous weak interac-
tions can in some cases overwhelm much stronger interactions as a result of their
abundance [3]. Further difficulties can be encountered if the building blocks are

1) It should of course be acknowledged that represent the most desirable form of a
crystalline products might not always material with respect to a given application.
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potentially able to associate by utilizing more than one type of strong noncovalent
interactions: competition and cooperativity between them becomes crucial and
nontrivial. A design strategy incorporating intermolecular interaction hierarchies
has been recently successfully applied using strong hydrogen bonds and halogen
bonds [4], although in other cases unexpected results are obtained as a consequence
of the competition between intermolecular interactions [5]. Thus, the recognition
and understanding of the nature of (potential) intermolecular interactions are of
paramount importance for the deliberate organization of molecules.

Control on the arrangement of molecules in the solid state permits the rational
design of “smart materials.” Among these materials, those suitable for gas sorp-
tion present an ample variety which range from porous materials to nonporous
materials. In addition, the gas molecules can be sorbed either via weak interactions
(physisorption process) or by forming chemical bonds (chemisorption), which
provide great versatility to this type of materials.

The first part of this chapter focuses on the study of intermolecular interactions
involving halogen atoms, which are very abundant within many molecules, and
can act principally as either nucleophiles or electrophiles depending on their coor-
dination environment. Special attention will be given to their role as electrophiles,
which might appear at first surprising and counterintuitive given that halogen
atoms are typically viewed as being negatively charged. The second part of the
chapter presents one type of “smart materials,” those suitable for gas sorption,
a topic of current interest, and will focus on the unusual uptake of gases by
nonporous crystals involving cleavage and formation of covalent bonds of the gas
molecules and the framework. In these systems not only the gas molecules “‘enter”
the crystal without disrupting the internal order despite the lack of channels, but
a chemical reaction also occurs in the interior of the crystal in the absence of the
solvents.

5.2
Interactions Involving Halogens: Nucleophiles versus Electrophiles

Halogen atoms are most frequently terminally bonded, and consequently, they
are normally located at the periphery of the molecules. Thus, they are ideally
positioned to be involved in intermolecular interactions and, therefore, they can
play a fundamental role in the aggregation of molecules into solids, similar to the
importance of hydrogen bonds due to the almost ubiquitous presence of hydrogen
atoms on molecular surfaces in condensed phases. In addition, halogen atoms are
common constituents in inorganic and organic molecules, and are presentin a wide
range of materials. Understanding their behavior is accordingly a crucial aspect in
the rational design of halogen-containing materials; in fact, as will be detailed below,
the properties of halogens atoms vary greatly with their coordination environment
and differ enormously between metal-bound halogens, M—X (hereafter called
inorganic halogens), and carbon-bound halogens, C-X (hereafter called organic
halogens). Clear understanding of the nature of the type of interactions in which
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halogens can be involved is essential not only because they may interfere with
other noncovalent interactions but also because they can wisely be exploited to
direct the aggregation of molecular units for the design of materials with desirable
properties.

5.2.1
Halogens as Nucleophiles

Terminally bound halogen atoms exhibit a markedly anisotropic charge density
distribution around the halogen as a consequence of the involvement in the M—X
or C—X covalent bond of the halogen p-orbital that is coaxial with the bond and the
noninvolvement of the two orthogonal p-orbitals [6]. Examination of the electrostatic
potential in the vicinity of terminal halogens illustrates this point and shows the
presence of a belt located at 100-130° to the M—X or C-X covalent bond where
the negative electrostatic potential is minimum (Figure 5.1). The magnitude of the
negative electrostatic potential around the halogen depends on the bond polarity.
Thus, there is a more negative potential associated with inorganic halogens since

(b)

(d) (e)
Figure 5.1 Calculated negative elec- (a—c) and 4 kcal mol~" for organic halogens
trostatic potentials for model com- (d,e). The calculations are presented and de-
pounds (a) trans-[PdCl(Me)(PH3)2], (b) scribed in full in [6, 8]. Figures are adapted

trans-[PdI(Me) (PH3)2], (c) cis-[PdCl2(PH3)2],  from [6, 8] with permission of the American
(d) CH3Cl, and (e) CHsl, contoured at inter- Chemical Society and the National Academy
vals of 10 kcal mol~" for inorganic halogens of Science, USA.
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the M—X bond is more polar than the C—X bond; similarly, lighter terminal halides,
which are more electronegative, present a more pronounced minimum than heavier
halides. Therefore, metal halides, especially fluorides and chlorides, can serve as
potent and directional nucleophiles, as was first pointed out by Brammer, Orpen,
and coworkers for the case of metal chlorides [7] and later generalized for all
inorganic halogens through statistical and computational studies based upon data
from thousands of interactions involving halogens [6]. These results were extended
focusing on the cooperative effects of neighboring halide ligands in square planar,
tetrahedral, and octahedral metal halides [8]. Examination of the electrostatic
potential in the vicinity of a model cis-dichloride complex (Figure 5.1c) illustrates
that a cooperative effect between neighboring halides arises because of overlap of
the regions of negative electrostatic potential from the individual halide ligands,
thus creating a binding pocket for electrophiles [9].

Novel hybrid organic—inorganic materials with appealing properties can be
designed using perhalometallate anions as potent and directional hydrogen-bond
acceptors with suitable organic molecules as hydrogen-bond donors [10]. For
example, organic—inorganic layered perovskites that exhibit interesting electrical
(semiconducting) [11] and optical [12] properties have been synthesized [13].
Magnetic [14] and nonlinear optical [15] hybrid materials have also been designed
exploiting the nucleophilic character of perhalometallates, and the judicious design
of a multiple hydrogen-bond donor ligand which can encapsulate perhalometallates
has been employed for the recovery of metal salts [16]. Recently, some studies on
hydrogen bonded salts have demonstrated that N-H---X—M hydrogen bonds permit
the formation of N—M bonds in the solid state by the elimination of gaseous HX,
which will be discussed in detail in Section 5.4.5 [17, 18].

5.2.2
Halogens as Electrophiles

In contrast to the strong nucleophilic behavior of inorganic halogens, organic
halogens are at best very weak hydrogen-bond acceptors [19]. However, the most
relevant difference between both types of halogens can be understood by close
examination of the (anisotropic) calculated electrostatic potential around the organic
halogens of the model molecules from Figure 5.1d and e, which shows the presence
of a discontinuity in the negative potential in the region trans to the C-X bond.
This electron-deficient region, which is more pronounced for heavier halogens
(less electronegative), can be enhanced by the use of electron-withdrawing groups
attached to the carbon atom or by the use of positively charged molecules [20], thus
making plausible the attractive interaction of halogens with nucleophiles, which
was first recognized by Hassel 40 years ago [21]. The term “halogen bond” refers to
this type of interaction and can be defined as a directional (almost linear) attractive
noncovalent interaction involving halogens as electron acceptors [22]. For a given
nucleophile, halogen bonds are stronger for I > Br > Cl, due to the difference
in electronegativity, and are absent for F, whose electrostatic potential remains
negative all around the atom [23].
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Scheme 5.1 Schematic representation of the contributions
to the C—X---A interaction energy from electrostatic energy,
exchange repulsion and (n — ¢*) charge transfer.

To emphasize the similarities with the D—H---A hydrogen bonds, with which
they share numerous properties [22a], the general description D-X---A can be
applied to halogen bonds, where D is the (hydrogen or halogen bond) donor and A
is the (hydrogen or halogen bond) acceptor.” The same acceptors used for hydrogen
bonds are found as halogen bond acceptors; however, in the case of hydrogen bonds
typical donors are nitrogen or oxygen atoms whereas, in the case of halogen bonds
the donor is typically a carbon atom or another halogen. The main difference
between hydrogen bonds and halogen bonds, which imparts more versatility to the
latter regarding tuning the strength of the interaction, is the possibility of using
different halogens which offer distinct capabilities for the interaction with Lewis
bases, as will be discussed in later sections.

The nature of C-X:--A halogen bonds is not fully established and is still
under debate. They have been the focus of many theoretical investigations which
concentrate on the relative roles of electrostatic forces, polarization, dispersion, and
charge transfer in determining the geometry and stability of such complexes [24].
In small molecules, Allen, Taylor and coworkers, through combination of database
studies with ab inito calculations, have characterized the geometry of C-Cl.--O
halogen bonds and show that the interaction is primarily electrostatic, with minor
contributions from the other terms (Scheme 5.1) [24a]. However, halogen bonds
are often discussed in terms of a charge transfer between the Lewis base and the
C-X o* orbital [25] by analogy to halogen bonds involving dihalogen molecules, for
example X—X- - -N [26], where the lengthening of the X—X bond is a clear indication
of the charge transfer to an antibonding orbital.

Halogen bonds have been the focus of studies in the gas phase involving
dihalogen molecules [27], but more recently they have become the subject of
many investigations in the solid state, with a major emphasis on organic materials
[22a—c]. However, the use of halogen bonds in metal-containing materials is also

2) Note that the halogen bond (or hydrogen bond) acceptor is the electron (density)
bond) donor is the electron (density) accep- donor in these interactions.
tor, and the halogen bond (or hydrogen
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developing quite rapidly, mainly motivated by the variety of properties that metal
atoms provide [22d]. The strength of halogen bonds can be comparable to that of
hydrogen bonds [28], and in fact in some cases there is preference on halogen bond
formation over hydrogen-bond formation [29].

Iodo- and bromoperfluorocarbon moieties have been proved to form reliable
halogen bonds in condensed phases with a number of bases. The presence of the
electron-withdrawing fluorines strongly enhances the electron acceptor ability of
the organiciodine and in addition minimizes the interferences from the other weak
interactions, the C—F groups being very insensitive to the interaction with other
functional groups. This has permitted their application to dictate the arrangement
of molecules for topological reactions in the solid state [30], for the creation
of binding sites in crosslinked polymers [31], for layer-by-layer assembly of two
polymers [32], for the design nonlinear optical materials [33] and liquid crystals
[34], as anion receptors [35], for chiral resolution [36], for complex radicals to tune
the magnetic interactions [37], and also for the controlled growth of thin films
[38]. Nevertheless, the effectiveness of halogen bonds are not restricted to the use
of haloperfluorocarbons; activation of the halogens can also be achieved by other
means, such as sp hybridization of the carbon atom attached to the halogen or
use of positively charged molecules, leading to novel materials with interesting
properties. Examples of these include structural control of polyoxometallates [39],
polymerization [40], or design of conducting [41], magnetic [42], and luminescent
[43] molecular materials. Functionalization of porous materials with substituents
capable of halogen bonding is an interesting feature that can lead to many
applications, although competition with the formation of the network has yet to be
overcome [44]. Furthermore, it has also been recognized that halogen bonds play
an important role in fields different from materials chemistry, such as structural
biology, where they can direct the molecular folding of macromolecules such as
proteins or DNA [45].

5.3
Combining Complementary Environments: C—X- - -X'—~M Halogen Bonds

As shown in Section 5.2, halogen atoms can exhibit either nucleophilic or elec-
trophilic character depending upon their coordination environment, with the
formation of strong and directional D—H- - -X—M hydrogen bonds and C-X:--A
halogen bonds, respectively. Thus, one could envisage the combination of these two
contrasting but complementary environments to create a new type of supramolec-
ular synthon [46], C-X.--X'-M, that could be used in the supramolecular
construction of hybrid organic-inorganic systems given the abundance of halogen
atoms in organic and inorganic species, and has the potential to yield applications
in the control of conformations in metal complexes, and of substrate binding in
catalysis (Scheme 5.2).

The formation of such interactions was clearly demonstrated in the preparation
of neutral [47] and ionic crystalline materials [17, 48—50] using as halogen bond
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D—H----X Scheme 5.2 (a) M-X groups are directional Lewis bases
@) ML, that act as nucleophiles, typically as hydrogen-bond ac-
ceptors; (b) C—X groups are directional Lewis acids that
act as electrophiles; and (c) formation of directional

C-X--Base C—X:--X'=M halogen bonds by combination of the two
®) complementary environments of inorganic and organic
, halogens.
C—X----X\
(©) ML,

donors halogenated pyridines or pyridinium cations, respectively, and different
metal halides as halogen bond acceptors, thereby showing the applicability of the
C-X.--X'=M halogen bonds as an effective driving interaction for supramolecular
construction from neutral or ionic building blocks. In all cases, the halogen bond
geometry (linear interactions at the organic halogen and markedly bent interaction
at the inorganic halogen) suggests an interaction within which the organic and
inorganic halogens function as electrophile and nucleophile, respectively. Never-
theless, a clear understanding of the nature of C-X: - -X'—M halogen bonds would
be necessary to provide a successful application of this synthon for materials design.

Zordan et al. synthesized a series of molecular crystals of general formula
trans-[MCl, (3-Xpy)2] (M = Pd, Pt; 3-Xpy = 3-halopyridine; X = F, Cl, Br, I) which
are propagated solely via C—X-: - -Cl-M halogen bonds (X # F) (Figure 5.2) [47a].
The halogen bonds were observed to be stronger for heavier organic halogens
(I > Br > Cl) and absent when X = F, consistent with both a charge transfer and
an electrostatic model for this interaction. The calculated electrostatic potential of
the series of compounds trans-[PdCl,(3-Xpy),] shows a positive potential associated
with the heavy organic halogens (I > Br > Cl), whereas the potential remains
negative for X = F. Thus, this suggests that the electrostatic contribution to a
putative C—F- - -Cl-M interaction would be repulsive [23]. Therefore, in that study
it was concluded that an electrostatic component to C—X: - -X'—M interactions may
be quite important, although the use of only one type of inorganic halogen and the
adoption of five separate C—X- - -Cl-M propagated networks limited the extent to
which the importance of the electrostatic contribution could be assessed relative to
other contributors, notably charge transfer.

Figure 5.2 1D tape formed in trans-[PdCl; (3-Ipy),]. Palla-
dium and chloride ligands shown in dark gray, carbon-bound
iodine in light gray, and all other atoms in black (C, H, N).
Black dotted lines represent C—I---Cl-Pd halogen bonds.
Halogen atoms are represented as spheres.
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These limitations for the correct establishment of the nature of the C-X: - - X'-M
were overcome in a subsequent study on a series of isostructural networks
(4-XpyH);[CoX'4] (X = Cl, Br; X' = Cl, Br, I) which permit the systematic variation of
both the organic and the inorganic halogens without structural changes, including
doping to give mixed halide sites [49]. Correlation of intermolecular interaction
geometries with their strength in the solid state is often problematic, even in
chemically related compounds, because of large differences between the crystal
structures of the compounds, which can have a profound effect on the metrics of
a given intermolecular interaction. However, this family of compounds overcomes
this difficulty due to the isostructurality of all the members. This allows the
relative importance of electrostatic and charge transfer contribution to be evaluated
since other interactions remain effectively constant within the series. As shown in
Figure 5.3a, the compounds form one-dimensional tapes propagated via bifurcated
N-H---X;Co hydrogen bonds and C-X:--X'-Co halogen bonds. Figure 5.3b
presents the interhalogen X- - -X’ distance normalized to account for differences in
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Figure 5.3 (a) Network formed in crystal C—X:--X'=Co halogen bonds. Halogen atoms

structures of (4-XpyH),[CoX'4]. Cobalt and are represented as spheres and (b) variation

halide ligands shown in dark gray, organic of C—X.--X'=Co halogen bond distances with
halogens in light gray, and all other atoms  change of halogen. Distances, Rxyx, are nor-

in black (C, H, N). Black dotted lines rep- malized to account for differences in van der
resent N—H- - -X;Co hydrogen bonds and Waals radii of the different halogens [51].
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the van der Waals radii of the different halogen atom, R,y [51]. This normalization
permits the comparison of halogen bond distances for the different compounds
using a common scale, and it is clear that the halogen bonds are shorter, and by
implication stronger, for the heavier organic halogen species (C-X), but weaker
for the heavier inorganic halogen species (Co—X). This result is consistent with
a dominant contribution of electrostatics in the C-X---X'-M halogen bonds.
The opposite trend upon changing the inorganic halogen would be expected if
the n — o* charge transfer were the dominant contributor to the halogen bond
(requiring a stronger halogen bond for Co-I > Co-Br > Co—Cl). This structural
study was combined with DFT calculations of electrostatic potentials, which gave
theoretical confirmation of the trends in C-X:--X'-M halogen bond geometry
observed across the series [52].

Two members of the previous series of isostructural compounds,
(4-ClpyH);,[CoCly] and (4-ClpyH),[CoBr4], were further investigated at extreme
conditions [50]. Specifically, structural changes were studied by single crystal
X-ray diffraction at nine temperatures (from 300 to 30 K) and nine pressures
(from atmospheric pressure to about 4 GPa) in order to gather information on the
compressibility of the different types of noncovalent interactions. Interestingly, the
reduction in unit cell volume is more pronounced with the application of pressure
than with the reduction of temperature (about 18% vs. about 5%). In addition,
this compression is not isotropic but varies with the type of interactions in each
direction. For instance, the direction in which N-H- - -X;Co hydrogen bonds and
C-X.--X'-Co halogen bonds are present is only reduced to about 3%, while the
orthogonal directions are compressed more than 10%. This demonstrates that
these two types of interactions possess a deep potential well, typical of strong
attractive interactions, which are difficult to deform. The electrostatic nature of
these strong attractive interactions was further confirmed by the study of the
“internal” or “‘chemical” pressure exerted upon changing the larger [CoBry]?~
anion for a smaller [CoCl4]*~ anion, which has an effect on the unit cell volume
similar to the application of an external pressure of about 1 GPa, thus affording
comparison of isovolumetric (and isostructural) compounds which are chemically
different. This chemical pressure is quite anisotropic. Comparison of pairs of
structures with equivalent volumes shows a compression along the direction of
the tapes for the compound containing [CoCl4}*~ anions and a corresponding
expansion in the other directions. This clearly implies that the N—H- - -X;Co and
C-Cl- - -X-Co interactions that propagate the tape are more attractive for X =
Cl than for X = Br, consistent with an electrostatic model for the N-H- - -X,Co
hydrogen bonds and C—Cl. - -X—Co halogen bonds.

Because of the ubiquity of halogen atoms in both organic and inorganic com-
pounds the establishment of the nature of the C-X: - -X’—~M halogen bond provides
an impetus for a wide range of applications to supramolecular construction of
organic—inorganic hybrid materials. Furthermore, the strength of C-X.--X'-M
halogen bonds can be easily tuned through the choice of halogen and the electronic
environment of both the organic and inorganic components. This strong and
directional interaction has been used in the crystallization of a very large linear

123



124

5 Supramolecular Interactions and Smart Materials

halocuprate anion [53], in the synthesis of three-dimensional hybrid networks
propagated solely via this interaction [54], in the design of molecular conductors
[55], and, as will be detailed in Section 5.4.5, in developing materials that undergo
solid—gas reactions with HCl gas [17].

5.4
Smart Materials for Gas Sorption

The previous sections have presented the understanding of noncovalent interac-
tions involving halogen atoms and have also introduced some of the areas where
they have been applied in order to control the arrangement of molecules in the solid
state. This control on the assemblage of building blocks is essential for the design
of smart materials, such as those suitable for gas sorption, where the positioning
of the molecules can permit (or prevent) the appearance of the property of interest.

Gas sorption by designed porous crystalline materials is a topic of intense
current interest [56] with a number of potential applications including gas storage,
separations, and molecular sensing [57]. However, sorption of gases is not restricted
to the presence of pores in the materials since it is also possible for gas molecules to
“enter” a crystal without disrupting its crystallinity in the absence of channels [58].
Reviewing the literature on gas sorption shows that these processes are normally
classified depending on the nature of the absorbing material, that is, porous or
nonporous. However, three general major differences can be encountered looking
instead at the process of the gas uptake, which are common for both porous and
nonporous materials: (i) the binding interaction of the gas molecules with the
framework ranges from weak dispersion interactions (physisorption) to strong
covalent bonds (chemisorption); (ii) the sorbed gas molecules can either be located
in voids of the material or be incorporated into the framework; and (iii) cleavage of
covalent bonds of the gas molecules may occur as a result of the sorption process.
Thus, taking into account these observations gas—solid reactions can be classified
into five separate categories each enclosing both porous and nonporous materials
(Scheme 5.3).

5.4.1
Physisorption of Gases (Type I)

Zeolites are the traditional rigid porous materials suitable for gas and solvent uptake
[59]. Their robust framework does not collapse with guest removal, thus permitting
reversible uptake and removal, which facilitates a wide variety of applications
including petrochemical cracking, ion exchange, separations, and extraction. More
recently, a specific class of porous materials known as metal-organic frameworks
(MOFs) have shown particular efficacy in the sorption of gases such as H,,
CHy, and CO;, which are important for future developments in the energy and
transportation sectors of the economy, and are nowadays undoubtedly the most
studied class of porous materials [56]. The pore walls of MOFs most commonly
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Scheme 5.3 Classification of the different types of
gas—solid reactions in porous and nonporous materials.

comprise hydrocarbon moieties arising from the use of organic ligands to link
between metal sites. Such materials often provide only dispersion forces as a means
of containing guest molecules. Thus, gas molecules are typically physisorbed and
therefore rather weakly bound to the interior surfaces of the pores [60], although
recent developments have shown that binding of gas molecules may be feasible
through strong noncovalent interactions, for example, hydrogen bonding, within
the pores [61]. Crystallinity of the solid may be retained in many cases after sorption
or desorption [62], but often this is not the case [63]. In general, the pores formed
in crystals are uniform and therefore inclusion phenomena in all the channels
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are identical. However, if two (or more) distinct channels exist in a crystal, they
may take up two (or more) guests independently. Such biporous materials make,
for example, the simultaneous isolation or transportation of two different guests
possible, and are extremely rare [64].

Physisorption of gases can also occur in nonporous materials, as was reported
by Atwood et al. in the gas uptake by crystalline p-'Bu-calix[4]arene in one of
its polymorphs [65]. This organic system, although nonporous, possesses void
spaces accessible to guest molecules which are then confined by dispersion forces.
The proposed mechanism for the gas uptake in this system involves cooperative
alkyl group motions that permit the gas molecules to “enter” the crystal without
disrupting its crystallinity. Since the discovery of this unusual behavior, many other
related organic compounds possessing ‘“porosity without pores” [66] have been
reported which are not only interesting for the uptake of H,, CH,4, and acetylene,
but also for many technological applications [58].

5.4.2
Chemisorption of Gases (Type Il)

Physisorption of gases has been studied extensively for storage and catalysis
applications, but reversible gas incorporation can also involve covalent bond
formation in what is known as chemisorption. Although maintaining the crystallinity
of the solid in this type of process is a much rarer phenomenon than in the
physisorption of gases, there are a few reports both in porous [67] and nonporous
materials [68]. Chemisorption is an attractive process for gas sorption which
overcomes the limitation of the low temperature needed for physisorption due
to the low heat of adsorption of the process. This may have potential for the
development of materials for gas storage at room temperature. In addition, where
a change in the coordination environment of the metal center is involved can lead
to changes in physical properties which make such materials suitable for sensing
devices.

Most common are reactions that involve solvent-molecule coordination upon
uptake by an evacuated framework in a porous transition metal coordination
framework compound. Typically, a single metal-ligand bond is formed, and trans-
port of the solvent (ligand) molecule through the crystal is relatively facile owing
to the available channels [67]. Zur Loye and coworkers present the change in coor-
dination environment in the mixed-metal 3D porous MOF [Co;(ppca)2(V4O12)05]
(ppca = 4-(pyridin-4-yl)pyridine-2-carboxylate) from five (distorted trigonal bypi-
ramidal) to six (distorted octahedral) upon water chemisorption (Figure 5.4) [67a].
Surprisingly, this causes an expansion of the channels of the framework from about
6—15% of the crystal volume, although they are partially filled with noncoordinated
water. Interestingly, the process is accompanied by a change of color of the crystals
from brown to red.

An early example of chemisorption involving a nonporous crystalline material
reported by van Koten and coworkers involves the reaction an organoplatinum
complex with SO, gas, and might find use as a gas sensor or even as an
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Figure 5.4 Change in the Co coordination sphere in

[Coz (ppca)2 (V4012)0.5] upon chemisorption of water. Co is
shown in dark gray, N in dark gray, O in black, and H in
white.

optical switch [68a]. In this reversible reaction, the coordination geometry at the
platinum center is converted from square planar to square pyramidal and requires
the formation of only an axial Pt—S bond enabling SO, to be bound upon its
uptake by these crystals. When crystalline [PtCl(C¢H;(CH;NMe;),-2,6-OH-4)] is
exposed to an atmosphere of SO,, absorption of the gas by the platinum sites
is indicated by a dramatic color change of the material from colorless to deep
orange. Surprisingly, this process occurs without the loss of crystallinity, despite
the change in the geometry around the platinum center. Part of the reason for
this remarkable behavior is that the crystalline framework is held together by
O-H- - -Cl-Pt hydrogen bonds which can easily tolerate the deformation.

543
Chemisorption of Gases with Incorporation into the Framework (Type I11)

Very recent studies show the chemisorption of gas molecules by molecular crystals
where the gas molecules are not only covalently bound upon absorption but also
incorporated into the framework, involving processes akin to intercalation [69, 70].

An unusual example of gas insertion was recently reported by Rosseinsky
etal. [69a]. Porous crystalline [Coj(U,-bipy)s(ii-bipy)(SO4),(CH30H)] (bipy =
4,4'-bipyridine) possesses two distinct octahedral Co centers which differ in two of
the coordination sites: in one case, they are occupied by terminal bipy ligands and
in the other case by two methanol molecules. This compound is able to reversibly
sorb 2 mol of water per formula unit at ambient conditions provoking a substitu-
tion reaction at the two independent Co centers. The water molecules displace the
monocoordinated bipy ligand and the coordinated methanol molecule, resulting in
the complex [Co, (bipy)s(SO4)2(H20),](bipy)(CH3OH), where the Co centers have
equivalent environments. One of the inserted water molecules hydrogen-bond to
the leaving bipy, which serve as bridges between Co centers.

Brammer and coworkers have synthesized a nonporous coordination network
based upon silver carboxylate dimer units linked via neutral tetramethylpyrazine
ligands, [Ag, (TMP);{0,C(CF;)3;CF3}4] (TMP = tetramethylpyrazine). This material
reacts with vapors of ethanol resulting in [Ag, (TMP);{O,C(CF,);CF3}4(EtOH),],
where the Ag,(O,CR), dimer is expanded due to the insertion of an EtOH
molecule into one of the Ag—O bonds (Scheme 5.4) [70a]. This reaction requires
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Scheme 5.4 Expansion of the Ag,(O,CR), dimer upon
ethanol uptake [70a]. The coordination spheres of the Ag
atoms are completed with tetramethylpyrazine ligands (not
shown for clarity).

a rearrangement of the coordination sphere of the metal center in addition to
substantial ligand motions, but nevertheless crystallinity is maintained. Because
of the lack of channels for the alcohol molecules to enter the crystal, the authors
propose a mechanism where a cooperative motion of the flexible fluoroalkyl chains
allow the ethanol molecules to reach the metal centers for the chemical reaction.

5.4.4
Combined Physisorption and Chemisorption of Gases with Incorporation into the
Framework (Type IV)

A remarkable type of solid—gas reactions with profound structural changes
involves, typically, the uptake of volatile acids via cleavage of covalent bonds
of the gas molecules (normally H-A) with the generation of two fragments,
one that is chemisorbed and incorporated into the framework (H') and
the other which is physisorbed in voids of the materials (A~). These reac-
tions have been extensively studied in organic systems [71], although more
recently Braga etal. have demonstrated that the uptake of volatile acids by
organometallic compounds is also feasible [72]. They have shown that the
organometallic zwitterion [Co(n® — Cs H4CO, H)(n° — Cs H4CO,)] reacts with
aqueous HX vapor to form crystalline [Co(® — Cs H4CO, H),]X - nH,0 (X =
Cl", BF,, CF3COO~, CHF,COO~, CH,CICOO "), a reaction which is also
reversible upon thermal treatment of the resultant salts under low pressure.
Formation and cleavage of hydrogen bonds as well as protonation of the carboxylate
groups is required in order to accommodate the gas molecules in the solid. The
incorporation of H,O molecules in some cases and the use of wet vapors suggest
that water may be important in this type of reactions, and the gas sorption could
even occur via microscopic recrystallization.

5.45
Double Chemisorption of Gases with Incorporation into the Framework (Type V)

An extremely uncommon situation is the sorption of gases involving cleavage of
a covalent bond followed by the chemisorption of both fragments, in what can be
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called double chemisorption. This situation has only been reported for the sorption
of HCI, where the covalent bond is broken with the formation of a H* and a
Cl™ fragment. The proton coordinates a pyridine derivative, while the chloride
coordinates a metal center [17, 18b].

Some of the hybrid organic—inorganic materials presented in Section 5.3 which
form N-H- - -CI-M hydrogen bonds are able to extrude HCl gas molecules generated
in situ inside the crystal. This remarkable process is analogous to the elimination
of gaseous H; from N-H-.-H-E dihydrogen bonds (E = B, Ga) reported by
the groups of Jackson and Gladfelter for the preparation of covalently bonded
systems inaccessible by other means [73]. The resultant compounds from the
HCI extrusion are nonporous solids that are able to reabsorb HCI involving
multiple structural changes while keeping their crystallinity. More specifically,
(3-XpyH);[CuCly] (3-XpyH = 3-halopyridinium; X = Cl, Br) were found to release
HCI gas leading to conversion into trans-[CuCly(3-Xpy),] (Figure 5.5) [17]. The
original compounds are a yellow crystalline material in which halopyridinium
cations are linked to the distorted tetrahedral [CuCly]*~ anions via a series of
bifurcated N-H- - -Cl,Cu hydrogen bonds and C—X- - -Cl-Cu halogen bonds (see
Section 5.3 for a complete description of this interaction). The products of HCI
loss are blue molecular crystalline materials in which the copper center has square
planar coordination and molecules are linked solely via C-X.--Cl-Cu halogen
bonds. Although the yellow salts can be prepared as single crystals their conversion

o

(a) (b)

Figure 5.5 Interconversion

of (3-XpyH)2[CuCl4] (a) and

trans-[CuCl; (3-Xpy)2] (b) showing crystal
structures [17]. (a) 1D network propa-
gated via N—H- - -Cl,Cu hydrogen bonds

and C-X:--Cl-Cu halogen bonds, indicated
as black dotted lines and (b) 2D network
propagated via C—X:--Cl-Cu halogen bonds
represented as black dotted lines. Halogen
atoms are represented as spheres.
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(b)

Figure 5.6 Reaction of mixture of trans-[CuCl, (3-Clpy)2] (blue)
trans-[CuCl, (3-Clpy)2]— (3-ClpyH)2[CuCl4] and (3-ClpyH)2[CuCl4] (yellow). Reproduced
in the presence of vapor HCl after (a) from [17a] with permission of the American
0 hour; (b) 2 hours; and (c) two days. Chemical Society.

Note that intermediate color green is a

to the blue coordination compound results in a polycrystalline powder. Thus, X-ray
powder diffraction data was used to solve the structures of trans-[CuCl;(3-Xpy)a]
and obtain a good fit in structure refinement by Rietveld methods. Remarkably,
upon exposure to vapor from concentrated aqueous HCl the blue material becomes
yellow (Figure 5.6) and the resulting crystalline product was confirmed to be
the original salt using powder diffraction. Similar studies carried out by Orpen
and coworkers have also shown that salts of the form (bipyH;)[MCl] (bipy =
4,4'-bipyridine; M = Co, Zn) and coordination polymers trans-MCl, (bipy)] can be
interconverted by heating or treatment with aqueous vapors of HCI [18b]. These
studies clearly demonstrate a new applicability of solid—gas reactions as a novel
route for covalent materials.

The mechanism of the gas uptake by nonporous materials is unclear. As
mentioned before, the most plausible mechanism for such reactions seems to
be one involving a water-assisted microscopic recrystallization, analogous to that
demonstrated for some anion exchange reactions involving crystalline network
solids [74]. However, the possibility of this mechanism was very recently ruled
out by carrying out the HCI gas uptake by crystalline trans-[CuCl,(3-Clpy),] under
anhydrous conditions. The reaction proceeds in the absence of solvent or water
vapor, that is a direct solid—gas reaction, which is remarkable given the many
structural changes that take place [17b].

In addition, this solid—gas reaction has been established to be an equilibrium
process. In a closed system no release of HCI (no change of color) takes place
when the crystalline yellow material (with HCI) is placed on its own. However,
HCI release can be promoted in a closed system by trapping the HCI with Ag*
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ions (with the formation of AgCl). This solid—gas reaction was confirmed to be
an equilibrium process by following the release of HCI gas by time-resolved gas
phase IR spectroscopy. In a closed system where all gases have been previously
evacuated, the HCI pressure was monitored and found to increase rapidly with time
at the outset and reached a maximum pressure, indicating the establishment of the
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Figure 5.7 (a) Pressure increase of HCl gas for HCl at equilibrium, showing the bands

release by (3-ClpyH),[CuCls] at 35°C (de-
rived from IR absorbance measurements)
versus time (exponential fit) and (b) varia-
tion with temperature of the IR absorbance

P(1), P(2), P(3), and P(4). Figures are
adapted from [17b] with permission of the
American Chemical Society.
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equilibrium (Figure 5.7a). The solid—gas equilibrium constant was determined at
1.03(5) x 107° [AG” = 29.5(1) kJ mol '], indicating good sensitivity (in the range
200—20 000 ppm) of the blue nonporous material to HCl gas. Further confirmation
of the solid—gas equilibrium was obtained by displacing the equilibrium position by
changing temperature (Figure 5.7b). Specifically, the equilibrium pressure of HCI
increases with increase in temperature, indicating HCI extrusion is endothermic.
Importantly, a reduction in temperature returns the equilibrium pressure to
its original lower value thereby confirming the ability of the blue coordination
compound to react directly with gaseous HCl in the absence of water.

To better understand the mechanism of this type of reaction, which still remains
unknown, a series of time-resolved in situ and ex situ structural studies of a range
of molecular crystals were undertaken under temperature control to direct the
elimination of HCI [17Db]. A plausible mechanism could involve stepwise loss of
the two equivalents of HCI, requiring the formation of an intermediate phase
resulting from the loss of one molecule of HCI per formula unit of the ionic
compound. Rietveld analysis revealed an excellent fit to a two-phase model for
each pattern indicating the absence of a detectable intermediate crystalline phase
in the reaction, with no evidence for formation of an amorphous phase during the
reaction. Furthermore, the rate constant of the reaction was determined as 1.1 x
1073 s7L

5.5
Conclusions

An important group of atoms normally involved in noncovalent interactions are
halogens, not only due to their ubiquitous presence at the periphery of molecules,
but also because of their amphiphilic character: halogen atoms can interact with
either nucleophiles or electrophiles. This chapter has presented recent studies on
the reliability of M—X and C—X groups to act as nucleophiles and electrophiles,
respectively. The combination of both environments can be exploited in the
formation of the supramolecular synthon C-X:--X'-M, which has proved to be
robust and reliable. The strength of this synthon can be tuned by choice of the
halogens involved to be comparable to strong hydrogen bonds. Thus, this adaptable
interaction shows promise as an alternative or complement to hydrogen bonds and
provides a valuable synthetic tool for supramolecular chemistry.

The second part of this chapter focuses on gas sorption materials. Since this
process involves the cooperative movement of atoms in solid state, it is the porous
crystalline compounds that comprise the major category of this type of reactions,
although it has been shown that nonporous materials can also sorb gases. A novel
classification for gas sorption is proposed on the basis of the process of the gas
uptake instead of on the nature of the absorbing material, illustrated with recent
examples from the literature. An attractive goal in this area is the intentional
assemblage of molecules that are capable of absorbing molecules from the gas
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phase and react, which could be exploited to produce new materials in crystalline

form otherwise not achievable.
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Application of Advanced Solid-State NMR Techniques to the
Characterization of Nanomaterials: A Focus on Interfaces and
Structure

Niki Baccile

6.1
Introduction

This chapter illustrates the use of solid-state NMR spectroscopy for the character-
ization of some examples of engineered nanomaterials. The chapter is structured
as three main sections: the first one provides a short introduction to NMR methods
keeping the main focus on the practical tools which are exploited in the wide bib-
liography on nanomaterials; the second one presents a broad review of solid-state
NMR studies to selected examples of nanomaterials (nanocarbons, nanoparticles,
quantum dots (QDs), self-assembled, and mesostructured solids); and the last one
provides an overview of some work by the author, mainly concentrating on the
characterization of organic/inorganic interfaces of mesostructured solids and on
the amorphous structures of carbon spheres.

The ultimate goal is to show how solid-state NMR can be used in the study
of surface, interfacial, and structural features of nanomaterials (Scheme 6.1), to
provide information on what has been mainly achieved so far, and to direct attention
toward more specific sources to carry on similar studies.

6.2
Solid-State NMR Tools

In the past 25 years, solid-state NMR experienced many technical and theoretical
developments, which allowed recording of extremely well-resolved spectra, hence
overcoming the problems of lack of resolution, which are intrinsic to this technique.
In fact, the absence of Brownian motion, which generally averages out interactions
like dipolar coupling (DC) in solution NMR, contributes to their introduction in
the solid state. The most relevant NMR interactions in solid state are chemical
shift anisotropy (CSA), which is directly related to the chemical environment of
the nuclei; DC, which is a through-space interaction and directly related to the
internuclear distance; quadrupolar coupling which corresponds to the interaction
between the quadrupolar moment of a given nucleus and the local electric field
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Interaction
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molecules

Scheme 6.1 Schematic view of several aspects belonging
to nanomaterials which can be studied using solid-state
NMR: structure, self-assembling/templating, functionaliza-
tion, confinement, interfaces.

gradient. Finally, J-coupling, which is often neglected in solid state, is characteristic
of chemical bonding between nuclei. These interactions may be extremely strong
(up to megahertz) and the lack of resolution in the final NMR spectra can limit
the application of the technique unless several tools, listed below, are used to
enhance spectral resolution. Some typical pulse sequences as well as their practical
applications are also reported for convenience. For an overview on NMR, one could
refer to [1], while for more insights on solid-state NMR one could refer to [2—4].
For fairly explanatory descriptions of basic NMR principles and their application
in chemistry, one could refer to Andrew and Szczesniak [5], Blanc et al. [6] and, in
particular, to Laws et al. [7]. We begin with a brief description of the main tools
used for spectral resolution and information extraction as directly related to what
is presented in the next sections.

+ Chemical shift anisotropy: CSA is a factor responsible for large broadening in
solid-state NMR of powders. It can be efficiently removed by spinning the sample
holder (zirconia rotor) around its axis which forms a 54.74° angle with the external
magnetic field. This is generally termed as magic-angle spinning (MAS) and it
only refers to a mechanical treatment of the sample. In some occasions, CSA can
be efficiently exploited to recover valuable information on the local symmetry of
the nucleus. For more information, the reader can refer to paragraph 4.4 of [7].

J-coupling: This is a scalar through-bond interaction whose values are relatively
weak (10-150 Hz) when compared with other interactions (e.g., CSA or DC)
in solids and it is generally not observed. Nevertheless, provided all other
interactions averaged (through MAS, radio frequency — RF- pulse sequences, or
local mobility), it is possible in some cases to exploit J-coupling interactions in
solids (both homonuclear and heteronuclear) via RF pulse sequences which use
either single quantum (SQ) (INEPT (insensitive nuclei enhanced by polarization

.



6.2 Solid State NMR Tools

transfer) [8], HSQC (heteronuclear single-quantum correlation) [9]) or double
quantum (DQ) SQ (heteronuclear multiple-quantum correlation (HMQC) [10],
INADEQUATE (Incredible Natural Abundance DoublE QUAntum Transfer
Experiment) [11]) coherences excitation. In general, J-resolved techniques can be
edited via two-dimensional correlation maps allowing a clear and direct way of
interpretation of the internuclei interactions via correlation cross-peaks.

Dipolar coupling (DC, [=1/2): This interaction depends on the internuclear
distance ( ~ 1/r%) and it can be a source of extreme line broadening for rigid
solids. Two main ways exist to average the dipolar interaction and recover
resolution: either via MAS or via RF pulse sequences.” In both cases, the
characteristic frequency associated to MAS or RF pulses must be larger than
the characteristic frequency of the interaction, knowing that the homonuclear
'H-'H DC is by far the strongest interaction in spin-1/2 solids (up to 100kHz
according to internuclear distance). In general, in solid state (where some local
motion may nevertheless occur and which contributes to reduce the intensity
of the interaction), DC is not completely averaged out but it can actually
be exploited for a number of informative experiments which bring valuable
internuclear information. DC can even be reintroduced via RF pulse schemes in
order to excite multiple-quantum coherences, which can be selected to provide
unique information on through-space coupled spin pairs. Since DC depends
on coupled spins, it is possible to put in evidence direct correlations between
them via easy-to-read two-dimensional maps. Table 6.1 summarizes some of
the main techniques used to reduce, and exploit at the same time, the dipolar
interaction in the most informative possible way. This is not meant to be an
exhaustive list but rather a guideline used in conjunction with Table 6.2 with
respect to the NMR work presented in the rest of the chapter. For additional
information and more recent insights on these topics together with some
examples, one can refer to [7, 12—14]. A special, very important, mention concerns
the cross-polarization (CP) technique highlighted on purpose in Table 6.1. CP
consists in a transfer of magnetization between abundant (I) and dilute (S) dipolar
coupled nuclear spins and, together with MAS, CP is routinely used to enhance
the sensitivity of rare low-y (S) nuclei (e.g., *C, 2%Si) using, most commonly, the
magnetization transfer from abundant nuclei, like 'H. This has several benefits:
(i) long spin-—lattice relaxation times (T;) are lowered consequently reducing
the overall acquisition times of the experiment; (ii) sensitivity is increased;
(iii) the characteristic time of the S-I interaction can be manually tuned via
the adjustment of the CP contact time (tcp); and (iv) valuable information on
the structure and chemistry of the sample (sensitivity to a protic environment,
molecular mobility) can be extracted by manipulating the tcp time.

Quadrupolar coupling (I>1/2): Quadrupolar nuclei have spin quantum number
larger than 1/2; they experience a strong coupling between the nuclear spin and

1) In this case, a number of homonuclear
(mainly 'H-'H) and heteronuclear decou-
pling pulse schemes exist.
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Table 6.1 Nonexhaustive summary of the main techniques
and pulse schemes used to gain in sensitivity, resolution, and
spatial information in solid-state NMR provided magic-angle
spinning of the sample.

Heteronuclear Homonuclear
1D 2D 1D 2D

DEC CW [16], TPPM [17] CRAMPS [18], LG [19], FSLG [20],

PMLG [21], DUMBO [22]
MAS CP [23] WISE [24], NOESY/EXSY NOESY/EXSY
HETCOR [25]  [13]

MAS+REC TRAPDOR [26], TRAPDOR, DRAMA* 28], RR [29], RFDR [30],

REDOR [27] REDOR C7* [31], SC14* [32], BABA* [33]

Asterisk (*) indicates pulse schemes based on double quantum coherence excitation. The

terminology “spin diffusion” may also be employed by some authors. The TRAPDOR pulse
scheme is used between a spin-1/2 and quadrupolar nuclei.

the electric field gradients around the nucleus due to the nonspherical charge
distribution. Direct consequences are a higher number of transitions between
spin states and complex broad lineshapes, which MAS only partially averages in
some favorable cases. Half-integer spins constitute the most abundant category
and the main approach to their study involves the use of multiple-quantum
techniques combined with magic-angle spinning (MQMAS [15]), which allow
the identification of nonequivalent quadrupolar sites via a two-dimensional
correlation map [3]. Spins with integer values, and, in particular, those with I =
1 (e.g., 2H, *N), do not have a central transition (1/2/ — 1/2) and a doublet of
peaks (or horns) is generally observed; the width between the two peaks is a way
of measuring the nuclear electric quadrupolar moment and it is very sensitive
to molecular motion. For this reason, acquisition under static conditions is a
widely used strategy to study the dynamics of molecules having nuclear probes
with I=1.

Table 6.2 couples the main techniques introduced in Table 6.1 to a series

of practical issues that can be addressed during a typical study on materials
in general and nanomaterials in particular. The acronyms are outlined below
while the corresponding reference papers have been provided in the text and in
Table 6.1. In both Tables 6.1 and 6.2, the heteronuclear (e.g., 'H-13C, 'H-3!P)
and homonuclear (e.g., 'H-'H, 3!P-3!P) character of the pulse sequence is
clearly addressed as well as the possibility of performing one-dimensional or
two-dimensional NMR experiments, where, in the last case, typical 2D maps
giving access to a direct interpretation of interactions can be obtained. For
more information on multidimensional NMR techniques, the reader can refer
to [3].
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6.3 Nanocarbons

6.3
Nanocarbons

6.3.1
Fullerenes

Fullerene, discovered in 1985 [34], is a family of carbon allotropes, molecules
composed entirely of carbon, in the form of a hollow sphere, ellipsoid, tube, or
plane. Spherical fullerenes are also called buckyballs, and cylindrical ones are called
carbon nanotubes (CNTs) or buckytubes. Graphene is an example of a planar fullerene
sheet. Fullerenes are similar in structure to graphite, which is composed of stacked
sheets of linked hexagonal rings, but may also contain pentagonal (or sometimes
heptagonal) rings that would prevent a sheet from being planar. Applications vary
from medicinal use to heat resistance devices and superconductivity.

Solid-state 1*C NMR studies have been accomplished on fullerenes since early
1990s, and confirmed the chemical homogeneity of the 60 carbon atoms [35] and
the expected inhomogeneity for the Cyp material [35]; a solution INADEQUATE
[36] experiment provided the exact connectivity among the five carbon resonances
characteristic of the Cyy. Since 1991, solid-state NMR has been used for different
tasks in the study of fullerenes. Generally speaking, initial structural studies (bond
length calculation, molecular motion) [37-40] including spin relaxation dynamics
of Cgo under different external conditions (pressure, temperature) [41-44] were
followed by more detailed studies on the interactions between fullerene and interca-
lation compounds, focusing on molecular mobility and van der Waals interactions
[45-50]. Finally, recent works directed more efforts in the understanding of molec-
ular entrapping within fullerene cages [51, 52]. Recent review papers [53-56] have
shown some of these aspects already and for this reason we limit ourselves here to
a short, broad description for each category outlined above.

Most of the structural studies have been performed using *C NMR under both
static and MAS conditions. Owing to the high molecular mobility of the fullerene
Cyo cage in solid state at ambient conditions, static NMR is sufficient to show the
characteristic isotropic peak at 143 ppm. At low temperature, on the contrary, part
of the CSA is reintroduced, as expected, but a small fraction of a mobile phase
is kept at temperatures as low as 100 K [39]. Spin-lattice T; relaxation times have
been largely investigated under different conditions. The first study done by Tycko
[41] revealed discontinuous values of T; as a function of temperature. This is due
to a phase transition from FCC (face centered cubic) to SC (simple cubic) phase,
which was already seen from differential calorimetry and X-ray powder diffraction
experiments at 250 K. Similar conclusions were drawn in a T study as a function
of pressure [44].

Mechanisms of relaxation were mainly attributed to CSA in the low temperature
range while the interaction between nuclear spins and molecular rotation was
invoked to explain the T; behavior at high temperature values, above 400 K [42].

Studies concerning intercalated compounds or physical mixtures of fullerenes
with atoms, molecules, or polymers are abundant because of the possible formation
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of conducting and superconducting systems [55, 57], for intermolecular interaction
studies [47-49], solubility properties [45], or conception of strong composite
materials [50]. The most common solid-state NMR techniques used are '3C static
NMR, MAS, and CP-MAS, but other nuclei can also be investigated. He et al. have
nicely shown that, in a stable benzene/Cqy solvate, the van der Waals interaction
between two aromatic compounds does not reduce the molecular mobility of Cg
and benzene, which are found to be in three relative positions: in two of them, they
are nearly freely mobile while in the third one benzene occupies lattice defects of
the Cg9/CsHg crystal. In this case, 'H-3C CP-MAS experiments were inefficient
and 2H spectra of enriched dg-benzene only display an isotropic peak under static
and MAS conditions for each molecular environment of benzene.

Finally, endohedral encapsulation of atomic or molecular species was deeply
investigated using solid-state NMR [56]. We report here an example of endohedral
hydrogen/fullerene complexes, which were also recently reviewed [54]. An example
worth some attention is the use of 'H-!H DQ excitation to prove the existence of a
dihydrogen molecule trapped inside an azo-thio-open-cage fullerene (ATOCF) [52]
to form the Hy@ATOCF complex (Figure 6.2). Figure 6.1 shows the 'H spectra
of H,@ATOCEF acquired under static, MAS (2.0, 4.0, 10.0 kHz) and DQ filtering
(MAS = 10.0 kHz). The usual effect of applying MAS to the sample results in a
better overall resolution of the complex (aromatic + H; protons, Figure 6.1a—d)
with respect to acquisition under static conditions; on the contrary, when the DQ
filter [58, 59] is applied, H, signal (narrow centerband at —7.5 ppm) is enhanced
with respect to aromatic protons (large band at 6 ppm), as expected, because the
H-H distance is smaller in a H, molecule. Unfortunately, due to rapid tumbling
of H, inside the cage, DC is partially averaged resulting in a reduced intensity of
the H; signal under DQ filtering with respect to 'H single pulse (SP) MAS.

6.3.2
Nanotubes

CNTs are allotropes of carbon and members of the fullerene structural family
having the diameter of few nanometers, while they can be up to several mil-
limeters in length. Nanotubes, categorized as single-walled nanotubes (SWNTs)
and multiwalled nanotubes (MWNTs), are entirely composed of C-sp? bonds,
similar to those of graphite, providing the molecules with their unique strength.
Under high pressure, nanotubes can merge together, trading some sp? bonds
for sp® bonds, giving the possibility of producing strong, ‘“‘unlimited-length”
wires through high-pressure nanotube linking. These cylindrical carbon molecules
exhibit extraordinary strength and unique electrical properties, and are efficient
heat conductors that make them potentially useful in many applications in nan-
otechnology, electronics, optics, and other fields of materials science, as well as
potential uses in structural materials.

Solid-state NMR of nanotubes revealed to be very challenging, as already pointed
out in [53], until the work of Tang et al. [60] and due to some intrinsic problems
in the production procedure, which allowed relatively small and polluted (with
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Figure 6.1 'H spectra of a powder sample  (c) MAS at 4.0kHz; (d) MAS at 10.0kHz;

of Ho@ATOCF at a field of 9.4T. Spectra in and (e) DQ-filtered spectrum recorded at
(a)—(d) were acquired using a simple 90° 10.0kHz MAS. (Reprinted with permission
pulse to excite transverse 'H magnetization. from [52]. Copyright 2004 American Chemical
(a) No sample rotation; (b) MAS at 2.0kHz; Society.)

paramagnetic species from metal catalysts) samples of CNTs. Initial data reported
static and MAS NMR spectra, where the first one showed the nonisotropic and
nonplanar behaviors of the chemical shift tensor while the second one resulted
in a single, multicomposite, peak centered at 124 ppm, whose chemical shift
suggests a metallic and semiconducting character of the material. Confirmation
for the existence of the electron-conducting behavior is also provided by the linear

Figure 6.2 Molecular structure of H; @ATOCF. (Reprinted
with permission from [52]. Copyright 2004 American Chem-
ical Society.)
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relationship between the spin-lattice T; relaxation time and temperature, and
described by the Korringa relationship [61].

After this pioneering study, several others started to appear and focused their
interest toward a better characterization of the magnetic properties of the CNTs as
a result of their metallic behavior. *C NMR under both static and MAS conditions
and T; analysis constitute the main tools for investigating the precise nature of the
metallic and semiconducting properties of CNTs. More details on this topic have
been already reviewed and can be found in [62]. The characterization of confined
molecules [63] and gases [64] inside nanotubes also started to be commonly
performed. For example, it was observed that two types of molecular regimes exist
for adsorbed C,Hg inside a SWCNT at P = 0.093 MPa [64]. 'H spin-spin relaxation
time (T,) was measured with the classical Hahn Echo pulse sequence [61] and the
variation of the echo height with dephasing time clearly shows the existence of two
components in the exponential decay, suggesting that part of the ethane is adsorbed
onto the surface while the rest of it is in a free gas state. This was confirmed by
the T; study as a function of ethane pressure: T; value decreases with pressure for
adsorbed molecules while it increases for free gas molecules. Finally, the authors
found that 13C T; values of CNTs vary according to the type of molecule introduced
inside the tube. Oxygen, probably due to its paramagnetic properties, was found
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Figure 6.3 'H-3C 2D correlation spectra of PMMA-NT.
(Reprinted with permission from [68]. Copyright 2004
American Chemical Society.)
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to enhance spin-lattice relaxation with respect to He, CO,, or H,, whose presence
does not affect relaxation times with respect to vacuum conditions.

Functionalization of SWCNTs constitute the third main domain in which
solid-state NMR was successfully employed. A number of studies report on oxida-
tion [65], fluorination [66], protonation [67], and grafting of large polymeric moieties
[68] on the surface of CNTs but the potential of NMR is not fully exploited, for
example, lack of protons generally prevents the use of CP-based techniques. Eng-
trakul et al. [67] used 'H-'3C CP to show protonation of CNTs after a liquid (sulfuric
acid) and solid-state (sulfonated polymers, Nafion, and AQ-55 were used) acidic
treatment. Reversibility was proved after a second treatment under basic conditions.
Cahill [68] performed a nice study on poly(methyl methacrylate)-functionalized
CNTs in which both 'H and 3C nuclei were studied using homonuclear and
heteronuclear correlation (HETCOR) experiments. Figure 6.3 shows the 1H-13C
2D correlation map of polymethyl methacrylate-carbon nanotube (PMMA-CNT)
recorded using the DC-based TEDOR (Transferred-Echo-Double Resonance) pulse
sequence [69]. The low-intensity cross-peak centered at §(** C) = 121 ppm and
§(* H) = 0.5 ppm shows the existence of a spatial proximity between the aliphatic
protons of PMMA and the nanotube *C signal; even if this does not prove the
direct functionalization between PMMA and CNTs, it strongly suggests that part
of the PMMA is very close to the surface of the CNTs.

6.4
Nanoparticles

In nanotechnology, a particle is defined as a small object that behaves as a whole
unit in terms of its transport and properties. It is further classified according to size:
in terms of diameter, fine particles cover a range between 100 and 2500 nm, while
ultrafine particles, on the other hand, are sized between 1 and 100 nm. Similar
to ultrafine particles, nanoparticles are sized between 1 and 100 nm, though the
size limitation can De restricted to two dimensions. Nanoparticles may or may not
exhibit size-related properties that differ significantly from those observed in fine
particles or bulk materials. Nanoparticles are of great scientific interest as they are
effectively a bridge between bulk materials and atomic or molecular structures. A
bulk material should have constant physical properties regardless of its size, but
at the nanoscale this is often not the case. The properties of materials change as
their size approaches the nanoscale and as the percentage of atoms at the surface
of a material becomes significant. The interesting and sometimes unexpected
properties of nanoparticles are partly due to the aspects of the surface of the
material dominating the properties in lieu of the bulk properties. Size-dependent
properties are observed such as quantum confinement in semiconductor particles,
surface plasmon resonance in some metal particles and superparamagnetism in
magnetic materials. Nanospheres, nanorods, nanofibers, and nanocups are just
a few of the shapes in which nanoparticles have been grown while at the lower
end of the size range, they are often referred to as clusters. Metal, dielectric, and
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semiconductor nanoparticles have been formed, as well as hybrid structures (e.g.,
core-shell nanoparticles). Nanoparticles made of semiconducting material may
also be labeled QDs (see the following section) if they are small enough (typically
<10nm) for quantization of electronic energy levels to occur. Such nanoscale
particles are used in biomedical applications as drug carriers or imaging agents.

Solid-state NMR is probably not the most used technique to characterize such
small objects since very often the resolution is affected by the heterogeneous dis-
persion in chemical shifts, which is due to a continuous variation of chemical sites
from core to surface. Nevertheless, a combination of NMR methods can be of great
help to perform structural investigation as well as studies of interaction between the
particle surface and ligands and reactants in case of catalytic applications. The ma-
terials under study may be very large: nanoparticles from natural sources [70-72],
silicon-based compounds [73, 74], metals [75-80], metal oxides [81-86], and other
systems [87-89]. The surface chemistry and the nanoparticle/ligand interaction
attracted most attention. Owing to the high reactivity of nanoparticles, much effort
is spent in surface passivation and particle dispersion. Mayeri et al. [73] have inves-
tigated the surface chemistry of butyl-capped silicon nanoclusters obtained after
reacting a Zintl salt, NaSi, with silicon tetrachloride and subsequent reaction with
butyllithium to introduce the passivating butyl function. A combination of #Si
SP and CP-MAS experiments on all intermediates allows a partial identification
of bulk and surface species. After chlorination and passivation, all NaSi sites had
reacted and new species were formed. Nevertheless, the exact nature of some
of them is still unclear. A recurrent problem concerns the large dispersion in
chemical shifts due to structural defects both in the core and surface of chlorinated
silicon nanoparticles. After passivation, three specific silicon sites were attributed to
silicon-butyl bonds. In no case, peaks in the —90/-110 ppm region were observed,
as no SiOH and SiO; bonds were formed. On the contrary, exposure to water
of the chlorinated silicon nanoparticles resulted in an extended oxidation of the
particle surface. The study clearly indicates the high reactivity of intermediates and
formation of Si—C bonds. Similar conclusions were drawn by Giuliani et al. [74],
who demonstrated the formation of a silicon-(dimethylamino)propyl bond at the
surface of silicon nanoparticles using chemical shifts and spin—lattice relaxation
times arguments obtained from 2°Si SP and CP-MAS experiments.

Several works exist on the functionalization of gold nanoparticles using alkylthiol
compounds. Badia et al. [77] demonstrated, using *C chemical shift and 'H
linewidth arguments, that self-assembled monolayers (SAMs) of alkylthiols are
formed on the surface of spherical gold nanoparticles via thiolate instead of
disulfide bonds; in addition, the broad signals detected suggest the existence of
different adsorption sites. A carboxy-functionalized alkylthiolate group was used to
cap gold nanoparticles and interact with a peptide for bioanalytical application [78].
An LK-based (leucine—-L-, lycine—K-) *C and > N-enriched peptide was used for this
purpose and, based on their study on variation of chemical shift values, CSA and DQ
filtering for internuclear distance measurement, authors found that (i) the peptide
covalently binds to the hydrophilic surface of gold nanoparticles; (ii) a secondary
helical structure is maintained; and (iii) peptide side chains (from the same particle
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or from two adjacent particles) interact with one another (this is apparently due
to the molecular mobility which was found to be quite low). Similar issues were
addressed in [79]. Phosphonic and sulfonic alkyl thiols were used to functionalize
gold nanoparticles. Chemical shifts and relaxation measurements data on *C and
31P nuclei were used to demonstrate that (i) an SAM forms at the gold nanoparticle
surface, despite the high curvature of the particle (diameter = 2-3nm), and that
(i) polar terminal groups of functionalized alkanethiols self-interact within the
monolayer. *C CP-MAS experiments as a function of temperature coupled to
DSC (Differential Scanning Calorimetry) experiments showed that phosphonic
acid contributes to a much higher thermal resistance with respect to sulfonic
end-functionalization, where, in the last case, progressive disassembly occurs
before thermal decomposition of the organic function. 3'P chemical shift coupled
to CSA values were used to support the formation of intramonolayer and, possibly,
intraparticle hydrogen bonding among phosphate groups. Similar results were
observed by Pawsey [86], who found that a carboxy-containing alkylphosphonic
acid (C,: n = 11, 15) is much strongly bound onto ZrO; nanoparticles than only
pure zirconia powder, as observed by *C and 3!'P chemical shift and linewidth
analysis at room temperature and up to 80°C. In all cases, a clear particle size
effect is systematically observed in the ligand/surface interaction: the smaller the
nanoparticle size, the stronger the interaction.

The problem of particle size and surface heterogeneity in metal oxides was
addressed by Scolan et al. [84]. The authors performed a 7O MAS NMR study on
three model titanium oxo-organo clusters {[Tij, OlG(OPri)l()], [Ti16016(OEt)33], and
[Ti;3022(OBu");6(acac);]} and monodisperse titania nanoparticles having 2- and
3-nm core diameters. Model compounds were characterized and showed sharp
resonances which were identified for each oxo-bridge. These data are finally used
for comparison with those obtained from the 7O NMR spectra of nanoparticles,
which exhibit a broad spectrum mainly due to superposition of chemical shifts.
Keeping in mind that 7O is a quadrupolar nucleus (I = 5/2) and that quadrupolar
interaction is partly averaged by MAS or by strong RF decoupling, the MQMAS
technique was found necessary to resolve the spectrum. A 3Q-MAS experiment on
the nanoparticles allowed identification of four different oxygen signals, which were
attributed to a bulk anatase phase, a surface coordination site (acac ligand), and
two surface oxo bridges, whose nature is identified after comparison with results
obtained from model compounds. The Ti atoms at the nanoparticle surface were
also addressed as being Ti—~OH and coordinated by water. Titania nanoparticles
have also been studied by Gervais et al. [83], who used ' Ti (I="5/2) and “*Ti (I=7/2)
static NMR in combination with X-ray diffraction (XRD) to identify the percentage
of anatase and rutile phase formation when the material undergoes annealing up
to 850 °C.

Another interesting way to use NMR consists in the in situ detection of adsorbed
organic molecules at the surface of nanoparticles [80, 81]. Nicholas et al. [81]
showed combined in situ *C CP-MAS NMR and density functional theory (DFT)
calculation to prove that an edge Mg-acetylide bond occurs with respect to a
vinylidene one when acetylene reacts on nanosized MgO and that at least 25% of

153



154

6 Solid State NMR for Characterization of Nanomaterials

ethoxide is also formed in coexistence of the acetylide groups. On the contrary,
the formation of methylene groups was observed after the reaction of ethylene
with ruthenium hydride nanoparticles [80] at room temperature using *C MAS
and CP-MAS NMR. Even though the reaction mechanism was not completely
understood, authors proposed the formation of an intermediate vinylidene bond
formed onto the Ru atom, an assumption which needs further verification.

Finally, when nanoparticles are embedded in a matrix [72, 85], interface interac-
tion can be studied using several methods. Rawal et al. [85] showed a multimethod
NMR study to characterize a dispersion of silicates in a phosphate matrix focusing
on 2Si and *!'P nuclei, after isotopic 2’Si enrichment. In this study, mainly chem-
ical shift, T (spin-lattice) and T, (spin—spin) relaxation times and J-filtering via
DQ coherences excitation (an INADEQUATE pulse sequence was used) were ex-
ploited to show silicate species” and short-range connections among them. Finally,
dipolar-based Rotational Echo DOuble Resonance (REDOR) experiments have
been used to determine the distance between 3!P and #Si-containing species, the
dimension of silicate nanoparticles, and the distance between them. The authors
were able to determine a homogeneous distribution of phosphate-free amorphous
silicate nanoparticles of about 8 nm in diameter and about 5-nm apart. Addition-
ally, they showed the existence of silicate ions SiO4*~ and a crystalline silica-rich
phase was also observed and attributed to cristobalite, formed after sample heat
treatment.

6.5
Quantum Dots

A QD is a colloidal semiconductor nanocrystal whose excitons are confined in all
three spatial dimensions. As a result, they have properties that are between those
of bulk semiconductors and discrete molecules. There are colloidal methods to
produce many different semiconductors, including cadmium selenide, cadmium
sulfide, indium arsenide, and indium phosphide. These QDs can contain as few
as 100—100 000 atoms within their volume. This corresponds to about 2—10 nm.
Application of QD can take place in transistors, solar cells, light-emitting diodes
(LEDs), and diode lasers; they have also investigated QDs as agents for medical
imaging and hope to use them as gbits.

Solid-state NMR studies on QD are being performed since 1988 [90], when 7’ Se
was used to discriminate various Se sites mainly using chemical shift values in
CdSe QD of different sizes. It was found that the bulk-like behavior of the Se atoms
increases with nanoparticle size. The smaller the CdSe QD size, the higher the
number of site heterogeneity, mainly located at the particle surface. This approach,
in which chemical shift values are mainly used to compare bulk semiconductor
materials with their corresponding QD, is of common use [91-93]. The '3Cd, 3!P
77Se chemical shifts obtained from SP MAS or spin-echo experiments performed

2) Qx= Si(OH)4—xOSiy, (0 < X < 4).
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on the bulk semiconducting material was compared to the respective CdS, CdSe,
CdTe, and InP QDs with similar conclusions. In addition, it was proved that in
the case of CdS,Se, ; and CdSe,Te,_; alloys, 1**Cd chemical shift varies between
the pure binary compounds both in their bulk and QD form [93]. This is not the
case when a physical mixture of CdSe and CdTe is prepared, because two distinct
13Cd chemical shifts are clearly observed, each one corresponding to its specific
phase.

Generally speaking, NMR studies on QD mainly concentrate on discrimination
between surface and bulk atomic sites, interaction between capping/stabilizing
agents and surface and structural identification. The most common atoms under
study are 3Cd, 7’Se, *'P and, in some cases, 1*C and 'H. The first, despite the
intrinsic experimental difficulties which require long acquisition times for SP
experiments, provide direct access to local structure homogeneity as a function of
composition, temperature, and aging. The others generally provide information on
surface adsorbed species like organic capping agents or water. In addition, surface
versus bulk recognition can only be done by mean of CP-MAS experiments. 'H
sources originate from OH groups, water, or organic molecules at the surface.
CP-filtered experiments are only sensitive to protonated species and for this reason
they discriminate surface with respect to bulk atoms. The first example of surface
site discrimination was proposed by Becerra et al. [94] using 3'P-7’Se REDOR
experiments in CdSe QD, where phosphorus atoms originate from the commonly
used capping agent tri-n-octylphosphine oxide (TOPO). Authors found that TOPO
molecules are closely packed to the surface, which is rich in Cd rather than
in Se atoms. More recent studies have mainly used CP-MAS as the preferred
technique to enhance 3Cd [95, 96], *'P [92], and 7’Se [97] nuclei. Only in one
case [39], CP-MAS experiments were unsuccessful, due to very weak dipolar
interactions between surface agents and QD. Deep surface analysis has required
dipolar driven 2D homonuclear and heteronuclear techniques, which allow direct
visualization of close spin neighbors. This approach is particularly useful in the
study of interfaces. Spin-diffusion experiments were successfully employed in the
study of InP QD [92]. The material was first investigated by CP which enhanced
only surface sites with respect to bulk ones, as evidenced by the increasing
I'H-31P CP-MAS signal between 0 and 100 ppm, which is otherwise too low to
be detected by SP. Then, 3'P-3'P spin-diffusion experiments at various mixing
times revealed the existence of two main phosphorus sites: sites likely situated
within the particle core and sites likely located at the surface and experiencing
a more heterogeneous environment. Berrettini et al. [97] have used 2D 'H-13C,
'"H-13Cd, and "H-"7Se CP HETCOR experiments to characterize the surface
of hexadecylamine (HAD) and thiophenol-capped CdSe QD. Despite the long
acquisition times (504 hours for the 'H-7"’Se CP HETCOR), the authors were able
to propose a structural model of HAD and thiophenol adsorption at the surface
(Figure 6.4), where nitrogen binds to Cd atoms while methylene protons from
the HAD chain interact with Se sites. On the contrary, when HAD is replaced
by thiophenol, sulfur atom seems to preferentially interact with a Cd or Se-vacant
site.
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Figure 6.4 (a) Chain tilt of HDA to the surface of the
particle. (b) Selenium vacancy on the surface of a CdSe
nanocrystal. (c) A thiophenol molecule filling a selenium
vacancy. (Reprinted with permission from [97]. Copyright
2004 American Chemical Society.)
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Specific studies were dedicated to noncapped, water-containing, CdS QD [90, 98].
1D 'H SP MAS experiment recorded with decoupling (using the Lee—-Goldberg (LG)
pulse scheme) and 2D 'H-'H spin-diffusion experiments were crucial to identify
the existence of different types of protons at the nanoparticle surface as well as
within particle pores. Isolated OH groups are carried both by Cd (1.9 ppm) and S
(2.8 ppm) atoms while water molecules exist under different forms, either bound
to Cd (6.1 ppm) and S (4.2 ppm) or in exchange. The authors have observed that
part of the molecular water is strongly adsorbed, probably within the interparticle
nanopores, after the sample was treated under vacuum.

Finally, solid-state NMR is also used for simple “quality check” of the as-synt-
hesized or postsynthesis treated materials, as observed after annealing (under air,
nitrogen atmospheres, and vacuum at 300 °C) Cd(SR); (R=(CH,);1CH3) particles
dispersed in a polystyrene matrix [95]. *C and 3Cd CP-MAS NMR analysis were
used to demonstrate that the annealing under vaccum produced very good quality
nanocomposites with a low content of undesired impurities.

6.6
Self-Assembly

The domain of self-assembly offers a very large variety of examples in which
solid-state NMR is efficiently used as a selective technique to probe intermolecular
proximities. The nature itself of self-assembly processes based on weak intermolec-
ular forces allows a very nice exploitation of dipolar coupling to probe through-space
interactions in solids. The domain of self-assembly is very large and only two types
of processes are described here.

The first concerns molecular recognition mainly via hydrogen bonding, which
provides extended supramolecular solids. Application of advanced solid-state NMR
techniques to supramolecular systems has recently been reviewed [12, 13]. Here,
spin diffusion, 'H double and triple quantum and HETCOR experiments are
exploited to study different types of interactions, such as hydrogen bonding in
benzoxazine oligomers, 7 -stacking between alkyl-substituted hexabenzocoronenes,
host—guest interactions in molecular complexes like poly(dimethylsiloxane) inside
y-cyclodextrin, and so on. Some more examples that are not discussed in the
cited review papers follow. Cyanuric acid (CA) and melamine (MA) are used as
DNA nucleobase mimics, and Damodaran et al. [99] have used a multinuclear (**C,
>N, and 2H) NMR approach to show the formation of H-bonding driven CA/MA
dimer basing their analysis on variations of chemical shift (13C, 15N, and 2H)
and in quadrupole constant and asymmetry parameter (*H) in the 1 : 1 mixture
complex with respect to the pure systems. The group of Brown has studied the
hydrogen-bonded N—H---N connectivity [100] in alkyl-modified deoxyguanosines
via DQ INADEQUATE pulse scheme and it was able, via >N CP-MAS spin-echo
experiments, to measure intra and intermolecular %Jyy couplings [101]. This
was possible using a low-power (22.5kHz) 'H decoupling scheme RS-HEPT,
Rotor synchronised Hahn-echo pulse train during the spin-echo evolution periods.
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This strategy, with respect to classical high-power decoupling, was necessary to
probe long echo times and, consequently, small, long-range, J-coupling constants,
avoiding, at the same time, high-power loads on the probe.

Self-assembly of hybrid organic—inorganic species is the object of a recent work
by Arrachart et al. [102].

Hybrid materials were made from sililated base pairs, in which adenine (A) or
thymine (T) was modified with triethoxysilyl groups. Individual precursors, Si—-A
and Si-T as well as the hybrid self-assembled material Si—-A---T-Si, in which
hydrolysis and condensation of alkoxysilanes occurred, were characterized using
2D 'H-'H DQ experiments with the BAck-to-Back (BABA) pulse sequence. In
particular, the authors proved the existence of direct interaction of AT base pairs
via N—H---N hydrogen bonds: a clear cross-peak connecting the NH group of
thymine (13.9ppm) to the NH; group of adenine (8.3 ppm) is observed in the
hybrid Si-A---T—Si material, as shown in Figure 6.5.

The second important domain concerns self-assembled monolayers (SAMs),
which was largely studied by the group of Raven. A review of their works on this
topic and, in particular, on the use of solid-state NMR applied to the study of
SAM both on gold and metal oxide nanoparticles was recently published [103].
Two issues are mainly addressed: conformation and mobility of the alkyl chains
away from the particle surface, usually complexed by means of a thiol, carboxylate,
or phosphonate group according to the nature of the particle itself. Nuclei under
investigation are 'H, 2H, and 13C while direct SP excitation under MAS, CP and
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Figure 6.5 'H-'H DQ BABA MAS of hybrid Si-A.--T-Si
material. (Reference [102] Reproduced by permission of The
Royal Society of Chemistry — RSC— www.rsc.org.)
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study of relaxation times are the most common employed approaches. 13C chemical
shift of methylene groups is very sensitive to the mobile gauche (31 ppm) or rigid
all-trans (33 ppm) conformation of the backbone alkyl chains. As an example,
in the octadecanethiol-complexed gold nanoparticles, a total population of 12%
gauche bonds exists at 25 °C indicating a low degree of order in the chain packing.
In addition, B*C chemical shifts can be edited in a 2D HETCOR map via 'H
spectra ((Wldeline SpEctroscopy) WISE NMR), whose full width at half maximum
provides information on the mobility of the specific carbon species. This approach
showed that interchain interaction among octadecylphosphonic acid molecules is
much stronger when its adsorption occurs on y-Al,03 with respect to ZrO; and
TiO,; this suggests the existence of a rigid aluminophosphonate lamellar phase
where the organic solid forms a crystalline bilayer. Following similar working lines,
13C CP-MAS spin-diffusion studies using a 'H dipolar filter which eliminates DCs
between protons in the mobile phase were performed on Csy-organo-modified silica
surfaces; magnetization transfer from rigid all-trans to mobile gauche conformers
was followed at increasing contact times (1us to 500ms) at 312K [104]. The
purpose of the study was to determine whether the long alkyl chains settled parallel
to the silica surface or whether they formed assembled monolayers perpendicular
to it, provided a Si—C chemical bond was present. They found that the alkyl chains
form two families of assembled monolayers perpendicular to the silica surface: one
with short length (32 A) containing domains of rigid conformers and an extended
one (112 A) containing mobile aliphatic chains.

6.7
Mesostructured Materials

Mesostructured materials”® (MMs) are part of the recent development in
nanoscience and are the result of a combination of self-assembly of surface active
molecules (surfactants) and inorganic polymerization of molecular compounds
(sol-gel chemistry) in aqueous solution. Originally, silica-based highly porous
powders were first synthesized in 1992 by researchers working for the Mobil
Corporation [105], who were able to organize an inorganic (silica) porous network
around a uniform hexagonal array of pores whose size varied between 1.5 and
10 nm and, consequently, with very high specific surface areas (up to 1000 m? g~1).
This material was named MCM-41. Six years later, researchers at the University of
California at Santa Barbara announced that they had produced silica nanoparticles
with much larger pores (4.6-30nm), but still in hexagonal array, and named it
SBA-15 [106]. The initial intended use of these materials was molecular sieving
for molecules of larger dimension than those filtered by zeolites. Currently, the

3) For convenience we used the acronym MM
standing for mesostructured materials.
Nevertheless, one should be aware of the
fact that once the template is removed,
the notation mesoporous materials is

commonly used. In this case, we consider
that MM refers to these materials
in a much broader sense, including
template-containing and template-free
materials.
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research on mesoporous materials (where silica constitutes the main material
under study) has extended to other domains of application, including medicine,
biofuels, and imaging. Shaping of the material went much further as membranes,
thin films, or microspheres can be easily processed and the inorganic source is
no longer restricted to silica, as many metal (Ti, Al, V, Zr, etc.) oxides can be
synthesized as well under similar conditions.

Solid-state NMR has been extensively used in the characterization of MMs and
some recent review articles have already dedicated some relative attention to this
topic [14, 107-109]. Generally speaking, the domain of MM is very broad and
many NMR studies have investigated specific aspects such as structure [110-124],
interactions at interfaces [8, 125-144], confinement of organic molecules within
nanopores [145-159], surface and bulk functionalization [160—170]. Each of these
is addressed in the following text.

6.7.1
Structure

NMR is largely used to investigate structural features of the amorphous inorganic
framework of MM." 2Si, 2/ Al, and 3!P are the most frequently investigated nuclei
but more rare ones, like 'B and 70 [121, 123], can be looked at, as well. By far,
298 is considered as being a “routine” nucleus and since 1995, three years after the
discovery of MM, several studies exploit SP acquisition (SP) and CP-MAS to have
an idea of the type of Si sites present within the framework of MM [111, 112, 115].
Steel et al. [111] compared 2°Si relaxation (spin-lattice, relaxation under spin-lock)
and contact time studies on mesostructured silica with different mesophases and
submitted to various temperature treatments. For example, Q4 (SiO,) sites in
hexagonal structures (for uncalcined materials) seem to have longer (120 seconds)
T; spin-lattice relaxation times with respect to lamellar (69 seconds) and cubic
structures (106 seconds) and to amorphous silica gels (20—50 seconds). As for Qs
(Si—OH) sites, differences are much less marked among all uncalcined materials.
This study is the first to provide an overview on the dynamic relaxation parameters
for several, silica-based, MM. The same approach is used for Al-Si [110], B-Si
[113], AI-P-B [114] MM. In all cases, chemical shift of 2%Si, ?’Al, ''B, and 3'P
under CP-MAS is simply used to verify the incorporation and the coordination of
the corresponding element. As an example, !B MAS and 'H-!'B CP-MAS NMR
show that boron is mainly incorporated into mesoporous aluminophosphates in
its tetrahedral coordination form while 3P MAS NMR shows at the same time
that inclusion of boron reduced the degree of condensation of the inorganic
framework.

In addition to chemical shift and CP-MAS-based studies (some additional
ones can be found in [120, 121]), more advanced NMR techniques started to

4) On the contrary, XRD is a key technique for
these systems to study the long-range order
of the porous network.
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be exploited for structural elucidation only after 2004: HETCOR [117, 118, 124], DQ
excitation [116, 118], rotor-synchronized double resonance (TRAnsfer of Population
in DOuble Resonance (TRAPDOR), REDOR, REAPDOR) [117, 119, 122, 123], and
J-derived [116, 131] experiments became unique investigation tools that allowed
direct proof for spatial proximities and direct network connectivities. An example
of each is detailed below.

« HETCOR: The problems of boron-containing Al-P MM (BAPO) have been thor-
oughly studied by Huang et al. [117], who used multinuclear and multitechnique
approaches to prove the proximities between Al/P, P/B, and Al/B atom pairs.
After identifying one octahedral (—8 ppm) and one tetrahedral (+42 ppm) alu-
minum site and two separate phosphorus sites (—13 and —3 ppm) via classical
SP MAS experiments, they were able to unambiguously identify a close proximity
between the —3 ppm 3!P site only to the octahedral aluminum site, while the
—13 ppm phosphorus site is close to both aluminum sites.

DQ-SQ experiments: The group of Chmelka [116, 131] was able to synthesize,
for the first time, a lamellar MM with inorganic crystalline walls using a cationic
surfactant with a nonsymmetric polar head, C;sNMe, Et". Using through-space
dipolar-based DQ-SQ excitation/reconversion and J-resolved DQ-SQ INADE-
QUATE pulse schemes, they were able to identify each silicon site and depict
its nearest neighbor connectivity (Figure 6.6). Then, using quantum chemical
modeling they could obtain an energy-minimized silicate framework structure
[116] that satisfies 2°Si interconnectivity and XRD data.
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Figure 6.6 2°Si—°Si Double quantum single quantum
INADEQUATE experiment probing atomic bonding in a
2Sj-enriched lamellar silica network with crystalline walls.
(Reprinted with permission from [116]. Copyright 2004
American Chemical Society.)
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 Double resonance experiments: TRAPDOR and REDOR experiments exploit DCs
between close nuclei. The first is designed to probe the heteronuclear dipolar
interactions involving at least one quadrupolar nucleus, which constitute the
irradiated spin bath. The second is generally used to measure heteronuclear DCs
and, therefore, internuclear distances. Hu et al. [119] used a 'H/? Al TRAPDOR
experiment in Al-SBA-15 material to show that no proximity exists between
hydroxyl protons and aluminum sites, meaning that Bronsted acid sites, expected
to be in the form of Si—~O(H)—-Al form, detected in the 'H MAS spectrum and
whose presence was indirectly confirmed by the adsorption of molecules with a
basic character like trimethylphosphine (TMP) oxide, are actually in the form of
Si—OH or Al-OH (1.9 ppm) rather than in a bridging Si—O(H)—Al fashion.

6.7.2
Interaction at Interfaces

The study of interfaces in MM received wide attention and the actual knowledge has
advanced mainly because of the number of through-space correlation experiments
involving the inorganic framework and the organic templating agent. One of the
recurrent questions is, where are the surfactant molecules exactly located? How
do they influence the structuring process? How do they behave in a confined
cavity after templating the inorganic matter? Many studies presented here use the
HETCOR experiment as the main tool to directly visualize the proximity between
the inorganic network (probed by 2%Si or # Al nuclei) and the organic matter (probed
via 'H, 13C, or 3'P).

The first work (followed by similar experiments by Simonutti et al. [133] in 2001)
on this topic appeared in 1996, in which Wang et al. [125] reported the chemical
shifts and relaxation times (T4, tcp, and t,) related to the spin dynamics for the
CTAC (cetyltrimethylammonium chloride) structuring agent in typical ordered and
disordered mesostructured silica materials. They found that the surfactant molecule
is highly mobile with an exception made for the methyl carbon atoms near the
ammonium polar head, whose chemical shift experienced a 1-ppm downfield shift
with respect to solution measurements and lineshape revealed an increase in
broadness. The authors attributed these unusual features to the restraint mobility
of the polar head due to the electrostatic interactions with the silicate surface.
Nevertheless, no direct proof was provided.

One had to wait for a series of works from the group of Chmelka [12, 128, 129]
who used, for the first time, HETCOR experiments to detect the proximity between
the trimethylammonium polar head of CTAB and the inorganic framework.
They repeated the same experiment in block-copolymer-derived alumino-silicates
(poly-(ethylene oxide-b-propylene oxide-b-ethylene oxide)-PEO-PPO-PEO was
used as structuring agent). In general, a first 'H-*C HETCOR is used to
unambiguously attribute all proton signals. Then, 'H-%’Al or 'H-2°Si HETCOR
experiments proved the direct interaction between the surfactant headgroup
with SiOH (Qs sites at § = 100 ppm) or tetrahedral 2 Al (resonating at 50 ppm)
groups within the inorganic framework. Materials under study were either
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pure silica monoliths [86] or AI-MCM-[128, 129] powders. Similar approaches
were used by Jones etal. [134] to prove the embedding of a Pd/Ru-based
cation in a MCM-41 material. Trebosc et al. [137] performed a systematic study
of hydrated and dehydrated MCM-41 type of materials, where additional 2D
'H-'H homonuclear DQ-SQ and exchange experiments helped to focus on
proton—proton interaction at the silica interface. Baccile et al. [141] used double CP
experiments 'H —2°Si —'H to edit only those protons close to the silica surface
via a variation of the 2°Si —'H contact time in a comparison between acid and
basic catalyzed CTAB-containing mesostructured silica.

In the remaining studies on the inorganic/organic interfaces, one should men-
tion the use of "H-3C 2D-WISE by De Paul etal. [127] and Khimyak et al.
[132], who observed an increased rigidity of the surfactant moiety close to the
inorganic wall (poly-(isoprene-b-ethylene-oxide)-PI-b-PEO-aluminosilicate in [127]
and CTAC-aluminophosphate system in [132]). Complementary tools inspired by
liquid-state NMR methods were introduced in the domain of MM by Sizun et al.
[135] and Alonso et al. [8]. The first author showed the possibility of increasing
the 'H resolution using a small amount of methanol directly added in the rotor,
while the second author showed that surfactant-containing MM have long-enough
spin—spin relaxation times to apply !H-13C through-bond filtering (INEPT), typical
for liquid systems. Homonuclear 'H-'H correlation methods have also been used
either exploiting spin diffusion [135, 137, 138] or DQ-SQ excitation [136, 137].
Spin diffusion showed the existence of unreacted ethoxy moieties [138] at the pore
surface in spray-dried mesostructured silica spheres and the authors were able to
correlate their presence to the increasing long-range disorder of the mesophase.
The existence of PEO/silica interface in thin films was shown for the first time
using 'H DQ-SQ (BABA) experiments [136]. Finally, at least two works focusing
on organic/titania interface were recently reported [140, 142], as well as a very nice
study by Cadars et al. [143] on the influence of a dissymmetric cationic surfactant
on the order/disorder transition in a lamellar silicate using a detailed cross-peak
analysis of Si-2°Si DQ-SQ INADEQUATE experiments.

6.7.3
Confinement of Organic Molecules within Nanopores

The previous sections mainly dealt with structural analysis of MM and sur-
face/template interactions. Here, the focus shifts toward the template-free material
and, given the high specific surface area (up to 1000 m? g~ for silica), several groups
studied the behavior, and therefore the interactions, of encapsulated molecules.
Three domains can be identified: polar and nonpolar organic molecules, water, and
molecules with a specific function.

« Polar and nonpolar organic molecules: Many contributions to this topic come
from the group of Buntkowsky [145, 147, 150, 155—157], who studied ds-benzene
[145, 150], " N-pyridine [147, 157], and ds-isobutyric acid [155] adsorbed on
mesoporous materials (SBA-15 and MCM-41 mainly). Recently, a short review
article on this topic was published by the same group [156]. The NMR strategy
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all along their studies is to use isotopically enriched (*H and > N) molecules and
follow their behavior and possible surface interactions in a confined environment.
Information on the molecular state and the surface functions and defects are then
provided. Deuterium NMR is very sensitive to the molecular mobility and phase
transitions (liquid—solid or solid—solid) can be easily observed as a function of
temperature just by looking at the variations of lineshape and linewidth of 2H
NMR signal, whose simulation and quantification provides the amount of freely
rotating or rigid molecules. Studies performed on benzene confined in 30-nm
pores of a SBA-15 sample showed the existence of an amorphous benzene layer
coexisting with a crystalline phase located at the pore center. The same approach
was exploited by other groups who used 2H NMR to investigate the adsorption
of tert-butyl chloride [146], p-nitroaniline [149], and tetraalanine [153]. Surface
studies at nanoscale can be done using external molecules as surface probes.
In this case, the focus is on the surface itself and not on the dynamics of the
adsorbent. Shenderovich et al. [157] outlined the existence of surface defects
in MCM-41 and SBA-15 and this was related to the amount of Q, species, as
observed after pyridine adsorption; trimethylphosphine (TMP) was instead used
by Luo et al. [148] to probe the surface of AI-MCM-41. 3P, 'H, and ¥ Al NMR
responses were investigated via CP-MAS and TRAPDOR experiments to probe
the proximity of TMP to acidic surface sites. The authors could obtain fairly
sensitive, CP-filtered (‘H —>27Al),27A1—31P TRAPDOR spectra that proved the
existence of bridging Brénsted Si—O(H)—Al sites. It is important to note that in
one of the aforementioned studies [11], the authors could not clearly detect these
particular sites.

Water: The number of studies concerning water adsorption, as seen by solid-state
NMR, is limited. One of them [151] mainly concentrates on chemical shift analysis
of water adsorbed on MCM-41 and SBA-15, where the pore-filling mechanism
seems to vary as a function of the pore size and another [158] is mainly focused
on the adsorption and NMR signal detection procedure; a glass capillary is filled
with water, which is then inserted into the NMR rotor together with the sample.
During rotation, the capillary breaks and water vapor is diffused; meanwhile, fast
'H spectra acquisition allows time-resolved in situ study of water adsorption.
Molecules with specific function: Mesoporous materials can act as molecular
sieves and also as supports for drug delivery purposes. Few NMR studies have
used 'H, 13C CP, 'H-'3C, and 'H-?°Si HETCOR experiments to investigate the
interactions between drugs [152, 154] or pollutants [159] with mesoporous materi-
als. Baccile et al. [159] used organic functionalized mesoporous silica materials to
adsorb chlorophenyl pollutants. Despite the better retention performance of the
functionalized samples with respect to the nonfunctionalized ones undoubtedly
depending on short-range dispersion forces, the molecular mobility at room tem-
perature of the pollutant was still very high and a liquid-like behavior was found.
In all cases, owing to the high molecular mobility, HETCOR experiments at room
temperature did not provide clear-cut answers about the interactions between the
molecules and the surface. Similar results were found on ibuprofen-impregnated
mesoporous silicas for drug release control [154].
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6.7.4
Surface and Bulk Functionalization

Functionalization of MM can occur via different strategies, mainly via postfunc-
tionalization and co-condensation pathways. There are two issues that generally
need a clear answer from NMR experiments: Did functionalization occur? Where
are the functional groups exactly located (in the bulk or at the surface)?

In all silica-based materials, it is quite easy to prove the existence of a Si—C bond
because of its clear chemical shift signature between —50 and 10 ppm [160, 164].
Nevertheless, it is trickier to prove that a homogeneous functionalization occurred
at the pore surface. The group of Pruski demonstrated functionalization of organic
compounds at silica surface mainly via 'H-3C and 'H-2?°Si HETCOR experiments
[161, 163, 165, 166]. In all cases, a big effort was put into the development of robust
and adapted pulse sequences, which could provide unambiguous (e.g., use of
LG homonuclear decoupling to prevent 'H spin diffusion) and high-quality data
(e.g., sensitivity enhancement via very fast MAS or Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequences). Similar studies were realized by Morales et al. [167]
who showed the incorporation of arene sulfonic acid species in silica containing
ethane bridging groups (—OSi—CH;—CH,-SiO-), Tsai et al. [169] who were able
to synthesize COOH-containing mesoporous silica in a one-step reaction via the
hydrolysis of the initially grafted —CN group and the group of Babonneau [14,
161] which demonstrated (confirmed by Kao et al. [170] in 2008) the proximity
between the surfactant polar head and grafted phenyl (and vinyl) groups pending
from the silica surface toward the pore center. Finally, with the purpose of making
Agt adsorbents, Melnyk et al. [168] used proton spin diffusion to probe the
functionalization of spray-dried mesoporous silica particles with mercaptopropyl
functions.

6.8
Study of Interfaces and Structure by Solid State NMR

This section illustrates through some examples the research domains in which
the author of this chapter is actively involved. Most of the work deals with
the characterization of inorganic/organic interfaces in MMs. Four examples are
proposed.

The first couple of studies were carried on MMs. Synthesis procedures and a
general overview of these works are detailed in [141, 161]. The first one concerns
the study of silica/CTAB (cetyltrimethylammonium bromide) surfactant interac-
tion in a mesostructured hexagonal powder, while the second one deals with
phenyl-functionalized mesostructured silica materials. The third example is more
focused on the bioactivity of mesoporous silica/calcium phosphate composite,
while the last one shows an example of structural resolution of amorphous carbon
microspheres. For some background information about these two last works, please
refer to [171, 172].
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6.8.1
Double Cross-Polarization Experiments to Probe the Silica/CTAB Interface

The importance of solid-state NMR to probe the silica/surfactant interface should
be evident from the number of examples provided on MMs. It is of general
acceptance that the synthesis conditions, in particular pH, influence the type of
interactions between the organic template (CTAB, a common structuring agent),
and silica. In fact, at low pH one would expect a counterion-mediated charge
matching model between the positively charged alkylammonium polar head of the
surfactant and silica moieties (which also possess a positive surface charge). On
the contrary, when synthesis is carried out under basic pH conditions, one would
expect a direct electrostatic attraction between the surfactant and silica, which
under such a condition possesses a negative charge (point of zero charge for silica
is at pH = 2). How can we explain such a difference? How can we prove the type of
interaction between silica and the polar head of CTAB?

First of all, one can make the assumption that the distance between the silica
surface and the organic template within the hexagonal mesostructure strongly
depends on the type of interaction. One could expect that a direct Si—O~/N*
interaction (under basic pH conditions) would result in a shorter distance with
respect to a counterion-mediated, Si—O"---Cl™---N*, interaction (under acidic pH
conditions). Qualitative NMR measurements (no absolute distance values could
be provided) using DC between 'H and 2°Si via CP-based techniques can be
performed, considering that 2°Si nuclei only exist in silica while 'H nuclei exist
both in silica (Si—OH), CTAB ((CH3)3N*CyHs3), and interstitial water. ! H —2° Si
HETCOR experiments at different contact times (for short contact times, shorter
distances are explored) allowed us to show that trimethylammonium groups from
CTARB are in close contact with surface silanols (Q3 sites) only when synthesis pH
is acidic (pH < 1) while a strong interaction between —N*(CH3); groups and the
inner silica wall (Qq sites) occurs in those materials obtained at high synthesis pH
(pH > 10). These results were confirmed by a double CP approach in which all
29Si atoms were first polarized by an optimized CP transfer from all surrounding
protons while a second transfer occurs from 2°Si to 'H. This second step can be
tuned by adjusting the contact time meaning that all protons close to the silica
surface are detected in advance over protons far from it. Figure 6.7a—c shows the
2D 'H-'H EXSY (EXchange SpectroscopY) NMR experiment after filtering with a
double CP 'H-’Si~'H step. At short mixing times (Figure 6.7a), magnetization
is mainly settled on the silanol (7 ppm) and methyl groups (3.3 ppm) and only in
part on the chain.

At longer evolution times, magnetization transfers from the silanols toward
the surfactant polar head (Figure 6.7b) and chain (Figure 6.7¢), as shown by the
increasing intensity of the off-diagonal cross-peaks A, B, and C. The EXSY map is
clearly not symmetric, as one would expect because of the unidirectional transfer
of the magnetization (from silanol to surfactant) which originates from the double
CP step. Schemes next to each 2D map help the reader in visualizing the direction
of the magnetization transfer at each mixing time.
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Figure 6.7 Use of CP-filtered 'H spin dif-  to protons can be optimized as well and,
fusion experiments at different mixing times  finally, (c) evolution of magnetization via

are helpful to identify atoms located at vari- ~ spin diffusion identifies both close and dis-
ous distances from the silica surface. First,  tant proton sites. (Partly reprinted with per-
(a) the surface atoms (here, 2°Si) can be mission from [141]. Copyright 2007 American
polarized via a standard optimized CP ex- Chemical Society.)

periment; then, (b) polarization back-transfer
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6.8.2
Heteronuclear Correlation Experiments to Probe the Phenyl Functionalization in
Silica/CTAB Interface

In Section 6.7.4, it was shown that HETCOR experiments are extremely useful
to prove surface functionalization and they constitute a unique way to show the
exact localization of organic functions in MMs (generally, the inorganic/template
interface). The co-condensation of tetraethoxysilane with phenyltriethoxysilane in
the presence of CTAB produces a hybrid mesostructured solid with a cubic phase
(Pm3n space group). A time-resolved in situ study of the formation of this material
using small-angle X-ray scattering under synchrotron radiation (Figure 6.8a) shows
that the cubic mesophase actually forms after a typical epitaxial growth from a 2D
hexagonal phase (p6m space group), which is observed in the first minutes of the
reaction. One of the reasons for such a phase transition in this specific system
could be the evolution from a low to a high micellar curvature due to the presence
of the phenyl ring, which is known, from previous studies [161, 170], to be located at
the silica/micellar palisade. Typically, a hexagonal phase is composed of hexagonal
close-packed cylindrical micelles while spherical micelles are the building blocks
of a typical (Pm3n) cubic phase. In the hexagonal to cubic phase transition, the
(10) reflection transforms into the (211) reflection of the cubic phase (Figure 6.8a)
and, consequently, the curvature of cylindrical micelles increases to form spherical
aggregates. This assumption was addressed by means of 'H-'H DQ (BABA)
correlation experiments, which were run on lyophilized powder samples extracted
at short (2 minutes) and long (11 minutes) reaction times, the last one presenting
a clear cubic Pm3n structure while the first one had a more disordered, probably
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Figure 6.8 Small angle X-ray scattering ex-
periments can be used to follow the forma-

tion of a mesophase as a function of time,
as shown in (a) for phenyl-functionalized
mesostructured silica. This is necessary

to have a clear view of the dynamics of
mesophase formation and evolution and, if
needed, to extract and isolate a fraction of
the sample having the desired mesophase
(b) for additional studies.
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gle quantum experiments are an extremely (on-diagonal cross-peaks) and nonequivalent
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close proximities (<0.5nm) between pro- ing it much more efficient and selective than
tons, as shown here for the cubic and spin diffusion-driven experiments, as shown
hexagonal phenyl-containing mesostruc- in the sample of Figure 6.7.

tured silica powders. This technique allows

hexagonal, mesophase (Figure 6.8b). Figure 6.9 shows the comparison between
the 2D DQ-SQ 'H-'H BABA experiments run on both hexagonal (light gray) and
cubic (dark gray) phases. The signal at 7.0 ppm indicates the presence of phenyl
protons while peaks at 3.3 and 1.5 ppm refer to, respectively, the N(CH3)s polar
head and alkyl chain of the surfactant. According to the specificity of DQ-SQ
experiments, all diagonal peaks demonstrate the interactions among equivalent
protons, as expected here for all multiproton sources. In addition, two off-diagonal
cross-peaks show that the phenyl group (7.0 ppm) and the polar head (3.3 ppm) are
correlated indicating the close proximity between these species. Given the choice
of short excitation and refocusing times in the BABA pulse sequence, sensitivity
for H—H bonds is lower than 5 A. Both experiments can be superimposed without
particularly evident discrepancies showing that (i) the phenyl group has entered
the mesophase since the early stages of the material formation and (ii) a clear
difference between the hexagonal and cubic phases cannot be made on the sole
assumption of close proximity between the phenyl group and the surfactant polar
head. Further investigations to better understand the origin of the phase transition
are still ongoing.

6.8.3
Structural Study of Mesoporous Silica/Calcium Phosphate Composite Materials for
Bone Regeneration via TRAPDOR Experiments

Bone regeneration is an intense field of research and several strategies are followed
to favor the formation of hydroxyapatite on biocompatible supports. Generally,
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Hydroxyapatite HAP — Cajo(PO4)¢(OH); —is used as a main bone substituent
despite its very low solubility. Other materials, like calcium-deficient hydroxyap-
atites — B-tricalcium phosphate, 8-TCP — may be preferred even if, in general, a
mixture of HAP and B-TCP shows higher bioactivity in human plasma. In addition,
it was shown that a mixture of silica/HAP composite also has a very good bioac-
tivity. Using an engineered material science approach, it is possible to synthesize,
in a one-step process, a HAP/silica composite with two functions: bioactivity and
hierarchical macro/meso porosity, the last one needed for drug encapsulation and
delivery purposes in a possible pain relief goal. Structural identification of SiO; and
HAP phases is performed via 2?Si and *'P MAS, where *'P SP NMR experiments
actually revealed a HAP structure (3'P broad resonance at 0 ppm referenced with
respect to KH,PO4) and, under some specific synthesis conditions, the existence
of a second phase, correlated to the 3'P peak at —1.95 ppm. Identification of this
peak could be done with TRAPDOR experiments, where the evolution of *!P peak
intensities was monitored in the presence (and in absence) of *Na irradiation at
different times. If 3P signal intensity at —1.95 ppm would be affected by 2*Na
irradiation, then a clear proximity between phosphorus and sodium is established
indicating the existence of a calcium deficient, NaCaPOy, phase, as it is actually
observed, as shown in Figure 6.10.

6.8.4
Structural Resolution of Amorphous Carbon Microspheres via 2D'3C-"3 C Double
Quantum NMR Experiments

Determination of the structure of amorphous materials is discussed here in a very
specific case. Hydrothermal treatment in water at temperature below 200°C of
mono and polysaccharides gives micrometer-sized particles having a carbonaceous
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Figure 6.10 TRAPDOR experiments are the sodium atom is irradiated as its in-

used to reveal spatial proximities between
dipolar (here 3'P) and quadrupolar (here
Na) nuclei. In this case, the 3'P signal
peak at —1.95 ppm is clearly affected while

tensity varies with irradiation time. (Ref-
erence [171] — Reproduced by permission
of The Royal Society of Chemistry — RSC —
www.rsc.org.)
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Figure 6.11 The 2D representation of the '3C-13C DQ-SQ
experiment (SC14 pulse sequence) provides a clear-cut pic-
ture of the interior core of carbon spheres obtained via a
hydrothermal treatment of glucose. The material is com-
posed of furane moieties, as seen by the off-diagonal
cross-peaks at 115 and 150 ppm.

scaffold. This process attracts much interest worldwide because of the possibility
of using both pure saccharides and raw biomass under mild conditions when
compared to the standard temperatures used to convert biomass into carbon. This
is important both from sustainable development (cheap carbon reservoir) and
application (chromatography, adsorbents, energy storage) points of view. The final
material has an average composition of matter of about 65wt% carbon, 30 wt%
oxygen, and 5wt% hydrogen and interesting adsorptive properties because of
carboxylic acid sites, as shown by FTIR and '3C solid-state MAS NMR techniques.
Under these conditions, a clear structural resolution is extremely challenging and
up to now no study describes the core structure of these carbonaceous powders.
Our approach consisted of isotopic (*C) enrichment of the carbonaceous scaffold
via the introduction of fully *C-enriched glucose at the early stages of the material
synthesis. This allows very fast signal recording and opens up several possibilities
to deep structural studies using advanced NMR techniques, which would otherwise
be impossible to exploit under natural isotopic abundance conditions.

The carbonaceous structure of the carbon spheres is generally interpreted as
complex graphene-like material with a polyaromatic core and oxygenated (OH,
COOH, COH) surface functions. This picture was highly incorrect, as proved by
our 2D BC-13C DQ- SQ experiments® and partly shown here (Figure 6.11). Two
main signals at 115 and 150 ppm are clearly distinguished, the first corresponding

5) The SC14 pulse program, based on DQ and optimized to detect only next neighbors
excitation between (through space) dipolar (one carbon—carbon bond).
coupled nuclei (see introduction), was used
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Scheme 6.2 The core of the carbon spheres is com-
posed of a furane-based network instead of a graphene-like
network.

to —C=C- and the second to —~C=C-O- groups. The on-diagonal cross-peak at
115 ppm exactly indicates the existence of —C=C— bonds while the off-diagonal
cross-peaks at 115 and 150 ppm show —C=C—O- proximities. Interestingly, the
analysis of the intensities shows that equivalent amount of -C=C- and —-C=C-0O-
exist and are very close (one atom bond) to each other. This excludes the existence
of a wide aromatic core (Scheme 6.2b) with external oxygenated functions and it
strongly suggests the existence of a furane-based network instead (see Scheme 6.2a).
This conclusion is highly unexpected both for these hydrothermally synthesized
and for typical pyrolized carbons at T < 350°C, but it is further confirmed by
complementary *C NMR experiments [173].

6.9
Conclusion

This chapter has shown a number of application of solid-state NMR in the field of
nanomaterials.

In particular, the structure and surface properties of fullerenes, nanotubes and
quantum dots, the self-assembly process in the solid-state, the interactions at the
inorganic/organic interfaces are all samples that prove the utility and necessity
of solid-state NMR in the characterization of more and more complex materials.
In more specific cases, like amorphous materials (silica, carbon), this is the only
technique which highlights the short-range structural features.

It is clear that continuous advances in the NMR technique (stronger NMR mag-
netic field, better performing homonuclear decoupling sequences, new recoupling
schemes, etc.) will provide an endless source for the material chemist to solve
complex structures and elucidate interface interactions.
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New Tools for Structure Elucidation in the Gas Phase: IR
Spectroscopy of Bare and Doped Silicon Nanoparticles

Philipp Gruene, Jonathan T. Lyon, Gerard Meijer, Peter Lievens, and André Fielicke

7.1
Introduction

For a long time, the study of matter focused on systems that are either very
small, like atoms and molecules, or so large that they can be treated as infinite.
Both of these extreme cases are rather well understood at present. An atom of a
certain element is, for example, characterized by its ionization energy (IE), while
a well-defined surface in the bulk phase is characterized by its work function.
A piece of iron is magnetic, while the electrons in an iron atom have a certain
spin. Two atoms are bound together by a specific binding energy, while the heat of
vaporization has to be supplied in order to evaporate atoms from the corresponding
condensed phase. But how do the properties of single atoms evolve into those of
the bulk?

In the early 1980s, new experimental techniques allowed for the production of
often elusive particles that contain variable numbers of atoms — between two and
several tens or hundreds of thousands. Such aggregates are called atomic clusters
and bridge the gap between atoms and the bulk. By studying clusters, it can be seen
how the properties of the bulk emerge from the properties of the corresponding
atoms and molecules [1-3].

Owing to their large fraction of surface atoms, clusters were initially mainly
seen as model systems for extended surfaces, on which, for example, catalytic
reactions could be studied [4]. However, it was soon recognized that clusters exhibit
properties that do not necessarily evolve smoothly with particle size, but rather
that there can be a nonscalable regime, in which the cluster may even behave
differently from anything known for the atom or for the bulk [5]. This added a third
dimension to the periodic table of the elements — the size of the particle. Many
unique properties of clusters containing just a few atoms are known at present, for
example, the occurrence of ferromagnetism [6] and ferroelectricity [7] in clusters
of elements that are nonmagnetic in the bulk [8], or size-dependent changes in
melting points [9].

Silicon clusters are among the most studied nanoparticles, which is mainly due
to the importance of silicon in the semiconductor industry and other high-level
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technological applications. The peculiarity of clusters, namely that the physical and
chemical properties vary with size of the particle, brings along opportunities and
pitfalls. On one hand, it might be possible to tailor desired properties by carefully
controlling the size of the silicon structures. Examples of such devices include
three-dimensional photonic silicon crystals [10], silicon-based visible light-emitters
[11], and conducting silicon nanowires [12]. On the other hand, a mere downscaling
of silicon devices may go hand in hand with changing characteristics of the material
and thus may be intrinsically impossible. For example, it is well known that small
silicon clusters bear different geometries compared to the bulk material [13, 14]. In
contrast to carbon, silicon prefers sp* hybridization and thus is not known to form
symmetric and compact structures, like fullerenes or nanotubes. Furthermore,
the dangling bonds of silicon clusters render them rather reactive and unstable.
The opposite would be needed if one thinks of silicon-based building blocks
for nanoassembled materials. It has been argued, however, that doping silicon
clusters with metal atoms might lead to more stable, symmetric cage structures
[15-17).

An intriguing question is thus about how the geometries of silicon clusters
change with particle size and how these structures can be modified, controlled,
and stabilized upon proper doping with transition-metal atoms. Unfortunately,
the determination of the geometric structure at the nanoscale is far from being
trivial [18]. A simplification of this problem is to investigate free clusters in
the gas phase. In this approach, interactions with the support are absent, and
the focus lies on the intrinsic structure of the nanoparticle. Still, experiments
that allow for detailed insights into the binding geometries of strongly bound
clusters remained elusive for a long time. Only in the last 10 years methods
have become available, by either improving existing methods or by developing
entirely new ones, that are accurate enough to unravel fascinating structures of
very small particles, typically containing between 3 and 30 atoms, in the gas
phase.

A short overview of the instrumental methods that have been employed to study
the geometries of isolated silicon clusters is given in Section 7.2. Section 7.3
provides an introduction into size-selective vibrational spectroscopy of gas-phase
particles. All the approaches presented therein require very intense and tunable
infrared (IR) light sources. The Free-Electron Laser for Infrared eXperiment
(FELIX) meets these requirements and is briefly described. The results that form
the focus of this chapter are obtained with infrared multiple photon dissociation
(IR-MPD) spectroscopy, which is explained at the end of this section. In Section 7.4,
pure silicon-cluster cations are studied applying IR-MPD. With the exact structure
of the pure species known, the influence of dopant atoms can be investigated.
Section 7.5 describes a method that can sensitively discriminate between silicon
particles, in which the dopant is located on the cluster surface, and particles, in
which the dopant is fully surrounded by silicon atoms. Detailed structural insight
from vibrational spectroscopy on doped silicon clusters is gained in Section 7.6.
The chapter concludes with an outlook on future work on these systems in
Section 7.7.
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Figure 7.1 The reduced mobility of cationic silicon clus-
ters in helium at 292 K against cluster size. Two structural
families are visible, as well as multiple isomers in an inter-
mediate size range. Reprint with permission from J. Chem.
Phys. 1992, 96, 9180. Copyright 1992, American Institute of
Physics.

7.2
Methods for Structural Investigation of Silicon Clusters

7.2.1
lon Mobility Measurements

A straightforward way to probe the shape of gas-phase ions is to measure their
mobility under the influence of a weak electric field in a drift cell filled with an inert
gas [19]. Ions with a large collisional cross section will drift slower than ions with a
smaller collisional cross section. If a mass-selected ion is present in two isomeric
forms that differ substantially in their shape, they can be resolved in the drift
spectrum. Upon comparison with calculated cross sections for various isomers,
insight into the shape of the species can be gained. This technique is most valuable
for probing size-dependent structural transitions [20—22].

Silicon cluster cations have been among the very first species to be studied
by ion-mobility experiments [23, 24]. Two different families of isomers could be
resolved due to their different mobilities, as can be seen in Figure 7.1. One family,
starting from Sijo", was identified as prolate or sausage-shaped. From clusters
containing 23 or more atoms on, a more spherical oblate-shaped isomer was found.
Up to Sizs™ these two structures coexist, while larger clusters prefer the more
spherical geometry.
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Improvements in the experimental setup [25] led to a much better resolution and
for many cluster sizes multiple isomers were found [26]. An unbiased global-search
algorithm for the lowest energy isomer based on a genetic algorithm identified a
variety of new energetically low-lying geometries. Their collisional cross sections
were then compared with the experimental findings. A tri-capped trigonal prism
(TTP) was identified as an important building block of cationic silicon clusters
containing 12—-18 atoms [14].

Obviously, ion mobility is limited to charged particles. Furthermore, it yields only
a single experimental value that has to be compared with the outcome of quantum
chemical predictions. The information content is thus restricted and different
isomers that have similar collisional cross sections but different geometries cannot
be distinguished.

7.2.2
Anion Photoelectron Spectroscopy

In anion photoelectron spectroscopy, a cluster anion is excited by means of an
UV/vis laser with photon energy hv. If the photon energy exceeds the binding
energy of the electron (electron affinity, EA), the electron is detached and any
photon energy in excess of that needed for electron detachment is carried by the
outgoing electron in the form of kinetic energy Eyin according to

Ejin = hv — EA — Ec. (71)

The resulting neutral cluster can either be in the ground state or in a vibron-
ically excited state that lies above the ground state with an energy difference
of Ee. The detachment process is fast in comparison to structural rearrange-
ments of the nuclei upon removal of the electron. That is the reason why it
is generally stated that photoelectron spectroscopy of cluster anions probes the
electronic structure of the neutral cluster in the ground-state geometry of its
anion. The kinetic energy of the detached electron depends on the rovibronic
states of the anion and the remaining neutral cluster. In addition to the valuable
knowledge about electronic states, such spectra can distinguish between structural
isomers if the changes in geometry lead to changes in the electronic levels. The
electronic structure for various isomers can be predicted by means of quantum
mechanical calculations and the results can be compared with the experimental
outcome.

Photoelectron spectroscopy has been applied to anionic silicon clusters over
a wide range of cluster sizes and detachment laser wavelengths [27-30]. The
photoelectron spectra have confirmed the TTP as the dominant building block for
clusters containing between 10 and 20 atoms [29]. For smaller clusters Si;_;~,
some vibrational substructure could be resolved [28]. With regard to structural
investigations, the resolution of vibrational substructure is highly desirable as
molecular vibrations directly reflect the arrangements of atoms in the cluster and
the forces acting between them.
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7.2.3
Matrix Isolation Vibrational Spectroscopy

The primary technique for the measurement of vibrational spectra is IR absorption
spectroscopy. Usually, however, clusters are produced over a broad size distribution
and can be handled only in the gas phase. Therefore the achievable densities are
low and do not allow for the application of standard spectroscopic techniques.
Embedding clusters in an inert host matrix allows for their accumulation without
further aggregation, as diffusion and subsequent reactions in the matrix are
suppressed and the clusters remain isolated. The matrix usually consists of
cryogenically solidified rare gases or chemically inert molecules like N,. To date,
Raman spectroscopy is the preferred technique for the study of the vibrational
properties of metal clusters isolated in matrices. By tuning the excitation wavelength
in resonance with an electronic transition, the intensity of vibrational transitions
can be enhanced by a factor of up to ~10° compared to normal Raman spectra.
This resonance-enhanced Raman spectroscopy has been intensively used to study
the vibrational modes and force constants of small metal and lanthanide clusters
31].

The vibrational spectra of neutral silicon clusters containing four, six, and
seven atoms accumulated in rare-gas matrices have been measured using
surface-enhanced Raman spectroscopy (SERS) [13, 32]. In SERS, the electric field
surrounding a silver or gold surface increases as the surface plasmons are excited
by a laser. As Raman intensities are proportional to the electric field, the signal
intensity increases substantially (up to 10'') compared to conventional Raman
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Figure 7.2 Measured Raman spectra of Sis, Sis, and Siz
accumulated in a cryogenic matrix, predicted structures, and
predicted spectra. Reprint with permission from J. Chem.
Phys. 1999, 110, 12161. Copyright 1999, American Institute
of Physics.
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spectroscopy. Small silicon clusters have also been detected after deposition into
a rare-gas matrix using Fourier transform infrared (FTIR) spectroscopy [33]. On
the basis of these studies, sound structural assignments have been made (see
Figure 7.2). However, the data is limited to a few cluster sizes.

73
Infrared Multiple Photon Dissociation Spectroscopy

7.3.1
Gas Phase Spectroscopy Using Free-Electron Lasers

Besides the accumulation of clusters in a matrix, another way to account for
the problem of a low particle density is to use more sensitive particle-detection
methods. In particular, ion detection by means of mass spectrometry can have a
detection efficiency close to unity and is obviously mass selective.

A suitable method for obtaining vibrational spectra of clusters in the gas
phase is infrared multiple photon excitation (IR-MPE) spectroscopy [34]. This
approach requires the absorption of many IR photons, until the cluster is ex-
cited to internal energies that lie either above its IE, such that ionization can
occur, or to energies that lie above its lowest bond-dissociation energy (BDE),
such that dissociation of the cluster becomes possible. Both processes can be
sensitively detected by means of mass spectrometry but require very intense IR
light sources to induce the absorption of the required large number of photons.
Further, the light source must be tunable over a broad frequency range in order
to cover the whole part of the spectrum, in which vibrational resonances can be
expected. Until recently, there were no lasers available that met these require-
ments. The situation has changed with the development of free-electron lasers
(FELs).

7.3.2
Working Principles of an FEL

An FEL is a unique light source, as the lasing medium is a beam of free electrons,
whereas in conventional laser systems electrons are bound to atoms, molecules,
or crystals. Obviously, the electrons are not completely free, but are under the
influence of magnetic forces which cause them to radiate. Figure 7.3 shows the
basic ingredients of an FEL. Electrons are accelerated to quasi-relativistic energies
and injected into a periodic magnetic field structure referred to as the undulator
of period A,. Passing through the undulator the electrons experience an oscillating
magnetic field and start a wiggling motion. Therefore they spontaneously start
emitting light of the wavelength

Au

Ao =
0 2)/2

1+ K% (7.2)
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Figure 7.3 Schematic view of a free-electron laser consist-
ing of an electron gun, an accelerator, and an undulator
(with period Ay) placed in a resonator. Electrons oscillate
between the undulator magnets and emit radiation, which is
stored and amplified in the optical cavity.

where y is the Lorentz factor and K is a dimensionless parameter that is propor-
tional to the strength of the magnetic field in the undulator.

This spontaneous radiation is usually very weak and incoherent because the
electrons are spread over an interval that is much longer than the radiation
wavelength. In an oscillator configuration, the spontaneous radiation is trapped
between two mirrors of an optical resonator. When new electrons enter the
resonator, the stored field leads to the so-called microbunching. Electrons that travel
faster than the phase velocity of the field will lose energy to the electromagnetic
field while slower electrons will gain energy. In order to have amplification of
light, the initial beam energy must be slightly higher than the resonance energy
corresponding to the wavelength of the light. The wavelength of the radiation can
be changed by varying the strength of the magnetic field and thus the parameter K
in Eq. (7.1)

At FELIX, situated at the FOM Institute Rijnhuizen in The Netherlands, this is
achieved by changing the gap between the pairs of magnets by means of stepper
motors. FELIX is uniquely suited for gas-phase experiments as it is continuously
tunable over a range of 4.5-250 um. Typical output energies of FELIX can be
up to 120m]J in a pulse of ~5 us duration in the mid-IR and 15-50 m]J/pulse
in the far-IR. The bandwidth usually ranges between 0.3 and 1% of the central
wavelength.

7.3.3
Infrared Multiple Photon Excitation

It has been realized early on that the IR-MPE induced by FELIX radiation cannot
be a purely coherent multiphoton process, given the large amount of photons that
need to be absorbed to induce ionization or dissociation [35, 36]. In view of the width
of the IR radiation and typical anharmonicities in vibrational potentials, climbing
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the vibrational ladder of the excited mode (v;=0—>vi=1— vi=2— ...) is
unrealistic due to the anharmonicity bottleneck. The mechanism of IR-MPE is
thus better described by two (overlapping) regions, the resonant region and the
quasi-continuum region.

In the resonant region, the molecule interacts with the IR radiation and climbs
up the discrete energy levels of a vibrational ladder. This resonantly enhanced mul-
tiphoton process is governed by the selection rules for direct photoabsorption. With
every absorbed photon, the internal energy F; of the molecule is increased. Since
the density of vibrational states p(E;) increases roughly with EN, where N is the
number of vibrational degrees of freedom (3n—6 for a nonlinear n-atom molecule),
even a molecule that contains only few atoms quickly reaches a density of many
states per centimeter at an internal energy of >1000 cm ™!, the quasi-continuum. At
sufficiently high densities of states, their coupling due to vibrational anharmonic-
ities results in very fast internal vibrational redistribution (IVR), typically on the
order of picoseconds, which is short in comparison to the FELIX pulse length. IVR
rapidly removes the population from the excited state into the bath of vibrational
background states so that the molecule can escape the anharmonicity bottleneck
and is ready for the next photon absorption [37].

As a competing process to IR-MPE, the molecule tries to lower its internal energy
by either the emission of photons and electrons, or by fragmentation. The rate
constants for fragmentation and electron ejection grow exponentially and will thus
dominate at high energies. The branching ratio of the two processes depends on the
internal energy and the specific properties of the molecule, like its IE (for neutral
molecules) and BDE. For all the clusters studied in this chapter the emission of
neutral fragments is the faster process, as their BDEs are much lower than their
IEs (second IEs in the case of cations).

73.4
Dissociation Spectroscopy with the Messenger Technique

The IR spectra discussed in this chapter are obtained via IR-MPD spectroscopy. In
dissociation spectroscopy, either the depletion of parent ions or the formation of
the photofragments is monitored to probe the absorption process. Probing the frag-
ments relies on an initial mass selection and gives rise to almost background-free
spectra [38]. The measurement of depletion has the advantage that all complexes in
the molecular beam are probed, and since the detection method is mass-selective,
the simultaneous measurement of IR spectra for different cluster sizes is possible
[39]. Further, also neutral molecules can be probed with FELIX radiation [40, 41]. A
disadvantage of measuring the depletion is that the spectra are not background-free.
The mass spectrometric signal of the parent ion is subject to instabilities, mainly
due to fluctuations in the cluster intensity produced in the laser-ablation source.
Therefore, many mass spectra have to be averaged per FELIX wavelength in order
to obtain a good signal-to-noise (S/N) ratio.

Vibrational transitions of silicon clusters lie in the far-infrared (FIR), typically
between 150 and 600 cm ™!, which corresponds to an energy per photon of only
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~20-75 meV. On the other hand, the clusters are rather strongly bound with BDEs
around 4 eV [42]. Owing to the nonpolar nature of silicon clusters, the dynamic
dipole moments and therefore the IR absorption cross sections are low. Even with
the high laser fluence that is provided by FELIX, IR-MPD of such species has not
been observed.

This problem can be overcome by using the so-called messenger method, in
which a loosely bound ligand that is supposed to have a minor to negligible
influence on the structure and vibrational properties is attached to the species that
is to be analyzed. It was the messenger technique combined with IR-MPD that
facilitated the first FIR spectra of bare metal clusters in the gas phase [43]. All IR
spectra discussed below are obtained using either Ar or isotopically enriched *Xe
as the messenger atom.

7.3.5
Experimental Realization

The cluster source consists of a main body with a central channel and sufficient
place to mount two targets side by side (see Figure 7.4) [44]. The target holder
is pushed against a slit in the source channel. Opposite to the slit there are two
entrance channels under an angle of 5°. The second harmonic outputs of two
independent Nd YAG laser beams ablate atoms off the targets. The plasmas are
quenched by a helium gas pulse delivered from a fast pulsed valve. In the rare-gas
pulse, a supersaturated vapor is formed and clustering occurs. The target holder
is moved in a rectangular closed-loop pattern by two in-vacuum stepper motors
in order to expose a fresh spot of the targets at each laser shot. A laser-ablation
source produces neutral as well as cationic and anionic clusters. All species travel
down through a temperature-controllable copper channel. When this channel is
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Figure 7.4 Scheme of the molecular-beam setup for the
production of silicon-cluster rare-gas complexes.
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cooled with a flow of liquid nitrogen and a heavier rare gas like argon or xenon
is added to the carrier gas (typically 0.5-1% of the heavier rare gas in helium)
also van der Waals complexes of the cluster with the heavy rare gas are formed.
Clusters and complexes expand into vacuum and the resulting molecular beam
passes through a skimmer and an aperture of 1mm in diameter. When the
clusters arrive in between the acceleration plates an electric field is switched on,
which pushes the cationic clusters toward the detector and a time-of-flight mass
spectrum is taken (see Figure 7.5a). As can be seen in Figure 7.4, the FELIX
beam counterpropagates with respect to the molecular beam and is loosely focused
~30mm behind the aperture. The aperture ensures that only clusters that have
passed the focal region and interacted with FELIX radiation reach the detector,
which is crucial for depletion spectroscopy. To correct for intensity fluctuations of
the cluster source, the experiments are performed in a toggle mode with the cluster
source running at 10 Hz and FELIX at 5 Hz. Using two different channels of a
digital storage oscilloscope, mass spectra are recorded and averaged alternatingly
with and without FELIX irradiation, and transferred to a computer.
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Figure 7.5 (a) Part of the mass distribution a function of FELIX wavelength; note the de-

of Si,™ and Si,"Xe complexes without FELIX
radiation. (b) Same distribution with FELIX
irradiation at 21.4 pum; the mass spectro-
metric signal of Sig™Xe is almost completely
depleted as indicated by the arrow. (c) Ra-
tio of the mass spectrometric intensity of
SigT™Xe with and without FELIX irradiation as

pletion down to 30% at 21.4 pm as shown
by the gray vertical line. (d) After correcting
the depletion spectra for the variation of the
FELIX pulse energy with wavelength, absorp-
tion spectra can be obtained. The absorption
at 21.4 um, corresponding to 467 cm, s
indicated again by a gray vertical line.
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The construction of IR absorption spectra is explained in Figure 7.5. As men-
tioned above, mass spectra are taken and averaged without (a) and with FELIX
radiation (b). The signal intensity with IR radiation, I(v), and without, Iy, is
integrated for a selected complex. Plotting the ratio I(v)/Iy against the FELIX
frequency leads to so-called depletion spectra (c). The far-IR absorption spectra are
obtained by converting the measured depletion spectra to absorption cross sections
o (v) and by normalizing for variations of the laser intensity P(v) over the tuning
range using

1
o) ~ —In—r (7.3)
STy
This procedure assumes a one-photon absorption process and is justified if the
absorption of the first photon is the rate-determining step in the IR-MPD process
(see above) [45].

7.4
IR-Spectroscopy on Bare Silicon Cluster Cations

7.4.1
Introduction

There is a long history of experimental studies of silicon clusters. Theoreti-
cians have made many predictions concerning the geometries and properties
of neutral silicon clusters, demonstrating that different ab initio and density
functional theory (DFT) methods predict varied ground-state structures [46-51].
There exist fewer theoretical studies of the geometries of charged silicon clus-
ters [52-56], but different ground-state structures have also been proposed for
several ionic clusters. For example, the structure of Sig* has been reported as
both a bi-capped octahedron [54, 56] and a face-capped pentagonal bipyramid
[55]. Thus, there exists a need for experimental results to validate theoretical
predictions.

Some experimental approaches to study silicon clusters have been presented in
Section 7.2. It was shown that vibrational spectroscopy in inert matrices led to
sound structural assignments for small neutral clusters (Section 7.2.3). Ion mobility
proved the existence of multiple isomers for certain cluster sizes and revealed gen-
eral shape transitions (Section 7.2.1). Photoelectron spectroscopy has added support
for the TTP as an important building block in silicon clusters (Section 7.2.2). How-
ever, while these experimental techniques give a general idea of cluster structure,
they usually cannot distinguish between isomers possessing similar geometries. In-
deed, ion-mobility measurements have difficulties distinguishing between different
structural isomers for small cationic silicon clusters, Si,* (n < 13) [57]. Vibrational
spectraof Si,* (n=6-23) have been obtained by IR-MPD spectroscopy of their com-
plexes with xenon ligands. By comparing the observed spectra with those predicted
by quantum chemical calculations, precise cluster geometries can be assigned [58].
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7.4.2
Results and Discussion

Figure 7.6 shows the vibrational spectrum of Sig™ obtained upon IR-MPD of its
complex with one xenon atom. Complex formation was promoted by cooling the
copper channel to approximately 100 K. The dots represent the raw data while
the line interconnects a seven-point binomially weighted average to account for the
bandwidth of FELIX. The IR-MPD spectrum shows an intense absorption band
at 411cm™! and a much less intense feature at 441 cm~!. DFT calculations are
performed in order to make structural assignments by comparing the predicted
IR spectra for multiple isomers with the experimental outcome [58]. The upper
panels of Figure 7.6 show the calculated IR spectra of two different isomers 1a and
1b. Computed IR frequencies of all calculated isomers in this chapter are scaled
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Figure 7.6 IR-MPD spectra of the Sig*, Sig™, and Sijs*
clusters tagged with a xenon atom compared to the pre-
dicted infrared spectra of multiple structural isomers (la-b,
2a—c, 3a-b).
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by a multiplication factor of 1.03, and are plotted by broadening the predicted
frequencies with a Gaussian line shape possessing a full-width at half-maximum
of 8cm~!. There is considerable support in the literature that an edge-capped
trigonal bipyramid (which can also be regarded as a distorted octahedron) is the
global minimum-energy structure [54, 56, 57]. Also, here, the calculations identify
a distorted octahedron 1a as the lowest energy isomer, well separated from all other
calculated structures [58]. Figure 7.6 shows nicely how the vibrational fingerprint
can distinguish even between rather similar geometries. 1a can be viewed as a
trigonal bipyramid with an additional atom, which bridges a bond between two
equatorial atoms. 1b is a trigonal bipyramid, in which an atom bridges the bond
between an axial and an equatorial atom. Even though the structures are closely re-
lated, their IR spectra differ drastically. Comparison with the experimental 1R-MPD
spectrum reveals that 1a is the isomer that is present in the molecular beam.

The importance of experimental verification of quantum chemical predictions
is even more evident in the case of Sig*. Two geometries have been previously
reported as the ground state of Sig*, a distorted bi-capped octahedron (isomer
2c in Figure 7.6) [54, 56] and a face-capped pentagonal bipyramid (isomer 2b)
[55]. However, the calculated IR spectra for these shapes do not reproduce the
experimental spectrum. None of these two geometries predict an intense band
below 300cm™!, whereas the experimental IR-MPD spectrum of Sig*Xe has a
pronounced band at 267 cm™!. In search of additional structural isomers, an
edge-capped pentagonal bipyramid structure has been optimized (isomer 2a). This
geometry is computed to be the lowest lying isomer and the predicted IR spectrum
matches the experiment well, especially as this computed isomer has an intense
absorption band at 264cm~!. Hence, this edge-capped pentagonal bipyramid
geometry is assigned to the Sig™ cluster.

Even when the global minimum is found in the quantum mechanical calcula-
tions, additional problems can occur. It is not a priori clear that the energetic
ordering of the isomers is calculated correctly. Further, in the experiment
a structure might be produced, which is kinetically favored in the cluster
production process. In that case, the isomer that is responsible for the mea-
sured IR-MPD spectrum does not correspond to the global minimum but is
metastable. The lowest energy structure found for Sijs™ contains a central trig-
onal prism building block with eight additional atoms, four on each of the two
sides (3a in Figure 7.6). However, the predicted IR spectrum for this isomer
is dominated by a strong absorption band at 398 cm™!, whereas the experiment
reveals a multitude of bands of comparable intensity between 230 and 430 cm™!.
A much better fit with the experiment is obtained for the geometry 3b, which
is calculated to be only 0.07eV higher in energy. In principle, it is possible
that both isomers are present in the molecular beam. However, the pres-
ence of multiple isomers for Sij4™ was not evident in ion-mobility studies [26]
and isomer 3b can be safely confirmed as the major species present in the
experiment.

Unfortunately, there are also sizes for which none of the calculated isomers
reproduce the IR-MPD spectra sufficiently, for example, Sij;™[58]. However, for
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Figure 7.7 Structures of silicon cluster cations identified
by vibrational spectroscopy. The pentagonal bipyramid and
tri-capped trigonal prism building blocks are shown in dark
shade.

many cluster sizes definite structural assignments have been achieved and their
geometries are shown in Figure 7.7.

While looking for patterns in the cluster structure as the size increases, some
general trends in the growth can be noted. Si;" is a pentagonal bipyramid. Sig*
and Sig" retain the pentagonal bipyramid base with additional atoms capping an
edge or face. For Sijp™, a new base feature is present, that is, a TTP. It is interesting
that Sip*™ does not have a TTP geometry; this structure is higher in energy. Sij; ™
and Siy3* build upon the TTP base with additional capping of faces. Sij4* appears
to possess a different structure. Although one could argue that this cluster may
possess very distorted versions of either building block, they are not assigned here.
The TTP reappears in the structures of Sijs™ and Sijg*. Summarizing, TPPs and
pentagonal bipyramids are the dominant structural motifs for small silicon-cluster
cations.

7.5
Chemical Probe Method for Endo- and Exohedrally Doped Silicon Clusters

7.5.1
Introduction

Elemental silicon clusters are unsuitable as building blocks for future nanoma-
terials, since their dangling bonds make them chemically reactive [46]. Contrary
to carbon fullerenes and nanotubes, sp? hybridized silicon clusters are unsta-
ble and the formation of a silicon hollow cage or tube is unlikely. It has been
argued that proper metal doping can change this behavior [15]. Following up on
this idea, many theoretical studies have investigated Si,M structures for various
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dopants from almost every group of the periodic table [17, 59-65]. While it seems
that alkaline-doped clusters are always more stable when the dopant is situated on
the surface of the cluster [66], transition-metal-doped silicon clusters form cagelike
geometries from a certain size onward [65]. It was found that incorporating a
single transition-metal atom may dramatically influence the structure and stability
of the clusters. For example, doping silicon clusters with Ti results in fullerene-like
clusters and Frank—Kasper polyhedra [67]. If, however, the number of Si atoms
does not suffice to enclose the dopant atom completely, then basket-like geometries
result [67, 68]. It has been suggested that for multiply metal-doped silicon systems,
endohedral silicon nanorods can be formed [17, 69-71].

To date, the experimental confirmation of these predictions has been limited
to indirect mass spectrometric observations [72-75], photoelectron spectroscopy
[76—84], as well as reactivity [76, 78, 80] and fragmentation studies [85]. For the
multiply doped analogs there is little gas-phase experimental data available.

One question that immediately arises when adding a dopant atom to a cluster
is whether the dopant stays on the surface of the cluster or whether it is fully
surrounded by a cage of silicon atoms. Nakajima et al. studied the size-dependent
reactivity toward H,O vapor in a flow-tube reactor [76, 78, 80]. The abundance
of Si,Tit (n = 7-11), for example, decreased upon reaction with H,O, while the
abundance of larger Si,Ti* (n = 13-17) clusters remained unchanged. It was
assumed that an exterior Ti atom is a reactive site for adsorption of H,O. The
low reactivity of larger Si,Ti" clusters would then indicate that these clusters
have no exterior Ti atom [76, 78, 80]. Complex formation with argon is found to
show a very similar behavior [86]. Ar is an ideal probe as it is expected to have
a negligible influence on the cluster structure and merely serves as a spectator
atom.

752
Results and Discussion

Figure 7.8a shows the Ar complex formation for mixed Si,Cr™ clusters obtained at
80K after adding 1% of Ar to the He carrier gas. The mass spectrum is congested
due to the large number of possible compositions and due to the natural isotope
distributions of the elements used. The highest ion signals are recorded for bare
Si,™ and singly doped Si,Cr*. Also, some doubly doped Si,Cr,* clusters and
complexes with argon atoms Si,Cry,%Ar;, are formed, while bare Si,™ clusters
do not bind any argon at this temperature. Most remarkably, the abundance of the
Si,Cry2"Ary, complexes is strongly size dependent and collapses after a certain
critical number of Si atoms. This is best represented by plotting the fraction of Ar
complexes (one or two Ar atoms) as a function of n as shown in Figure 7.8b. Both
for singly and doubly doped silicon clusters, critical sizes for argon attachment are
observed, which depend on the dopant element [86).

For singly doped silicon clusters, the critical size for Ar attachment changes
along the 3d row, that is, SiypTit, Siy;; VT, SijoCr™, SizCo™, SijjCu™ are the largest
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and doubly doped species.

clusters with pronounced formation of Ar complexes. Knowing that Si, ™ clusters
do not form stable complexes with Ar at 80 K, one can assume that Ar binds to
the TM dopant. Binding to the TM atom is only feasible if the dopant is on the
surface of the host cluster (exohedral). If the dopant resides in the interior of
an Si, cage (endohedral), the Ar atom can only interact with Si surface atoms,
and thus no Ar complexes are formed. Thus, Ar attachment is a probe for an
uncompleted caged structure; the disappearance of the Ar complexes marks the
formation of endohedral clusters. For doubly doped silicon clusters, the critical
size for Ar attachment decreases along the 3d row as well: SiyoTi,™, Si;zVo™,
SizeCryt, Si;3Co,™. It is again reasonable to assume that Ar complex formation is
not possible if the dopant atoms are fully surrounded by Si.

In general, the experimental findings of the argon-physisorption method are in
excellent agreement with what has been found in the reactivity studies with H,0O
vapor [78, 80]. The proposed basket-shaped structures for neutral Si,Ti (n = 8—12)
and endohedral systems for larger sizes [87] agree nicely with the experiment,
though other theoretical studies predict an endohedral structure already for Si;;Ti
[88]. There had been a discussion in the literature whether Si;;Cr [89] or Si;;Cr
[68] is the smallest endohedral species. Argon-physisorption identifies Sij;Cr' as
the smallest cationic cage structure. In case of cobalt as the dopant atom, theory
does not reproduce the critical size measured for the cation, as neutral SigCo is
calculated to be exohedral, while, experimentally, the transition occurs for two
silicon atoms less [59]. In the case of copper-doping, the transition for the neutral is
in agreement with the experimental finding for the cation to occur between Si;oCu
and Si;;Cu [90].
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7.6
IR-Spectroscopy on Exohedrally Doped Silicon Cluster Cations

7.6.1
Introduction

After knowing the exact geometric structures of bare silicon-cluster cations
(Section 7.4), as well as the location of the dopant atom in the silicon cluster
(Section 7.5), it is desirable to gain detailed insights into the geometries of doped
silicon clusters. While there is no doubt that the structure of silicon clusters can
be changed upon appropriate doping, detailed experimental studies on the growth
mechanisms of doped silicon clusters are rather scarce. A deep knowledge about
the influence of the dopant on the cluster’s structure, however, is necessary for
the design and production of tailor-made silicon materials. In the following, the
vibrational spectra of small cationic copper- and vanadium-doped silicon clusters
Si,Cut and Si,V*t (n = 6-8) are presented. Copper- and vanadium-doped silicon
clusters show the same critical size for the transition from exohedral to endohedral
structures (Section 7.5). It is thus interesting to address the question of whether
doping with these two atoms will generate clusters with the same geometric
structure.

7.6.2
Results and Discussion

Figure 7.9 shows the experimental and theoretical vibrational spectra of Si,Cu™
and Si,V* (n = 6-8). Only the theoretical spectrum of the particular isomer that
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Figure 7.9 Vibrational spectra of Si,Cu™ account for the bandwidth of FELIX. They
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best reproduces the experimental spectrum is shown. The number of possible
geometrical isomers increases rapidly for increasing cluster size and this holds
especially true for binary systems. For example, for SigV*, five structural isomers
have been found within 0.14eV, based on DFT calculations [91]. A structural
assignment of the clusters, based only on quantum chemical calculations, is
thus not straightforward. For SigV™, most of the experimental spectral features are
reproduced in the simulated spectrum of the calculated minimum-energy structure
(lower right panel in Figure 7.9). Its structure is that of a bi-capped pentagonal
bipyramid with the dopant atom in an axial position (Figure 7.10). The peak
positions are in good agreement, although the experimental doublet at ~420 and
430 cm™! is split by three wavenumbers only in calculation and appears as a single
line in simulation. The peak intensities deviate between theory and experiment.
In particular, the low-energy absorptions around 300 cm™! are less pronounced in
the experiment, which could be due to the larger number of photons needed for
photodissociation. Furthermore, one has to keep in mind that the IR-MPD spectra
do not correspond directly to linear absorption spectra.

In almost all cases, the experimental spectrum is reproduced best by the IR
spectrum of the calculated lowest energy structure. For SigV™, theory finds a
Si-capped octahedron as the lowest energy structure, while the experiment is
reproduced much better by the spectrum of a triplet-state pentagonal bipyramid
with vanadium in an equatorial position, which is calculated to be 0.03 eV higher in
energy. Interestingly, the experiment does not show any features that would point
to the coexistence of a second isomer, although the isomers are calculated to be
extremely close in energy.

n Si,Cu* Si,V*
6 ﬁ @
7 E
8 %
(@) (b) (©

Figure 7.10 Structures of Si,™ (a), Si,Cu™ (b), and Si,V*"
(c) (n = 6-8) for which the calculated vibrational spectra fit
best the experimental findings.



7.7 Summary and Outlook

The assigned structures for the copper- and vanadium-doped silicon clusters are
shown in Figure 7.10. They can be compared among themselves as well as with
the predicted structures of bare cationic silicon clusters in order to elucidate the
influence of the dopant. IR-MPD has led to definite assignments for the structures
of small cationic silicon clusters (Section 7.4). For Sig™, an edge-capped trigonal
bipyramid is found to be the lowest energy structure. Si; ™ is a distorted pentagonal
bipyramid, while Sig™ is an edge-capped pentagonal bipyramid (Figure 7.10a). In
principle, three types of doped silicon structures are possible. The dopant can
(i) add to, or (ii) substitute a silicon atom in a bare silicon cluster structure, or
it can (iii) induce a complete geometric reconstruction. SigV" is an example of
the second type, in which vanadium adopts the position of a silicon atom in the
pentagonal bipyramid structure of Si;*. Copper-doping leads instead to the third
type, resulting in a new structure that can be described as a distorted bi-capped
trigonal bipyramid with copper in an axial position. A very similar structure has
been suggested previously [54]. The situation changes for the clusters with one
more silicon atom. Now copper leads to a structure that belongs either to the first
or to the second type. The copper dopant simply adds to the equatorial edge of
a Si;™ pentagonal bipyramid. Alternatively, copper substitutes the edge-capping
silicon atom in Sig". Vanadium prefers a higher coordination and occupies the
axial position of a pentagonal bipyramid, which is face-capped by a silicon atom,
thus creating a whole new structure. In SigV*, a silicon atom is added to the face of
Si; VT, further increasing the coordination of the dopant. The pentagonal bipyramid
backbone is also retained in the case of SigCu™. However, now it consists entirely
of silicon atoms and the structure is of type 1 with copper adding to the bare Sig™
geometry.

7.7
Summary and Outlook

It has been the scope of this chapter to show the possibility to influence the
geometries of silicon-based nanoparticles. The geometries of free nanoparti-
cles in the gas phase can be studied by a variety of experimental methods,
but IR spectroscopy is shown to be especially versatile and sensitive to gain
detailed structural insights. The vibrational fingerprint of gas-phase clusters is ob-
tained upon IR-MPD spectroscopy of their complexes with loosely bound rare-gas
atoms.

This chapter started out with a thorough investigation of the structural properties
of bare silicon clusters Si,™ (n = 6-23). In many cases, excellent agreement
between theory and experiment allows for the unambiguous assignment of the
cluster structure. On the basis of the detailed knowledge about bare silicon clusters,
the structural influence of a dopant was studied next on an atomic level. One way
is to dope the cluster with a transition-metal atom. A question that then naturally
arises is where the dopant atom is located. A general answer can be found,
without any spectroscopy or quantum chemical calculations, by means of a simple
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argon-physisorption method. More detailed insight into the geometries of cationic
copper- and vanadium-doped silicon clusters containing six to eight silicon atoms
was gained again from vibrational spectroscopy. The dopant atom can lead to
three different structural motifs. It can substitute a silicon atom in the structure
of a bare silicon cluster or it can simply add to it. A third possibility is that it
leads to a complete structural rearrangement to produce an entirely new structure.
Especially the latter type opens the door for tailoring the properties of doped silicon
clusters.

Future work will focus on endohedrally doped silicon clusters. Their vibrational
fingerprint can be revealed upon IR-MPD of their complexes with xenon atoms.
Neutral particles constitute the next frontier with regard to bare and doped silicon
clusters. While a wealth of structural information is available for cationic and
anionic silicon clusters, hardly anything is known experimentally for their neutral
counterparts. IR-MPD is one of the very few experimental approaches that is not
only limited to charged species but can also be applied to neutral clusters [41].

One goal of the gas-phase synthesis of novel materials is their production in
macroscopic quantities. Cqo has been detected first as an enhanced peak in the mass
spectrum of carbon clusters and can now be ordered from a standard chemicals
catalog. It is interesting to see whether this stabilization can be achieved also for
certain silicon nanoparticles.
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8
Direct Observation of Dynamic Solid-State Processes with X-ray
Diffraction

Pance Naumov

8.1
Introduction

Ever since the discovery by Rontgen in 1895, the first diffraction pattern of a
crystal made by Knipping and von Laue in 1914, and the theory to determine
the crystal structure proposed by Bragg in 1915, the utility of X-rays has become
and has remained an indispensable tool for structural analysis of materials. The
historical developments as well as specific aspects of various analytical techniques
based on X-rays, including the X-ray diffraction, have been reviewed extensively,
and are not elaborated here. One of the few events in the history of the X-ray
diffraction which gave a new impetus to the use of the technique and definitely
opened a new era in the structural science — the macromolecular crystallography —
is the famous “Photo 51,” a single X-ray image of the sodium salt of DNA
recorded by Rosalind Franklin in 1952, which enabled Watson and Crick to
explain the structure of one of the most important molecules today as early as in
1953. Since those early days, the X-ray diffraction and scattering methods have
achieved a tremendous advancement, both in respect to the technical performance
and the studied materials. The two main technical components of any method
based on X-rays, the source and the detector, have each experienced remarkable
improvements: while it was necessary to spend a few months to determine a
single crystal structure of a small molecule by using Weissenberg camera, and
it would have normally taken several days to complete the task with the later
four-circle diffractometers equipped with point detectors, it takes less than only
a few hours by using the nowadays widely employed two-dimensional detectors.
These requirements are now further being sized down to the second and even
millisecond range by the realization of new detectors, which will inevitably shorten
the time required for laboratory-scale diffraction experiments for a few orders of
magnitude in the very near future. The X-ray sources, on the other hand, have
experienced a tremendous increase in their brilliance (a physical quantity which is
usually used to characterize one of the properties of radiation) of over 15 orders of
magnitude during the recent decades, and pulses in the picosecond time domain
are nowadays commonly available with the third-generation synchrotron sources,
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in addition to the conventional X-ray tubes which provide timely continuous X-rays
[1]. This trend is already at its next step in the recent years, when the fourth
generation X-ray sources that provide another four-orders-of-magnitude leap in
the average brilliance together with sub-picosecond pulses are becoming available
at several light sources around the world, opening the era of femtosecond-scale
time-resolved structural science.

Without doubt, the most widespread analytical technique based on utilization of
X-rays is the X-ray diffraction method, which employs the interference of X-rays,
diffracted from the planes in the crystal, which are composed of the structural
building units, to provide quantitative information of the three-dimensional spatial
distribution of the atoms —the molecular and crystal structure. Much benefit
of the developments in the X-ray diffraction analysis has already gone to the
structure analysis field of the materials science, which has evolved in the recent
couple of decades as a multidisciplinary, purpose-oriented research, invoked by the
needs of the rapidly developing human society. The materials science applications
have been boosted by the development of commercially available experimental
assemblies for structure determination that usually consist of a diffractometer,
a two-dimensional detector, and a low-temperature device. Together with the
simultaneous advancement of instrumentation for characterization of optical,
mechanical, magnetic, and other properties of the materials, as well as with the
advance of the atom-resolution microscopic techniques (SEM, AFM, TEM), these
developments have turned the structure determination much into a routine work
for rapid identification of bulk organic, metal—organic, organometallic, or inorganic
materials, mainly aimed to support the explanation of their physical properties.
At the other end of the line stands the macromolecular crystallography, which
has seen a tremendous automatization, together with increased resolution and
decreased times for data collection by the use of the white-beam techniques at
synchrotrons, and is steadily and increasingly contributing to the life sciences
with a significant amount of new and important structural information. In such
constellation of events, the small molecule crystallography is oftentimes seen as
becoming a part of the routine of materials scientists, biochemists, or organic
chemists, and the number of both fundamental studies and the researchers who
specialize in the field has inevitably increased. The shift of the crystallographers’
interests from the intramolecular structure, and the covalent or coordination
interactions, to the supramolecular level, related to the hydrogen-bonded and
weak intermolecular interactions, and the evolution of the crystal engineering
has become one of the expanding research subfields of the structural chemistry,
which still has both (X-ray or neutron) diffraction analysis and predictions based
on small molecule structures as the main source of information and target
of study. In particular, the research interest in polymorphism, cocrystals, and
polymeric metal-organic compounds has revived, which added to the increasing
number of structures that are being accumulated in the structure databases. A
few new, specialized journals also appeared in this field (e.g., Crystal Growth &
Design, CrystEngComm, Supramolecular Chemistry, the on-line section E of Acta
Crystallographica).



8.2 X-ray Photodiffraction Method

This chapter is devoted to a collection of selected illustrative examples of
application of the X-ray photodiffraction method (sometimes also referred to as
photocrystallographic method or technique),” an important and relatively recently
developed research direction in the small molecule crystallography. The subject
of the X-ray photodiffraction method are changes in crystal structures induced by
photoexcitation, either during the process of excitation or as a consequence of it.
From this general definition, it follows that this evolving analytical technique
combines the photochemistry (or photophysics) with the X-ray diffraction method
in order to arrive at precise information about the effects of photoexcitation on
the structure. The technique is increasingly being recognized as a very prospective
and indispensable tool for direct observation of fundamental processes in the solid
state. There are several excellent recent reviews and discussion articles devoted
to specific aspects, chemical, physical, or technical, of the X-ray photodiffraction
method [2-9]. Rather than being a highly technical or exhaustive report of all
reported examples of applications of this technique, the current review text was
intended to fit the contents of this monograph by providing its general chemical
audience with a brief overview of the main principles behind this important
method, together with a selection of examples from our laboratories and some of
the leading laboratories in the field, that we considered illustrative of its usefulness
and potentials for application to problems in the fundamental and applied chemical
sciences. Following the introduction in this section, the basic principles, assets, and
pitfalls of the X-ray photodiffraction are briefly discussed in Section 8.2. Selected
examples of application of the steady-state and time-resolved photodiffraction,
ranging from physical to biological systems, are listed and discussed in Sections 8.3
and 8.4. In Section 8.5, the prospects, potentials, and possible future developments
of this and similar methods based on X-ray radiation are briefly described.

8.2
The Basics: Principles, Applications, Advantages and Drawbacks of the X-ray
Photodiffraction Method

The usefulness of X-rays for structural studies relies on several important properties
inherent to their energy (wavelength), and it is also related to the recent technical
advancement of the instrumentation for their generation and detection. One of
the reasons behind the preferred choice of light as external stimulus to affect or
excite the solid-state structure in the X-ray photodiffraction method, contrary to
temperature or pressure, is related to the convenience in terms of the practical
realization of such experiments: with the presently commercially available tabletop

1) Both terms X-ray photodiffraction and X-ray
photocrystallography have been used in the
literature. The arguments as to the righ-
teousness of their use are similar to those
that apply to the differences between the
terms X-ray diffraction and X-ray crystallog-
raphy. Although more commonly used by
chemists and biochemists, the genealogy

of the second term implies writing about
crystals and is mainly used to refer to sin-
gle crystal X-ray diffraction. As the first term
describes the actual physical phenomenon
and is more general in meaning (by being
used also for powder diffraction methods),
“X-ray photodiffraction” is used throughout
this chapter.
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femtosecond laser sources and the related optics, the light can be very easily
produced, energy-tuned, and handled. Furthermore, when using light for excitation,
no physical contact with the sample is necessary; this greatly simplifies the
X-ray diffraction experiments which ordinarily involve moving instrumental parts.
Another, yet probably more important reason, for the use of light for inducing
structural changes is related to potential applications, and the fundamental role
that light has in the information technology, and the importance that it will
probably continue to have for controlling the properties of materials in the future.
Holding the absolute speed record in the nature, light will continue to be the fastest
medium for control of the properties of materials, and for recording or transfer
of information in a variety of applications, starting from photooptical memories
and switches, light-coupled spintronics, through applications in the life sciences
and medicine, to triggering or switching units coupled to molecular wires within
electrical nanocircuits and molecule-sized nanomachines.

The usefulness of the X-ray diffraction technique for structure analysis of the
interaction between the light and the bulk matter stems from its very basics: it
can provide direct and very precise information, with atomic-scale resolution, on
the geometrical changes that accompany very fundamental processes of structural
perturbations induced by excitation, usually with electromagnetic radiation of
energies within the ultraviolet or the visible region of the spectrum. The technique
provides a tool for structure determination of short-lived, unstable, or metastable
species, which are not accessible by other methods [10], and also for real-time in
situ observation of chemical reactions [11]. This information can be conveniently
coupled with details on the reaction energetics, obtained by spectroscopic methods,
to provide complete information about the effects on the geometry and the energy,
and their relation to the properties of the material.

The solid-state phenomena, which have been studied with the X-ray photod-
iffraction method or could be considered for future studies, can be provisionally
classified as “chemical” or “physical,” although strictly speaking, there is no strict
distinction between these groups. The chemical phenomena (chemical reactions)
usually include breaking and/or formation of chemical bonds due to excitation,
such as electrocyclizations, cycloadditions, bond isomerizations, dimerizations,
transfer of atom groups or hydrogen atoms, polymerizations, bond dissociations,
and other reactions. Except for the thoroughly studied [2+2] photodimerizations
reactions, which have been a subject of several previous reviews, the most studied
chemical reactions have been described in this chapter. The physical phenomena
are related to photoexcitation, formation of exciplexes, evolution or progression of
phonons and shock waves [12], lattice dynamics [13], laser heating of thin films
[14], photomagnetization, spin-related phenomena, displacements or movements
of molecules or their parts, charge transfer, phase transitions, and similar pro-
cesses. The range of systems of interest that could be considered is wide, and
extends from crystalline bulk macromolecules, through crystals of small molecules
or their assemblies, to single macromolecules [15]. Although there are many ways
for practical realization of the X-ray photodiffraction experiments, the most general
classification according to the technical background is probably the one based
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on whether the method is applied in a steady-state or time-resolved mode, which
depends on whether the structure is analyzed by considering the time as one of
the variables. Each of these experiments can be performed either by using single
crystals or powders (microcrystals) as sample. In the steady-state version, one can
employ ex situ or in situ excitation of the sample, oftentimes a single crystal, using
a continuous wave or a pulsed light source. The time-resolved methods can be fur-
ther divided by the type of X-ray radiation used, monochromatic or polychromatic
(the latter has been used to analyze proteins, but it was recently also applied to
small molecules). Both the steady-state and time-resolved photodiffraction can be
performed by using pulsed X-rays from a laboratory or synchrotron source.

In the simplest case of a steady-state ex situ single-crystal photodiffraction, the
crystal is exposed to an appropriately filtered light, until a sufficient amount”
of the photoinduced unstable, metastable or stable product has been created. If
there are no thermally induced phase transitions, these experiments are usually
performed at low (oftentimes cryogenic) temperatures, in order to increase the
lifetime of the product (in case it is a metastable phase), and to decrease the
thermal effects on electron density that are caused by atomic oscillations at any
temperature above the absolute zero and which are additionally enhanced by
heating caused by the incident light. The low temperatures are also useful to
decrease the possibility of partial melting or the occurrence of fatigue of the sample
caused by undesired side reactions. It should be noted, however, that excitation
at different temperatures can result in qualitatively and quantitatively different
outcome in terms of the structure of the product; the eventual phase transitions
of the reactant crystal, the product, thermally induced chemical reactions of the
intermediates or the product, and variations in the decay rate or reaction pathways
with the temperature, among the other factors, can all affect the result. In addition
to low temperatures, some of these practical obstacles can be overcome by using
selective and short-term excitation. The thermal effects can be measured either
directly (for example, by using the temperature-dependent shifts or intensities
of peak(s) originating from the sample itself or that from a purposefully added

2) There are different suggestions about the metal-containing samples. Additional diffi-

“sufficient amount” of species produced in
these experiments which can be considered
a low-limit threshold value for reliable de-
tection (the ideal conversion would be 100%
which can be realized only in certain cases).
The approach ultimately depends on the
properties of the particular system; the mag-
nitude of the structural perturbation, the
resolution of the data, the diffraction ability
of the sample and its (initial and final) qual-
ity can be considered as only some of the
factors which should be considered in the
estimation of the lower observable limit of
photoconversion. Conversions above ~10%
are usually considered sufficient for organic
crystals, whereas yields down to 5% or
even <2% are occasionally considered for

culty related to the estimation of this value
is the method of its detection: the diffrac-
tion methods, as well as the other (e.g.,
spectroscopic) methods exhibitinherent im-
perfections in that respect (e.g., related to
correlation problems). It should be pointed
out that a structure refinement represents
a way of fitting a chemical model into an
experimental electron density, which ulti-
mately represents an approximation of the
real atomic positions. A combined infor-
mation on the photochemical yield, prefer-
ably obtained by a combination of methods
based on different properties of the photoin-
duced species, is probably a more reliable
approach to estimate the conversion yield
than any of these methods alone.
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internal temperature standard, for instance, in powder X-ray photodiffraction, or
by direct temperature measurements), or they can be estimated by calculation,
considering variables such as the power or the flux of the incident excitation light,
the thermal properties of the sample, and the temperature of its environment.
Three of perhaps the most difficult problems, which are related to the solid state
of the sample, and have thus far limited, to a significant extent, the widespread
utilization of the X-ray photodiffraction technique on a large number of systems,
are the limited penetration depth of the excitation light, the preservation of the
three-dimensional order of crystals during the photoexcitation and the low diffract-
ing ability of some crystals. The first difficulty is inherent to the significantly
different cross-sections (or coefficients) for absorption by the solid-state matter of
radiation in the X-ray and the ultraviolet or visible ranges of the electromagnetic
radiation spectrum. Various practical methods to overcome this difficulty have been
suggested, mainly based on approaches that have been employed since the early
days of the electron spectroscopy in solution. These examples include off-maximum
selective excitation (“band tail irradiation”) of the absorption transitions that are
naturally broadened in the solid state, or multiphoton (usually two-photon) exci-
tation to prevent the light re-absorption by the product and to increase the bulk
conversion of the sample. Although very useful, these approaches are of limited
applicability due to their dependence on the fortuitous presence in the energy dia-
gram of a certain system of additional (virtual or real) electronic energy levels other
than the main absorptions, sufficiently large cross-sections of the nonfundamental
transitions and increased thermal effects that can induce additional, thermally
induced processes with similar or identical product outcome, when radiation in
the near-infrared region is used. The second limitation is related to the decreased
crystalline order (sometimes also referred to as increased mosaicisity, although this
latter term has alternative interpretations), and light- or heat-induced formation
of crystalline domains with similar, but yet slightly differing orientations in the
initially uniform single crystals. Although the theory behind this effect is well
understood, in practice it is oftentimes difficult to discern clearly and unequivocally
the relative importance of the effects of photoexcitation from those related to partial
crystal disintegration, especially where minor contribution of each effect may be
present in a system which retains its spatial symmetry upon photoexcitation, unless
more detailed information is extracted by rigorous mathematical analysis of the
information contained in the properties (spatial distribution, shape, intensity) of
the diffracted X-ray beam. Some useful insights into the possibility of an occurrence
of solid-state chemical reactions or the lack thereof, and the expected preservation
of crystallinity during the processes can be obtained by preliminary considerations
of the steric requirements based on the well-defined, ordered nature and the rigidity
of the crystalline state relative to amorphous or fluid states. These considerations,
initially realized for small molecule crystals through the topochemical principle
[16, 17], have been developed into the reaction cavity [18] and similar concepts
which relate the probability of occurrence of a solid-state processes to the spatial
compatibility of the reactive molecule with its surrounding. The third difficulty, the
limited diffracting ability which is occasionally caused by large size of the unit cell
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or by unavailability of sufficiently large crystalline samples, can be overcome by
use of intense X-ray sources of tunable wavelength, which are nowadays available
at the synchrotrons.

Particular attention during the course of X-ray photodiffraction analysis should be
devoted to the procedure of data processing and structure refinement. The process
from the initial recognition of a structural change in the diffraction pattern to the
final treatment of the disorder with chemically sensible model requires a substantial
amount of time and attention, in addition to the necessary experience. Minute
changes of intensities of individual reflections or of the overall diffracting ability,
related to changes in the atomic distribution without change of the translational
symmetry or gradual decomposition, or appearance/disappearance of reflections
caused by changes in the crystal symmetry, can all be very informative about
the photoinduced process at the early stages of the experiment. If these effects
are successfully resolved from the artifacts due to heating or decreased crystal
integrity, they can provide firm evidence of the occurrence (or not) of structural
change by photoexcitation. In the later steps of structure determination procedure,
reference to any electron density features that could be indicative for presence of
additional molecular species in the structure, may be critical to distinguish the
photoinduced features. Finally, the refinement of structures where the disorder
has been purposefully induced is a nontrivial task that demands a great amount of
effort.

8.3
Steady-State X-ray Photodiffraction: Examples

8.3.1
Transfer of Chemical Groups or Atoms, and Electrocyclization/Ring Opening

The earliest reported photoactive solid-state systems are probably the photochromic
compounds, because they have in common very long-lived and intensely colored
photoproducts (the lifetimes are usually on the order of hours or days), with
very different optical properties relative to the reactant. The known families of
photochromic compounds and their photochemical reactions are based upon sev-
eral reaction mechanisms, the most common being the electrocyclic reactions
and group or hydrogen transfers. From the latter, the photochromic salicylide-
neanilines (anils) are particularly suitable for X-ray diffraction studies, because
they exhibit significant and easily detectable structural reorganization, due to
enol-keto tautomerism combined with cis—trans isomerization. In the simplest
version of the reaction mechanism, by intramolecular proton transfer, the enol
form is photochemically converted into a cis-keto form, which then occasionally
isomerizes to a trans-keto form. The trans-keto form can be detected by X-ray
diffraction analysis [19]. In the most recent study by Sekine, Ohashi et al. [20],
the trans-keto form was produced in situ by irradiation with continuous-wave
UV light of a single crystal of the enol form in one of the polymorphs of the
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Figure 8.1 Structure of the disordered and the keto form (filled bonds). Reprinted
molecule in the photoirradiated crystal of from Sekine et al. (2009) Bull. Chem. Soc.
N-3,5-di-tert-butylsalicilydiene-3-carboxyaniline  Jpn., 82 (1), 50—57. Copyright © 2009, The
(o polymorph), showing the overlapped Chemical Society of Japan.

structures of the enol form (open bonds)

trimorphic anil N-3,5-di-tert-butylsalicilydiene-3-carboxyaniline (Figure 8.1). The
structure of the photoinduced trans-keto form was clearly detected, and employed
for structure-photoactivity correlations with the other polymorphs and similar struc-
tures. The result illustrates that, provided that the other conditions required for the
reaction are met, the steady-state photodiffraction can be employed with a relatively
simple and commonly available experimental setup to obtain useful information
on the solid-state photoactivity. In another study, we have provided evidence of the
mechanism underlying the photochromism of dinitrobenzylpyridines [21]. These
compounds have three groundstates, depending on the position of the proton: CH
form, with two benzyl hydrogen atoms, OH form, where one of the benzyl protons
is attached to the ortho-nitro group in form of aci-nitro group, and NH form,
where the same proton is transferred to the pyridyl nitrogen. By employing the
steady-state photodiffraction method with two-photon excitation, similarly to the
case of anils [19], we obtained evidence that the blue form corresponds to the NH
structure. The photochromic reaction is due to nitro-assisted proton transfer, and
its occurrence is possible in the solid state due to the small structural perturbation
required by the nitro group to mediate the transfer of the proton as the OH form
to the pyridyl nitrogen.

Recently, we obtained the first direct evidence of the photoinduced open-ring
structure of a photochromic spiropyran [22]. The spiropyrans and spirooxazines
are well-known photochromic compounds, which have already received a variety
of photooptical applications. The photochromic activity of these materials in bulk
solid state has been described just recently for several salts of cationic spiropyrans
and spirooxazines, and it is due to strong stabilization of the open form in the
solid state caused by electronic effects. In the photoexcited crystal, the open form
exists as zwitterionic resonance structure (Figure 8.2) created by breaking of the
spiroconjugation at the C—O bond, with concurrent out-of-plane movement of the
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Figure 8.2 ORTEP-style plot of the molecular structure of
the disordered cation in UV-irradiated crystal of spiropyran
iodide, showing the two components, the reactant spiropy-
ran (SP*(a)), and the product merocyanine (MC* (b)).

pyranopyridinium half and in-plane shift of the indoline half, resulting in slight
molecular flattening.

One of the early electrocyclic reactions studied by photodiffraction is the photocy-
clization of N-methyl-N-{(E)-methylmethacrolyl}anilide in a host—guest crystal [23].
Irie et al. reported the structure of a photocyclized diarylethene in single-crystalline
state [24]. The conclusions about the geometrical changes that accompany this
reaction were employed recently to explain the macroscopic morphology changes
observed with single crystals of some photochromic diarylethene compounds. An
interesting example of the use of neutrons for direct study of solid-state processes
is the observation, by neutron diffraction, of the migration of a deuterium atom
in the cyclization reaction of formation of chiral thiolactam [25]. Similar neutron
diffraction analyses could be combined with X-ray diffraction data in the future to
obtain information on the difference electron density redistribution accompanying
fundamental chemical reactions.

8.3.2
Bond Isomerizations and Photolytic Reactions

The photodiffraction technique may be also applied in the future to photochemistry
of drugs or natural products, an area which has received less attention thus far.
A recent example of direct observation of ring-extended intermediate during the
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Figure 8.3 ORTEP-style representation of (both molecules at the case of the LR
the structure of a 30% converted crystal of  are that of the reactant). Reprinted from
a-santonin, showing the original molecules  Garcia-Garibay et al. (2007) J. Am. Chem.
(dark bonds) and the product cyclopenta- Soc., 129, 9846—9847. Copyright © 2007,
dienone (light bonds). MR and LR denote The American Chemical Society.

more and less reactive site, respectively

photodimerization of the medicine a-santonin [26] is an excellent illustration
of the potentials for such studies. The analysis of the compound helped to
unequivocally identify the intermediate species, which is a precursor for the final
dimeric product (Figure 8.3). Another example is our report on the study of the
intermediate phase during the isomerization of the red mineral realgar to its
yellow polymorph pararealgar [27]. The photodiffraction technique provided direct
evidence of formation of intermediate phase in which half of the realgar molecule
is retained in its envelope-type conformation, while the other halfis transformed by
effective switching of the positions of one sulfur and one arsenic atom (Figure 8.4).

Owing to the relevance to various processes involving gaseous molecules in
biological systems, especially interesting are the photoreactions of linkage iso-
merization, studied mainly by the group of Coppens. A representative example
of successful application of the photodiffraction method to study these systems
which have multiple metastable states, is the linkage isomerization of ruthenium
sulfur dioxide complexes [28, 29]. Irradiation with 488 nm light of these complexes
at low temperature results in re-bonding of the n!-planar SO, molecule, which
is initially bound through the sulfur atom, to an n?-side bound molecule, coordi-
nated through both the sulfur and one oxygen atom (Figure 8.5). Isomerization
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Figure 8.4 Ball-and-stick representation of the structures of
the clusters of mineral realgar («-As4S4) before (a), during
(b), and after (c) irradiation with visible light. (d): Schematic
of the reaction mechanism of photochemical transformation
of realgar to pararealgar.

Figure 8.5 Geometry of the cations trifluoroacetic acid solvate (1 :1: 1) (b)

of trans-tetraamineaquo (sulfur diox- in their metastable state MS2. Reprinted
ide)ruthenium(ll) tosylate (a) and from Coppens et al. (2003) Inorg. Chem., 42,
trans-tetraamine trifluoroacetate) (sulfur 140—147. Copyright © 2003, The American
dioxide)ruthenium(I1) trifluoroacetate Chemical Society.

of the larger dithionite ion in a binuclear organorhodium complex was reported
recently [30].

Another type of chemical reactions that can be studied with X-ray photodiffrac-
tion are photolytic reactions of organic molecules, which can provide access to
structure elucidation of important reactive intermediates or information of the
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respective reaction mechanisms. Although the solid-state photolytic reactions are
not uncommon, due to the limited space for separation of the reactive products
in the crystal lattice, in many cases the back-reactions of recombination prevent
significant amounts of the product to be accumulated. However, in cases where
some or all products can be physically or chemically isolated from each other, it
is possible to obtain sufficient amount of the unstable product for structure deter-
mination. Recently, we have reported the mechanism of a new solid-state reaction
of exchange of N-chlorine atom and aromatic proton that proceeds selectively and
efficiently in single-crystalline state [31]. This reaction can provide green, solvent-
less access to important chloroaromatic compounds which are used as antibiotics
and pesticides. By using the in situ photodiffraction method we determined the
structure of partially reacted crystal, which unraveled that a relatively stable amidyl
radical was created (Figure 8.6) in the originally statically disordered crystal. The
selectivity of this reaction was explained by the head-to-tail hydrogen bonding
arrangement of the reactant molecules, which resulted in reaction between the
consecutive molecules within the same hydrogen-bonded chain.

833
Structures of Species in Excited States, Electron Transfer, and Spin Crossover

One of the most important applications of the X-ray photodiffraction method
is the elucidation of structures of molecular species in their excited states. The
excited-state structure analysis by steady-state excitation requires, besides the other
requirements, systems in which the excited state is sufficiently long-lived, and the
structural changes are sufficiently large which will did the distinction from the
original structure. One of the first examples, the detailed analysis of the metastable
excited state of sodium nitroprusside, Na,[Fe(CN)sNOJ-2H,0, was reported by
Coppens et al. in 1994 [32]. The excitation of the anion to the metastable state I
results in elongation of the Fe—N bond by 0.049(8) A, and decrease of the average
angle N-Fe—C around the metal of 0.8(2)°.

Much attention has been devoted to diplatinum paddlewheel complexes which
have long-lived luminescent excited states. In the case of the complex of Pt,
with diphosphine ligand “pop,” [Pt,(H)2(pop)4]?>~, for example, shortening of the
Pt—Pt bond was observed by in situ steady-state irradiation [33]. The excited-state
structures of the ions [Pt, (pop)4]*~ and [Pt(pop),(popH),J*~ in five complexes with
different quaternary ammonium cations were subsequently analyzed in detail in
their equilibrium (photosteady) states by using steady-state X-ray diffraction [34].
Significant decrease of the central Pt—-Pt and Pt-P distances was observed in
the excited states of these compounds. By employing the steady-state method,
Ohashi et al. have also analyzed the excited-state structure of a three-coordinated
complex of gold(I), [AuCl(PPhs),]-CHCI; [35]. In the excited state, with a lifetime
of 4—10 s, the unit cell decreases due to contraction of the Au—P and Au-Cl
bonds. This bond contraction becomes more pronounced at lower temperatures,
and it prescribed to excitation from an antibonding to a bonding molecular orbital.
Another determination of excited-state structure with laboratory-scale setup was
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(d)

Figure 8.6 (a—c) Molecular structures of (represented as red ball-and-stick model)
the two disordered components of reactant by photolysis of the N-Cl bond. The major
and the radical product molecules, and and minor components of the reactant are
(d) molecular packing in the disordered presented as ochre and brown stick models,
crystal of N-chloro-N-acetylaminobenzene respectively.

enriched with photoinduced amidyl radical

recently reported by the same research group for the oxovanadium(IV) cation in
its acetylacetonato complex VO(acac); (Figure 8.7) [36]. The anisotropies in the
thermal and photoexcited lattice changes are different, which provided basis for
structure elucidation of the excited state geometry, besides that the lifetime of the
excited state is relatively short. Significant extension of the coordination bonds
V=0 and V-0 of the central metal atoms was observed upon d—d* transition.
Owing to the potentials for applications in the spintronics, a lot of atten-
tion has been devoted to the study of spin-crossover phenomena, including
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&— V=0:+0.0043(8) A
<—— V-0:+0.0045(7) A

Figure 8.7 Elongation of the V=0 and V-0 bonds in
the excited state of bis(acetylacetonato)oxovanadium(IV).
Reprinted from Ohashi et al. (2005) Chem. Lett., 34 (9),
1228—1229. Copyright © 2005, The Chemical Society of
Japan.

light-induced spin-crossover transitions. An illustrative example is the production
of the metastable state of the iron propyltetrazole (ptz) complex [Fe(ptz)s](BF4)2
by laser light-induced excited spin-state trapping (LIESST) and its structure eluci-
dation with steady-state photodiffraction [37]. The photoinduced phase transition
due to spin crossover in the tris(a-picolylamine)iron(II) complex was also studied
by steady-state X-ray photodiffraction at cryogenic temperatures [38]. The phase
transition is accompanied by a significant increase of the mean Fe—N bonds from
2.011(2) to 2.197(2) A. The structure of the resulting photoinduced phase produced
from the low-temperature phase resembles that of the high-temperature phase.

As mentioned above, among the most serious problems to overcome in the
photodiffraction experiments is the decreased crystallinity during the solid-state
reactions that are accompanied by large structural reorganization. Some of the
possible solutions to this obstacle are preparation of host—guest crystals or cocrystals
with suitable secondary molecules, or inclusion of the reactants in the nanospaces
of suitable molecular capsules. As representative examples, the incorporation of
tiglic [39] or 3-chloroacrylic acids [40] in supramolecular frameworks based on
calixarenes provided conditions for complete preservation of crystallinity during
the E-to-Z isomerization, although similar processes are usually destructive to the
lattice in crystals of the pure reactants. Another approach is the utilization of powder
samples, that is, the powder X-ray photodiffraction method. We have recently
demonstrated the usefulness of this method with the photoinduced phase transition
in crystals of the free radical 1,3,5-trithia-2,4,6-triazapentalenyl (TTTA) [41]. Around
room temperature, this compound undergoes paramagnetic-to-diamagnetic phase
transition with exceptionally wide thermal hysteresis. Excitation by pulsed laser
light of the low-temperature diamagnetic phase, in which the molecules are
dimerized, causes an interdimer electron transfer and local instability within the
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Figure 8.8 (a) Powder diffraction patterns  and distances accompanying monomer-dimer
of the 1,3,5-trithia-2,4,6-triazapentalenyl transitions induced by temperature or light.
(TTTA) radical in the high-temperature (HT), Adapted from [41]. Copyright © 2007, The
low-temperature (LT), and photoinduced (Pl) American Chemical Society.

phases. (b) Change of the stacking mode

stacks. Owing to a cooperative process, this, in turn, triggers separation of the
dimers to monomers and results in symmetry changes, which appears as new
diffraction peaks corresponding to the structure of the high-temperature phase
(Figure 8.8). This result represents the first direct observation of electron transfer
between free radical molecules in the solid state.

8.4
Time-Resolved X-ray Photodiffraction: Representative Examples

Relative to the steady-state method, the time-resolved diffraction is technically
much more demanding, and therefore, the number of reported examples is still
limited. These experiments are related to reversible processes, and they usually
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utilize the pump-probe technique, similarly to the time-resolved spectroscopy,
but by combining femtosecond laser pulses to initiate the process and short
(currently in the picosecond range) X-ray pulses to probe the resulting structure
changes. Among the reports that perhaps illustrate the best the application of
this method to the study of dynamic physical phenomena is the picosecond-scale
observation of paraelectric-to-ferroelectric phase transition in crystals of the or-
ganic charge-transfer molecular complex between tetrathiafulvalene and chloranil,
reported by Collet, Koshihara et al. [42, 43]. Partial charge transfer between the
alternating donor and acceptor molecules was photoinduced by femtosecond laser
pulses, and the resulting changes in the symmetry of the crystal, caused by the
alteration of the intermolecular distances within the molecular stacks, was di-
rectly observed by probing the structural change with short X-ray pulses at 100-ps
timescale.

The method can be also employed to observe, at ultrashort timescales,
laser-pulse-induced atomic movements in the lattice. One of the examples is
provided by the elegant study of Sokolowski-Tinten etal. [44] who reported
observation of phonons at the femtosecond scale by exciting coherent lattice
vibrations near to the Lindemann limit of lattice stability. Short X-ray pulses were
produced by shining very intense laser pulses on a metal wire, which were used
to probe the strong vibrations of the bismuth atoms when the lattice was excited
close to the melting point of the material. The results on the frequency of the
lattice vibrations correlate well with those obtained using terahertz spectroscopy.
Other physical applications of the technique include the observation of melting
of semiconductors at a femtosecond scale by Rousse etal. [45] and study of
the structural changes that accompany solid—solid phase transition of VO, at a
femtosecond scale by Cavalleri et al. [46].

The ultrafast X-ray diffraction has been also employed recently to study the
structure and temporal decay of molecules with long-lived excited states (for
example, triplet states). These studies give direct insight into the primary pro-
cesses following photoexcitation, which are determinant to the later stages of
the deexcitation process and ultimately decide the distribution and yield of the
products. A time-resolved, “‘stroboscopic” experiment, provided direct evidence for
the photoexcited state of the paddlewheel ion [Pt,(pop)4]*~ [47]. Recently, forma-
tion of excimer between the neighbor trimers with a lifetime in the microsecond
region was detected by time-resolved X-ray photodiffraction study of the trimeric
compound {[3,5-(CF3) (pyrazolate)]Cu}; [48].

Owing to the inherent difficulties related to the large molecular weights, lower
accuracy in the determination of the atomic positions, and pronounced instability
of the samples in laser beams or at room temperature, perhaps the most challenging
goal is the application of the ultrafast X-ray photodiffraction to study time-resolved
processes in protein crystals. The result, nevertheless, provides direct insight
into very important biological processes, and brings significant advancement in
our understanding of the primary processes in biological reaction mechanisms,
relative to those that are usually suggested on the basis of the “still” structures of
the reactants and/or products. As a representative example, the direct observation
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of the photolysis of carbon monoxide molecule from a myoglobin active center
by Srajer, Moffat et al. [49] should be pointed out. By using the Laue version
of the time-resolved X-ray photodiffraction, the processes of relaxation of the
protein matrix after the detachment of carbon monoxide ligand and its rebinding
to the metal center were studied at a nanosecond timescale. The result provided
evidence of the effect of this process on the immediate protein environment.
By employing 150-ps time-resolved X-ray diffraction, Schotte et al. have observed
structural changes which appear in the intermediate stage of the functioning of
a myoglobin mutant [50]. In the intermediate stages, they evidenced structural
changes which were much more pronounced than the difference between the
respective carboxy and the deoxy structures. Much more detailed discussion on
the advantages and drawbacks of the biochemical time-resolved crystallography is
provided in a review article by Moffat [4].

8.5
Conclusions and Future Outlook

The X-ray photodiffraction technique is a very useful method which can provide
invaluable information on dynamic processes in the bulk state of ordered solid
materials. This evolving analytical technique, however, is still at its development
stages, and the application and suitability to study a particular problem of solid-state
reactivity depend on many factors; at present, it still puts a notably large num-
ber of requirements both to the technical performance and to the system under
investigation, which has ultimately resulted in a limited number of case studies.
At the other end, the unavailability of commercial instrumental setup for X-ray
photodiffraction hinders analysis of larger number of systems, and in addition, for
each particular case, a number of experimental conditions need to be optimized,
which is usually a time-consuming process that requires an interdisciplinary expe-
rience. Nevertheless, the results obtained by the X-ray photodiffraction method can
be conveniently complemented with other, for example, spectroscopic techniques,
to obtain chemically important structural information, as well as to shorten the
procedure for optimization of the experimental conditions. The advance of the
forthcoming X-ray free electron lasers to shorten the timescales is an important
direction for further development, both for physics as well as for structural biology
[51]. These future applications will also require fast-determining detectors, which
are currently a potential bottleneck in the process of squeezing of the timescale.
Apparently, the development of new detectors for faster data collection, specialized
for time-resolved studies [52] will be an important step forward.

While the importance of the X-ray photodiffraction is being increasingly recog-
nized, other X-ray-based methods to study processes in the time-domain science,
in solution as well as in the solid state, have also emerged. As some of the
representative examples, the solution-state dynamics of photoexcited iodine was
observed with X-ray scattering at a picoseconds scale [53] and solvent reorganization
around photo excited species was studied by X-ray absorption spectroscopy [54].
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The time-resolved diffraction using neutrons or electrons, for example, for studying
phenomena such as those related to the dynamics of electron—phonon relaxation
[55] in the femtosecond region is also on the rise, and it will inevitably contribute
in the future to deeper understanding of the most fundamental primary processes
that occur during the interactions of the matter with light.
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Understanding Transport in MFI-Type Zeolites on
a Molecular Basis

Stephan J. Reitmeier, Andreas Jentys, and Johannes A. Lercher

9.1
Introduction

Micro- and mesoporous materials play an important role as catalysts, catalyst
supports, or sorbents for catalytic processes in the refining and petrochemical
industry. Zeolites, which are the most widespread used group of such materials,
are tectosilicates with silicon and aluminum atoms tetrahedrally coordinated to
oxygen atoms that bridge these tetrahedra [1]. To balance the charge resulting from
the isomorphous substitution of Si** by Al** atoms, counterions such as protons
or alkaline metal ions are required. The tetrahedral SiO; and AlO4 units can
be structurally arranged within 20 topological subunits, which are called secondary
building units (SBUs) [1, 2]. Owing to the unique connection between the tetrahedra,
these structures form a void space (channels segments as well as cages, and side
pockets) in which guest molecules adsorb and react [3—5]. The periodic lattice is
terminated at the outer surface by strained oxygen bridges and terminal hydroxyl
groups.

The size of the channels depends on the number of tetrahedral atoms forming
the pores, which are typically between 4 and 14 (4—14 membered rings) with some
structures having, however, up to 20 membered rings. In Table 9.1, a selection of
frequently used zeolites together with a short description of their channel networks
is given to emphasize the industrial relevance of zeolite materials. A typical sketch
of the zeolite framework of zeolite ZSMS5 is exemplified in Figure 9.1 with the
tetrahedrally coordinated atoms (T-atoms) highlighted.

The first (natural) zeolite material was identified and reported by Cronstedt [5]
in 1757. Almost 200 years later, the first successful synthesis of stable zeolite
structures was described by Barrer [6, 7] with first applications of the synthetic
zeolites being reported subsequently. The new synthetic porous solids rapidly
gained high technical importance in petrochemical industries. Today more than
180 different zeolite structures — 40 natural and over 140 synthetic — are known and
distinctly classified using three-letter code classification system, endorsed by the
International Union of Pure and Applied Chemistry (IUPAC) [2] and the structure
commission of the International Zeolite Association (IZA) [1, 8]. Zeolite-related

Ideas in Chemistry and Molecular Sciences: Advances in Nanotechnology, Materials and Devices.
Edited by Bruno Pignataro

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-32543-6

231



232

9 Understanding Transport in MFI-Type Zeolites on a Molecular Basis

Table 9.1 Selection of most commonly used zeolites with
characteristic channel systems and pore dimension dpore.-

Zeolite Code Number of  Channel type dpore (NM)
T-atoms*
VPI-5 VFI 18 1D One straight channel 1.27 x 1.27
CIT-5 CFI 14 1D One straight channel 0.72 x 0.75
Mordenite ~ MOR 12 1D Two straight channels 0.70 x 0.65
8 0.57 x 0.26
ZSM11 MEL 10 2D Two straight channels 0.54 x 0.53
Zeolite A LTA 8 3D Cage structure” 0.41 x 0.41
ZSM5 MFI 10 3D One straight, one 0.58 x 0.54
sinusoidal channel 0.56 x 0.53
10
Beta BEA 12 3D  Two straight, one 0.77 x 0.66
sinusoidal channel 0.56 x 0.56
12
Cloverite CLO 20 3D Two straight channels 0.40 x 1.32
0.38 x 0.38
8

“The number of T-atoms defines the size of the structural units forming the channels.
bThe cage units within the structure of LTA are ordered in cubic arrays forming the 3D channel
system.

materials were, for example, also synthesized by isomorphous substitution of
T-atoms or the total replacement of the silicate structure by aluminophosphates
(AIPO materials).

Modern hydrocarbon catalysis mainly uses the unique acidic properties of zeolites
[9], which can be best described as solid polyacids [10]. Brensted acidic hydroxyl
groups (SIOHAI) are generated, when the net charge within the framework resulting
from the substitution of Si** by AI** atoms in tetrahedral position, is neutralized
by protons, covalently bound to the bridging oxygen atoms of the Si—O—-Al linkage.
Lewis acid sites are formed by exchanged metal cations, extra-lattice aluminum
(EFAI) species, and defect sites within the framework. In an ideal case, the total
number of cations divided by their valence or of protons corresponds to the number
of AlO, units. High-temperature treatment may induce the removal of aluminum
from the zeolite structure leading to extra-lattice alumina species residing in
the micropores and affecting the catalytic activity [11-14]. The strength of the
Bronsted acid sites depends on the chemical composition and the structure of the
molecular sieve [15—17]. However, it manifests itself only against the sorbate. The
concentration of aluminum atoms influences the acid strength via the formation
of Si—-O-Al-0-Si-O-Al groups of tetrahedra, which lead to unusually weaker
Bronsted acid sites [17]. A more detailed discussion can be found in several reviews
[9, 18]. For illustration, a section of the zeolite framework and the corresponding
hydroxyls are shown in Figure 9.2.
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Figure 9.1 Sketch of the framework structure of a ZSM5
zeolite in cross section, shown in direction of and perpen-
dicular to the sinusoidal channel segments. Tetrahedral
building units are highlighted in yellow with oxygen bridges
in red. The wired mesh indicates the van der Waals surface
accessible for sorbate molecules.

The well-defined acid—base properties of zeolites are complemented in impor-
tance by the regularity of their pore structure. While being flexible within limits,
the uniform pore dimensions similar to the size of small organic molecules induce
steric confinements and partially dramatic entropic effects that are only beginning
to be explored [19-21]. The effects range from the classic shape selectivity [22-28]
over the concept of molecular traffic control (MTC) [29, 30] to the effects of en-
tropy of the adsorbed molecules in the pores on the overall pathways of catalyzed
reactions [5, 31, 32].

In the following sections, the description and discussion on transport in ze-
olites is focused on medium pore zeolites with a strong emphasis on the MFI
structure (ZSMS5, see Figure 9.1). Its pore structure is composed of straight and
sinusoidal intersecting channels. The sinusoidal channels inside the orthorhombic
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Figure 9.2 Schematic representations of the characteristic
terminal and bridging acidic hydroxyl sites of zeolites and
silicates.

unit cell of ZSM5 show almost circular cross sections of 0.54—0.56 nm and are
oriented perpendicular to the straight channels with elliptical cross sections of
0.53-0.58 nm.

Originating from the analysis of enzyme-catalyzed processes, the concept of shape
selectivity was transferred to molecular sieves by Weisz et al. [33—37] and further
developed by Csicsery [23—26], Derouane [29], and Chen et al. [38]. In short, shape
selectivity manifests in three ways [39], that is, (i) the exclusion of larger reactants
from the catalytically active sites (reactant shape selectivity, RSS), (ii) retention of
larger molecules formed inside a catalysts by a slower diffusion rate (product shape
selectivity, PSS), and (iii) the hindrance in achieving a transition state because
steric constraints do not allow its formation (transition state selectivity, TSS) [40].
A related conceptual idea, MTC, was introduced by Derouane and Gabilica [24, 29]
based on independently diffusing streams of reactants that react at the intersections
of the channel systems.

Because of the application of H-ZSM5 in large-scale petrochemical processes such
as trans-alkylation and isomerization of aromatic molecules [8, 39], shape selectivity
has been the subject of various theoretical and experimental studies [20, 21, 41-43].
Moreover, several novel and alternative reactions making use of shape selectivity
[19, 20, 43] are currently explored, making the optimization and the development of
novel generations of molecular sieves a demanding challenge for modern material
research. Especially, materials with predefined activities and selectivities would
be desirable, and hierarchically structured, porous materials have been of special
interest in this context [44]. The reader interested in this topic is directed to excellent
reviews on shape selectivity by Smit [45], Degnan [28], and Marcilly [39].
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While these efforts have led to an impressive advancement in understanding
and utilizing shape selectivity, the de novo design of processes based on shape
selectivity is far from being realizable. The best chances for this are at present
related to processes involving the differentiation between molecules via transport,
either into or out of the porous system. The present contribution aims, therefore,
to summarize the current view on molecular processes during diffusion and
adsorption in zeolites from the perspective of our own recent experiments.

Numerous experimental studies have addressed sorption, transport, and diffu-
sion phenomena in zeolites involving aromatic and aliphatic hydrocarbons [30,
46-50]. In situ and ex situ characterization techniques including IR and Raman
spectroscopy [51-55], NMR spectroscopy [56-59], infrared microscopy IFM [60,
61], neutron diffraction [62-64], uptake experiments such as the zero length col-
umn method (ZLC) [65, 66], and also the frequency response technique [67—-69]
have been applied to explore the underlying fundamental principles [70].

The adsorption of molecules inside the zeolite pores was shown not only to be
influenced by the strength and concentration of acid—base sites but also by the
geometry of the intrazeolite void space [71]. Sorption studies by Mukti et al. [72]
using thermogravimetry and infrared spectroscopy have described the entropic and
enthalpic contributions during sorption of alkyl-substituted aromatic molecules in
the pores of MFI zeolites. It is shown that depending on the size of the sorbate
molecule, sterically constrained sorption at the bridging hydroxyl groups inside the
pores and at the pore openings occurs. At low sorbate coverages, it is concluded
that preferential sorption at the acid sites dominates the sorption process [72]. For
the intracrystalline transport of aromatic hydrocarbon molecules in MFI zeolites,
we have recently shown that the diffusion processes strongly depends on the ability
of the molecule to reorient in the channel intersections. If the space requirements
do not allow the reorientation and exchange between the channels (such as for
p-xylene), anisotropic diffusion with two slightly different rates can be observed,
while for smaller molecules such as benzene an isotropic diffusion process is
observed [73].

The transport of hydrocarbons from the gas phase to the active sites inside
the zeolite proceeds via a series of interconnected steps, which are highlighted
in Section 9.3.1. The steps of sticking and trapping of the sorbate on the zeolite
surface and of entering into the pore network are probably most controversially
discussed. Simon et al. reported estimated sticking probabilities of approximately
one [74, 75] for n-butane on silicalite-1 and Kirger et al. [76] of around 10~* for
benzene in silicalite-1 using PEFG-NMR [76, 77]. In contrast, our results on the basis
of time-resolved infrared spectroscopy with ZSM5 [78] showed values of around
107 for benzene, toluene, and xylene.

The process of entering the zeolite pores involves external or internal diffusion
barriers [30, 79, 80], the size exclusion during the pore entry [74, 81], and the subtle
interplay between entropic and enthalpic effects during sorption within confined
spaces [54]. The differentiation between these effects, presumably occurring simul-
taneously, is challenging. In an interesting experimental approach, Chmelik et al.
[82, 83] studied isobutane adsorption and desorption on surface-treated silicalite-1
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using interference microscopy. Their results indicate that the surface barriers are
related to direct to the entrance into the pores and that the extent of modification can
induce discretely enhanced barriers, if larger organic modifying agents are used.
While this may be the best-defined example, a plethora of methods is reported in
the literature [84—87]. These attempts indicate that an exact control of the pore
dimensions, of the surface morphology, as well as of the distribution of the acidic
sites will allow rational design of catalysts and sorbents [10, 22, 32].

Herein the transport processes occurring on H-ZSM5 materials that have
been surface modified via the chemical liquid deposition technique (CLD) with
tetraethyl orthosilicate (TEOS) were investigated in detail. A short introduction
to the advanced time-resolved rapid scan infrared spectroscopy, the experimental
technique applied will be given in Section 9.2.1. Within the Sections 9.3.1 and 9.3.2,
we aim to identify the elementary kinetic processes on unmodified zeolite sam-
ples and their complex interplay for a series of alkyl-substituted aromatic sorbate
molecules. In particular, the underlying principles determining the sticking proba-
bilities for these molecules are further unraveled, providing the basis to investigate
the influences of the postsynthetic surface modification of the H-ZSMS5 zeolites on
the described network of transport steps (Section 9.3.3).

9.2
Experimental Section: Materials and Techniques

9.2.1
Rapid Scan Infrared Spectroscopy

The transport kinetics of benzene, toluene, and p- and o-xylene to the sorption
sites of ZSM5 zeolites, which occur in the timescale of seconds to milliseconds,
were studied by rapid scan infrared spectroscopy. Typically, single pressure-step
infrared measurements are applied to follow sorption, but require coaddition of
interferograms in order to obtain acceptable signal-to-noise ratios. This limits the
practical time resolution to 2—10 seconds. Alternatively, adequate time resolution
with good signal-to-noise ratio can be realized by using the rapid scan mode for
collecting infrared spectra. In this mode a periodic process can be followed by
dividing a periodic modulation into short time slots in which a small number
of interferograms are collected. The length of these slots determines the time
resolution achievable (typically in the range from 100 to 500 microseconds). As this
process can be periodically repeated, the number of interferograms necessary for
the required signal-to-noise ratio can be collected. The principle of the method is
described in Figure 9.3.

The experimental setup according to [55] is schematically depicted in Figure 9.4.
A Bruker IFS 66v/S spectrometer is connected to a high-vacuum system, allowing
the activation of solid samples and the equilibration with the sorbate gases. Samples
are pressed to self-supporting wafers and inserted into the vacuum cell inside the
spectrometer. The volume modulation unit, consisting of flexible UHV bellows
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Figure 9.3 Scheme of the combined in situ FTIR spec-
troscopy and frequency response apparatus for transport
experiments.

separated by a magnetically driven plate, allows the generation of periodic (square
wave) volume perturbations, which results in a perturbation of the sorbate partial
pressure over the sample.

By periodically switching between the two partial pressures, the sorption equi-
libria of the molecules on the active sites of the zeolite are periodically established
within each cycle. To minimize adiabatic effects due to the compression of the gas
and to exclude local heat effects due to the exothermic sorption process, which
would disturb the underlying transport processes, only small volume modulations
AV = £5% were used. For the experiments with aromatic hydrocarbons and
H-ZSMS5, a cycle time of 60 seconds and a total of 400 modulation cycles were used.
The nominal time resolution of 600 milliseconds was appropriate for following the
sorption kinetics for all sorbates studied. To highlight the changes of the IR bands,
the spectrum before volume modulation was subtracted from the subsequent ones.
A series of 100 difference spectra for benzene sorption is shown in Figure 9.5 to
demonstrate the quality and information in the IR spectra.

9.2.2
Preparation and Characterization of Zeolite Samples

The measurements were performed on unmodified H-ZSM5 as provided by the
Std-Chemie AG and postsynthetically surface-modified H-ZSMS5. The concentra-
tions of terminal and bridging hydroxyl groups determined by 'H/MAS-NMR were
0.27 and 0.21 mmol g1, respectively. External surface silylation was performed by
CLD of TEOS according to the experimental procedure of Zheng et al. [51, 88],
in order to enhance the shape selectivity by depositing amorphous silica on the
outer zeolite surface. Two gradually modified samples with 4 and 12 wt% of silica

237



238 | 9 Understanding Transport in MFI-Type Zeolites on a Molecular Basis

AU
——
] ] ] > Ti
0 30 90 150 Time (s)
AC 10 inerferograms per interval
.,
i 1
/ f /
I L L Time (s)
0 30 90 150
A\
100 intervals
in60 s

Figure 9.4 Data-acquisition and synchronization scheme for
in situ FTIR spectroscopy. The full experiment is divided into
n modulation cycles of equal length of 60 s, each composed
of 100 time intervals.

added during the modification process, denoted H-ZSM5-1M and H-ZSM5-3M
were investigated. The Si/Al ratio of 45 and the average particles size of 0.5 um,
were obtained by atomic absorption spectroscopy (AAS) and scanning electron mi-
croscopy (SEM), respectively. The formation of amorphous deposits was confirmed
by X-ray powder diffraction (XRD) and visualized as distinct surface layers of about
3.0nm by transmission electron microscopy (TEM).

Prior to infrared spectroscopic measurements, all samples were activated for
1 hour under vacuum below 10~ mbar at 823 K with a heating rate of 10 K min~!.
The sorbate gases (purity >99.8%) were adsorbed with a partial pressure of
0.06 mbar at 403 K. The series of infrared spectra were normalized to the overtones
of lattice vibrations of H-ZSM5 (2105—1740cm™!) to quantitatively analyze the
changes in the surface and active site coverages (see Figure 9.5).

The electron pair donor and electron acceptor interaction (EPD—EPA) of the
sorbate molecule with the hydroxyl groups of the zeolite results in a decrease of the
characteristic O—H stretching bands and the formation of perturbed O—H bands
at lower wavenumbers. The difference in wavenumbers between the perturbed and
unperturbed bands is characteristic of the energetic and entropic environment of
the sorbate [72]. The coverage of the terminal hydroxyl groups (3745cm™!) and
bridging hydroxyls (3610 cm ') was directly calculated from the intensity variations
of the corresponding bands [55, 89].
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Figure 9.5 Series of difference FTIR spectra for benzene
(0.06 mbar) on H-ZSM5 at 403 K. To visualize the subtle
changes upon adsorption, the first spectrum of the series
was subtracted from the subsequent ones. The O-H, C-C,
and C—H vibrational bands used for the data evaluation are
marked.

9.2.3
Kinetic Description of the Transport Process

The concentration of adsorbed molecules on the SiOH and SiOHAI groups
was calculated from the integral intensity of the hydroxyl bands in the range
3727-3770cm ™! (SiOH groups) and 3577-3640cm™! (SiOHAI groups). It has
been established previously that one molecule is adsorbed per hydroxyl group and
the molar extinction coefficients of the OH bands are constant in the pressure range
studied. Integration of the series of difference spectra results in characteristic time
profiles for the adsorption and desorption steps, illustrated in Figure 9.6. To quantify
individual sorption kinetics, the coverage changes Acoy(t) were mathematically
described with a first-order kinetic model [55, 90].

Adsorption step: Acon(t) = AcCoH,eq (1 — e_t/fad) for0 <t <t,/2 9.1)

Desorption step: Acon () = ACOH’eqe_[t_(tP/z)]/rde for t,/2 <t <t 9:2)

Acon,eq is the difference in the concentration of the sorbate molecules between
the two sorption equilibria, 7,q and 4. are the characteristic time constants of the
transport steps, which are equivalent to 1/k. The corresponding initial sorption
rates finjad(i.e., de/dt at t < ) for the sorption process at the active site of the
catalyst material, following the immediate pressure step can be determined from
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Figure 9.6 Concentration profile during benzene sorption
on the internal SIOHAI groups of H-ZSM5 at 403 K and for
a pressure modulation around the equilibrium partial pres-
sure of 0.06 mbar.

the initial slope of the concentration profiles [54].

d [ACOH (t)] 1 fort<tp ACoH e
_ €q
finiad = — 3, = — ° ACOH,eqe "/tad Tiniad = (93)
dt Tad Tad

Subsequent comparison of the initial rates on the internal and external hydroxyls
for a series of hydrocarbon molecules with increasing size under similar experi-
mental conditions allows to differentiate the transport pathways within the overall
transport network [54]. The resulting initial sorption rates were thus divided by the
concentration of the respective active sites present within the catalyst material and
are tabulated in Table 9.2.

9.3
Surface and Intrapore Transport Studies on Zeolites

9.3.1
Sorption and Transport Model Identified for MFI-type Zeolites

The complex and strongly interconnected network of sequential and parallel steps,
determined from rapid scan infrared spectroscopy, is schematically depicted for
benzene in Figure 9.7 [54, 55, 90, 91]. The overall sorption process can be subdivided
into six consecutive steps. Molecules that freely rotate in the gas phase statistically
collide with the surface of the zeolite (Step 1). Only a small fraction of molecules is
adsorbed, while the other molecules are directly reflected to the gas phase. We will
discuss the probability of the sorbate to be directly trapped on the outer surface in
Section 9.3.2 in detail.

Theoretical simulations by Skoulidas and Scholl [92] confirmed that the direct
mass transfer of rigid, sphere-shaped particles from the gas phase into the zeolite
is impossible for molecules with a size close to the pore apertures. Aromatic
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Table 9.2 Initial sorption rates on the SiOH and SiOHAI
groups together with the experimental sticking probabilities
for a series of aromatic hydrocarbons on H-ZSM5.

Molecule  rni(SiOH) (1073s571)  r;i(SIOHAI) (10-3s71)  Sticking probability a (—)

Benzene 0.15 2.34 2.1 %1077
Toluene 0.26 0.96 1.7 x 1077
p-Xylene 0.44 0.55 2.2 %1077
0-Xylene 1.25 0.05 2.0 x 1077

Figure 9.7 Transport steps identified for (f), and sorption to internal sites (g) are
aromatic gas-phase molecules with free included. (Reitmeier et al., Enhancement of
molecular motion (a) impinging on a zeolite sorption processes in zeolite H-ZSM5 by
surface. (b) The H-ZSMS5 lattice is high- postsynthetic surface modification, Angew.
lighted in blue with terminal hydrogen in Chem. Int. Ed., 2009, 48, 533. Copyright
white. The physisorbed state (c), parallel Wiley-VCH-Verlag GmbH & Co. KGaA.
transport to pore openings (d) and ter- Reproduced with permission.)

minal sites (e), intracrystalline diffusion

molecules, accessing the inner pore network of ZSM5 need to adsorb first into
a weakly bound physisorbed state on the zeolite surface (Step 2), facilitating
eventually the accommodation of the kinetic energy. The translational degrees of
freedoms (DGFs) are reduced by one degree, but the molecules can still behave
thermodynamically comparable to a two-dimensional gas with high mobility on
the surface. Additionally, changes within the rotational and vibrational degrees
of freedom including hindered rotations and vibrations are most likely. The
successfully trapped molecules diffuse on the surface and subsequently populate
two parallel transport pathways, the adsorption to the terminal hydroxyls located
on the external surface (Step 3) and entering into the pores of the zeolite (Step 4)



242

9 Understanding Transport in MFI-Type Zeolites on a Molecular Basis

followed by consecutive intracrystalline diffusion within the channel network
(Step 5). The final step is the sorption on the SiOHAI groups inside the pores
(Step 6). Depending on the size of the zeolite crystals, the morphology of the crystal
surface, the pore apertures and the sorbate molecules, subtle changes are expected
to strongly affect the sorption rates occurring at the internal acidic sites.
Obviously, adjustment or optimization of shape selectivity cannot be achieved by
simply changing the catalyst properties without considering the interrelations of
the transport steps. Therefore, the prediction of the transport for novel materials
requires the profound investigation of the single pathways. First, the interface
between the gas phase and the zeolite surface and the probability for impinging
molecules to adsorb and consequently enter the zeolite will be addressed.

9.3.2
Initial Collision and Adsorption of Aromatic Molecules — Sticking Probability

9.3.2.1 General Definition and Introduction

The sticking probability describes the probability of gas-phase molecules impinging
on metal or oxide particles to be captured on the surface after the collision. Various
experimental and molecular simulations studies have described the sticking prob-
abilities for hydrocarbons on zeolite surfaces and reported strongly different values
[76, 78]. Our approach is based on the direct infrared spectroscopic investigation of
the sorption kinetics. Following the transport model introduced in Section 9.3.1,
the collision frequency of a molecule in the gas phase can be related to the experi-
mentally observable sorption rates. The sticking probability & can be expressed as
the function of the sorption rate r,q by Equation 9.4 with (u) denoting the mean
gas velocity and n the number of gas-phase molecules per volume.

(u)

Tad = & - Teoll = & - T ‘n (94)
Arad:rad(pl)_rad(pl):a'@'p—Z'NA—Ol'@'p—l-NA (95)
4 R-T 4 R-T
4.R-T-A
o= fad (9.6)

(u) - Na - (p2 — p1)

As the changes in the sorption rate Ar,q for each hydroxyl group are experimentally
accessible within the pressure limits p; and p, (i.e., before and after the volume
modulation) via the concentration changes at each site, the sticking probabilities on
the zeolites can be obtained. Note that microscopic reversibility of the adsorption
and desorption steps during each modulation cycle is a prerequisite to be able to
record the spectra [90, 93].

9.3.2.2 IR Spectroscopy to Deduce Sticking Probabilities

The initial sorption rates on the SIOH and SiOHAI groups of unmodified H-ZSM5
were determined for benzene, toluene, p-xylene, and o-xylene from the cor-
responding sorption time profiles and the experimental sticking probabilities
were calculated according to Equation 9.6. The sticking probabilities for all four
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Figure 9.8 Experimental sticking probabilities for benzene,
toluene, p-, and o-xylene on H-ZSM5 determined according
to Equation 9.7 at 403 K.

molecules, compiled in Table 9.2 together with the initial sorption rates at the active
sites, were in the order of 1077, The highest sticking probability was found to be
that for p-xylene, followed by benzene, the smallest molecule, o-xylene, and finally
toluene, the molecule with the lowest symmetry in the series. The characteristic
trend, visualized in Figure 9.8, can be partially explained by the differences within
the heats of adsorption in the sequence benzene < toluene < xylene and by the
course of the sorbate size determining the space required on the surface for adsorp-
tion. Additionally, entropic factors such as the gas-phase symmetry and changes
within the translational degrees of freedom during sorption need to be considered
to fully account for the observed trends. The detailed discussion of these effects is
given in Section 9.3.2.3.

9.3.2.3 Theoretical Sticking Probability — a Statistical Thermodynamics Approach
Following the definition of the sticking probability, the changes within the
vibrational, rotational, and translational degrees of freedom between the gas phase
and the adsorbed state during the collision, that is, the thermodynamically relevant
partition functions for both states, have to be analyzed. The total partition function g
of a molecule can be separated into a product of its internal, external, and electronic
contributions, for example, translation, vibration, and rotation, respectively.

Gtotal = ext * Gint * electronic = translation * Gvibration * roation * Jelectronic (97)

Gas-phase molecules possess in sum 3N degrees of rotational, vibrational, and
translational freedom with N denoting the number of atoms in the molecule.
Trapping of a molecule into the physisorbed state with two-dimensional mobility
along the surface is consequently accompanied by the loss of one translational
degree of freedom. In addition, partially hindered vibrational and rotational degrees
of freedom occur. To reduce the complexity of the partition function analysis and
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to give a general estimation rather than a complete thermodynamic description of
the sticking probability, we will focus only on the imposed changes in the rotational
motion during the sorption process, neglecting interconversions of translational
into hindered vibrational and rotational degrees of freedom. Equation 9.8 defines
the rotational partition function for the case of free rotational motion around all
possible Cartesian principal axes.

1 81 ZkBT %
ot = (T) LI (9.8)
The total symmetry number o = oy - 6, - 0, of the system, Boltzmann’s constant
kg, the Planck constant h, and the moments of inertia I; along the Cartesian
coordinates are included. In accordance with statistical thermodynamics and
transition state theory for the case of indirect or precursor-mediated adsorption
derived by van Santen and Niemantsverdriet [94], a theoretical measure of the
sticking probability on an oxide surface was calculated from the quotient of the
partition functions in the adsorbed state and in the gas phase. This definition
implies that the « directly relates to the decrease of molecular entropy during the
sorption process:

ads ads . gads . ads ads
Ol# _ q _ rotation * Yvibration " electronic ~ Trotation (9 9)
- g% — “gas gas gas gas .
Qrotation * Yvibration ~ Delectronic rotation
_ #
a=x.« (9.10)

Already accounting for the loss of one translational degree of freedom (see Equation
9.9), a limiting value of unity for « is obtained, if the internal degrees of freedom
remain unchanged. Somewhat simplistically, it can be concluded that sorption
becomes more likely, the more the sorbate molecule is able to retain its entropy in
terms of internal degrees of freedom within the physisorbed surface state. For a
detailed derivation we refer to [94].

All entropic and enthalpic effects during the sorption process are included in the
experimentally determined sticking probability «, which represents the product
of the theoretically derived sticking probability «* and a thermodynamic trapping
coefficient x. This coefficient is related to the ability of the surface to accommodate
the energy released during sorption. If both contributions are large, high sticking
probabilities are observed, and thus fewer collisions with the external surface are
required for successful sorption. The theoretical sticking probabilities and trapping
coefficients for the aromatic molecules are summarized in Table 9.3 (Figure 9.9).
It may be noted that the theoretical sticking probabilities show a similar trend
with respect to the sorbate molecule as the experimental ones, while the absolute
values differ approximately by 2 orders of magnitude. Moreover, the symmetry
number oincluded in the rotational partition functions has a strong influence on
the sorption entropy. High symmetry corresponds to a smaller rotational partition
function of the gas-phase molecule and thus to a smaller amount of rotational
entropy that has to be lost during the adsorption step. Consequently, sticking is
favored and higher theoretical sticking probabilities are obtained.
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Table 9.3 Rotational partition function, symmetry number,
theoretical sticking probability, and trapping coefficient
calculated for a series of aromatic molecules.

Molecule I Grot(10%) a*(1075) x(1072)
Benzene 12 1.2 8.70 0.23
Toluene 2 14 0.74 2.28
p-Xylene 4 11 0.91 2.40
o0-Xylene 2 22 0.45 4.42

—
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|
/

Theoretical sticking probability
3
o

—_
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o

T T T T
Benzene Toluene p-Xylene o-Xylene

Figure 9.9 Theoretical sticking probabilities o for a series
of aromatic molecules determined from a statistical thermo-
dynamics approach.

The trapping coefficients x increase monotonously from benzene to o-xylene and
represent the enthalpic factors for a sorbate to be successfully trapped after collision
with the surface. Conceptually, x can be related to the properties of the molecules
to reside sufficiently long on the surface to accommodate the heat of sorption and
also to the space the sorbate occupies in the adsorbed state. Increasing trapping
coefficients are, thus, expected for weakly bound molecules with increasing number
of atoms and decreasing size dimensions. This is in line with the largest value
found for o-xylene [90].

Summarizing the role of the entropic and enthalpic effects, the trends in the
experimental sticking probabilities can be satisfactorily explained suggesting (i) the
existence of a highly mobile, physisorbed state with hindered molecular degrees
of freedom; (ii) the symmetry of the sorbate, defining the rotational entropy being
lost during sorption; (iii) the heat of adsorption and its accommodation upon
sorption; and finally (iv) the sorbate size dimensions. Benzene has by far the
highest symmetry (o = 12) in the series of molecules studied but, due to its lowest
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number of vibrational degrees of freedoms in the series, also the lowest ability
to accommodate the sorption enthalpy. Consequently, the low trapping coefficient
compensates the theoretically high sticking probability. In contrast, p-xylene with a
lower symmetry (o =4) strongly benefits from much better trapping, resulting in
the highest sticking probability observed. Final support for our concept is given by
the lowest sticking probability observed for toluene, which has the lowest symmetry
and an intermediate heat of sorption within the series of molecules studied.

9.33
External Surface Modification to Influence Transport in Seolites

9.3.3.1 Surface Properties of Postsynthesis Treated ZSM5

Upon postsynthetic surface modification by CLD of TEOS, significant blockage
of terminal hydroxyls (3747 cm™!) occurs due to chemisorption and hydrolysis
of TEOS. The infrared spectra of the modified H-ZSM5 samples are shown in
Figure 9.10. The concentrations of SiOH groups, determined by 'H/MAS-NMR
spectroscopy were 0.18 and 0.12mmol g=! for H-ZSM5-1M and H-ZSM5-3M,
respectively (initial concentration 0.27 mmol g~!). The concentration of bridging
hydroxyl groups decreased from 0.18 to 0.16 mmol g1, that is, to a much lesser
extent than the external SIOH groups, because TEOS molecules are too large to
enter the pores [51, 54].

3500 cm™!
P

- H-ZSM5-3M
S 3745 cm™
el BV 4
o
[
©
2
o H-ZSM5-1M
8
< _-3610cm™’
H-ZSM5
. 1 ’ 1 ) 1 L] 1 L 1
3500 3000 2500 2000 1500

Wavenumber (cm™")

Figure 9.10 IR spectra of the series of activated H-ZSM5
zeolites at 403 K. The spectra were normalized to the lattice
and overtone vibrations between 2105 and 1740 cm~'. The
stretching vibrational bands for the terminal (3745 cm™"),
bridging (3610 cm™'), and perturbed (3500 cm™") hydroxyl
groups are indicated.
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H-ZSM5

dp=0.53-0.56 nm

Figure 9.11 H-ZSM5-3M crystal (C) schematically depicted
in cross section with gas-phase benzene molecules (A).
The TEM inset shows the silica overlayer structure (B) that
contains large micropores with diameter Dp, directing the
benzene molecules into the zeolite pores of diameter d,.

TEM images of H-ZSM5-3M showed that the crystalline core of the H-ZSM5
crystal was covered by a thin, untextured region, indicating the formation of a statis-
tically and randomly distributed amorphous SiO; layers that significantly roughens
the surface. An average thickness for these layers of 2.5-3.0nm, illustrated in
Figure 9.11, was determined by the TEM micrographs [54].

Estimation for the thickness of the layer of around 3.0 nm, based on the size of
the unmodified crystals and the total amount of SiO, added during the synthesis,
is in very good agreement with the TEM experiments. The distinct increase in the
mesopore volume of H-ZSM5-3M of 1.4 x 1072 cm? g1 (determined by nitrogen
physisorption) [54] indicates that the SiO, layers form a characteristic mesoporous
structure with an average porosity of 30% and that the silica layer forms a
hierarchical network of large micropores with a pore diameter of approximately
1.5nm. Notably, the pore apertures of the layer surrounding the zeolite core are
on one side larger than the critical minimum diameter of 0.58 nm of benzene, but
the maximum length of alkyl-substituted derivatives approaches this size. Because
of this fact, the overlayer pores can be conceptually compared to a hierarchical
funnel-type structure, which is expected to force molecules of appropriate size to
enter the underlying zeolite micropores where the active sites are located.
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Table 9.4 Initial sorption rates i, on SiOH and
SiOHAI groups and the sticking probabilities o for benzene
surface-modified zeolites at 403 K.

Material rini(SIOH) (1073 s77) rini(SIOHAI) (1073 s77) Sticking probability o (—)
H-ZSM5 0.15 2.34 2.1 %1077
H-ZSM5-1M 0.16 4.10 2.5 %1077
H-ZSM5-3M 0.16 6.37 3.0 x 1077

9.3.3.2 Enhancement of Benzene Sorption on Modified H-ZSM5

The sorption kinetics of benzene on the terminal and acidic bridging hydroxyls of
surface- modified H-ZSM5 zeolites were done by infrared spectroscopy. Analysis
of the characteristic sorption time profiles (see Table 9.4 and Figure 9.12) yielded
strongly decreased initial sorption rates to the terminal hydroxyls and at the same
time, a significant increase in the sorption rates to the internal bridging hydroxyl
groups.

In analogy to the initial sorption rates, the experimental sticking probabilities at
the modified surfaces of H-ZSM-3M showed a marked increase from 2.1 x 10~/
to 3.0 x 1077 for benzene. Referring to Section 9.3.2, the sticking probabilities of
aromatic hydrocarbon molecules are governed by the entropy decrease during the
sorption process as a function of the sorbate dimensions and the external surface
morphology [54, 95].

The modification of the outer zeolite surface does not change the rate of
adsorption of benzene on the external silanol groups. The sum of the initial
sorption rates instead increases by a factor of 2.7. This is due to a significantly
faster rate of adsorption to the bridging hydroxyl groups for the modified material
H-ZSMS5-3M. The results reported herein can be explained with the changes of

1.4
1.2
1.0 = ;-
0.8
0.6
0.4
0.2
0.0

H-ZSM5 H-ZSM5-1M H-ZSM5-3M

ACoy (umol g™')

0 10 20 30 0 10 20 30 0 10 20 30
Time (s) Time (s) Time (s)

Figure 9.12 Concentration profiles and theoretical func-
tions for benzene sorption on the terminal SiOH (square)
and internal SIOHAI (circle) groups of a series of gradually
surface-modified H-ZSM5 samples at 403 K.
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entropy after sorption (funnel effect), and they revealed for the first time that
external surface corrugation can be exploited to further differentiate sorption
rates of aromatic hydrocarbons. In contrast to a planar zeolite surface where
preorientation of the sorbate is the dominating effect, porous silica layers allow
more entropically favorable orientations during collision of the (relatively rigid)
molecules with the surface. Furthermore, the micropores on the modified surface
enhance the directed mass transfer into zeolite pores, thus increasing the sticking
coefficient. For modified surfaces, the probability of the gas-phase molecule to
directly enter the silica pores is strongly enhanced and no longer governed by
the ability of energy accommodation in the weakly bound physisorbed state. As a
direct consequence, the benzene molecules are more likely to be trapped and also
preoriented toward the zeolite micropores.

To underline the concept of the enhanced uptake for zeolites with corrugated
surfaces and their potential effect for hydrocarbon separation, the changes in the
transport diffusivity were studied by pressure-step frequency response experiments.
For a detailed description of the mathematical background of the FR technique, we
refer the reader to the publications of Yasuda [67, 68]. Similar to the initial sorption
rates, the derived transport diffusivities also distinctly increased with modification.

Energetic barriers resulting from strongly narrowed pore apertures are expected
to lead significantly higher energies of activation [20, 96], as the molecules need to
overcome the barrier. The unchanged energies of activation of around 24 k] mol 1,
however, underline the fact that the modification does not influence the pore cross
section. In other words, the pores are either completely blocked or free. In contrast,
the preexponential factors on H-ZSM5-3M increased by a factor of 2.7 from 3.0 x
107110 8.0 x 1071 m? s~1. [73], showing that a higher extent of sorption entropy is
retained during the sorption in the pores of the silica layer compared to the strongly
orientation-dependent sorption on the unmodified surface. The assumption of fully
accessible internal sites before and after the silylation was confirmed by comparing
the equilibrium coverage changes with thermodynamic sorption isotherms [54].
It is remarkable that the hierarchic silica overlayer, in contrast to other published
methods such as precoking, is not accompanied by severe blockage of channels.
The enhanced sorption processes, observed for the first time experimentally [54],
present a direct proof of our conceptual model to alter the intrapore transport by
external modifications and give the first direction to appropriately design surface
morphologies and hierarchical overlayer porosities.

9.3.3.3 Tailor-Made Surface Structures, a Novel Concept in Material Optimization
The reported experiments showed that the pores in the silica layer enable the direct
entry of the molecules and provide a gradual transition from the gas phase to the
highly confined space inside the channels with less hindered molecular motion
and subsequently a more gradual entropy loss. The surface morphology and the
effective pore dimensions of the silica layer are of crucial importance. The more
similar the pore diameter and molecular size, the lower the probability for the
direct entry of the molecules into the pores and the larger the pores, the higher this
enhancement effect.
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Benzene molecules benefit from their ideal relation between the kinetic diameter
and the pore apertures of the silica layer. Infrared spectroscopy and diffusivity mea-
surements performed with benzene clearly showed that materials with improved
sorption properties can be envisaged by hierarchically structuring the surface of
zeolites with mesoporous layers of silica. Contrary to the understanding of shape
selectivity in terms of an overall retardation in the entry of the reactant molecules
into the pore network based on their kinetic diameters, the enhancement of sorp-
tion rates by chemically modifying the outer surface represents a novel concept
based on the radius of gyration, which is defined by the length of the sorbate
molecule. Sorption and subsequent penetration of molecules into the underlying
zeolite pore system are enhanced, if the pore radius is larger than the radius of
gyration. In this situation, molecular rotations of the sorbate molecule are not fully
suppressed in the pores and the molecules can directly enter the porous overlayer,
while the sorption of larger molecules is retarded by the overlayer. The crucial
point in this concept is that the separation of molecules is based on the radius of
gyration rather than on the kinetic diameter. Defined adjustment of the thickness
and porosity of overlayers together with tailoring of the surface roughness is only
one option to enlarge the sorption rates of small molecules; however, this con-
cept can be extended to all three dimensionally structured materials with defined
pores.

9.4
Future Opportunities for Research and Industrial Application

Surface-modified zeolites with gradually adjusted surface properties represent a
promising new class of materials for separation and catalysis. To fully exploit the
technological benefit of such materials the impact of surface modification on the
intracrystalline diffusion behavior has to be better understood. Pressure frequency
response experiments with unmodified H-ZSMS5 samples [73] of different crystal
sizes have already been performed, which clearly indicate that intracrystalline
diffusion of aromatic molecules strongly depends on the ratio between the length
of the channel system and the external surface area. For small zeolite crystals
(~ 0.5 um), the diffusion processes are expected to be rather fast compared to pore
entry, therefore, pore entry represent the limiting kinetic step, while for larger
zeolite crystals diffusion processes appear to become rate limiting.

The transport model of sequential transport steps allows to describe the contra-
dicting experimental results on sorption and diffusion of aromatic hydrocarbons
on zeolites in a coherent manner. Our results intend to close former gaps in the
understanding of diffusion and sorption on zeolite materials and also of the
molecular origin of shape selectivity. The use of hierarchically structured materials
realized via external surface modification of zeolites could potentially enable new
processes that allow the reaction of several molecules by combining time and
location dependent concentration gradients, leading to new possibilities to exploit
the old concept of MTC.
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10
Modeling Layered-Mineral Organic Interactions
Hugh Christopher Greenwell

10.1
Introduction

From the chemistry that produced the first organic molecules to the latest
generation of nanomedicines and composite materials, the interaction between
organic matter and inorganic minerals has been of fundamental interest as
long as mankind first began to experiment with these materials. Over recent
years, the power of modern computers has allowed scientists to begin to model
mineral-organic systems with ever-increasing accuracy and size, and a diverse
range of computational chemistry studies, and associated experiments, have been
undertaken to understand the way that minerals and organic matter interact.

The area of research that encompasses the interaction between organic matter and
mineral phases, organic geochemistry, can be divided into two main streams; those
that address “organominerals” and those that address “biominerals.” The former
are mineral products whose formation is induced by by-products of biological
activity, dead and decaying organisms, or nonbiological organic compounds.
Organominerals are distinct from biominerals, which are formed by the uptake of
elements and their incorporation into mineral structures under direct biological
control [1]. This is a particularly useful definition, and this chapter is confined to
studying organomineral systems.

Of particular interest is the class of compounds formed when layered minerals
interact with organic matter to form layered mineral-organic systems (LMOs). The
organic material may be adsorbed on the mineral, intercalated between the layers,
or in extremis, and the two-dimensional layers of the mineral may be exfoliated
and dispersed within the organic phase. By varying the mineral type and form, the
mechanical, electrical, and chemical properties of the individual mineral sheets
may be altered.

The use of computational methods for the study of LMOs has become an adjunct
to experimental techniques for the analysis of these poorly ordered materials.
Although information may be obtained through conventional methods of analysis
regarding macroscopic properties of layered minerals, information about the spatial
arrangement of individual and collections of molecules within the interlayers is
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hard to obtain without the aid of computer simulation. The interpretation of
experimental data from techniques such as solid-state nuclear magnetic resonance
(NMR) or quasi-elastic neutron scattering (QENS) is considerably assisted by the
application of computer simulations. The amount of information that can be
gleaned from such simulations continues to grow, and is leading to ever larger
scale and hence more realistic classical and quantum mechanical studies, which
are beginning to reveal new and unexpected phenomena such as the thermal
undulations that have recently been shown to occur in large simulation cells
and allow the calculation of materials properties, or the insight into intercalation
mechanisms through deformation of the mineral layers during staging in LMOs.

The wide class of compounds known as layered materials may be defined as
“crystalline material wherein the atoms in the layers are cross-linked by chemical
bonds, while the atoms of adjacent layers interact by physical forces.” [2] The
most common minerals encountered in LMO systems are the clays and related
minerals. In general, both the thickness of the clay sheets and interlayer spaces are
in the nanometer range. The predominant naturally occurring clay minerals have
aluminosilicate sheets that carry a negative charge, which means that the interlayer
guest species must be positively charged (giving rise to the description “cationic
clay”) [3]. In anionic clays, the two-dimensional layers are mixed-metal hydroxides
that are positively charged; the interlayer guest species carry a negative charge. The
term layered double hydroxide (LDH), or hydrotalcite-like (after the natural mineral
form) is more frequently applied, and is technically a more correct description,
than anionic clays. For the purposes of the present discussion, the terms cationic
clay and LDH will be used.

The existence of a variable interlayer spacing is a common feature of many
layered minerals, facilitating intercalation of a wide range of molecules. Owing
to the useful properties of natural, modified, and synthetic clays, these materials
have found diverse applications in LMOs, some of which are briefly summarized
here. Cationic clays are natural Lewis acids, and upon washing with an acid
medium become mild Brgnsted solid-acid catalysts in organic synthetic chemistry
[4]. LDHs exhibit the opposite properties, becoming good solid-base heterogeneous
mixed-metal oxide catalysts upon calcination [5]. The catalytic nature of the basic
mixed-metal oxide catalysts may further be increased upon rehydration [6], or the
parent LDH may become very active when intercalated with anionic bases such
as tert-butoxide [7]. The catalytic and intercalation properties of these LMOs have
resulted in their exploitation as pharmaceutical delivery agents [8], for the protection
and production of genetic sequences [9, 10], environmental remediation catalysts
[11], radiochemical storage media [12], fillers in polymer composite materials [13],
solid-acid or solid-base catalysts for many reactions [14], biomimetic catalysts [15],
drilling fluids [16], and sorbents [17]. To increase the thermal stability of the
clay system for certain catalyst applications, the clay may be pillared to create a
permanent three-dimensional architecture, somewhat similar to the industrially
important zeolites, but with the important advantage that the pore size can be
tailored by varying the identity of the pillaring species [18].
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This chapter seeks to deliver an overview of some of the highlights of recent
research by us, and others, into LMOs using a range of computational modeling
techniques and to illustrate how simulation can dramatically assist with interpreting
the structure and reactivity of these systems. In the next section, computational
modeling methods are briefly discussed, before proceeding to a series of case
studies where simulation has provided additional insight across a breadth of LMO
applications.

10.2
Computer Simulation Techniques

The application and development of simulation techniques represent a huge area,
with a diverse range of continually improving methods and techniques, and is dealt
with thoroughly in numerous textbooks and monographs [19]. In particular, we have
recently reviewed the use of computer simulations for the study of clays at electronic
structure level [20], the study of clays in materials chemistry and nanocomposites
[21, 22], and in large-scale simulations [23]. In order to familiarize the reader
with some of the terminology necessary for the remainder of this chapter, a brief
introduction to the topic is given here. Techniques for the simulation of atomistic
systems may, in general, be separated according to the accuracy with which they
calculate interatomic interactions and the type of structural and statistical data that
they provide.

10.2.1
Definition of the Potential Energy Surface

The potential energy surface of a system describes the way in which the energy of the
system changes with configuration, and plays an important role in simulation tech-
niques. Itis determined from the description of the interactions between individual
particles. Broadly speaking, atomic interactions are determined at either the quan-
tum or classical mechanical level, although semiempirical methods, which lie some-
where in between the two levels of accuracy, also exist, but are not discussed here.

Quantum mechanical simulations attempt to solve, to a good approximation, the
fundamental equations of quantum mechanics, in order to model the interactions
between the electrons and nuclei of a system of atoms. The advantage of quantum
mechanical simulations is that they allow the modeling of electron dynamics in
a process, for example, bond making and bond breaking, as they have an explicit
representation of electrons. In addition, the only input data necessary is the atomic
number and initial configuration of the nuclei and total number of electrons. The
major disadvantage of the method is the huge associated computational cost as,
at present, electronic structure calculations are generally limited to the study of
hundreds of atoms, even when using large parallel machines.

Atomistic simulation methods based on classical mechanics consider atoms as
a single unit and the forces between them are modeled by potential functions
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based on classical physics. In addition to the initial positions of atoms, a set of
suitable parameters for the interaction potential functions, known as a forcefield,
must be provided. Parameters for forcefields are derived from experimental data
and/or quantum mechanical calculations on a finite set of systems. The question
inevitably arises as to how well a forcefield is able to model the properties of systems
dissimilar to those from which it was derived, or one under very different conditions
of temperature and pressure. This is an especially pertinent question for modeling
interactions in mineral—organic systems such as LMOs, as the potentials required
to describe the mineral and the organic molecules are rarely found together and the
interaction energy may not be adequately described between the two systems [24].
Classical simulations are well suited to modeling of phenomena predominantly
governed by nonbonded interactions. The use of simple interatomic potentials
means that it is possible to handle up to millions of atoms and therefore model
much larger and realistic systems.

Generally, atomistic forcefield-based simulations can be used to simulate a model
LMO system in the order of a nanosecond of time and in the order of tens of
nanometers in size, at the very largest. However, the underlying molecular dynam-
ics (MD) methodology can be extended to include longer times and larger systems
by introducing further degrees of approximation, for example, coarse-graining the
parameter set of the forcefield. In coarse grain simulations, a number of atoms are
counted as one bead — the beads are then connected by simple harmonic functions
and intermolecular interactions are based on Lennard-Jones-type functions.

10.2.2
Structural and Statistical Data

Having calculated the potential energy surface, there are various means by which it
can be traversed and searched, of which we discuss three broad methods: geometry
optimization, MD, and Monte Carlo (MC).

The energy of a configuration of atoms may be minimized with respect to
geometry (energy minimization or geometry optimization) by iteratively varying bond
parameters, in a systematic way, to follow the curvature of a potential energy well
until a minimum is reached. In theory, this should correspond to the expected
“real life” atomic structure. The method, however, neglects thermal motion and
therefore only local minima on the potential energy surface may be searched.

By applying initial velocities to a configuration of atoms and solving Newton’s
equations of motion, the potential energy surface may be traversed in a deterministic
fashion and the evolution of a system followed over a period of time. This is known
as molecular dynamics. In this technique, thermal energy is included using a
thermostat, which allows potential energy barriers to be overcome, in a realistic
manner. The main advantage of the method is that the dynamical evolution of
a system, with time, may be followed, which allows comparison with additional
experimental techniques such as NMR and QENS. It still remains a challenge,
however, to follow the evolution of a system beyond the timescale of 1-10 ns, even
when using classical mechanics simulations.
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MC simulations involve searching the potential energy surface of a system by
sampling many different configurations, generated by imposing random changes
to a system according to a set of predefined rules. If the potential energy of a
configuration is lower than that of the previous one then it is accepted. Those
with higher energy are accepted with a Boltzmann factor weighted probability.
Properties are calculated as the average of all accepted configurations.

Of the latter two methods, both have advantages depending upon the information
desired from the simulation. MD simulation offers the advantage that the dynamical
evolution of a system with time may be followed, allowing comparison with
time-resolved experimental techniques such as NMR or Fourier transform infrared
(FTIR) spectroscopy. MC simulation, by contrast, is very efficient for calculating
thermodynamic averages for a system and can rapidly search a set of low-energy
configurations and find the global energy minimum in a shorter time than MD
for a given set of computational resources, but allows no deterministic pathway to
be followed across the potential energy surface. MC simulations can still produce
averaged sets of system low-energy configurations that can be compared with QENS
or X-ray diffraction (XRD) data from experiments. In general, MC simulations are
carried out using rigid clay sheets and fixed interlayer spacing to allow the rapid
calculation of the arrangement and loading of interlayer species, whereas MD
simulations are carried out increasingly with flexible clay sheets and a variable
interlayer spacing to determine the effects that interlayer species have on the
interlayer separation.

10.2.3
Statistical Ensembles

The methods of traversing the potential energy surface described above may be
carried out with various conditions imposed upon the ensemble of microstates
that collectively define the system in a statistical mechanics sense. These condi-
tions include, among others, constant number of atoms (N), pressure (P), and
temperature (T) (the isobaric—isothermal NPT ensemble), and constant number
of atoms, volume (V) and temperature (the canonical or NVT ensemble). The
NPT ensemble most closely represents laboratory conditions in that conditions of
constant external pressure and temperature are maintained. In order to simulate
processes such as swelling in a stochastic manner, the system must be able to alter
its volume, ruling out constant volume ensembles. However, in certain scenarios
such as when the clay interlayer molecular loading and arrangement is being cal-
culated for a known d-spacing from XRD studies constant volume ensembles, for
example, NVE, may be employed (where E is energy) and the model clay sheets kept
locked at the experimentally observed separation. During energy minimization, an
NVT ensemble is generally employed to remove unphysical interactions within the
initial structures and then the unit cell parameters systematically varied between
minimization cycles to attain a lowest energy configuration.
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10.2.4
Periodic Systems

In order to model the bulk structure of materials (greater than 10?* atoms) using
relatively small models (generally less than 10° atoms), two approximations are often
employed. These are (i) the use of supercells, where the original unit cell, usually
derived from a crystal structure, is replicated several times and then redefined as
one larger simulation cell and (ii) imposition of periodic boundary conditions on
the simulation cell, where the supercell is considered to be replicated infinitely
in all three orthogonal space directions. The use of periodic boundary conditions
has ramifications from the point of view of calculating long-range electrostatic
interactions within the model and that finite size effects may occur, where the
property of interest may be affected by the size of the initial simulation cell.

10.2.5
Data Analysis

Computer simulations provide large amounts of information on the electronic,
atomic, and molecular structure. Depending on the simulation method employed,
further information can be extracted such as self-diffusion coefficients, radial dis-
tribution functions (RDFs), principal component analysis (PCA), and atom density
plots which show the motion, coordination environment, and distribution of atoms,
as well as mechanical properties such as elastic constants. Much of this computed
data can be compared more or less directly with experimental measurements.

10.3
Results

Using methods based on those described above, studies of interactions in LMO sys-
tems have been carried out for a variety of applications. It is beyond the scope of this
text to give an exhaustive overview of research in each of these areas; rather, high-
lights from our recent work are presented along with relevant studies from the litera-
ture. This section starts with a look at some of the research on LMO systems thought
to be present at the earliest period of Earth’s history and works forward through
time to current studies on LMOs in nanocomposite systems and novel catalysts.

10.3.1
Prebiotic Chemistry

The early Earth would have presented a hostile environment for proto-biochemistry
with intense volcanic activity, a reducing atmosphere, and intense UV radiation all
resulting in degradation, rather than synthesis, of biomolecules. In the Archean
oceans, small abiotic organic molecules would have spewed out of hydrothermal
vent systems, similar to the black smokers of today’s oceans. However, without
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means of concentrating the organic molecules, the resulting solution would have
been far too dilute to allow molecules to collide and reactions to occur. We have
used electronic structure and atomistic computer simulations to illustrate how
layered double hydroxide minerals are able to both concentrate and react with
organic molecules and protect larger molecules.

In recent large-scale simulation work, we have used MD to examine the stability
of deoxyribonucleic acid (DNA) while protected by layered hydroxide minerals. The
studies illustrate the protecting nature of the mineral under conditions of elevated
temperature and pressure, similar to that of hydrothermal vent systems [25]. In this
work, Thyveetil et al. also investigated DNA-LDH systems at elevated temperatures
and pressures and found that the DNA had enhanced stability when intercalated
in the LDH compared to when free in bulk water. These simulations provide some
support for the origins-of-life theory that LDHs could have acted as a protective
environment for the first nucleic acids in extreme environmental conditions such
as those found around deep-ocean hydrothermal vents or seeps [26].

We have also hypothesized that certain LMO systems with ordered mineral
charge sites, and disordered guest ions, may have formed proto-genetic systems
[27]. Current work examines amino acid uptake, and any chiral selectivity, in
layered double hydroxide mineral systems.

10.3.2
Simulating Organomineral Interactions in the Oil and Gas Industry

As first cellular life evolved, countless of these simple organisms died and the de-
tritus was buried under sediments where, over many millennia, organic—mineral
interactions converted the material to fossil fuels which were essential to mankind’s
industrial development in the twentieth century. In its infancy the oil industry was
extremely dirty: so-called black gushers spewed oil out onto the surroundings.
In modern times, oil exploration has become increasingly cleaner; however, our
understanding of the fate of chemicals in the environment has also evolved and leg-
islation has become ever tighter. When drilling for oil offshore, a technical drilling
fluid is used, which has to fill several roles including maintaining hydrostatic pres-
sure, transporting cuttings to the surface, lubricating the drill bit and, importantly,
stabilizing clay containing shales (prevalent in oil basins) against swelling on con-
tact with water and collapsing the well-bore. Water-soluble oligomers and polymer
inhibitors are introduced to control this swelling; a fundamental understanding
of the clay-swelling inhibitor interaction is needed to design these inhibitors
effectively.

10.3.2.1 Inhibiting Clay Swelling during Drilling Operations

In some instances, the stabilization of oilfield well-bores is required to prevent
hydratable clay minerals from swelling upon contact with either the drilling fluid or
seawater [28], and it is desirable to produce LM Os through the in situ polymerization
of small monomer molecules within the clay galleries [29]. In order to rationalize
reactivity in these systems it is necessary to understand the interlayer arrangement
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of the reactive centers on the oligomers, where present, where polymerization or
cross-linking occurs and the nature of the catalytic mechanisms behind in situ
polymerization.

Experimental work by Coveney et al. indicated that when the natural and un-
modified clay mineral montmorillonite, typical of the smectite clay minerals found
in reactive shales, is treated with a solution of methanal and ethylenediamine
under mild conditions, the monomers spontaneously copolymerize to form an
intercalated clay—polymer nanocomposite material with desirable properties [28,
29]. This offers a potential route to stabilizing subsea reactive shale formations,
which contain large amounts of swelling clays. Stackhouse et al. performed elec-
tronic structure calculations on a periodic montmorillonite model to investigate
the catalytic role played by the clay mineral in the reaction [30]. A variety of possible
Brensted and Lewis acid sites were investigated to understand their role in increas-
ing the susceptibility of the methanal C=0 carbonyl toward nucleophilic attack.
Initial simulations indicated that methanal could only undergo nucleophilic attack
by ethylenediamine when suitably activated by either protonation or coordination to
a suitable Lewis acid. These original studies considered only the interlayer species
of the natural clay, various cations, and water molecules, and showed that the inter-
layer cation, when modeled in vacuo with the two organic species, could feasibly be
sufficiently activating to promote the reaction. Using similar simplistic models, the
relative ability of various cations to deprotonate interlayer water was considered.
As the deprotonation of water occurred only when Mg?* and AI** were used rather
than the more common naturally occurring interlayer cations Na™ and Ca’*, the
interlayer cation was deemed to have little role in catalyzing the polymerization
reaction. Stackhouse et al. subsequently investigated the effects of isomorphous
substitution (AI** by Mg?* or Si** by AI**) upon Brensted acidity of hydroxyl
groups located in the octahedral layer, the tetrahedral layer, and at edge sites.
Protonation of the methanal molecule was not observed in any of these scenarios,
suggesting that the initial step in the in situ polymerization reaction was unlikely to
be Brensted acid catalyzed. The Lewis acidity of exposed Al atoms at edge sites on
the clay sheets was therefore considered. These were shown to exhibit a catalytic
effect, the magnitude of which was found to be strongly dependent upon the degree
of substitution of AI** by Mg?* in the octahedral layer of the clay sheets [30].

Atomistic computer simulations, and coupled experiments, can also be used to
understand the very subtle interplay between different organic functional groups,
clay types, and hydration state during oil field operations. Forcefield-based simula-
tions have been used to examine issues such as how the nature of the monomer
backbone, monomer head-group, and identity of interlayer cations affects the
arrangement of intercalated monomers [31, 32]. As in many other studies, this
work was carried out in tandem with experiment to ascertain monomer and
water loadings in the simulated systems. Early clay-swelling inhibitors included
glycol-based systems, which are thought to inhibit swelling of clays through a com-
bination of entropic (as one inhibitor molecule displaces many water molecules
from the clay interlayer, each with many degrees of freedom) and enthalpic effects
from interactions between the inhibitor and cations in the clay-sheet surface
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resulting in the inhibitor preventing hydration shells of water forming around the
cations. In more recent years, polyacrylates and polyacrylamides have been used,
which additionally polymerize within the interlayer of clays to prevent ingress of
water into the stabilized LMO system [16].

In atomistic simulations of polyethylene glycol (PEG) with a variety of cations
in clays, no evidence was observed for hydrogen-bond interactions between the
protons of the PEG alcohol groups and the tetrahedral oxygen atoms of the clay
surface [32]. It seems therefore that, in the presence of water and cations, PEG
is unlikely to form strong H-bonds to the clay surface. When functionalized with
terminal acrylate or alcohol groups, the polyethylene oxide (PEO) chains tend
to orientate with the O atoms toward the midplane for the Na* and Li* clays,
away from the cations that reside at the clay-sheet face. This arrangement, which
results in organic monomer C atoms adjacent to the organophilic silica surface,
has been reported previously by others [33]. The choice of organic monomer was
also found to affect the cation distribution across the composite interlayer. In
the PEG composites hydroxyl groups retained some of the cations and associated
hydrations shells within the midplane of the interlayer region. The magnitude of
this effect was dependent upon the cation present in the simulated clay composite,
with the high surface charge density Lit more susceptible than Na*, while the
majority of the K* ions migrated to the face of the clay sheet. Snapshots of these
systems after 1 nanosecond of MD simulation and the derived one-dimensional
atom density plots, which show the time averaged atom density for the cations
relative to the midplane of the interlayer region, are shown in Figure 10.1. Since the
cations are retained in the interlayer region, they are also more closely associated
with the monomer backbone O atoms. Therefore, in the RDFs, the order of
interaction for both the PEG hydroxyl O atoms and the backbone O atoms with the
cations is Li* > Na™ > K*[32]. Conversely, the PEO diacrylate monomers, having
no hydroxyl groups, do not retain the cations in the interlayer region, resulting
in the vast majority of the Li* and Na™ cations migrating into vacancies on the
tetrahedral layer of the clay sheet, with the K cations migrating to the face of
the clay sheets. This results in the Li* cations, effectively charge-shielded by the
O atoms at the clay surface and associated water molecules, from interacting with
the monomer oxygen atoms. Comparison of the interaction between the different
cations and the PEO diacrylate backbone and endgroup O atoms confirms this,
showing preferential interaction with the low surface charge density cations, that
is, in the order K™ > Na* > Li*.

In certain instances, low-molecular-weight primary amines are particularly
effective at stabilizing clay shales against hydration and subsequent swelling. In
experimental studies of polypropylene oxide (PPO) diamine intercalated montmo-
rillonite LMOs, the only interlayer spacing observed corresponds to a monolayer
arrangement of organic material while FTIR analysis indicated that increased
hydrogen bonding was occurring within the interlayer region, similar to systems
where a mixture of ammonium and amine species were co-intercalated [31, 34, 35].
Simulation studies using large-scale MD methods showed that at the experimental
organic loadings a monolayer of the PPO diamine monomer forms [35]. If the
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Figure 10.1 Snapshots taken after 1 line is PEO diacrylate for comparison. The
nanosecond of NPT MD simulation show- vertical axes represent relative atom den-
ing the interlayer arrangement in PEG sity at any point. (Chen, B., Evans, J.R.G,,
montmorillonite LMOs for where (a) K* is Greenwell, H.C., Boulet, P., Coveney, P.V.,
the cation; (c) Na™ is the cation; (e) Li* Bowden, A.A., Whiting, A. A critical appraisal
is the cation; (b,d,f) show the time aver- of polymer-clay nanocomposites, Chem.
aged one-dimensional atom density plot Soc. Rev., 37, 568—594 (2008). Reproduced
across the interlayer region for the respec- by permission of The Royal Society of

tive cations, dashed line is PEG and solid Chemistry.)
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amine groups are protonated, that is, to form ammonium groups, a conformational
change in the monomers occurs, whereby the ammonium cation strongly coor-
dinates with the surface oxygen atoms of the tetrahedral clay sheet and a slight
increase in basal spacing occurs. The similarity between interactions of the am-
monium organic cations and Na™ inorganic cations with the clay sheet are shown
in Figure 10.2. In models in which only some of the amine groups are protonated
to form the ammonium species, both intra- and intermolecular H-bonds form
between amine N atoms and ammonium H atoms, accounting for the increased
H-bonding observed in the FTIR spectra and indicating that a mixture of ammo-
nium and amine species was present in the interlayer of the experimental system,
as suggested by the experimental evidence.

(a) E l (b)

Figure 10.2 Snapshots after 1 nanosec- tetrahedral layer of the clay sheet due to
ond of MD simulation of PPO-diammonium  steric restrictions and strong H-bond inter-
montmorillonite clay LMOs showing (a) the actions with surface O atoms. The full-sized
interlayer arrangement of ammonium cations periodic simulation cell is shown in (c).
and adjacent clay-sheet atoms (other atoms  Color indications are as follows: brown is
omitted for clarity). The ammonium cation  sodium, orange is silicone, red is oxygen,

is arranged to maximize H-bond and elec- green is aluminum, pink is magnesium,
trostatic interactions. When compared to white is hydrogen, blue is nitrogen, and gray
the Na™ cation, (b) the ammonium cation is carbon.

is unable to sit closer to the cavities in the
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10.3.2.2 Understanding Oil Forming Reactions

In early work investigating petroleum formation in source rocks, Almon and Johns
used Ca?*-montmorillonite to decarboxylate n-docosanoic acid as a representative
reaction to understand the conversion of kerogen, from biomass, into fossil fuel
oil under reservoir conditions [36]. The ratio of branched alkanes and linear
alkanes was 1:10 in the presence of water, whereas it was 9:2 in the anhydrous
system. This reaction was shown to proceed by a free-radical mechanism since
it was enhanced in the presence of hydrogen peroxide, a free-radical promoter.
The reaction mechanism was suggested to involve the interlayer surface and
octahedrally coordinated aluminum ions at the crystallite edges.

In recent years, the conversion of biomass through to hydrocarbons has seen a
resurgence in interest owing to the rapid growth in the biofuels sector [37]. The
current technology for producing fuels from plant and algae lipids is centered
on trans-esterifying the triacylglycerides to form fatty acid methyl esters (FAMEs).
However, FAME fuels are only suitable for use when blended at fairly low levels with
fossil fuel diesel, so they are not a true replacement fuel. There is increasing interest
in looking at the use of catalysts to decarboxylate fatty acids to form a fuel known as
green diesel, which is a direct carbon neutral replacement for fossil fuel diesel [38].

In order to understand the reaction mechanism of decarboxylation reactions, we
have been carrying out electronic structure calculation transition state searches of
fatty acids at montmorillonite surfaces. Preliminary results indicate that the charge
accepting nature (Lewis acidity) of the surface plays an important role in lowering
the activation energy for such processes.

10.3.3
Determining the Material Properties of Nanocomposite Materials

As the twentieth century progressed, mankind’s need for lightweight materials
rapidly evolved. A driving force has been the birth and evolution of the airplane.
From the early canvas and dope fuselages and wings, airframes have driven the
evolution of lightweight, high-performance composite materials, which have also
increasingly featured in improving the fuel efficiency of other forms of transport.
The latest generation of such materials, based on clay fillers entrained in polymers,
present significant challenges to the materials scientist as many of the enhanced
properties occur at the molecular and atomic level, in the nanometer domain.
These materials have been found to have properties similar to conventional
composites, but for substantially lower amounts of filler material. Furthermore,
the resulting composites can be easily processed to form films with improved
barrier properties to gases, and materials with improved fire-retarding ability [13].
Such composites are particularly attractive for improving the properties of more
fragile biopolymers for use in, for example, biodegradable packaging applications.
Owing to the nanoscale of both the clay platelets and the interlayer spacing between
the clay sheets, these compounds became known as nanocomposites [39]. In the
early work on clay—polymer nanocomposites, cationic clays were investigated [13],
but recently there has also been increasing interest in the use of LDHs [40]. In
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cationic clay—polymer nanocomposites containing Li* cations, the arrangement of
the polymer parallel to the clay sheets gives improved ion conduction for potential
applications as battery materials [41].

Akey performance criterion for a fundamental understanding of LMO nanocom-
posite materials is to be able to determine the relative reinforcing effect of the
inorganic filler on the composite material, something hard to ascertain by virtue
of the nanoscopic nature of the filler. It might be expected that two-dimensional
sheets will display thermally excited long-range undulations and it is as a conse-
quence of the Mermin—Wagner theorem that long-wavelength fluctuations destroy
the long-range order of such crystals [42]. Thermal undulations of aluminosilicate
sheets were first reported in the large-scale MD study of PPO-amine intercalated
clay—polymer nanocomposites of Greenwell et al. [35]. These undulations were
not observed in smaller sized models owing to finite size effects, and in many
earlier simulations of clay-based LMOs it was assumed that the clay sheets could
satisfactorily be treated as rigid bodies. Similar finite size effects have been reported
previously in atomistic and mesoscopic simulations of biological and nonbiological
membranes [43—-45]. The observation of these thermal undulations is of consid-
erable interest as it provides a route to the calculation of materials properties,
such as the elastic and bending modulus, required for a theoretical understanding
of polymer—clay nanocomposites. This data is exceedingly challenging to obtain
by experimental means due to the small size of clay mineral crystals. In ongo-
ing studies, Suter et al. have utilized distributed high-performance multiprocessor
machines located within Europe and United States (exploiting grid computing
techniques) to systematically vary the supercell sizes up to about 10 million atoms
to investigate these effects in considerable detail [46]. These studies on montmo-
rillonite clays indicated that thermal fluctuations only become apparent in clay
mineral systems above a certain critical system size, that is, finite size effects
limit the observation of emergent properties. Direct analysis of the undulations,
and coupled stress-strain calculations, allowed the determination of mechanical
properties of the montmorillonite model systems, giving a bending modulus of
1.6 x 107" J, which corresponds to an in-plane Young’s modulus of about 230 GPa.
In an analogous series of simulations, Thyveetil et al. calculated the previously un-
determined materials properties of Mg, Al-LDHs with charge balancing chloride
ions, considering system sizes up to 1 million atoms [47]. The LDHs, having
substantially thinner clay sheets, consisting of single mono-octahedral layers, were
found to have a bending modulus of about 1.0 x 10~'° J, which corresponds to
an in-plane Young’s modulus of 135 GPa for the clay sheets, or 63 GPa for the
hydrated system. Similarly, these systems exhibited emergent undulatory modes
caused by the collective thermal motion of atoms in the LDH layers. However, at
length scales larger than 20.7 A, the thermal undulations caused the LDH sheets
to interact and the oscillations were damped.

The materials properties of LDH hybrid biomaterials have been explored by
Anderson et al. who performed large-scale MD simulations of Mg, Al-LDHs interca-
lated with alginate polymers [48]. The effect of two different alginate polymer chain
lengths upon the materials properties of these LDH composites was investigated
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in model systems containing up to 250 000 atoms. In both cases, the alginate
intercalated LDH systems exhibited greater flexibility than both the DNA and
Cl™ intercalated Mg,Al-LDHs investigated by Thyveetil et al. [25, 47], although
the LDH clay-sheet flexibility was found to be the same as in these systems.
The alginate-LDH systems were found to have an in-plane Young’s modulus of
approximately 135 GPa for the LDH sheets, or 40 GPa for the hydrated systems.
Similar to the Cl~ intercalated LDHs, thermal undulations caused the sheets to
interact and the thermal undulations were damped at long wavelengths. However,
the size and aligned nature of alginate complexes inside the interlayer also affected
the undulations; the sheet was found to show undulations related to the size of the
alginate molecules. Figure 10.3 shows the fluctuations in height of an LDH sheet,
from a 250 000 atom LDH-alginate system.

In a study by Mazo et al., using nonequilibrium molecular dynamics (NEMDs),
where shear and tensile deformations are applied to the simulation cell and
the stress response is measured, the mechanical behavior of a clay platelet with
intercalated PEO was studied [49]. The authors used large-scale MD and evaluated
the role of the molecular weight of the polymer on the mechanical properties of
the LMO system. The simulation cell investigated contained PEO macromolecules
with different degrees of polymerization between 2 and 240 repeat units. The

(a) (b)

Figure 10.3 (a) Snapshot of a small part sheet from the LMO system. The overall size
of an alginate-LDH LMO system after of the simulation cell is approximately 20 nm
1.5 nanosecond of MD simulation showing ~ x 20nm and the long-wavelength undula-
the orientation of alginate dimer in the inter- tory modes can be clearly seen. (Anderson,
layer region. The water molecules along with R.L., Suter, J.L., Greenwell, H.C., Coveney,
several other dimers have been removed to  P.V., Determining Materials Properties of

aid viewing. Color indications are as follows: Biodegradable LDH Biocomposite materials
magnesium is green, aluminum is purple, using Molecular Simulation. J. Mater. Chem.,
oxygen is red, carbon is gray, and hydrogen  Preprint (2009). Reproduced by permission
is white. The image (b) shows the height of The Royal Society of Chemistry.)

function description of a single LDH clay
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simulations revealed that the mechanical strength primarily showed a strong
dependence on the interlayer spacing, while the degree of polymerization of the
PEO intercalates did not affect the mechanical properties. However, the authors
reported an increase in shear modulus with increased polymerization.

10.3.4
Characterization and Simulation of Catalysts and Nanoscale Reaction Vessels

Layered double hydroxide minerals have recently seen a resurgence in interest
for their application as solid-base catalysts for a range of synthetic procedures
[14, 50]. Increasingly, more environmentally friendly catalytic processes are being
investigated for catalyst synthesis, many of which use LMO systems as a precursor
where the organic molecules are used to direct and control crystal growth of the
inorganic catalyst; for example, we have investigated the synthesis of organo-LDH
materials by green chemistry methods [51, 52]. In other work, the structure and
catalytic reactivity of organo-LDHs has been studied by computational chemistry
methods [53, 54].

10.3.4.1 Understanding Photochemistry in Constrained Media: Predicting Reactivity
in Cinnamate LDHs

The highly constrained nanoscale environment within LMOs can be used to
arrange reactant molecules in specific proximities and orientations, so as to enable
otherwise unfavorable reactions to occur, or to selectively favor certain products
[55]. Certain reactions between organic guests within anionic clays have been
found to be strongly dependent upon the Mg/Al ratio of the clay host. Since the
effect of varying the Mg/Al ratio is reflected in the interlayer arrangement of the
reacting organic species, simulation can often provide insight into prereaction
conditions that may not be accessible by any other method. Valim et al. [56], Takagi
et al. [57], and Shichi et al. [58] have experimentally examined the photochemical
dimerization of cinnamate anions within the interlayer of MgAl anionic clay
systems. The products of these reactions were found to be strongly correlated to
the layer charge on the LDH sheet, with different stereochemical dimers being
favored at different Mg/Al ratios, suggesting that the constraining nature of the
anionic clay host imposed stereo- and regioselectivity upon the reaction.

Though classical, empirical, and forcefield-based simulations cannot be used to
directly simulate chemical reactivity, there are methods by which these techniques
can be used to give insight into the probable outcome of chemical reactions.
We have modeled the interlayer arrangement of cinnamate-LDH LMO systems
at various Mg/Al ratios and hydration states, and a “retrosynthesis” approach
was used to infer the outcome of reactions within the anionic clay interlayer
[53]. Dimer precursors, reflecting the prereaction cinnamate monomer positions,
were generated on the basis of optimized models of the possible dimer molecule
products (Figure 10.4). Independently, close contacts at distances favorable for
photodimerization between the reacting double bonds on the cinnamate molecules
were monitored in the equilibrated NPT MD simulations at a temperature of

269



270 | 10 Modeling Layered-Mineral Organic Interactions

Dimer Precursor Dimer Precursor

I (C)

Figure 10.4 The various cinnamate dimers
and their prereaction monomer positions
are shown in the schematic on the left:

(a) anti-HH (bilayer), (b) anti-HH (mono-
layer), (c) syn-HH (bilayer), (d) anti-HT
(bilayer), (e) anti-HT (monolayer), and

(f) syn-HT (monolayer). The green rectangles

at each face of the hydroxyl sheet where
a bilayer existed. To ensure all contacts
were included the cell was expanded in
the a and b directions. For each frame

of the final 10-picosecond MD simulation
the close contacts were monitored (inset).
Symmetry-related cinnamate anions are

represent the LDH layers. On the right close colored identically.
contacts are shown for cinnamate anions

298 K. Where close contacts (as shown in Figure 10.4) occurred, the pair of
adjacent cinnamate molecules involved, from the MD simulations, was compared
to the various dimer precursor pairs generated previously. The precursor pair, and
hence the dimer from which they were derived, most similar to the arrangement
of the adjacent cinnamate molecules was deemed to be the most probable outcome
of a photochemical reaction.

Within the approximations made in the simulations, reasonable agreement was
found with the experimental results. In the experimental work of Shichi et al., it
was observed that as the Mg/Al ratio increased, that is, the charge on the clay sheet
decreased, the ratio of syn-HH to anti-HH dimer decreased and the proportion of
cis-isomer in the product mixture increased. The absence of any significant syn-HT
dimer formation at low Mg/Al ratio was taken to confirm that steric control was
operating and that a bilayer arrangement of anions perpendicular to the sheets
must result in olefin—olefin distances too great for dimer formation [58]. The
computational results showed some agreement with the experimental data, the
dominant species predicted at low Mg/Al being the syn-HH dimer. For increased
Mg/Al ratios and water content the anti-HH dimer is observed to be the likely
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product, while at the highest Mg/Al ratio simulated the dominant outcome would
appear to be the cis-isomer. The syn-HT dimer is not predicted to form at low
Mg/Al ratios: under moderate hydration conditions the lack of a fully interdigitated
bilayer arrangement precludes its formation by cinnamate molecules attached to
opposite hydroxyl layer faces [53].

In general, it was found that the interlayer arrangement was more dynamic
than anticipated and though the cinnamate carboxylate group was invariably
oriented toward the MgAl layer the position of the remainder of the anion was
quite fluxional. This resulted in pairs of molecules sometimes matching, over the
simulation period, the criteria for photodimerization and not at other times.

10.3.4.2 Modeling Catalytic Cycles in Solid-Base Catalysts: t-Butoxide Organo-LDHs
Another class of LMO system of interest for their catalytic properties are the
MgAl-tert-butoxide LDHs [54]. These materials have been reported in the literature
for their “superbasic” properties, and they catalyze a range of reactions [7, 59-61].
Plane-wave-based density functional theory electronic structure simulations have
been used to investigate possible catalytic pathways in these LMOs; plausible
reaction mechanisms have been suggested based upon the products of one such
reaction, trans-esterification, and this has been investigated by simulating the steps
of the experimentally postulated catalytic cycle [62]. Owing to the extremely high
computational cost of such studies, a simple interlayer environment was created,
with a fixed interlayer spacing, no explicit solvent, and with just one Al atom
per unit cell and an initial interlayer spacing of 16 A. The trans-esterification of
methylacetoacetate with prop-2-en-1-ol was selected as a representative system to
simulate [62].

Interactions between the MgAl-tert-butoxide LDH and the organic substrate
molecules in the LMO system were simulated for each step of the postulated
mechanism, which was found to prevent the catalyst regenerating in the simu-
lation work, and an alternative mechanism was proposed consistent with both
experiment and simulation. Catalyst regeneration only occurred when interlayer
water molecules were present, and the modeling established that the active catalyst
was, in fact, most likely a hydroxide-intercalated LDH, with neutral tert-butanol
molecules associated with the LDH layer. A reduced interlayer spacing of 10.50 A
was also required for the catalyst to regenerate. The regeneration step is illustrated
in Figure 10.5. The study of the trans-esterification reaction illustrates the impor-
tance of the H-bonding environment within the LDHs. The combination of the
variable interlayer spacing of the LDHs, which allows more specificity to substrate
molecules, and the amphiphilic nature of the galleries, caused by a hydrophilic layer
adjacent to the LDH layer and an organophilic region in the interlayer center (due to
the tert-butyl groups), is deemed to be responsible for the increased catalytic activity
of these materials [54]. Thus organic substrate molecules are more easily adsorbed
within the organophilic interlayer region with their polar reactive groups oriented
by the LDH layer surface, greatly facilitating subsequent chemical reactions when
compared to the organophobic rehydrated hydroxide LDH.
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Figure 10.5 Snapshot of an LMO catalyst during an elec-
tronic structure simulation of a trans-esterification reaction.
The catalyst is based on a tert-butoxide intercalated LDH
system. Green indicates magnesium, pink is aluminum, gray
is carbon, white is hydrogen, and red is oxygen.

10.3.5
Nanomedicine: Drug Delivery and Gene Therapy

Large-scale atomistic MD simulation provides an opportunity to gain insight into the
conformations of relatively substantially sized interlayer species. In a recent study,
Thyveetil et al. performed large-scale MD simulations to investigate the stability and
structural changes that occur when double-stranded, linear, and plasmid DNA of up
to 480 base pairs in length was intercalated within a magnesium—aluminum LDH
(Figure 10.5) [25]. Layered double hydroxides can be used to intercalate drugs or
genes and then excalate them where needed, in order to prepare a controlled release
formulation for use in drug delivery and gene therapy. Currently, only limited
experimental data has been reported for these systems [63—-65]. Notwithstanding
this, the models were found to be in qualitative agreement with experimental
observations, according to which hydration is a crucial factor in determining the
structural stability of DNA. The phosphate backbone groups were found to align
with aluminum lattice positions, demonstrating the high electrostatic attraction
between the clay surface and the charged groups on the DNA molecule. The
LDH sheets themselves showed great flexibility; as a consequence, the layers were
observed to distort around the large intercalated anions, rendering the concept of a
well-defined basal spacing (distance between the clay sheets) somewhat ambiguous.

10.3.6
Formation Mechanisms of LMOs

We have already seen that the intercalation of nucleic acids is now possible through
the use of large-scale simulation techniques and studies have been undertaken
into the stabilization of nucleic acids by minerals in origin of life scenarios and
also the structure of LDH-nucleic acid LMOs used in gene therapy. Though such
structures are observed experimentally, it is not immediately intuitive how such
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bulky molecules exchange into the mineral host with such high efficiency. A recent
study by Thyveetil et al. has attempted to address the intercalation behavior and
mechanism of bulky molecules in LMOs using large-scale MD [66]. LDHs have
been shown to form staged intermediate structures in experimental studies of
intercalation, but the mechanism by which staged structures are produced remains
undetermined. Staging is a process by means of which layered host materials
intercalate guest compounds forming alternate layers periodically occupied by
intercalant. While the majority of LDH structures exist with similar interlayers
throughout the structure, those with more than one type of interlayer have so-called
staged structures [67]. Thyveetil et al. explored the role of the LDH flexibility on the
possible intermediate structures that may form during intercalation of DNA into
MgAI-LDHs [66].

It is generally believed that staged intercalation in LMOs occurs through a
Daumas—Hérold (Figure 10.6) or a Rudorft model [68, 69]. The Rudorff model
involves complete intercalation of alternate interlayers, while the Daumas—Hérold
pathway predicts that islands of intercalants are formed, with identical amounts
of intercalant in each interlayer. The latter scenario requires a more flexible
layer material to distort around the intercalate. The simulations of Thyveetil
et al. showed greater diffusion coefficients for DNA strands in a Daumas—Hérold
configuration compared to a Riidorff model, providing evidence for the presence of
peristaltic modes of motion within Daumas—Hérold configurations [66]. Peristaltic
modes are more prominent in the Daumas—Hérold structure compared to the
Riidorff structures and support a mechanism by means of which bulky intercalated
molecules such as DNA rapidly diffuse within an LDH interlayer.

In a comprehensive series of coarse-grained studies on LMOs, Farmer and
coworkers looked at the behavior of stacks of clay lamellae in both a polymer melt
and in a binary fluid (representing a curing agent and a monomer), thereby simu-
lating polymer melt preparation and in situ polymerization preparation methods,

< 148.20 A

Y

Figure 10.6 A snapshot of a large-scale atomistic simula-
tion showing LDH sheet flexibility (pink and gray spheres)
during 12-bp DNA double helices (blue and yellow spheres)
intercalation through a Daumas—Hérold mechanism [66].
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respectively [70, 71]. Interestingly, the results from the latter intercalation study
showed that completely intercalated structures may be formed by simply adjusting
the relative concentrations of the binary fluid, or the pressure experienced by the
nanocomposite system, with increased swelling observed in some cases, which
was suggested by the authors to be indicative of exfoliation [71]. In the simulated
polymer melt system, the interaction parameter between the clay sheet and the
polymer was adjusted to represent some polymers strongly interacting with the
sheet, others having functionalized strongly interacting head groups but weakly
attractive (to the clay) polymer segments, and others having no functionality.
The studies showed that the strongly interacting polymers “pinned” clay sheets
together around the anterior, impeding the fraction of intercalated material. Low
intercalation density, and decreased interaction between clay sheets, was observed
for the end-functionalized polymers. The highest intercalation density was found
for simulations containing a blend of end-functionalized and nonfunctionalized
polymers [70]. As in large-scale MD studies, significant flexibility of the clay sheets
was observed in all these studies.

10.4
Conclusions and Future Work

The recent advances in supercomputing capacity have allowed the simulation of
LMO systems to reach unparalleled size and timescales, allowing the observation of
previously unseen behavior. Research into LMO systems using electronic structure
and large-scale computer simulations have revealed certain interesting properties:
(i) the structure of individual mineral sheets with tunable chemical composition
may be varied to alter the charge density and impact on the degree of intercalation
of guest molecules (ii) the interlayer region between the sheets of LMO materials
can have amphiphilic character, modifying the way polar molecules arrange in the
LMO - aiding catalyst performance; (iii) the LMO sheet dynamics have been stud-
ied, and found to be flexible, which has implications for intercalation mechanisms
and catalytic performance as thermal undulations accelerate guest intercalation
and the flexible sheets allow better specificity with intercalated substrates; and
(iv) by carefully tuning the intercalant during formation of the hybrid system,
experiments have shown the crystal morphology may also be systematically varied.
Interestingly, phenomena such as emergent thermal undulations and interlayer
catalysis are in many ways more reminiscent of biological systems than one would
expect from a mineral.

Though research has been predominantly focused on LMO systems where the
mineral is a clay, other layered mineral classes such as the manganese oxides (e.g.,
birnessite) and other layered transition metal systems such as niobates remain to
be investigated. Additionally, a diverse range of applications of LMOs has yet to be
explored with computer simulation; currently, the carbon capture capacity of soils
and the containment of radionuclides by clays and organoclays is of great interest in
the drive for cleaner energy supplies and reduction of global carbon dioxide levels.
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In our future work on LMOs, we will be using electronic structure calculations to
understand decarboxylation reactions in LMO systems, which are important both
for understanding petroleum-forming conditions and catalysis in the production
of deoxygenated lipids for the next-generation biofuel “green diesel,” as well as
investigating peptide-forming conditions in the origin of life scenarios. Having
developed the very large-scale MD simulations to the level where we can now
routinely calculate materials properties of layered systems, even when intercalated
with bulky biological molecules and many thousands of water molecules, we are
now starting to both apply our techniques in new areas, such as biodegradable
packaging design, and also develop the techniques to include edge effects in the
clay. The latter research removes some of the artificial nature of periodic supercells,
and allows us to examine the interaction of water molecules and organic molecule
at the edge of the clay platelets, that is, during the start of intercalation processes,
yielding yet more insight into the unseen behavior of chemistry between the sheets.
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11
Status of Technology and Perspectives for Portable Applications
of Direct Methanol Fuel Cells

Vincenzo Baglio, Vincenzo Antonucci, and Antonino S. Arico

11.1
Introduction

Fuel cells, represent an important technology for a large variety of applications
including micropower, auxiliary power, transportation, stationary power for build-
ings and other distributed generation applications, and central power [1]. Several
types of fuel cells are in advanced stage of development. They can be classified into
different categories, depending on the type of fuel and oxidant, whether the fuel
is processed outside (external reforming) or inside (internal reforming) the fuel
cell, the type of electrolyte, the temperature of operation, whether the reactants
are fed to the cell by internal or external manifolds, and so on. Generally, fuel
cells are distinguished on the basis of the electrolyte. If there is an ion exchange
membrane, the fuel cell is called polymer electrolyte fuel cell (PEFC). This technology
is now approaching commercialization. The candidate fuel for fuel cells is usually
considered hydrogen. However, at present, no suitable large-scale infrastructure
exists for hydrogen production, storage, and distribution. Significant efforts have
been addressed in the last decades to the direct electrochemical oxidation of alcohol
and hydrocarbon fuels [2-5]. Organic liquid fuels are characterized by high-energy
density (Table 11.1), whereas, the electromotive force associated to their electro-
chemical combustion to CO; is comparable to that of hydrogen combustion to
water. Among the liquid organic fuels, methanol has promising characteristics
in terms of reactivity at low temperatures, storage, and handling. Accordingly, a
direct methanol proton exchange membrane fuel cell (DMPEMFC) would help
to alleviate some of the issues surrounding fuel storage and processing for fuel
cells. Technological improvements in direct methanol fuel cells (DMFCs) are thus
fueled by their perspectives of applications in portable, transportation, and sta-
tionary systems especially with regard to the remote and distributed generation of
electrical energy. Methanol is cheap and it can be distributed by using the present
infrastructure for liquid fuels. It can be obtained from fossil fuels, such as natural
gas or coal, as well as from sustainable sources through fermentation of agricul-
tural products and from biomasses. With respect to ethanol, methanol has the
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Table 11.1  Volumetric and gravimetric energy density for
various fuels of technical interest for low-temperature fuel

cells.

Fuels Volumetric energy density Gravimetric energy
(kWh 1) density (kWh kg™")

Diluted hydrogen (1.5%) - 0.49

Hydrogen 0.18 (@ 1000 psi, 25 °C) -

Methanol 4.82 (100 wt%) 6.1

Ethanol 6.28 (100 Wi%) 8

Formic acid 1.75 (88 wt%) -

Dimethyl ether (DME) 5.61 (in liquid of 100 wt%) 8.4

Ethylene glycol 5.87 (100 wt%) 5.3

significant advantage of high selectivity to CO, formation in the electrochemical
oxidation process. In general, liquid-fueled fuel cells are a promising alterna-
tive to hydrogen-fueled devices as electrochemical power sources in particular,
for application in portable technology due to the low power required by these
systems.

Portable power is becoming important for many electronic devices, such as
notebook computers, personal digital assistants (PDAs), music systems, and cel-
lular telephones. Currently, these devices are powered by primary and secondary
batteries. While the power source is often the largest component of the device
and, in fact, is the limiting factor in efforts toward miniaturization, the run-
time, and functionality of the devices remain limited by the quantity of energy
that can be stored and carried within them. Thus, advances in the development
of portable fuel cells will have a great impact on the use and development of
modern electronic devices. Unlike primary and secondary batteries, where the
reactants and products are contained within the battery, fuel cells employ reac-
tants that are continuously supplied to the cell; byproducts also are continuously
removed (Figure 11.1). Methanol, which is characterized by low cost, easy stor-
age and handling, and high-energy density, appears well suited for portable fuel
cells.

In practice, fuel cells do not operate as single units; rather, they are connected in
a series to additively combine the individual cell potentials and achieve a greater,
and more useful, potential. A collection of single cells in series is known as
a stack. For conventional actively driven fuel cells, the most popular means of
interconnection are the “bipolar plates.” These connect one cathode to the anode
of the next cell; furthermore, the bipolar plates serve as a means of feeding oxygen
to the cathode and fuel to the anode. The fuel-cell stack consists of a repeated,
interleaved structure of membrane electrode assemblies (MEAs), gas-diffusion
layers (GDLs), and bipolar plates. All these components are clamped together with
significant force to reduce electrical contact resistance. The fuel and oxidant are
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Figure 11.1 Scheme of the DMFC system.

provided with manifolds to the correct electrodes, and cooling is provided either
by the reactants or by a cooling medium. Usually, this type of fuel cell works
with forced airflow on the cathode side and forced fuel flow on the anode side,
requiring various auxiliary components and a rather complicated control system.
Such a fuel cell does not fit the requirements for low-power-battery replacement
applications. For such applications, the key challenges are to provide acceptable
power output and high-energy efficiency under conditions convenient to the user.
The desired operating conditions include, for example, an operating temperature
near room temperature, no forced airflow, and no recirculation fuel pump. It is
well known that a forced air design with an external blower is unattractive for use in
small fuel-cell systems, as the parasitic power losses from the blower are estimated
at 20-25% of the total power output. To this scope, the concept of passive-feed
DMFCs has been the object of significant interest [2]. Under this configuration,
DMFCs operate without any external devices for feeding methanol and blowing
air into the cells. Oxygen can diffuse into the cathode from the ambient due to
an air-breathing action of the cell (partial pressure gradient), whereas methanol
can reach the catalytic layer from a reservoir driven by a concentration gradient
between the electrode and the reservoir and through capillary force action of
electrode pores. The use of low-cost miniaturized “step-up” DC/DC converters
allows to suitably increase the stack potential with a very small dissipation of power
(~90% efficiency). This approach does not require extensive miniaturization of the
DMEC stack favoring the development of low-cost DMFC stack architectures with
practical electrode area.
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11.2
Fundamental Aspects of Direct Methanol Fuel Cells

11.2.1
DMFC Components and Processes

The core of the DMFC is a polymer ion exchange membrane. The electrodes (anode
and cathode) are in intimate contact with the membrane faces. The electrodes
usually consist of three layers: catalytic layer, diffusion layer, and backing layer, but
there are also several different configurations. The catalytic layer is composed of a
mixture of catalyst and ionomer and it is characterized by a mixed electronic—ionic
conductivity. The catalysts are often based on carbon-supported or unsupported
PtRu and Pt materials at the anode and cathode, respectively. The membrane as
well as the ionomer consist, in most cases, of a perfluorosulfonic acid polymer. The
diffusion layer is usually a mixture of carbon and polytetrafluoroethylene (Teflon).
The hydrophobic properties of this layer are fundamental to allow the transport of
oxygen molecules to the catalytic sites at the cathode or to favor the escape of CO,
from the anode. The package formed by electrodes and membrane is called MEA.

A scheme of the overall reaction process occurring in a DMFC equipped with a
protonic electrolyte is outlined below:

CH30H + H,0 —> CO, + 6H™ + 66~ (anode) (11.1)
3/20, + 6H" + 66~ —> 3H,0(cathode) (11.2)
CH;0H + 3/20, —> CO; + 2H,O (overall) (11.3)

The free energy associated with the overall reaction at 25 °C and 1atm and the
electromotive force are AG = —686 kJ mol ' CH3;0H; AE = 1.18 V [2].

Usually, the open circuit voltage (OCV) of a polymer electrolyte DMFC is signifi-
cantly lower than the thermodynamic or reversible potential for the process. This
is mainly due to methanol crossover that causes a mixed potential at the cathode
and to the irreversible adsorption of intermediate species at electrode potentials
close to the thermodynamic values. The coverage of methanolic species is larger at
high cell potentials, that is, at low anode potentials. This determines a strong anode
activation control that reflects on the overall polarization curve (Figure 11.2). This
can be observed in a polarization plot (Figure 11.2) where the terminal voltage of
the cell is deconvoluted into the anode and cathode polarizations according to the
equation:

Ecell = Ecathode — Lanode (114)

Besides the strong activation control at the anode, the effect of the mixed
potential on the cathode polarization curve is clearly observed in Figure 11.2. The
onset potential for the oxygen reduction in the presence of methanol crossover
is below 0.9 V versus the reversible hydrogen electrode (RHE). This is much
lower than the reversible potential for the oxygen reduction in the absence of
methanol, that s, 1.23 V versus RHE. As pointed out above, such a result is mainly
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Figure 11.2  Single cell and in situ half-cell electrode
polarizations for a DMFC operating at 60 °C, ambient
pressure with 1M methanol at the anode air feed at the
cathode.

due to the effect of the mixed potential. In addition, the cathode polarization
curve in the presence of crossover does not present a clear sigmoidal shape as
in hydrogen-fed PEMFCs since the methanol adsorption on the cathode mainly
influences the region of activation control for oxygen reduction. In fact, at high
cathode potentials, oxygen reduction is slow and oxidation of methanol permeated
through the membrane is enhanced by the elevated potential. The two opposite
reactions compete with each other and no spontaneous current is registered above
0.9V (Figure 11.2). At high currents, both anodic and cathodic polarization curves
show the onset of mass-transport constraints due to the removal of the CO, from
the anode and the effect of flooding at the cathode. In the methanol fuel cell, the
flooding of the cathode is not only due to the water formed by the electrochemical
process but it also especially occurs as a consequence of the fact that a liquid or
a vapor (and not a humidified gas) is fed to the anode and this water/methanol
mixture permeates through the hydrophilic membrane to the cathode.

In order to be competitive within the portable market, the DMFC must be
reasonably cheap and capable of delivering long operation time. At present,
there are a few challenging drawbacks in the development of such systems. These
mainly consist in finding (i) electrocatalysts which can effectively enhance the
electrode-kinetics of methanol oxidation; (ii) electrolyte membranes which
have high ionic conductivity and low-methanol crossover; and (iii)
methanol-tolerant electrocatalysts with high activity for oxygen reduction.

11.2.2
Methanol Oxidation Electrocatalysts

The state-of-the-art electrocatalysts for the electro-oxidation of methanol in fuel
cells are generally based on Pt alloys supported on carbon black [6], even if the
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use of high surface area unsupported catalysts has recently gained momentum [7].
The electrocatalytic activity of Pt is known to be promoted by the presence of a
second metal, such as Ru or Sn, acting either as an adatom or a bimetal [8—10]. The
alloying of Sn and Ru with Pt gives rise to electrocatalysts that strongly promote the
oxidation of methanol. Since the complete oxidation of methanol to CO, involves
the transfer of six electrons to the electrode, the overall reaction mechanism
involves several steps including dehydrogenation, chemisorption of methanolic
residues, rearrangement of adsorbed residues, chemisorption of oxygenated species
(preferentially on the alloying element), and surface reaction between CO and OH
to give rise to CO,. On a pure Pt surface, the dissociative chemisorption of water
on Pt is the rate-determining step at potentials below ~ 0.7V versus RHE, that
is, in the potential region that is of technical interest [11]. It is generally accepted
that an active catalyst for methanol oxidation should give rise to water discharging
at low potentials and to “labile” CO chemisorption. Moreover, a good catalyst
for methanol oxidation should also catalyze the oxidation of carbon monoxide.
Even if various theories have been put forward to explain the promoting effect of
the additional elements [5, 12—14], the subject remains controversial. Transition
metal promoters and adatoms are seen as a means to improve the electrocatalytic
behavior of electrodes, either by minimizing the poisoning reaction or enhancing
the main oxidation reaction. Besides, three main hypotheses have been made. A
first hypothesis suggests that the metal promoters and adatoms either alter the
electronic properties of the substrate or act as redox intermediates [14-16]. This
hypothesis, supported by experimental evidences, also leads to the influence of
a possible steric effect on the enhanced oxidation rate [16]. A second hypothesis
envisages adatoms as blocking agents for the poison-forming reaction, assumed to
occur on a number of sites greater than those required for the main reaction [16]. A
third hypothesis based on the bifunctional theory invokes a mechanism by which
the oxidation reaction of either the fuel or the poisoning intermediate is enhanced
by the adsorption of oxygen or hydroxyl radicals on promoters or adatoms adjacent
to the reacting species [5]. Combining the electronic and bifunctional theories, it is
derived that the role of the second element is to increase the OH adsorption on the
catalyst surface, at lower overpotentials, and to decrease the adsorption strength of
the poisoning methanolic residues.

Both Pt—-Ru and Pt—Sn systems have been reported to be promising catalysts
for electro-oxidation of methanol in DMFCs [17-19]. However, although there is
conclusive evidence on catalytic promotion of methanol electro-oxidation on the
Pt—Ru system in relation to Pt, contradictory results have been reported in the
literature on the promotional effect of Sn for this reaction [12, 20—23]. Itis generally
accepted that Pt sites in Pt—Ru alloys are especially involved in both the methanol
dehydrogenation step and strong chemisorption of methanol residues. At suitable
electrode potentials (0.2 V vs RHE), water discharging occurs on Ru sites with
formation of Ru-OH groups at the catalyst surface [24]. The final step is the reaction
of Ru-OH groups with neighboring methanolic residues adsorbed on Pt to give
carbon dioxide.
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One of the main requirements for an optimal alloy electrocatalyst, such as Pt—-Ru
(the most performing at the moment), is its high dispersion. The mass activity (A/g
Pt) of the catalyst for methanol electro-oxidation is strictly related to the degree of
dispersion, since the reaction rate is generally proportional to its active surface area
[25]. For this reason, usually the metal particles are dispersed onto a carbon support
in order to avoid the agglomeration of particles and the decrease of surface area.
Different carbon blacks are used for this purpose; actually, the most used is Vulcan
XC-72 (Brunauer-Emmett-Teller (BET) surface area: 250 m? g~*), which appears to
be the best compromise with the presence of a small amount of micropores and a
reasonable high surface area sufficient to accommodate a high loading of the metal
phase.

11.2.3
Oxygen-Reduction Electrocatalysts

Although Pt/C electrocatalysts are, at present, the most widely used materials as
cathodes in low-temperature fuel cells, due to their intrinsic activity and stability
in acidic solutions, there is still great interest to develop more active, selective,
and less-expensive electrocatalysts for oxygen reduction. There are a few directions
that can be investigated to reduce the costs and to improve the electrocatalytic
activity of Pt, especially in the presence of methanol crossover. One is to increase
Pt utilization; this can be achieved either by increasing its dispersion on carbon
and the interfacial region with the electrolyte. Another successful approach to
enhance the electrocatalysis of O, reduction is by alloying Pt with transition metals.
This enhancement in electrocatalytic activity has been differently interpreted,
and several studies were made to analyze in depth the surface properties of the
proposed combinations of alloys [26—36]. Although a comprehensive understanding
of the numerous reported evidences has not yet been reached, the observed
electrocatalytic effects have been ascribed to several factors (interatomic spacing,
preferred orientation, electronic interactions) which play, under fuel-cell conditions,
a favorable role in enhancing the oxygen reduction reaction (ORR) rate [16]. A higher
activity of Pt—Fe alloy electrocatalysts compared to platinum for oxygen reduction
in the presence of methanol was obtained in half-cell and DMFC experiments
(Figure 11.3), although a partial Fe dissolution was observed [35].

Alternatively to platinum, organic transition metal complexes are known to be
good electrocatalysts for the oxygen-reduction reaction. Transition metals, such
as iron or cobalt organic macrocycles from the families of phenylporphyrins, ph-
thalocyanines, and azoannulenes have been tested as O,-reduction electrocatalysts
in fuel cells [37—41]. One major problem with these metal-organic macrocyclics
is their chemical stability under fuel-cell operation at high potentials. In many
cases, the metal ions are irreversibly dissolved in the acid electrolyte. However,
if the metal-organic macrocyclic is supported on a high surface area carbon and
treated at high temperatures (from 500 to 800 °C), the residue exhibits electrocat-
alytic activity comparable to that of Pt without any degradation in performance,
from which one may infer the good stability of the metal in the electrocatalyst
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Figure 11.3 Polarization curves for ORR in 0.5M H;SO4(a)
and polarization and power density curves in DMFC (b) for
Pt/C and Pt—Fe/C cathode catalyzes at 60°C [34, 35].

[40]. Recently, Savinell and coworkers [40] reported interesting results for the
operation of these compounds in solid PEFCs, showing a high selectivity for
oxygen.

In some other studies, a few inorganic materials have recently been proposed
as suitable substitutes for platinum in methanol fuel cells due to their selectivity
for oxygen reduction, even in the presence of methanol. These materials mainly
consist of carbon nitrides [42], the Chevrel-phase type (MosRu,Seg), transition
metal sulfides (Mo Ru,S;, Mo,Rh,S;), or other transition metal chalcogenides
((Ruj—xMoy)SeO;) [43, 44]. Some of these possess semiconducting properties;
thus, in theory, they could introduce an additional ohmic drop in the electrode.
However, their activities for oxygen reduction are significantly lower than Pt [45,
46]. Carbon-supported Ru electrocatalysts are reported to exhibit high selectivity for
oxygen reduction in the presence of methanol but their activities are significantly
lower [47].



11.2 Fundamental Aspects of Direct Methanol Fuel Cells

11.2.4
Proton Exchange Membranes

Nafion membranes are currently used as electrolytes in DMFCs; yet, since methanol
is rapidly transported across perfluorinated membranes, commonly used in poly-
mer electrolyte membrane fuel cells, and is chemically oxidized to CO; and H,0
at the cathode, there is a significant decrease in coulombic efficiency for methanol
consumption by as much as 20% under practical operation conditions. Thus, it is
very important to modify these membranes by, as example, developing composites
[48—-50] or finding alternative proton conductors with the capability of inhibiting
methanol transport. The polymer electrolyte should have a high ionic conduc-
tivity (5 x 1072 ohm~! cm™!) under working conditions and low permeability to
methanol (less than 10~® moles min~—! cm~2). Furthermore, it must be chemi-
cally and electrochemically stable under operating conditions. These requirements
appear to be potentially met by new classes of solid polymer electrolytes that
show promising properties even though there has been no clear demonstration
of their use in DMFC. Some of the membranes investigated so far are sulfonated
poly-ether-ether-ketone [51, 52] and polysulfone [53], polyvinylidene fluoride [54],
styrene grafted and sulfonated membranes [55], zeolites gel films (tin mordenite),
and/or membranes doped with heteropolyanions [56]. Some recent results obtained
from our group using polysulfone membranes are reported in Figure 11.4.
Alternatives to these membranes and Nafion are acid-doped polyacrylamide and
polybenzimidazole [57]. The main question about these membranes is the extent
of leaching of acids of small molecular weight (H;PO,) entrapped in the polymer,
during operation of a fuel cell fed with a hot methanol/water mixture as the anode
reactant. In fact, these polymers usually swell at high temperature in the presence
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Figure 11.4 Cell potential and power density as a function
of current density for the polysulfone (SPSf-70) membrane at
ambient temperatures from 29 to 40 °C and at atmospheric
pressure [53].
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of water and methanol. Probably these problems may be better addressed by using
a high molecular weight superacid (such as phosphotungstic acid) that may be
physically entrapped in the polymer structure. However, in this case, the uptake of
water by the polymer should not be significantly reduced since water is essential
for the protonic conduction.

Some investigations have regarded the development of composite membranes
[48, 58, 59]. Composite recast Nafion—silica membranes have shown excellent prop-
erties in terms of mechanical characteristics, water retention at high temperature,
resilience to methanol crossover, and ionic conductivity [59]. These electrolytes
allow DMFCs operation at 145 °C with a significant enhancement in methanol oxi-
dation kinetics [59]. The only drawback, at the present time, appears to be the high
cost of production, primarily determined by the expensive perfluorinated ionomer
necessary for their fabrication. Some variations of this procedure include the use
of heteropolyacid-doped silica entrapped into recast Nafion or zirconium phos-
phate/ extruded Nafion membranes [48, 49]. Recent investigations from our group
have shown interesting perspectives for the use of these composite electrolytes in
DMFCs [48, 49].

11.2.5
Electrode and MEA Preparation

DMEC electrodes mainly consist of gas-diffusion electrodes similar to those used
in H,-fueled proton exchange membrane fuel cells (polymer electrolyte fuel cell)
[7, 60—62]. Typically, such an electrode is made up of a first macroporous layer,
which is a carbon cloth or paper. This is the conductive support onto which the
microporous GDL and thereafter the catalytic layer are deposited. In most electrode
configurations, the GDL is formed by polytetrafluoroethylene (PTFE) and carbon
black, whereas the composite catalytic layer consists of carbon-supported Pt or
Pt alloy catalysts and Nafion ionomer. The function of PTFE in the diffusion
layer is to provide a network for gas transport and to give structural integrity
to the layer. The catalytic layer, containing Nafion in an amount ranging be-
tween 15 and 33 wi%, is hot pressed or deposited onto the perfluorosulfonic
electrolyte membrane [7, 61, 63]. Such an electrode structure was originally de-
veloped for operation at 80 °C since the development of DMFC for transportation
was historically considered to provide the main perspectives for large-scale ap-
plication of such devices. In low temperature, liquid-fueled DMFCs finalized to
the development of portable systems, this electrode configuration suffers from
mass-transport limitations. These constraints mainly occur at the anode due
to the low-diffusion coefficient of methanol in water and the release of car-
bon dioxide gas bubbles [64, 65]. The influence of PTFE content, in the anode
diffusion layer, on cell performance was investigated for high-temperature DM-
FCs. The optimal PTFE amount was found to be between 13 and 20 wt% [66].
Some recent studies have been addressed to replace the carbon cloth or carbon
paper support with a titanium net [65] to enhance mass transport. Alterna-
tively, some attempts have been addressed to enhance the morphology of the
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conventional electrode structure. As is well known, a correlation between the
amount of ionomer, in the catalytic layer, and catalyst porosity exists [63]. The
ionomer content influences the hydrophobic and hydrophilic pore distribution
in the catalyst layer. Hydrophilicity increases as a function of the Nafion con-
tent. DMFCs are generally operated with aqueous methanol solution at different
concentrations; therefore, in order to have a better reactant distribution, a good
hydrophilicity is important for the anode side. On the other hand, hydropho-
bic pores have an important role for CO, removal from the catalytic layer. The
optimization of the structure of the electrode and/or MEA also requires an ap-
propriate investigation of the microstructure of the carbon support, in order to
ideally distribute the ionomer on the carbon surface containing Pt or Pt-Ru
particles. In this way, Pt loading could be significantly reduced if Pt utilization
increased.

The operation of DMFCs with air requires the development of a proper cathode
layer. In fact, when air is fed to the cathode side, while oxygen reacts to produce
water, the nitrogen contained in the feed stream remains entrapped in the pores of
the electrode; the entrapped nitrogen is a diffusion barrier for the incoming oxygen,
and results in mass-transport overpotential performance losses even at intermediate
current densities. Furthermore, the transport of this gas to the reaction sites is
retarded by flooding of the electrocatalyst layer [67]. A few approaches have been
proposed to enhance the oxygen transport properties when air is used as the
feed stream. Some examples are heat treatments of the recast Nafion gel in the
electrocatalytic layer to make it hydrophobic [68] or to use pore formers to increase
porosity [69, 70].

11.3
Current Status of DMFC Technology for Portable Power Sources Applications

The potential market for portable fuel-cell systems deals mainly not only with
the energy supply for electronic devices but it also includes remote and mi-
crodistributed electrical energy generation. Accordingly, DMFC power sources
can be used in mobile phones, laptop computers, as well as energy supply sys-
tems for weather stations, medical devices, auxiliary power units (APUs), and
so on. DMFCs are promising candidates for these applications because of their
high-energy density, light weight, compactness, simplicity as well as their easy
and fast recharging [71-74]. Theoretically, methanol has a superior specific energy
density (6000 Whkg~!) in comparison with the best rechargeable battery, lithium
polymer and lithium ion polymer (theoretical, 600 Whkg~?) systems. This perfor-
mance advantage translates into more conversation time using cell phones, more
time for the use of laptop computers between the replacement of fuel cartridges,
and more power available on these devices to support consumer demand. In
relation to consumer convenience, another significant advantage of the DMFC
over the rechargeable battery is its potential for instantaneous refueling. Unlike
rechargeable batteries that require hours for charging a depleted power pack, a

293



294

11 Status of Technology and Perspectives for Portable Applications of DMFCs

DMFC can have its fuel replaced in minutes. These significant advantages make
DMFCs an exciting development in the portable electronic devices market.

Several organizations (Table 11.2) are actively engaged in the development
of low-power DMFCs for cellular phone, laptop computer, portable camera, and
electronic game applications [72—76]. The primary goal of this research is to develop
proof of concept DMFCs capable of replacing high-performance rechargeable
batteries in the US$ 6-billion portable electronic devices market.

Motorola Labs — Solid State Research Center, USA [2], in collaboration with Los
Alamos National Laboratory (LANL), USA, is actively engaged in the development
of low-power DMFCs (greater than 300 mW) for cellular phone applications [77].
Motorola has recently demonstrated a prototype of a miniature DMFC based on
an MEA set between ceramic fuel delivery substrates [2]. Motorola utilized their
proprietary low-temperature co-fired ceramic (LTCC) technology to create a ceramic
structure with embedded microchannels for mixing and delivering methanol /water
to the MEA and exhausting the by-product CO,. The active electrode area for a
single cell was approximately 3.5-3.6 cm?. In the stack assembly, four cells were
connected in series in a planar configuration with an MEA area of 13-14 cm?; the
cells exhibited average power densities between 15 and 22mW cm 2. Four cells
(each cell operating at 0.3 V) were required for portable power applications because
DC-DC converters typically require 1 V to efficiently step up to the operating
voltage for electronic devices. Improved assembly and fabrication methods have led
to peak power densities greater than 27 mW cm~2. Motorola is currently improving
their ceramic substrate design to include micropumps, methanol concentration
sensors, and supporting circuitry for second-generation systems.

Energy Related Devices (ERDs) Inc., USA, is working in alliance with Manhattan
Scientific Inc., US) to develop miniature fuel cells for portable electronic appli-
cations [72, 78]. A relatively low-cost sputtering method, similar to the one used
by the semiconductor industry for the production of microchips, was used for
the deposition of electrodes (anode and cathode) on either side of a microporous
plastic substrate; the micropores (15nm to 20 pm) are etched into the substrate
using nuclear particle bombardment. Microfuel arrays with external connections
in series were fabricated precisely and had a thickness of about a millimeter.
The principal advantages of the cell include the high utilization of catalyst, con-
trolled pore geometry, low-cost materials, and minimum cell thickness and weight.
A MicroFuel Cell™ was reported to have achieved a specific energy density of
300 Whkg~! using methanol/water and air as the anodic and cathodic reactants,
respectively [2].

The anode design that was developed by MicroFuel Cell'™ represents a critical
advance in the development of a cost-effective, pore-free electrode that is permeable
to only hydrogen ions [2]. This increases the efficiency of a methanol fuel cell
because it blocks the deleterious effect of methanol crossover across the membrane.
The first layer of the anode electrode formed a plug in the pore of the porous
membrane; an example is a 20-nm thick palladium metal film on a nuclepore filter
membrane with 15-nm diameter pores. The second layer (platinum) was deposited
to mitigate the hydration-induced cracking that occurs on many of these films.

lTM
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The third layer was deposited over the structural metal film and was the most
significant layer because it needed to be catalytically active to methanol and capable
of accepting hydrogen ions. An alternative method of forming the electrode was
to include powder catalyst particles (Pt/Ru on activated carbon) on the surface of
the metal films to enhance the catalytic properties of the electrode. Between the
anode electrode and the cathode electrode was the electrolyte-filled pore, the cell
interconnect, and the cell break. In the pores of the membrane, the electrolyte
(Nafion) was immobilized and ERD claims that this collimated structure results in
improved protonic conductivity. Each of the cells was electrically separated from
the adjacent cells by cell breaks, useless space occupying the central thickness of
the etched nuclear particle track plastic membrane. The cathode was formed by
sputter depositing a conductive gold film onto the porous substrate first, followed
by a platinum catalyst film. The electrode was subsequently coated with a Nafion
film. Alternatively, platinum powder catalyst particles were added to the surface
of the electrode via an ink slurry of 5% Nafion solution. A hydrophobic coating
was then deposited onto this Nafion layer in order to prevent liquid product water
from condensing on the surface of the air electrodes. ERD developed a novel
configuration to utilize their fuel cell as a simple charger in powering a cellular
phone. The fuel cell was configured into a plastic case that was in close proximity
to a rechargeable battery. Methanol was delivered to the fuel cell via fuel needle
and fuel ports, which allowed methanol to wick or evaporate into the fuel manifold
and be delivered to the fuel electrodes.

The Jet Propulsion Laboratory (JPL), USA, has been actively engaged in the
development of “miniature” DMFCs for cellular phone applications over the last
two years [74, 79]. According to their analysis, the power requirement of cellular
phones during standby mode is small and steady at 100-150 mW. However, under
operating conditions, the power requirement fluctuates between 800 and 1800
mW. In the JPL DMFC, the anode was formed from Pt-Ru alloy particles, either
as fine metal powders (unsupported) or dispersed on high surface area carbon.
Alternatively, a bimetallic powder made up of submicron platinum and ruthenium
particles was reported to give better results than the Pt—Ru alloy. Another method
describes the sputter deposition of a Pt—Ru catalyst onto the carbon substrate.
The preferred electrolyte was Nafion 117; however, other materials may be used to
form proton-conducting membranes. Air was delivered to the cathode by natural
convection and the cathode was prepared by applying platinum ink to a carbon
substrate. Another component of the cathode was the hydrophobic Teflon polymer
utilized to create a three-phase boundary and to achieve efficient removal of water
produced by the electroreduction of oxygen. Sputtering techniques can also be used
to apply the platinum catalyst to the carbon support. The noble metal loading in
both electrodes was 4—6 mgcm~2. The MEA was prepared by pressing the anode,
electrolyte, and cathode at 8.62 x 10° Pa and 146 °C. JPL opted for a “flat pack”
instead of the conventional bipolar plate design, but this resulted in higher ohmic
resistance and nonuniform current distribution. In this design, the cells were
externally connected in series on the same membrane, with air electrodes on the
stack exterior. Two “flat packs” were deployed in a back-to-back configuration with a
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common methanol feed to form a “twin pack” [2]. Three “twin packs” in series were
needed to power a cellular phone. In the stack assembly, six cells were connected in
series in a planar configuration, which exhibited average power densities between
6 and 10mW cm~2. The fuel cell was typically run at ambient air, 20-25°C with
1-M methanol. Improvements in the configuration and interconnect design have
resulted in improved performance characteristics of the six-cell “flat-pack” DMFC.
On the basis of the results of current technology, the JPL researchers predict that
a 1-W DMFC power source with the desired specifications for weight and volume
and an efficiency of 20% for fuel consumption can be developed for a 10-hour
operating time, prior to replacement of methanol cartridges.

As stated earlier, LANL has been in collaboration with Motorola Labs — Solid
State Research Center to produce a ceramic-based DMFC which provides better
than a 10mW cm ™2 power density. LANL researchers have also been engaged in
a project to develop a portable DMFC power source capable of replacing the “BA
5590 primary lithium battery used by the US Army in communication systems
[80]. A 30-cell DMFC stack with electrodes with an active area of 45cm? was
constructed, an important feature of which was the narrow width (i.e., 2 mm)
of each cell. MEAs were made by the decal method, that is, thin-film catalysts
bonded to the membrane resulting in superior catalyst utilization and overall cell
performance. An anode catalyst loading of Pt between 0.8 and 16.6 mgcm~2 in
unsupported PtRu and carbon-supported PtRu were used. A highly effective flow
field for air made it possible to use a dry air blower to operate the cathode at three
to five times stoichiometry. The stack temperature was limited to 60 °C and the air
pressure was 0.76 atm, which is the atmospheric pressure at Los Alamos (altitude
0f 2500 m). To reduce the crossover rate, methanol was fed into the anode chamber
at a concentration of 0.5 M. Since water management becomes more difficult at
such low methanol concentrations, a proposed solution was to return water from
the cathode exhaust to the anode inlet, while using a pure methanol source and a
methanol concentration sensor to maintain the low methanol concentration feed to
the anode. The peak power attained in the stack near ambient conditions was 80 W
at a stack potential of 14 V and approximately 200 W near 90 °C. From this result, it
was predicted that this tight-packed stack could have a power density of 300 W 11
An energy density of 200 Wh kg ! was estimated for a 10-hour operation, assuming
that the weight of the auxiliaries is twice the weight of the stack.

Forschungszentrum Julich GmbH (FJG), Germany, has developed and success-
fully tested a 40-cell 50-W DMFC stack [81]. The FJG system consisted of the cell
stack, a water/methanol tank, a pump, and ventilators as auxiliaries. The stack
was designed in the traditional bipolar plate configuration, which results in lower
ohmic resistance but heavier material requirements. To circumvent the weight
limitations, current collectors were manufactured from stainless steel (MEAs were
mounted between the current collectors) and inserted into plastic frames to reduce
the stack’s weight. The 6-mm distance between MEAs (cell pitch) revealed a very
tight packaging of the stack design. Each frame carried two DMFC single cells that
were connected in series by external wiring [2]. MEAs were constructed in-house
with an anode loading of 2mgcm™2 PtRu black, catalyst loading of 2mgcm™2
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Pt-black, and cell area of 100 cm? for each of the 40 cells. At the anode, a novel
construction allowed the removal of CO, by convection forces at individual cell
anodes. The conditions for running the stack were 1-M methanol, 60 °C, and 3 bar
0,, which led to peak energy densities of 45-55mW cm~2. The cathode used air
at ambient or elevated pressures; when the stack operated at temperatures above
60°C, the air was fed into the cathode by convection forces. Recent developments
include a three-cell short stack design which has reduced the cell pitch to only
2mm. The individual cell area of this design is larger, 145 cm?, than the previous
prototype’s and although it is not air-breathing, it works with low-air stoichiometric
rates (a more efficient cathodic flow distribution structure).

Samsung Advanced Institute of Technology (SAIT), South Korea, has developed
a small monopolar DMFC cell pack (2cm?, 12 cells, CO; removal path, 5-10M
methanol, air breathing, and room temperature) of 600 mW for mobile phone
applications [82, 83]. Unsupported PtRu and Pt catalysts were coated onto a diffusion
electrode of porous carbon substrate of the anode and cathode, respectively. In
order to allow methanol wicking and air breathing, short and capillary paths were
designed as the diffusion layer. Catalyst loading was around 3-8 mg cm~2. Ternary
alloys with low binding energy for CO adsorption were investigated with the aid of
quantum chemical methods. Inorganic-phase-dispersed hybrid membranes based
on Nafion or Co-PTFS were prepared and applied to the MEA for attaining high fuel
efficiency and preventing a voltage loss on the cathode. A gas chromatography (GC)
method was utilized in situ during the electrochemical polarization. In this way,
the cathode output stream gas was analyzed and it was calculated by the amount
of carbon dioxide produced by the permeated methanol, which is consumed at the
cathode. A monopolar structure was investigated; 12 cells of 2 cm? were connected
in series within a flat cell pack. Fuel storage was attached to the cell pack and
power characteristics were measured on the free-standing basis without any fuel
or air supply systems. A power density of 50mW cm™2 at 0.3 V was achieved
in the normal diffusion electrode design. For application in portable electronic
devices, methanol wicking and air-breathing electrodes were required; the MEA
having this novel diffusion electrode showed 10 mW cm~2 at 0.3 V of power density
without the aid of any external fueling system. In this MEA, the anode contained
a microlayer for the methanol flow field with capillary wicking structure and the
cathode contained a microlayer for the air flow field with breathing structure. A
hybrid membrane with inorganic phase dispersions was utilized. This was operated
as methanol-blocking medium in the hydrophilic channel of the ionomer assisting
to reduce the amount of methanol crossover. As measured by GC, the hybrid
membrane allowed a 20-40% reduction of methanol permeation, at the nominal
potential of 0.3 V, within the various range of methanol concentrations from 1 to
5 M. If a conductivity approaching that of plain Nafion, that is, near 10! Sem™1,
could be achieved with this system, such a process offers the possibility of the
development of functional membranes for DMFCs. A monopolar design consisting
of 12 cells flat pack was assembled and tested in the severest condition that is
methanol wicking and air breathing at room temperature. Each cell had the active
area of 2 cm? and the pack was equipped with a path of CO, removal at the anode.
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The maximum power output was 560 mW at 2.8 V, close to that required by the
cellular phone. For this cell-pack condition with small active area, the unit cell
power density was 23 mW cm ™2, which is rather higher than that achieved in the
single MEA test (10 mW cm~2). This result could be attributed to the uniform fuel
distribution and efficient current collecting design of smaller single cells.

The Korea Institute of Energy Research (KIER, South Korea) has developed a
10-W DMFC stack (bipolar plate, graphite construction) fabricated with six single
cells with a 52 cm? electrode area [84]. The stack was tested at 25-50 °C using 2.5 M
methanol, supplied without a pumping system, O, at ambient pressure, and at a
flow rate of 300 cc min~!. The maximum power densities obtained in this system
were 6.3W (121 mW cm™2) at 87 mA cm 2 at 25°C and 10.8 W (207 mW cm™2) at
99 mA cm ™2 at 50 °C. MEAs using Nafion 115 and 117 were formed by hot pressing
and the electrodes were produced from carbon-supported Pt—Ru metal powders
and Pt-black for anode and cathode electrodes, respectively.

More Energy Ltd. (MEL), ISRAEL, a subsidiary of Medis Technologies Ltd.
(MDTL, USA), is developing a direct liquid methanol (DLM) fuel cells (a hybrid
PEM/DMEFC system) for portable electronic devices [85]. The key features of
the DLM fuel cell are as follows: (i) the anode catalyst extracts hydrogen from
methanol directly, (ii) the DLM fuel cell uses a proprietary liquid electrolyte
that acts as the membrane in place of a solid polymer electrolyte (Nafion), and
(iii) novel polymers and electrocatalysts enable the construction of more effective
electrodes. The company’s fuel-cell module delivers approximately 0.9 V and 0.24 W
at 60% of its nominal capacity for 8 hours. This translates into energy densities
of approximately 60 mW cm~2 with efforts underway to improve that result to
100 mW cm~2. The high power capacity of the cell is attributed to the proprietary
electrode ability to efficiently oxidize methanol. In addition, Medis claims the
use of high concentrations of methanol (30%) in its fuel stream with plans for
increasing that concentration to 45% methanol. The increased concentration of
methanol in the feedstock results in concentration gradients that should lead to
higher methanol crossover rates. However, this technical concern is not mentioned
in the company’s literature.

At the Institute for Fuel Cell Innovation in Vancouver, Canada, a passive (air
breathing) planar three-cell DMFC stack was designed, fabricated, and tested [86].
In order, to maintain design flexibility, polycarbonate was chosen for the plate
material, whereas 304 stainless steel mesh current collectors were used. In order
to test the DMFC in different electrical cell configurations (single cell, multiple
cells connected in series or in parallel), a stainless threaded rod was attached to
each mesh current collector on the anode and cathode side to allow for an external
electrical connection. Commercial electrodes from E-TEK were used. The catalyst
loading was 4 mgcm~2 and consisted of an 80% PtRu alloy on optimized carbon.
Unsupported Pt-black with a 4 mg cm ™2 loading was used for the cathode. A Nafion
117 membrane was utilized as electrolyte. A power density of 8.6 mW cm ™2 was
achieved at ambient temperature and passive operation. Stacks with a parallel
connection of the single cells showed a significantly lower performance than in a
series configuration. It was also identified that high electrical resistance was the
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dominant factor in the low performance as a result of the stainless steel hardware
and poor contact between the electrodes and current collectors.

At University of Connecticut, USA, the group of Guo and Faghri developed
a design for planar air-breathing DMFC stacks [87]. This design incorporated a
window-frame structure that provided a large open area for more efficient mass
transfer with modular characteristics, making possible to fabricate components
separately. The current collectors had a niobium expanded metal mesh core with a
platinum coating. Two four-cell stacks, one with a total active area of 18 cm? and the
other with 36 cm?, were fabricated by interconnecting four identical cells in series.
These stacks were suitable for portable passive power source application. Peak
power outputs of 519 and 870 mW were achieved in the stacks with active areas of
18 and 36 cm?, respectively. A study of the effects of methanol concentration and
fuel-cell self-heating on fuel-cell performance was carried out. The power density
reached its highest value in this investigation when 2- and 3-M methanol solutions
were used.

At the Honk Kong University of Science and Technology, China, the group of
Chen and Zhao [88-91] studied the effect of methanol concentration on the per-
formance of a passive DMFC single cell. They found that the cell performance was
improved substantially with an increase in methanol concentration; a maximum
of power density of 20 mW cm~2 was achieved with 5.0 M methanol solution. The
measurements indicated that the better performance with higher methanol con-
centrations was mainly attributed to the increase in the cell-operating temperature
caused by the exothermic reaction between permeated methanol and oxygen on
the cathode. This finding was subsequently confirmed by the fact that the cell per-
formance decreased, when the cell running with higher methanol concentrations
was cooled down to room temperature. Moreover, they proposed a new MEA, in
which the conventional cathode GDL is eliminated while utilizing a porous metal
structure, made of metal foam, for transporting oxygen and collecting current.
They showed theoretically that the new MEA [90] and the porous current collector
enabled a higher mass transfer rate of oxygen and thus better performance. The
measured polarization and constant-current discharging behavior showed that the
passive DMFC with the new MEA and new current collector yielded better and
much more stable performance than did the cell having the conventional MEA and
the conventional perforated-plate current collector, in particular with high methanol
concentration. The elctrochemical impedance spectroscopy (EIS) spectrum analy-
sis further demonstrated that the improved performance with the new MEA was
attributed to the enhanced transport of oxygen as a result of the reduced mass
transfer resistance in the fuel-cell system, whereas the improved performance for
the porous current collector was attributed to the increased operating temperature
as a result of the lower effective thermal conductivity of the porous structure and
its fast water removal as a result of the capillary action [91].

Another group at the Honk Kong University, Zhang et al. [92], reported on
a flexible graphite-based integrated anode plate for DMFCs operating at high
methanol feed concentration under active mode. This anode structure, which was
made of flexible graphite materials, not only provided a dual role for the liquid
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diffusion layer and flow field plate but also served as a methanol blocker by
decreasing methanol flux at the interface of catalyst and membrane electrolyte.
DMECs incorporating this new anode structure exhibited a much higher OCV
(0.51 V) than that (0.42 V) of a conventional DMFC at 10-M methanol feed. Cell
polarization data showed that this new anode structure significantly improved the
cell performance at high methanol concentrations (e.g., 12 M or above).

Abdelkareem and Nakagawa from Gunma University, Japan [93], studied the
effect of oxygen and methanol supply modes (passive and active supplies of
methanol, and air-breathing and flowing supplies of oxygen) on the performance of
a DMFC. The experiments were carried out with and without a porous carbon plate
(PCP) under ambient conditions using methanol concentrations of 2M for the
MEA without PCP and 16 M for that with PCP. For the conventional MEA, flowing
oxygen and methanol were essential to stabilize the cell performance, avoiding
flooding at the cathode and depletion of methanol at the anode. As a result of
flowing oxygen, methanol, and water fluxes, the conventional MEA performance
increased by more than twice as compared to that obtained from the air-breathing
cell. For the MEA with a porous plate, MEA/PCP, the flow of oxygen and methanol
had no significant effect on the cell performance, where the PCP prevented the
cathode from flooding by reducing the mass transport through the MEA. Methanol
and water fluxes through the MEA/PCP were not affected by flowing oxygen at
0.11 min~!. However, the increase in oxygen flow rate from 0.11to 11 min~—! had a
negative effect on the cell performance either for the conventional MEA or for the
MEA/PCP. This was probably due to the cooling effect for conventional MEA and
the drying effect for the MEA/PCP. A moderate supply of oxygen to the cathode,
like air-breathing, was appropriate for the DMFC with a PCP.

The effect of operating conditions on energy efficiency for a small passive DMFC
was analyzed by Chu and Jiang from US Army Research Laboratory, Adelphi,
USA [94]. Both faradic and energy conversion efficiencies decreased significantly
with increasing methanol concentration and environmental temperature. The
faradic conversion efficiency was as high as 94.8%, and the energy conversion
efficiency was 23.9% in the presence of an environmental temperature low enough
(10°C) under constant voltage discharge at 0.6 V with 3 M methanol for a DMFC
bi-cell using Nafion 117 as electrolyte. Although higher temperature and higher
methanol concentration allowed to achieve higher discharge power, they resulted in
considerable losses of Faradic and energy conversion efficiencies by using Nafion
electrolyte membrane. Their conclusion was that the development of alternative
highly conductive membranes with a significantly lower methanol crossover is
necessary to avoid loss of faradic conversion efficiency with temperature and with
fuel concentration.

Various research groups have focused their attention on the critical aspects,
which need to be addressed for the design a high-performance DMFC. These
are CO, bubble flow at the anode [95] and water flooding at the cathode [96].
Lu and Wang from the Pennsylvania State University, USA [97], developed a
5cm? transparent cell to visualize these phenomena in situ. Two types of MEA
based on Nafion® 112 were used to investigate the effects of backing pore
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structure and wettability on cell polarization characteristics and two-phase flow
dynamics. One employed carbon paper backing material and the other carbon
cloth. Experiments were performed with various methanol feed concentrations.
The transparent fuel cell reached a peak power of 93mWcm™% at 0.3 V, us-
ing Toray carbon-paper-based MEA under 2M methanol solution preheated at
85°C. For the hydrophobic carbon paper backing, it was observed that CO,
bubbles nucleated at certain locations and formed large and discrete bubble
slugs in the channels. For the hydrophilic carbon cloth backing, the bubbles
were produced more uniformly and of smaller size. It was thus shown that the
anode-backing layer of uniform pore size and more hydrophilicity was prefer-
able for gas management in the anode. Flow visualization of water flooding on
the cathode side of DMFC was also carried out. It was shown that the liquid
droplets appeared more easily on the surface of carbon paper due to its reduced
hydrophobicity at elevated temperature. For the single-side ELAT carbon cloth,
liquid droplets tended to form in the corner between the current collecting rib
and GDL since ELAT is highly hydrophobic and the rib (stainless steel) surface
is hydrophilic. Even if this study was performed at relatively high temperature
(85°C), such a basic understanding is indispensable for portable DMFC design
and optimization.

Lai et al. [98] investigated the long-term discharge performance of passive DMFC
at different currents with different cell orientations. Water produced in the cathode
was observed from the photographs taken by a digital camera. The results revealed
that the passive DMFCs with anode facing upward showed the best long-term
discharge performance at high current. A few independent water droplets accu-
mulated in cathode when the anode faced upward. Instead, in the passive DMFC
with vertical orientation, a large amount of produced water flowed down along the
surface of current collector. The passive DMFC with vertical orientation showed
relatively good performance at low current. It was concluded that the cathode
produced less water in a certain period of time at smaller current. In addition, the
rate of methanol crossover in the passive DMFC with anode facing upward was rel-
atively high, which leaded to a more rapid decrease of the methanol concentration
in anode. The passive DMFC with anode facing downward resulted in the worst
performance because it was very difficult to remove CO, bubbles produced in the
anode.

Water loss and water recycling in DMFCs are significant issues that affect the
complexity, volume, and weight of the system and become of greater concern as
the size of the DMFC decreases. A research group at Tel-Aviv University, Israel
[99], realized a flat micro DMFC in a plastic housing with a water-management
system that controlled the flux of liquid-water through the membrane and the loss
of water during operation. These cells contained a nanoporous proton-conducting
membrane (NP-PCM). Methanol consumption and water loss were measured
during operation in static air at room temperature for up to 900 hours. Water flux
through the membrane varied from negative, through zero, to positive values as
a function of the thickness and the properties of the water-management system.
The loss of water molecules (to the air) per molecule of methanol consumed in the
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cell reaction (defined as the w factor) varied from 0.5 to 7. When w was equal to 2
(water flux through the membrane was equal to zero), there was no need to add
water to the DMFC and the cell was operating under water-neutral conditions. On
the other hand, when w resulted smaller than 2, it was necessary to remove water
from the cell and when it was larger than 2, water was added. The cell showed
stable operation up to 900 hours and its maximum power was 12.5 mW cm 2.

At the Korea Institute of Science and Technology (KIST), Kim et al. [100]
developed passive micro-DMFCs with capacities under 5W to be used as portable
power sources. Research activities were focused on the development of MEAs and
design of monopolar stacks operating under passive and air-breathing conditions.
The passive cells showed many unique features, much different from the active
ones. Single cells with active area of 6 cm? showed a maximum power density of
40 mW cm~2 at 4 M of methanol concentration at room temperature. A six-cell stack
having a total active area of 27 cm? was constructed in a monopolar configuration
and it produced a power output of 1000 mW (37 mW cm~2). Effects of experimental
parameters on the performance were also examined to investigate the operation
characteristics of single cells and monopolar stacks. Application of micro-DMFCs
as portable power sources was demonstrated using small toys and display panels
powered by the passive monopolar stacks.

Tekion Inc., Champaign, USA [101], has developed an advanced air-breathing
DMEC for portable applications. A novel MEA was fabricated to improve the perfor-
mance of air-breathing DMFCs. A diffusion barrier on the anode side was designed
to control methanol transport to the anode catalyst layer and thus suppressing the
methanol crossover. A catalyst-coated membrane with a hydrophobic GDL on the
cathode side was employed to improve the oxygen mass transport. The advanced
DMFC achieved a maximum power density of 65 mWcm=2 at 60°C with 2M
methanol solution. The value was nearly two times more than that of a commercial
MEA. At 40°C, the power densities operating with 1 and 2 M methanol solutions
were over 20 mW cm ™2 with a cell potential at 0.3 V.

Pennsylvania State University together with University of California at Los
Angeles, USA [102], developed a silicon-based micro DMFC for portable appli-
cations. Anode and cathode flow fields with channel and rib width of 750 um
and channel depth of 400 um were fabricated on Si wafers using the micro-
electromechanical system (MEMS) technology. An MEA was specially fabricated
to mitigate methanol crossover. This MEA features a modified anode-backing
structure in which a compact microporous layer is added to create an additional
barrier to methanol transport, thereby reducing the rate of methanol crossing over
the polymer membrane. The cell with the active area of 1.625cm? was assem-
bled by sandwiching the MEA between two microfabricated Si wafers. Extensive
cell polarization testing demonstrated a maximum power density of 50 mW cm 2
using 2 M methanol feed at 60 °C. When the cell was operated at room temper-
ature, the maximum power density was shown to be about 16 mW cm™2 with
both 2 and 4 M methanol feed. It was further observed that the present uDMFC
still produced reasonable performance under 8-M methanol solution at room
temperature.
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The Waseda University, Japan, proposed a new concept for uDMFC (0.018 cm?
active area) based on MEMS technology [103]. The uDMFC was prepared using
a series of fabrication steps from micromachined silicon wafer including pho-
tolithography, deep reactive ion etching (DRIE), and electron beam deposition. The
novelty of this structure is that anodic and cathodic microchannels arranged in
plane were fabricated, dissimilar to the conventional bipolar structure. The first
objective of the experimental trials was to verify the feasibility of this novel struc-
ture on the basis of MEMS technology. The methanol anode and oxidant cathode
were prepared by electroplating either Pt—Ru or Pt and Pt, respectively, onto the
Ti/Au electrodes. The electroplating solution for Pt was 20 mM H,PtCls-6H,0
and 0.5mM (CH3;COO)Pb.3H,0. The deposition was carried by applying a cur-
rent density of 30mA cm~2 during 10 minutes. The mass loading of Pt was
2.4mgcm~2. The Pt—Ru for methanol oxidation was obtained from a solution
containing 20mM H,PtClg-xH,0 + 20mM RuCl; xH,0. The deposition was
performed at —0.15 V versus Ag/AgCl for 5 minutes. The mass loading of Pt—Ru
was 2.85mgcm—2. The electroplating process was carried out at 25°C for both
electrodes. Energy dispersive X-ray (EDX) analysis showed a platinum/ruthenium
atomic ratio of 90/10. A Nafion 112 membrane was used as electrolyte. The
performance of the pDMFC was assessed at ambient temperature using 2M
CH;3;0H/0.5M H,SO04/H;0 as the fuel and O,-saturated/0.5M H;SO4/H,0 as
the oxidant. The O,-saturated solution was prepared by using oxygen bubbling
into 0.5M H;SO4/H,0 solution. The supply of fuel was made by means of a
microsyringe pump connected to the fabricated uDMFC unit. The OCV for the
Pt cell was 300mV while it was 400 mV for Pt—Ru cell. The maximum power
density was 0.44mW cm~2 at 3mA cm~2 at Pt electrode. While, the maximum
power density reached 0.78 mW cm™ at 3.6 mA cm ™2 for cell with Pt—Ru anode.
The reason for this low performance could be due to the nonoptimal composition
of Pt—Ru anode catalyst.

The Institute of Microelectronic of Barcelona-CNM (CSIC), Spain, presented a
passive and silicon-based micro DMFC [104]. The device was based on a hybrid
approach composed of a commercial MEA consisting of a Nafion® 117 membrane
with 4.0 mg cm™2 Pt—Ru catalyst loading on the anode and 4.0 mgcm™2 Pt on the
cathode (E-TEK ELAT) sandwiched between two microfabricated silicon current
collectors. The silicon plates were provided with an array of vertical squared
channels of 300—um depth that covered an area of 5.0 mm x 5.0 mm. The
fabrication process of the silicon plates started with a double-side polished Si
wafer 500-mm thick. A first photolithography was done on the front side to
define an array of squared windows with 80-mm size. Subsequently, a second
photolithography was performed on the backside to define the cavity for the fuel
container. Then, a DRIE was realized first on the front side to obtain 200-mm-deep
channels, and continued at the back until the wafer was completely perforated.
These channels allowed fuel transport to the electrode surface and their dimensions
were set to 80 pm x 80 um in order to ensure the prevalence of the capillary force
versus gravity in the anode side regardless of device orientation. In order to
provide the current collectors with an appropriate electrical conductivity, a 150-nm
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Ti/Ni sputtered layer was deposited covering the front side of the wafer. This
conductive layer was used as a seed layer for the 4-mm-thick Ni layer that was
electrodeposited afterward. This layer enhanced the electrical conductivity of the
current collector; it was then covered by a thin Au layer to prevent oxidation.
Finally, the wafer was cut into 10 x 14 mm chips. In order to guarantee uniform
pressure over the active area of the cell, two micromilled methacrylate pieces
tightened with four bolts were used as external casing. In addition to provide a
mechanical support while testing, the cell was equipped with a 100-ml methanol
reservoir. The cell was tested at ambient temperature and different methanol
concentrations. It was found that methanol concentration had low impact on the
fuel-cell maximum power density, which reached a value around 11 mW-.cm™2
and was comparable to values reported in the literature for larger passive and
stainless-steel fuel cells. Temperature measurements were performed; the fuel-cell
temperature did not change significantly and was independent from the methanol
crossover rate.

A research group of Yonsei University, Korea, realized a DMFC on printed
circuit board (PCB) substrates by means of a photolithography process [105]. The
effects of channel pattern, channel width, and methanol flow rate on the perfor-
mance of the fabricated DMFC were evaluated over a range of flow-channel widths
from 200 to 400 um and flow rates of methanol from 2 to 80 ml min~'. A uDMFC
with a cross-stripe channel pattern gave superior performance compared with
zigzag and serpentine type of pattern. A single cell with a 200—pum-wide channel
delivered a maximum power density of 33 mW cm~2 when using 2 M methanol feed
at 80 °C.

Our group (CNR-ITAE, Messina, Italy) developed passive DMFC mini-stacks for
portable applications [106, 107] based on simple designs. Essentially, two designs of
flow fields/current collectors for a passive DMFC monopolar three-cell stack were
investigated (see Figure 11.5). The first design (a) consisted of two plastic plates
(PCBs) covered by thin gold film current collectors with a distribution of holes
through which methanol (from a reservoir) and air (from ambient) could diffuse
into the electrodes. The second design (b) consisted of thin gold film deposited
on the external borders of the fuel and oxidant apertures in the PCBs where the
electrodes were placed in contact. A big central hole allowed a direct exposure of
electrodes to ambient air (cathodes) and methanol solution (anodes). A methanol
reservoir (containing, in total, 21 ml of methanol solution and divided in three
compartments), with three small holes in the upper part to fill the containers
and to release the produced CO,, was attached to the anode side (Figure 11.6a).
The electrodes were composed of a commercial gas-diffusion layer-coated carbon
cloth HT-ELAT and LT-ELAT (E-TEK) at the anode and cathode, respectively.
Unsupported Pt—Ru (Johnson—Matthey) and Pt (Johnson—Matthey) catalysts were
mixed with 15 wt% Nafion ionomer (ion power, 5 wt% solution) and deposited
onto the backing layer for the anode and cathode, respectively. Nafion 117 (ion
power) was used as electrolyte. The MEAs for the two stack designs (three cells)
were manufactured by assembling simultaneously three sets of anode and cathode
pairs onto the membrane (Figure 11.6b), afterward they were sandwiched between
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(@) (b)

Figure 11.5 Pictures of two different monopolar plates for
application in a DMFC three-cell stack operating under pas-
sive mode.

two PCBs. The geometrical area of each electrode was 4 cm? and the total area of
the stack was 12 cm?. The cells were connected in series externally through the
electric circuit. The electrochemical characterization was carried out varying the
catalyst loading and methanol concentration. A loading of 4 mgcm=2 Pt loading
provided the best electrochemical results in the presence of unsupported catalysts.
This appeared to be the best compromise between electrode thickness and amount
of catalytic sites. Similar performances in terms of maximum power were recorded
for the two designs, whereas better mass-transport characteristics were obtained
with the design B (Figure 11.7a). On the contrary, OCV and stack voltage at low
current were higher for the design A as a consequence of lower methanol crossover.
A maximum power of 220-240 mW was obtained at ambient temperature for the
three-cell stack with 4mgcm=2 Pt loading on each electrode using both 2 and
5M methanol concentration at the anode, corresponding to a power density of
about 20mW cm™2. The use of highly concentrated methanol solutions caused
a significant decrease of OCV that reflected on the overall polarization curve;
however, the activation losses were similar to diluted methanol solutions. A longer
discharge time (17 hours) with a unique MeOH charge was recorded with design B
(Figure11.7b) at 250 mA compared to design A (5 hours). This was attributed to an
easier CO, removal from the anode and better mass-transport properties. In fact,
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(b)

Figure 11.6 Pictures of the DMFC design B used for a
three-cell stack (a) and MEA formed by a single membrane
and three couples of electrodes (b).

in design A, CO, did not escape easily from the anode hindering the methanol
diffusion to the catalytic sites by natural convection. When the small stack based
on the A design was mechanically agitated, the effect of this forced convection
increased the discharge time.

As mentioned above, the potential market for portable fuel-cell devices not
only mainly concerns with small electronic devices, mobile phones, and laptop
computers but also includes weather stations, medical devices, signal units, APUs,
gas sensors units, and so on. In this regard, a recent European project called
MOREPOWER was addressing the development of a low-cost, low-temperature
(30-60°C) portable DMFC device of compact construction and modular design in
the range of 100-W power. The project was coordinated by GKSS (Germany) and
included as partners Solvay, Johnson Matthey, CNR-ITAE, CRF, POLITO, IMM,
and NedStack. The electrical characteristics of the device were 40 A, 12.5V (total
power 500 W). The single-cell performance was approaching 0.2 A-cm~2 at 0.5 V/cell
at 60 °C and atmospheric pressure [108]. Several new membranes were investigated
in this project. One of the most promising was a low-cost proton exchange
membrane produced by SOLVAY by using a radiochemical grafting technology
(Morgane® CRA type membrane), which showed a suitable compromise in terms
of reduced methanol crossover and suitable ionic conductivity [109]. Inorganic
fillers-modified sulfonated poly-ether-ether-ketone (SPEEK) membranes were also
developed in the same project by GKSS (Germany) to reduce the permeability to
alcohols while keeping high proton conductivity [109].
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Figure 11.7 Comparison between the polarization curves
obtained with the two different designs with a Pt loading of
4mg cm~2 on each electrode and 5M methanol solution
(a), and chrono-potentiometric results at 250 mA obtained
with the two designs using a Pt loading of 4mg cm~2 and
5M methanol solution (b) [107].

11.4
Perspectives and Concluding Remarks

The most challenging problem for the development of DMFCs has been, and
still is, a significant enhancement of electrocatalytic activities for the six-electron
transfer electro-oxidation of methanol. On the other hand, research in this area
has enlightened many scientists and engineers to use highly sophisticated elec-
trochemical surface science and material science techniques for unraveling the
mysteries of the reaction path, rate-determining steps, and physicochemical char-
acteristics (electronic and geometric factors, adsorption/desorption energies and
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electrocatalyst/support interaction), which influence the activities of the various
types of electrocatalysts. The sluggishness of the reaction, especially in the presence
of protonic electrolytes, is caused by the very strong chemical adsorption of CO-type
species on an electrocatalyst subsequent to the dissociative adsorption of methanol
(Pt is the best-known electrocatalyst for this step). A neighboring chemisorbed
labile OH species is vital for the electro-oxidation of the strongly adsorbed CO
species. To date, a Pt—Ru electrocatalyst has shown the best results. There are some
promotional effects by the presence of elements such as Sn, Mo, W, Os, as well as
some refractory metal oxides (WOs). Unfortunately, there has been little success
with alternatives to Pt and its alloys in these devices; those tested include transition
metal alloys, oxides, and tungsten bronzes (oxide doped with sodium, tungsten
carbide). One achievement has been in using carbon-supported electrocatalysts,
which has helped to reduce the Pt loading by about a factor of 2—4.

The performance of the oxygen-reduction reaction with a platinum electrocatalyst
is affected by the cross over of methanol from the anode to the cathode through
the ion exchange membrane. First, the open circuit potential is reduced by about
200mV and the second effect is due to the competitive adsorption of dissociated
methanol and oxygen species. At present, there is a slight catalytic enhancement in
oxygen reduction for alloys of Pt with Fe, Cr, Co, and Ni in the presence of methanol
crossover. Nonplatinum electrocatalysts, such as heat-treated phthalocyanines and
porphyrins, as well as transition metals chalcogenides, have some chance of
methanol tolerance but have considerably lower activities than platinum and also
raise questions of stability. The near-term prospects of replacing platinum as an
electrocatalyst is very slim but a great challenge is to reduce the noble metal loading
in both electrodes by a factor of about 10.

The perfluorosulfonic acid polymer electrolyte in the DMFC is an equally expen-
sive material. There has been a lot of research on alternative proton-conducting
membranes, which allow CO, rejection (sulfonated polyetherketone, polyether sul-
fone, polysulfone, radiation-grafted polystyrene, zeolites, electrolytes doped with
heteropolyacids and sulfonated polybenzimidazole), but, it is still a challenge to at-
tain sufficiently high specific conductivity and stability in the DMFC environment.
Nafion-based composite membranes with silicon oxide and zirconium hydrogen
phosphate have shown beneficial effects on operation up to about 150°C with
enhanced performance (lower activation and ohmic overpotentials); these can also
suitably operate at ambient conditions with reduced crossover due to an increase
of the tortuosity factor.

A critical area to improve overall cell performance is the fabrication of MEAs.
Progress on preparation of high-performance MEAs has been made by preparing
thin electrocatalyst layers (about 10—um thick) composed of the electrocatalyst
and ionomer in the electrode substrate or directly deposited onto the membrane
(CCM). Problems caused by barrier layer effects of nitrogen for access of oxygen
to the catalytically active sites and electrode flooding need further investigations.
Possible solutions to these problems are heat treatments of the recast Nafion gel in
the electrocatalytic layer to make it hydrophobic or to use pore formers to increase

porosity.
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The development of DMFC stacks for portable applications has gained
momentum in the last two to three years. The application of DMFC in portable
power sources covers the spectrum of cellular phones, personal organizers, laptop
computers, military back power packs, and so on. The infusion of semiconductor
technology into the development of micro and mini fuel cells by leading
organizations such as LANL, JPL, Motorola, has provided an awakening of DMFCs
replacing the most advanced type of rechargeable batteries, that is, lithium ion. For
several of these applications, a DMFC working at room temperature and ambient
pressure with an efficiency of only about 20% may be sufficient to have a strikingly
higher performance than the lithium ion batteries, in respect to operating hours
between refueling/recharging because of the high-energy density of methanol.
Further, the refueling in the case of DMFCs is instantaneous, whereas it requires
about 3-5 hours for lithium ion batteries. There is still a challenge in reducing the
weight, volume, and costs of the DMFC to a level competitive with lithium ion
batteries, as needed for cellular phone and laptop applications. Yet, the Pt loadings
are still high in DMFCs (around 4mgcm™2). What is most attractive in the
portable power applications, as compared with the transportation and stationary
applications is that the cost per kilowatt or cost per kilowatt hour could be higher
by a factor of 10-100. For this application, there is hardly any competition for
lithium ion and DMFCs from any other type of power source. Reducing the loading
of noble metals or using cheap nonnoble metal catalysts is actually one of the
breakthroughs, which may allow the DMFC to increase its competitiveness on the
market of power sources. This field appears the most promising for the near-term
and successful utilization of such systems; the progress made in manufacturing
DMFCs for portable systems may also stimulate new concepts and designs, which
may aid the further development of these systems for electrotraction.
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12
Semiconductor Block Copolymers for Photovoltaic Applications
Michael Sommer, Sven Hiittner, and Mukundan Thelakkat

12.1
Introduction and History of Semiconductor Block Copolymers

Ever since the first report of an efficient organic photovoltaic (OPV) device by
C. W. Tang in 1986 [1], extensive research activities have created a deeper under-
standing of the underlying fundamental processes occurring in the active layers of
an electron donor (D) and an electron acceptor (A) [2—5]. Vacuum-deposited small
molecule solar cells — such as the device made by C. W. Tang — have yielded im-
pressive power conversion efficiencies (PCEs) since then [6, 7]. Polymer blend bulk
heterojunction solar cells can be processed on flexible substrates from solution,
thus offering large-area production at low cost [8—12]. By extensively optimizing this
active layer blend morphology, PCEs between 4 and 6% have been realized [13-16].
In addition, remarkable device performance has been attained with novel materials
exhibiting favorable electronic properties [17-19]. Since charge generation and
charge recombination in organic bulk heterojunction solar cells occur at the D—A
interface, the interfacial size and shape is crucial to the device performance. Even
though the morphology can be tuned by accelerating and subsequently freezing
in the demixing process of the active layer in bulk heterojunction solar cells [20],
a precise arrangement of donor and acceptor units is still a major goal. From a
material chemist’s point of view, it is therefore essential to develop new materials
as well as new concepts that allow improvement of morphology control.

A higher level of morphological control can be achieved by exploiting various
interactions between either the same molecules of donor or acceptor, or between the
donor and the acceptor molecule. For example, hydrogen bonds between perylene
bisimides (PBIs) were introduced as a structure-directing tool. As a result, thin films
comprised of a three-dimensional mesoscopic acceptor network could be fabricated.
Most strikingly, this acceptor network architecture was maintained even when
processing the material together with an amorphous donor polymer, yieldinga D—A
heterojunction with defined morphology, charge transport pathways, and domain
sizes in the range of the exciton diffusion length [21]. This result is encouraging
since low molecular weight PBIs tend to form very large one-dimensional stacks
or crystals [22, 23], which might have restricted their use in OPV devices [24-27].
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Even stronger interactions for interface tuning can be provided by a covalent bond
between the donor and the acceptor moiety. Manifold architectures have been
designed, for example, D—A dyads [28] or double-cable polymers [29, 30], to name
only a few. The motivation for the often challenging synthesis was clearly driven by
the advantage of a highly intermixed D—A morphology capable of efficient charge
separation. However, once the charges are separated, they have to percolate toward
the respective electrodes. This process occurs most efficiently when the transport
pathways between the two electrodes are straight and do not exhibit dead ends.

Indeed, the demixing of active layers of D—A bulk heterojunction solar cells
is an intricate issue. A phase separation on the nanoscale range is needed for
efficient charge transport, yet macrophase-separated polymer blends do not exhibit
sufficient interfacial area for charge generation, and recombination of the exci-
tons will occur prior to charge separation [31-33]. In this respect the molecular
junction — as realized in molecular assemblies of D—A dyads or in double-cable
polymers — enables perfect and stable mixing of donor and acceptor units whereas
a polymer blend tends to minimize its interfacial area. Consequently, something
in between — a stable morphology with co-continous domains of D and A tens of
nanometers thin —is sought to be obtained. The equilibrium microstructures of
block copolymers are well-defined and can be tuned in size and shape when the
molecular weight and the length of the individual blocks are varied [34]. There-
fore, block copolymers with electronic functions are promising materials for OPV
devices. Co-continous morphologies suitable for photovoltaic active layers include
cylindrical, lamellar, or gyroidal phases. The construction of such microstructures
from D—-A block copolymers via self-assembly thus addresses the dilemma between
the need of having ordered transport pathways and sufficient optical absorption on a
length scale that is commensurate to the exciton diffusion length [35]. Furthermore,
techniques for preparing ordered microstructures — that is macroscopically aligned
domains that are oriented perpendicular to the electrodes — are developed well and
have been successfully applied to conventional block copolymers without electronic
functions [36—38]. A graphical illustration of various morphological scenarios from
active layers from blends and block copolymers is depicted in Scheme 12.1.

While vertical alignment of cylindrical and lamellar block copolymers might be
advantageous for improving the device performance, gyroidal films do not require
alignment. An elegant example of this has been given recently. Snaith et al. used
a double sacrificial block copolymer for the preparation of highly ordered gyroidal
TiO; replicates, and incorporated them into liquid electrolyte dye-sensitized solar
cells [39]. However, the direct formation of the gyroid mesophase from fully
functionalized D-A block copolymers has not been realized up to now.

Another advantage all-organic D—A block copolymers offer is the covalent
connectivity of the two blocks that gives rise to the formation of equilibrium
structures. Further crystallization of the two phases, concomitant with an increase
in domain size and a decrease in interfacial area, can thereby be excluded. The
achievement of stable structures is desired to improve the morphological long-term
stability of OPV devices.
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Nonaligned Vertically aligned

Polymer blend block copolymer block copolymer

Top electrode

Top electrode

Top electrode

(a) Bottom electrode (b)  Bottom electrode (c)  Bottom electrode

Scheme 12.1 Different donor—acceptor schematic morphologies of disordered and
active layer morphologies between the elec-  (c) vertically aligned microphase separated
trodes of the devices: (a) depicts a polymer  block copolymer thin films. Dark and light
blend morphology with large, undefined gray domains correspond to the donor and
and inhomogeneous domains; (b) depicts the acceptor phase, respectively.

In contrast to conventional and commercially available block copolymers,
block copolymers that carry one or more electronically active blocks are rare
and the synthesis is challenging. Very often, multistep organic synthetic pro-
cedures have to be combined with one or more polymerization techniques.
Further difficulties arise from the limited solubilities and the limited amount
of material available from one batch, making the preparation of such materials
tedious and time-consuming. Accordingly, only a few examples are known in the
literature.

The first D—A block copolymers with suitable electronic properties for charge sep-
aration were synthesized by Hadziioannou et al., using a conjugated poly(phenylene
vinylene) (PPV) block as macroinitiator for the nitroxide mediated radical poly-
merization (NMRP) of a second styrenic coil block (Scheme 12.2a). This second
segment was converted to the acceptor block by attaching Cgp molecules [40]. As
pointed out by the authors, the strong interactions between the fullerene moieties,
either due to partial cross-linking [41] or crystallization [42], possibly accounted for
the lack of microdomain formation after functionalization with Cgo. In another
approach, D—A triblock copolymers were prepared from poly(3-hexythiophene)
(P3HT) and cyano-substituted PPV via Yamamoto couplings (Scheme 12.2¢) [43].
Frechét et al. made use of ring-opening metathesis polymerization (ROMP) to sub-
sequently polymerize two macromonomers containing P3HT and fullerene units
(Scheme 12.2b). The products found application as compatibilizers in bulk hetero-
junction solar cells [44]. However, microphase separation was not demonstrated in
any of these systems and only in two cases, was a photovoltaic effect with solely
the block copolymer as the active layer reported [42, 45]. The molecular structures
of these fully functionalized donor—acceptor block copolymers are summarized in
Scheme 12.2.

Special attention has to be given to appropriate solubilizing groups when using
conjugated polymers and fullerene derivatives as active materials. A low weight
fraction of, for example, alkyl chains should render the polymer insoluble whereas
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Scheme 12.2 Chemical structures of D—A block copoly-
mers with conjugated polymers and fullerene derivatives.
(a) Cgo-functionalized rod-coil block copolymer proposed
by Hadziioannou et al. (b) Diblock copolymer with P3HT
and a Cgo derivative in the side chain by Frechet et al.
(c) All-conjugated triblock copolymer by Scherf et al.

a solubilizing group fraction that is too high will lead to poor performance of
the device since the amount of active material decreases. This issue of solubility
becomes clearly visible in the case of polymers containing fullerene units [46].
PBI as an alternative electron acceptor has been investigated to a lesser extent
since the PCEs of solution-processed devices did not reach by far the benchmarks
set by conjugated—fullerene solar cellP. The main reason was seen in the uncon-
trolled crystallization of PBI, giving rise to large crystals concomitant with poor
morphological control [24, 25]. Yet, suitable electronic properties and absorption
in the visible range make this acceptor compound interesting for light harvesting
applications and apparently, interest in PBI for photovoltaic applications is reviving
[26, 27, 47]. In addition, the chemical derivatization of the PBI core is feasible
since the two distinct imide positions can be substituted independently without
altering the electronic properties. Making use of these facts, Thelakkat et al. de-
signed a highly soluble and polymerizable PBI derivative with a branched alkyl
substituent at one imide position and a linear, acrylate-functionalized alkyl spacer
at the other imide position (PerAcr). By incorporating PerAcr into block copoly-
mers with vinyltriphenylamine, highly soluble D—A block copolymers exhibiting
all important requirements for photovoltaic applications were obtained [48]. The
valuable design and synthesis of this polymerizable electron-conducting monomer
marked the beginning of a variety of block copolymers with side chain crystalline
PPerAcr blocks and different amorphous poly(triarylamine) polymers. An overview
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PvTPA-b—PPerAcr PvDMTPA-b—PPerAcr PvDMTPD-b—PPerAcr

Scheme 12.3 Chemical structures of PVTPA, poly(vinyl triphenylamine);
amorphous—crystalline D—A block copoly- PvDMTPA, poly[bis(4-methoxyphenyl)-
mers. The block copolymers were pre- 4'-vinylphenylamine]; PvDMTPD,

pared by the subsequent polymeriza- poly[N,N’-bis (4-methoxyphenyl)-N-phenyl-N'-
tion of vinyltriarylamine and perylene 4-vinylphenyl-(1,1'biphenyl)-4,4’-diamine];
bisimide acrylate monomers via nitrox- PPerAcr, poly(perylene bisimide acrylate).

ide mediated radical polymerization.

of these amorphous—crystalline block copolymers is given in Scheme 12.3. We
have reported extensively on the synthesis [48, 49] morphology [50], and pho-
tovoltaic applications [51, 52] of these materials during the last years. In this
contribution, very recent work on block copolymers with two crystalline blocks
poly(3-hexylthiophene) P3HT and poly(PBI acrylate) PPerAcr is presented. Starting
from general remarks and a synthetic perspective, the optical, morphological, and
photovoltaic properties are discussed in view of competing crystallization of P3HT
and PPerAcr.

12.2
Crystalline—Crystalline D—A Block Copolymers P3HT-b—PPerAcr

Besides the advantage of an improved morphology control, the following consid-
erations prompted us to chose P3HT and PPerAcr as building blocks toward D—A
block copolymers for photovoltaic applications: (i) Both materials absorb light in
the visible region and thus can contribute to photocurrent generation, (ii) both poly-
mers exhibit high charge carrier mobilities owing to their (semi-) crystalline nature
[53, 54, (iii) the energy level offsets are considered to be sufficiently high for effi-
cient electron transfer, (iv) a combination of the chemical methods available should
allow for synthesis and derivatization of the single building blocks in such a way
that well-defined block copolymers can be obtained. Scheme 12.4 shows the chem-
ical structure of the target block copolymer poly(3-hexylthiophene)-b-poly(perylene
bisimide acrylate) (P3HT-b—PPerAcr).
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Main-chain semicrystalline 0w N .o
poly(3-hexylthiophene)
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Side-chain crystalline ‘
poly (perylene bisimide acrylate) OO ‘

Scheme 12.4 Chemical structure of P3HT-b-PPerAcr. P3HT
chains are blue and perylene bisimide units red (Reproduced
with permission from Wiley-VCH Verlag GmbH & Co. KGaA:
M. Sommer, A. Lang, M. Thelakkat, Angew. Chem. Int. Ed.
2008, 47, 7901).

12.2.1
Synthesis of P3HT-b—PPerAcr

The objective of synthesizing block copolymers with P3HT and poly(PBI
acrylate) PPerAcr involves combination of the two polymerization methods,
Grignard Metathesis Polymerization (GRIM) and Nitroxide Mediated Radical
Polymerization (NMRP) in a straightforward fashion. Block copolymers with
poly(3-alkylthiophenes) prepared via the GRIM method were first reported
by McCullough et al., using polymer analogous reactions to generate P3HT
macroinitiators for the atom transfer radical polymerization (ATRP) of a second
coil block [55, 56]. Later on, this concept was extended to P3HT macroinitiators
for NMRP and reversible addition fragmentation termination polymerization
(RAFT) [57]. Since the preparation of these P3HT macroinitiators included various
polymer analogous reactions of the pristine P3HT, a procedure with less synthetic
steps was desirable [57, 58]. Protocols for the in situ endcapping of P3HT with
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Scheme 12.5 One-pot synthesis of P3HT-macroinitiators
(P3HT-MI) for NMRP using GRIM and in-situ encapping
with the Grignard derivative of a common alkoxyamine ini-
tiator. Starting from P3HT-MI, the acceptor monomer PerAcr
is polymerized to give fully functionalized, double-crystalline
block copolymers P3HT-b-PPerAcr.

different endgroups were readily available from the McCullough group [59], giving
an obvious pathway for a straightforward synthetic methodology toward P3HT
block copolymers in two steps (Scheme 12.5) [60].

The in situ introduction of the NMRP initiator (alkoxyamine) was verified at the
end of the P3HT chain (capping efficiencies between 40 and 85%) was verified by
"H-NMR. The degree of endcapping sensitively depended on the fairly complex poly-
merization conditions. McCullough et al. found mixtures of mono- and di-capped
P3HT species, depending on the type of Grignard used [59], whereas we could only
detect small amounts of dicapped P3HT macroinitiators. A mixture of mono- and
di-capped macroinitiators leads to a mixture of diblock and triblock copolymers,
which cannot be separated afterwards by simple extraction methods. This com-
plicates characterization and can be disadvantageous regarding the self-assembly
of the material. In order to gain insight into the various termination reactions
of the GRIM during endcapping with alkoxyamine, the endgroups were analyzed
using matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) as
a function of endcapping time. For this purpose, aliquots were withdrawn after
adding an 8-fold excess of the alkoxyamine endcapper, quenched with hydrochloric
acid, and analyzed by MALDI-TOF [61]. The results are summarized in Figure 12.1
and show the engroups of a P3HT-alkoxyamine macroinitiator after 10 minutes, 1
hour, and 6 hours of endcapping time.

In fact, the alkoxyamine does not survive the MALDI ionization procedure and
only P3HT chains carrying the benzylic fragment (Bz) were observed. A quantitative
evaluation of the peak heights is critical since the peak intensities do not propor-
tionally represent the amount of the respective species. Qualitatively, P3HTs with
hydrogen—hydrogen (H-H), hydrogen—bromine (H-Br), hydrogen—alkoxyamine
(H-Bz), and alkoxyamine—alkoxyamine (Bz—Bz) endgroups were found. On
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Figure 12.1 (a) Evolution of P3HT endgroups during
encapping with the Grignard-functionalized alkoxyamine as
revealed by MALDI-TOF. The 16-mer is shown. Most sig-
nificantly, degradation of H—Br-terminated chains is found.
(b) Chemical structures of endgroups found. Bz, benzylic
fragment of the alkoxyamine.

comparing the different spectra, most of alkoxyamine endcapping occurred during
the first minutes after adding the endcapper and only increased slightly afterwards.
The overall degree of alkoxyamine endcapping was small in this case (~40% by
'H-NMR), and despite the presence of further H-Br chain ends, these were not
coupled to the initiator. Rather, the H-Br ends degraded (Figure 12.1), concomitant
with an increase of the H-H ends. This indicated that despite the presence of
Grignard-functionalized alkoxyamine, H-Br-terminated chains underwent a side
reaction which converted them into H—H-terminated chains. A general strategy for
obtaining higher yields of alkoxyamine-terminated P3HT is therefore to use a larger
excess of endcapper. When 15 equiv. of alkoxyamine (with respect to the catalyst)
were added, the degree of endcapping increased from 40% to up to 80%. However,
a complete endcapping of all P3HT chains with alkoxyamine seemed unlikely as
long as degradation of bromine-terminated chains occurred during the GRIM.
We believe that the simple and straightforward one-pot procedure compensated
for incomplete endcapping. Furthermore, the nonfunctionalized P3HT could be
removed afterwards via Soxhlet extraction. More critical is the presence of dicapped
macroinitiators leading to triblock copolymers, since the separation of triblock
and diblock copolymers is not possible by extraction methods. Using the in situ
endcapping method presented here, the fraction of P3HT with two alkoxyamine
groups was small and as will be shown later, the polydispersities of the resulting
block copolymers were sufficiently low (1.2-1.5).
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Well-defined P3HT macroinitiator (P3HT-MI) was then used to polymerize
PerAcr in a second step (Scheme 12.2). Thereby, the segment length of the PPerAcr
could be controlled by the reaction time as well as the ratio of [P3HT-MI] to
[PerAcr]. Similar reaction conditions applied earlier to polymerizations of PerAcr
were successfully used here [49, 52]. The yield of the polymerization was limited
by the viscosity of the reaction mixture; the reaction was typically stopped after
30-40% conversion. Purification of the products was simply achieved by soxhlet
extraction, thereby removing nonfunctionalized P3HT and monomer PerAcr. Since
the P3HT molecular weight is crucial to the performance of OPV blend devices
to a large extent [62], P3HT-MI macroinitiators with different molecular weights
were synthesized and incorporated into block copolymers with PPerAcr. Thus, five
different block copolymers with different segment lengths of P3HT and PPerAcr,
hereafter referred to as BC 16, 17, 21, 25, and 30, were synthesized, with the
numbers referring to the overall molecular weights of 16.1, 16.9, 20.6, 24.8, and
29.5 kg mol~?, respectively. Figure 12.2 shows the size exclusion chromatograms
(SECs), demonstrating the successful block copolymer synthesis. All important
parameters of molecular weight, composition, and polydispersity are collected in
Table 12.1.

Low polydispersity indices (PDIs) between 1.15 and 1.31 were obtained, and only
for PPerAcr weight fractions as high as 80% (BC 25), the PDI increased to 1.53. For
the preparation of active layers in bulk heterojuction solar cells, the donor—acceptor

UV signal
1

Figure 12.2 Size exclusion chromatography tetrabutylammonium bromide (Reproduced
(SEC) of the macroinitiator P3HT-MI 9 and  with permission from Wiley-VCH Verlag
the four block copolymers P3HT-b—PPerAcr  GmbH & Co. KGaA: Sommer, M., Lang, A.,
BC 16, 17, 21, and 25. Curves were and Thelakkat, M. (2008) Angew. Chem. Int.
measured in THF containing 0.25 wt% Ed., 47, 7901.)
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Table 12.1  Molecular weights, polydispersity indices, com-
positions, and thermal properties of homo- and block

copolymers.
P°|)'mer Mn,P3 HT Mn,overall PDI PPerAcr  Tpn Tm Ta Ta A Hm,P3 HT
(kg mol™") (kg mol™") wt%)  (°Q (9 (9 (9 (g
PPerAcr - 23 1.71 100 191 - 169 - -
P3HT-MI9 8.9 - 1.12 0 208 - 180 - 13.1
P3HT-MI17 17.0 - 1.12 0 223 233 192 - 16.9
BC 16 8.9 16.1 1.25 55.7 190 211 148 162 103
BC 17 8.9 16.9 1.24  59.7 191 211 148 163 8.8
BC21 8.9 20.6 1.31 737 202 - 172 - -
BC 25 8.9 24.8 1.53 814 206 - 179 - -
BC 30 17.0 29.5 1.15 549 204 244 178 -b 154

“A single melting peak appeared.

b The recrystallization of BC 30 exhibited a peak at 178 °C with a shoulder at ~176 °C.

The molecular weights were determined via SEC using polystyrene calibrations, the compositions via
'H-NMR and the thermal properties were derived from DSC measurements. The melting enthalpies
were normalized to their weight fractions.

blend composition commonly lies between 1: 1 and 1: 4, depending on the polymer
used. The PPerAcr weight fractions in our set of block copolymers exactly matched
with these values, spanning the range between ~50wt% (BC 16, 30) and ~80%
(BC 25).

12.2.2
Thermal Properties

The double-crystalline character of P3HT-b—PPerAcr was investigated by differen-
tial scanning calorimetry (DSC) (Figure 12.3) [60]. P3HT-MI 9 exhibited a melting
point (Ty) at 211°C, whereas the homopolymer PPerAcr melted at 191°C. In
BC 16, the two Ty,s observed at 190 and 211°C were ascribed to melting of
PPerAcr and P3HT domains, respectively. The cooling curve of BC 16 showed
two exotherms at 162 and 148 °C that are ascribed to the recrystallizations (T) of
PPerAcr and P3HT, respectively. It is important to note that PPerAcr crystallized
prior to P3HT in the series with the lower molecular weight P3HT block P3HT-MI
9. P3HT-MI 17 showed two Tp,s at 223 and 233 °C. The observation of a second
melting peak probably is due to a smectic liquid-crystalline behavior [63]. BC 30
exhibited two Tps at 204 and 244 °C in the heating curve, but only one T. at
178 °C in the cooling curve. This behavior is caused by the higher segment length
of P3HT, which shifted the melting and recrystallization temperatures of P3HT
toward higher values. As a result, the distance between the two T,s was larger
in BC 30 compared to BC 16, whereas the distance between the two T.s in BC
16 became smaller with increasing molecular weight of P3HT, and the two peaks



12.2 Crystalline—Crystalline D—A Block Copolymers P3HT-b—PPerAcr

FT T T T T T T T T
— Macro—P3HT 9
-_ ________________ NS TTTTT
L Macro—P3HT 17
__ ___________________ vt T T
[y PPerAcr A
[oX
gt T =
o TT TN, T
2L BC16
w e L s T T T
R A
T T T -
i J
T T T T T T T T T
50 100 150 200 250

Temperature (°C)

Figure 12.3 Differential scanning calorimetry of
P3HT-b—PPerAcr, the corresponding PPerAcr homopolymer,
and the P3HT-macroinitiators. The second heating (solid
line) and the second cooling curve (dashed line) is shown,
curves were measured at 10K min~' under nitrogen, and
are offset for clarity.

appeared as one transition in the cooling curve of BC 30. We also note that the
degree of P3HT crystallinity was higher in BC 30 compared to BC 16 as indicated by
the melting enthalpies A Hy, of the P3HT melting peak normalized to the weight
fraction (Table 12.1). AH,, of BC 16 amounted to 10.3] g™}, whereas 15.4] g}
were measured in BC 30. This tendency is in line with the melting enthalpy of the
P3HT-macroinitiators (A Hy, macro-P3HT 9 = 13.1] g‘l, AH,, macro-P3HT 17 =
16.9]g7Y).

12.2.3
Optical Properties

The solution spectra of PPerAcr exhibited features of aggregated PBI chromophores
already in very diluted solutions. This was expected, since the PBI moieties are
closely attached in the side chains of a polyacrylate backbone. In tetrahydrofuran
(THF) solution, PPerAcr showed three main spectral features at 470, 490, and
525nm, resulting from the vibronic progressions of Frenkel excitons, but also
from intermixed states with charge-transfer excitons (Figure 12.4a). These are a
result from the strong operative interactions of the PBI moieties and their coupling
of the respective dipole moments. The absorption profile of P3HT in solution is
highly dependent on molecular weight, concentration, temperature, and solvent
used [64]. Dilute THF solutions of P3HT-MI 9 did not show aggregated species
and one broad absorption band peaking at 445 nm was observed. The absorbance
spectra of BC 16-25 were a superposition of P3HT and PPerAcr absorption, with
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Figure 12.4 Optical densities of homopoly-
mers P3HT-MI 9, PPerAcr, and block copoly-
mers BC 16-25: (a) THF solution (0.02 mg
ml="); (b) films spun from chloroform solu-
tions (~70nm); (c) films spun from chloro-
form solutions followed by thermal treatment

Wavelength (nm)

chloroform solutions followed by chloroform
vapor annealing. Legend in (a) is same for
all plots. Figure 12.4a is reproduced with
permission from Wiley-VCH Verlag GmbH
& Co. KGaA: Sommer, M., Lang, A., and
Thelakkat, M. (2008) Angew. Chem. Int. Ed.,

(30 minutes, 220°C); (d) films spun from 47, 7901.

contributions of the two segments according to their respective weight fractions
[60]. Visually, the color of the solutions shifted from orange to red for increasing
degrees of polymerization of PPerAcr (Figure 12.5).

The order of crystallization of P3HT and PPerAcr influenced the optical properties
in the solid state. Figure 12.4b displays the absorption profiles of thin films cast
from chloroform solutions. The onset of absorption of P3HT-MI 9 redshifted by
100-650 nm. Compared to pristine PPerAcr, the block copolymer absorption was
extended into the red as well with increasing P3HT content. The P3HT shoulder
at around 600 nm assigned to interchain exciton delocalization [64, 65] was weakly
developed in the block copolymer films, indicating low order. The reason for this
is that during spin coating the block copolymers from chloroform solution, the
P3HT blocks were not given sufficient time to rearrange as the films dry too fast.
As reported recently, the intensity of the peak at 600 nm of P3HT films can be
correlated to the degree of crystallinity [66].
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Figure 12.5 Color of homo- and block copolymers. Upper
row: Solutions in THF at a concentration of 0.02mg ml~!
(corresponding UV-vis spectra are shown in Figure 12.4a).
Lower row: Thin films spun from chloroform and subse-
quently subjected to chloroform vapor annealing (corre-
sponding UV-vis spectra are shown in Figure 12.4d).

Thermal annealing of the films above the second melting temperature resulted
in a small improvement of the vibronic resolution at 600 nm, but these changes
were weaker than those after solvent vapor annealing (Figure 12.4c,d). The low
degree of P3HT crystallinity in the thermally treated block copolymer films was a
logical consequence of the fact that PPerAcr crystallizes first upon cooling. Thus,
P3HT has to solidify within the geometric confinement of the already crystallized
PPerAcr domain, which typically yields a lower degree of crystallinity compared to
the pristine P3HT-MI 9.

The situation changed substantially upon exposing the films to chloroform vapor
(Figure 12.4d). In P3HT-MI 9, the shoulder at 600 nm is resolved well (Figure 12.4d)
due to rearrangement of P3HT chains during solvent annealing. Rearrangement
of P3HT also occurred in all block copolymers, where the absorption profiles now
exhibited a clear peak at 600 nm.

In order to investigate the changes in the UV-vis spectra after solvent annealing
in more detail, the absorption of pristine P3HT-MI 9 films was tracked during the
vapor annealing process as a function of chloroform vapor saturation (Figure 12.6a).
As the vapor saturation increased, the optical density of the film decreased between
475 and 650nm, and increased between 300 and 475 nm. The absorption in the
high energy region is due to the presence of amorphous or single chains, whereas
the absorption in the low energy region arises from aggregate formation. Therefore,
with increasing chloroform vapor saturation order and crystallinity decreased for
the benefit of the amorphous regions [64]. Quenching the annealing process
with nitrogen dried the film, and an enhanced vibronic resolution was observed
compared to the film as spun (dotted line in Figure 12.6a).
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Figure 12.6 (a) Evolution of the absorption
profile of P3HT-MI 9 during the chloroform
vapor annealing, as a function of vapor sat-
uration. First, P3HT-MI 9 was spun from
chloroform (thick solid line). The film was
then placed into a chamber and absorption
profiles were taken at various chloroform
vapor saturations between 10 and 100%.
Finally, the chamber was purged with nitro-

of BC 30 normalized to the peak at 495 nm.
The plot showed the effect of the solvent
used for spin coating (CF, chloroform; CB,
chlorobenzene) and different postannealing
treatments on the degree of P3HT crys-
tallinity, as evident from the optical density
at 600 nm (150 °C, thermal annealing; CF
vap, chloroform vapor annealing; CB vap,
chlorobenzene vapor annealing).

gen (thick dashed line). (b) Optical densities

We finally investigated the influence of the solvent used for spin coating and
different postannealing treatments on the absorption profile of BC 30 (Figure 12.6b).
This block copolymer exhibited the same composition as BC 16, but the overall
molecular weight was twice as high (Table 12.1). After spin casting BC 30 from
chloroform, we found the P3HT crystallinity to be disrupted (solid line). The use
of the higher boiling point solvent chlorobenzene (CB) for spin coating—promoted
P3HT crystallinity (dotted line), which further increased after thermal annealing
the film below the lower Ty, (150 °C, 30 minutes, dashed-dotted line). Spin coating
from CB followed by chloroform vapor annealing again slightly enhanced the
optical density at 610nm (dashed line). However, the highest degree of P3HT
crystallinity of BC 30 among the annealing protocols tested was obtained when
treating chloroform cast films with CB vapor (short dashes).

Investigations on the photoluminescence (PL) behavior of P3HT-b—PPerAcr
is important in order to provide first insights into energy and electron transfer
processes. The PL in solution has been investigated in detail [60]. Briefly, the two
blocks P3HT and PPerAcr can be excited almost independently at 400 and 530 nm,
respectively. Excitation of the block copolymers at 400nm gave rise to a yellow
P3HT fluorescence peaking at 565 nm. Excitation at 530 nm, where P3HT absorbs
much weaker than PPerAcr (Figure 12.4a), yielded a red fluorescence of PPerAcr
at 622nm. The PL of PPerAcr in film also occurred at 622nm and was thus not
shifted toward larger wavelengths, as it was observed for low molecular weight
PBIs [22]. The PL of all block copolymer films was almost quenched completely,
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indicative of electron transfer from P3HT to PPerAcr. Thus, the block copolymers
P3HT-b—PPerAcr fulfilled another important prerequisite for the application in
OPV devices.

12.2.4
Morphology of P3HT-b—PPerAcr

Morphological investigations were carried out by scanning electron microscopy
(SEM). For a rearrangement of the chains to be induced, the = —n interactions of
both, P3HT as well as PPerAcr need to break up. This can be efficiently done by
using chloroform vapor annealing, as deduced from the UV-vis spectra. For these
reasons, the samples for morphological investigations were subjected to solvent
annealing. Bulk and thin film samples were prepared and imaged using SEM
(Figure 12.7). We found excellent contrast between the two blocks, and dark and
bright regions are assigned to domains of P3HT and PPerAcr respectively. The
same contrast is observed in films of amorphous—crystalline block copolymers
comprised of polystyrene and PPerAcr [67]. To illustrate the effect of the covalent
attachment of P3HT and PPerAcr on morphology, two SEM images of blend films
of P3HT and PBI, are shown in Figure 12.7i,].

Since the morphologies of thin films and volume samples can differ from each
other, they are discussed separately in the following section. The bulk samples
(exposed to saturated chloroform vapor during four days) of BC 16 and 17 with
PPerAcr weight fractions of 56 and 60wt%, respectively, (Figure 12.7a,b) show
similar micrographs with patterns of mixed bright dots and stripes, reflecting
domains of PPerAcr. Most probably, these patterns are due to cylindrical or
fiber-like PPerAcr domains in a P3HT matrix, with ~15nm in diameter and a
domain spacing of ~21nm. The micrographs of BC 21 and 25 with the higher
PPerAcr weight fractions of 74 and 81 wt%, respectively, also exhibit bright dots
and strips in a darker matrix (Figure 12.7c,d). Again, the bright regions are ascribed
to PPerAcr-rich domains. Interestingly, the diameter of the bright, PPerAcr-rich
structures remains almost constant compared to Figures 12.7a,b. It is therefore
assumed that the dark regions in Figure 12.7¢,d are comprised of a mixed phase of
P3HT and PPerAcr, in accordance with the results of DSC.

Several annealing procedures were applied to the preparation of the thin film
samples. Whereas thermal annealing above the higher Ty, of the block copoly-
mers did not produce distinct structural features at the surface, films subjected
to chloroform vapor showed good contrast. Longer annealing times led to sub-
stantial dewetting of the films. The micrographs of Figures 12.7e—h represent the
solvent-annealed films of BC 16-25, respectively. In Figure 12.7e (BC 16), a unique
pattern of bright dots in a darker matrix appeared, and BC 17 exhibits dots and
elongated structures (Figure 12.7f). This trend continued in Figures 12.7g,h: BC
21 and 25 only showed elongated, fiber-like structures. While there is ambiguity
over the extension of these structures into the bulk of the film, we observed a clear
correlation between the increasing PPerAcr weight fraction and the decreasing
number of dots from Figure 12.7e-h.
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Figure 12.7 Scanning electron micro-
graphs of different P3HT—PBI systems in
bulk (drop casting from chlorobenzene)
and in film (spin coating from chloro-
form). Solvent annealing was applied to
all samples. (a—d) Bulk samples of BC
16-25, respectively (several microns thick,
four days of chloroform vapor anneal-
ing). (e—h) Thin films of BC 16-25, re-
spectively (~70 nm, chloroform vapor an-
nealing for 90 minutes). (i) Thin film of

(i) PBHT:PPerAcr

a blend P3HT:PPerAcr 40:60 (~150 nm,
chloroform vapor annealing for 30 min-
utes). (j) Thin film of a blend of P3HT and
a low molecular weight perylene bisimide
(N,N’-di(1-heptyloctyl) perylene-3,4:13,14-
tetracarboxdiimide) 50:50 (~150 nm, chloro-
form vapor annealing for 30 minutes). Note
that the scale bars are 200nm in (a—h),

1 um in (i), and 2 pm in (j). Bright and
dark areas are assigned to perylene bisimide
and P3HT, respectively.




12.2 Crystalline—Crystalline D—A Block Copolymers P3HT-b—PPerAcr

These results clearly point out the advantage of the covalent connectivity of
P3HT and PPerAcr in terms of a controlled phase separation, since the observed
structures are commensurate with the exciton diffusion length. To emphasize this,
two polymer blend films comprised of P3HT and PBI were prepared. In Figure 12.7i
a polymer—polymer blend consisting of P3HT:PPerAcr 40 : 60 is presented. After
solvent annealing for 30 minutes, dark P3HT-rich islands with domain sizes
exceeding 100nm resulted from demixing of the two polymers. Figure 12.7j
shows a film comprised of 50% P3HT and 50% of a low molecular weight PBI
(N,N’-di(1-heptyloctyl)perylene-3,4 : 13,14-tetracarboxdiimide). Here, diffusion and
crystallization of the low molecular weight PBI led to the formation of huge,
micrometer long PBI crystals. Both blend film morphologies, the P3HT : PPerAcr
blend as well as the P3HT : low molecular weight PBI blend, exhibited features that
are too large for photovoltaic applications.

12.2.5
Device Performance of P3HT-b—PPerAcr

One major drawback that causes active layer morphologies of blends of donor poly-
mers and PBIs to be ill-defined is the uncontrolled crystallization of PBI and phase
separation that has already been mentioned in the last section. Such unfavorable
morphologies do not provide sufficient interfacial area of the donor and the acceptor
phase which limits charge separation [24, 25]. Consequently, the external quantum
efficiencies (EQEs) and device performances are rather low. However, it is not only
the uncontrolled crystallization of PBI that leads to poor morphological control and
thus limits the device performance. The orientation of the crystals in the film and
the relative orientation of PBI moieties toward each other are also very important
in order to extract charges efficiently. For example, it has been shown that the angle
of the rotational offset of stacked PBIs influences the charge transport properties
along the columns [68]. A block copolymer such as P3HT-b—PPerAcr addresses
these issues since crystallization of PBI can be confined in microdomains. The
alignment of the domains might also give rise to alignment of the crystals, and
the relative orientation of neighboring chromophores may be tuned by changing
the two substituents at the imide positions. Thus, the enhanced morphology control
on the one hand, and the advantages of extended absorption and improved hole
carrier mobility of P3HT compared to amorphous—crystalline block copolymers
on the other hand, render P3HT-b—PPerAcr truly promising for the application in
photovoltaic devices.

BC 16-25 were tested as active materials in OPV devices using the archi-
tecture indium tin-oxide (ITO)/PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)) /block copolymer/aluminum. The photovoltaic response
was investigated by monitoring the EQEs, whereby block copolymers BC 16 and 17
yielded the best device performance. BC 21 and 25 with the higher PPerAcr weight
fractions gave lower efficiencies. Therefore, a variety of postannealing procedures
was applied to the devices after spin coating BC 16 and 17 from chloroform. As an
example, the results of BC 17 are presented in Figure 12.8. The effect of different
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Figure 12.8 External quantum efficiencies of solar cells with
BC 17 as the active layer after different annealing conditions.
(a) Device performance as spun and after thermal annealing.
(b) Device performance as spun and after chloroform vapor

annealing (vap) in combination with thermal annealing. De-

vice architecture: ITO/PEDOT:PSS/active layer/aluminum.

thermal treatments on the EQE is presented in Figure 12.8a,b which shows the
effect of chloroform vapor annealing with or without additional thermal annealing.
The devices were annealed below the lower Ty, (160 °C, 30 minutes) and above the
higher Ty, (225°C, 30 minutes) (also refer to thermal properties in Figure 12.3a).
At 160°C, the alkyl side chains are in a molten state so that the P3HT backbones
can rearrange within the morphology formed after spin coating. At 225°C, an
amorphous melt is present, from which PPerAcr crystallizes first upon cooling.

The maximum EQE value of the device as spun from chloroform is below
1%. Thermal annealing of this device at 160°C led to a maximum EQE value
of 3%. But annealing at a higher temperature of 225°C decreased this value to
2.5% (Figure 12.8a). Interestingly, the improvement after annealing at 160 °C not
only led to higher EQE values, but also extended the spectral response of the
block copolymer toward 650 nm. The shape of the EQE spectrum after annealing at
225 °Cresembled the PPerAcr homopolymer absorption profile, whereas annealing
at 160 °C gave rise to the appearance of the P3HT shoulder at 600 nm. We therefore
anticipate that the contribution from P3HT to the photocurrent was low after
annealing the device at 225 °C, but much higher after 160 °C. This is consistent
with the results obtained from DSC and UV-vis: when the material solidified
from its amorphous melt, PPerAcr crystallized first and partially suppressed P3HT
aggregate formation, leading to a lower contribution of P3HT to the photocurrent.
On the other hand, a postproduction treatment below the melting point of PPerAcr
at 160°C led to a rearrangement of the P3HT chains within the morphology
formed after spin coating. As a result, a higher P3HT crystallinity and thus, a
higher contribution of P3HT to the photocurrent was observed.

Combining thermal annealing with solvent annealing could further improve the
EQE of BC 17 (Figure 12.8b). The direct treatment of the device with chloroform
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used. (Reprinted with permission from [69].
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of BC 16 (solid line) and BC 30 (dashed
line). (b) Transfer plots of OFET devices
with BC 16 (solid line) and BC 30 (dashed
line). The materials were spin coated from

vapor after spin casting only led to a doubling of the maximum EQE value.
Simultaneously, the spectral response was extended to the red, showing increased
P3HT contribution to the photocurrent. This was expected since the absorption
profile of BC 17 became well-resolved at 600 nm after this type of treatment (refer
to Figure 12.4d) and therefore the enhanced absorption of P3HT increased the
photocurrent toward 650nm. Subsequent thermal annealing at 160°C led to a
further doubling of the maximum EQE value to 3% while maintaining the onset of
spectral response, whereas subsequent thermal annealing at 225 °C decreased the
device performance in terms of the maximum EQE value as well as the onset of the
EQE curve. Again, this could be rationalized by the findings from DSC showing
that crystallization of PPerAcr led to a reduced P3HT crystallinity.

Note that this argumentation can only qualitatively explain the spectral response
from different wavelengths. In general, charge generation and recombination
dynamics ultimately determine the device performance. Here, not only crystallinity
but also domain size is of importance. Since the domain size is correlated to the
segment lengths of the block copolymer, the higher molecular weight of BC 30
should result in larger domains. Figure 12.9 compares the device performance of
BC 16 and 30. The D—A composition was equal and their molecular weights were
16.1 and 29.5 kg mol ™1, respectively (Table 12.1). The spectral response of BC 16
was similar compared to BC 17. Using CB solutions for active layer preparation led
to a similar effect compared to the solvent vapor annealing procedure, including
a doubling of the maximum EQE value and extension of the onset to 650 nm.
However, spin coating BC 30 from CB led to a maximum EQE value of 31%
(Figure 12.9a) [69]. The drastic enhancement is explained by a higher degree
of P3HT crystallinity and larger P3HT crystals in BC 30, as indicated by the
higher melting enthalpy and higher melting temperature of P3HT (Figure 12.3
and Table 12.1). Since the hole mobility ppoe of P3HT is also a function of its
molecular weight [70], one can assume different values of x in BC 16 and 30. In
order to verify this, we measured the charge carrier mobilities of these two block
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copolymers in bottom-gate bottom-contact organic field effect transistors (OFETSs)
(Figure 12.9b). Both block copolymers exhibit p-channel behavior after spin coating
from chloroform solutions, and hole carrier mobilities of 107> and 103 cm? Vs~!
were obtained for BC 16 and 30, respectively. Thus, the increase of 2 orders of
magnitude in the hole mobility depicted the smaller domain size and the lower
degree of P3HT crystallinity in BC 16 compared to BC 30, and was obviously
responsible for the huge improvement in device performance. The measured EQEs
are the highest reported for block copolymer solar cells [51] and also exceed those
reported for blends of P3HT and low molecular weight PBIs showing maximum
values of only ~20% [24-27, 47, 71].

While the EQE values of BC 30 are still lower than the ones of state-of-the-art
bulk heterojunction blend cells [15], we could show that the morphological issues
in blends of donor polymers and low molecular perylene bismides can efficiently be
addressed by confining PBI crystallization to microdomains. Further optimization
of device production and fine-tuning of the block copolymer molecular weight is
under study and is expected to yield higher device efficiencies.

12.3
Conclusions and Perspectives

We have designed, synthesized, and characterized various block copolymers
P3HT-b—PPerAcr with different compositions and molecular weights for use
as active materials in photovoltaic cells. Competing crystallization was elucidated
by differential scanning calorimetry, UV—-vis spectroscopy, and photocurrent gen-
eration. The P3HT crystallinity was found to be hindered with increasing PPerAcr
block length, but could be improved when higher molecular weights of P3HT
were employed. This improved crystallinity gave rise to higher hole mobilities and
high EQEs of 31%. These outstanding results demonstrate that the low device
performance of PBI-based solar cells could partially be ascribed to morphological
issues, which are efficiently addressed by this block copolymer approach. Further
efforts in chemical synthesis and device optimization are needed to improve the
overall device performance. In addition, spectroscopic characterization of devices
with PBI as the acceptor is essential to characterize fundamental photophysical
processes, which are just beginning to be investigated [27].
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13
Switching-on: The Copper Age
Belén Gil and Sylvia M. Draper

13.1
Introduction

At the end of the fifth millennium BC, the climate suddenly cooled and late
Neolithic man was forced to find a new raw material for better quality tools. Native
copper had been known for the previous 5000 years but its use had been limited to
ornaments. It was at this time that the serendipitous smelting of copper ore took
place and the production of more effective tools started to transform society. It was
the beginning of a new era: the Copper Age.

Presently, mankind finds himself in another period of change. Global warming
and the oil-based dependence of society are major issues facing our governments.
After more than a century of fossil fuels, the search for new environmentally
friendly energy sources has become urgent. Solar energy is one of the more
promising options considering the fact that the sun deposits about 120 000 TW
of electromagnetic radiation on the surface of the Earth, which is approximately
13 000 times the current total world energy use.

Over the last several decades, chemists and physicists have been working
hand-in-hand to provide functional photovoltaic devices. Despite the low efficiency
and high cost, these systems seem to offer a real alternative energy source. The
main effort has focused on the photochemical and photophysical properties of
heavy metal coordination compounds involving Os(II) [1-4], Ir(III) [5], Rh(I) [6-9],
or Pt(Il) [9-11], because they can act as a chromophore/dye-sensitizer to the
semiconductor layer. These materials enable the storage of light and/or electronic
information at the molecular level and therefore play a pivotal role in solar-energy
conversion.

Polypyridyl ruthenium complexes have received special attention due to their
intense luminescence and long-lived electronic excited states [9, 12—-18]. However,
Ru(Il) complexes carry unwanted disadvantages, such as relatively low abundance
and high cost, combined with a degree of toxicity. Copper complexes have started to
capture the interest of researchers due to their attractive range of properties such as
ease of preparation, light absorption in the visible spectrum, intense luminescence,
and relatively low cost [19-26]. Just as Neolithic man moved from worked stone to
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extracted metal, so has modern man recognized the need to turn from oil and to
switch on the Copper Age.

13.2
Optical Properties of Cu(l) Complexes

13.2.1
Overview

The chemical symbol for copper, Cu, originates from the Latin word cyprium
(later simplified to cuprum) meaning “from the island of Cyprus.” As one of the
few metals to occur naturally as an uncompounded mineral, it was known to
some of the oldest civilizations. In its native state, copper is reddish with a bright
metallic luster. Together with gold and silver, it is recognized as a coinage metal
because of its widespread historical use in stamping coins. Its properties, including
high ductility, thermal and electrical conductivity, malleability, and resistance to
corrosion, have meant that copper has become a major industrial metal ranking
third after iron and aluminum in terms of the quantities consumed.

Copper is a transition metal with a single 4s electron and a filled 3d shell. The
filled 3d shell is much less effective than a noble gas shell in shielding the 4s
electron from the nuclear charge, so that the first ionization potential of Cu is
significant and higher than those of the alkali metal group. Since the 3d electrons
are also involved in metallic bonding, the heat of sublimation and the melting point
of copper are also much higher than those of the alkali metals. These factors are
responsible for its noble character [27].

Copper has two active oxidation states Cu(I) and Cu(II). Cu(II) compound with a
@ electronic configuration have relativity intense colors due to metal-centered (MC)
absorption bands. These deactivate via nonradiative pathways and therefore, Cu(Il)
complexes do not luminesce. Cu(I) complexes with a closed-shell d'° configuration
do not undergo this deactivation and their optical properties are more interesting.
As a consequence, this chapter focuses only on Cu(I) compounds.

Among these Cu(I) compounds, the [Cu(N"N),]* family is the most extensively
investigated family, where N"N indicates a chelating diimine ligand (usually
phen-based) [19, 25, 26, 28]. In the last years, a number of sophisticated architectures
having [Cu(N"N)]* as key building blocks have been prepared, including catenanes
[29, 30], rotaxanes [14, 29-35], knots [36, 37], helicates [15, 38], dendrimers [39,
40], racks [13, 41], grids [42], boxes [42], and macrocycles [43]. Some of these
exhibit interesting light-induced processes, which are able to trigger motions at the
molecular level.

The incorporation of bidentate phosphines in the coordination sphere of these
systems has seen heteroleptic complexes [Cu(N"N)(P"P)]" gain in popularity
because of their enhanced optical properties [20, 22—24, 44—66]. More recently,
the smart design of new ligands has afforded novel copper-based materials with
very promising results. Other Cu(I) compounds such as cuprous halide clusters
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[67-77] and polynuclear copper(I) alkynyl clusters [11, 78-83] do not feature in this
chapter.

13.2.2
Structural Aspects of the Ground and Excited States

The d!° electronic configuration of Cu(l) leads to a symmetric localization of
the electronic charge. This situation favors a tetrahedral ligand arrangement in
order to locate the coordinative bonds in a manner that minimizes electrostatic
repulsions. However, most complexes show distorted tetrahedral geometries due
to interactions, such as 7 -- -7 stacking [84]. This distortion can be described
in terms of “flattening,” “rocking”, and “wagging” and has a major influence
on the optical properties of the resulting complex. Kovalevsky and coworkers
have demonstrated that, in the solid state, there is a strong dependence of the
excited-state lifetimes of [Cu(N"N),]" complexes on this geometric distortion.
Although there are some exceptions, in general, the smaller the distortion from the
ideal tetrahedral geometry, the longer the lifetime. Also the emission wavelength
of the triplet state tends to red-shift with increasing ground-state distortion [60].

Upon light excitation of copper(I) complexes, the metal-to-ligand charge transfer
(MLCT) excited state is populated, and the metal center changes its formal oxidation
state from Cu(I) to Cu(II). Structural changes take place, induced as expected, from
the structural preferences of Cu(l) (tetrahedral-like) and Cu(II) complexes (square
planar-like) in the ground state (see Figure 13.1) [85—89]. In this excited-state with
flattened tetrahedral geometry, an additional axial coordination site is exposed
for nucleophilic attack (by solvent, counteranion or other Lewis bases present in
solution) generating a “pentacoordinated exciplex” (see Figure 13.1). In the last
decade, much effort has been made to elucidate these processes using a wide range
of techniques to aid in understanding and exploiting their potential [60, 90-107].
McMillin and coworkers first reported this type of exciplex quenching [90], and
by now, many other studies have confirmed the mechanism for their formation,
revealed that they are generated even by very poor donor solvents, such as toluene
[91, 92].

Nucleophilic
attack

Flattening
distortion

Figure 13.1 Light excitation leads to a flattening distortion
of the coordination environment, thus exposing the metal
center to nucleophilic attack by external molecules such as
solvent or counterions.
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The flattening distortion and possible generation of a “pentacoordinated exciplex”
would seem to make copper complexes unattractive. However, intelligent ligand
design limits the formation of exciplexes and increases the luminescence quantum
yields and excited lifetime considerably.

13.2.3
Heteroleptic Diimine/Diphosphine [Cu(N"N)(P"P)]* Complexes

One of the biggest family of copper complexes is that of [Cu(N"N),]" stoi-
chiometry (N"N = phenanthroline-based ligand system), despite their tendency
to display weak emission and short-lived excited states. Some issues have been
addressed by the incorporation of bulky substituents into 2 and 9 positions
of the phen-based ligands, to preclude the exciplex formation thus, elongat-
ing the lifetime of their excited states and increasing their quantum yields
[25, 26, 108—113]. However, the most significant impact on the photophysical
properties of these [Cu(N"N),]" systems was achieved by the inclusion of phos-
phine ligands by McMillin and coworkers [44, 45]. In these heteroleptic systems
[Cu(N"N)(P*P)]*, a combination of structural and electronic factors contributes
to the remarkable optical properties. They have demonstrated that bulky biden-
tate phosphines (such as POP = bis[2-(biphenylphosphine)phenyljether) inhibit
the formation of an exciplex, providing long-lived, and effective green emis-
sion compared to the weaker orange emission of the homoleptic complexes [19,
22-26,46,51-66]. For example, the compound [Cu(db-phen)(dm-phen)]* (db-phen
= 2,9-di-tert-butyl-1,10-phenanthroline, dm-phen = 2,9-dimethyl-phenanthroline)
presents the highest quantum yield in solution with a relative long lifetime
(Aem = 646 nm, ¢ = 0.01, 7 = 730 ns, oxygen-free CH,Cl,) for a Cu-phen-based
system, because the bulky tert-butyl groups strongly limit the distortion of the
excited state [114]. However, the improvement is significant when a diphosphine
ligand is included ([Cu(dp-phen)(POP)]* dp-phen = 2,9-diphenylphenanthroline,
Aem = 560 nm, ¢ = 0.16, 7 = 16.1 s, oxygen-free CH,Cl,, see Table 13.1) [62, 63].

[Cu(N"N)(P"P)]* complexes can absorb throughout the visible region and beyond.
The UV portion of the spectra are characterized by the intense ligand-centered (LC)
bands typical of the wx* transitions of the N-donor and the phosphine ligands
[115]. The bands lying in the visible are much weaker than those in the UV and are
assigned to MLCT [Cu — 7*(N"N)] transitions [86—89, 108, 116—121]. They occur
at relatively low energy because the Cu" ion can be easily oxidized and the diimine
ligands possess low-energy empty 7 * orbitals [88].

On one hand, the phenanthroline-based ligand play a key role in the absorption
of these complexes (also in the luminescence efficiencies and lifetimes), especially
the size and electronic character of the substituents in positions 2 and 9 [19, 25].

On the other hand, although not involved in the MLCT transitions (L = N"N) the
electron withdrawing PP ligand can serve to shift the MLCT to higher energy than
those described for homoleptic analogs [54, 58, 59, 62, 63]. Both steric and electronic
properties of the phosphine ligands have and impact on the electronic properties.
In the compounds presented in Figure 13.2, the complex with anionic ligand
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Figure 13.2 Influence of the phosphine ligand in the
UV-vis spectra of the compounds [Cu(pbb) (P)2]*/°.

bis(diphenylphosphinomethyl) DPPMB, the strongest electron donor, presents the
smallest HOMO-LUMO energy gap. However, for the neutral phosphine ligands
(PPhj, POP, and bis(diphenylphosphino)ethane (dppe)) steric factors are more
relevant and the MLCT band shifts to shorter wavelength in the order dppe >
POP > PPh; (P—Cu—P bond angles 92.02(6)° dppe, 113.35(3)° POP, 124.12(6)°
PPhy).

For these systems, the character of the emissive state as MLCT [Cu — 7*(N"N)]
in nature has been established experimentally and theoretically [19, 25, 26, 58, 59,
62, 63]. The luminescence efficiency of the MLCT excited states is clearly solvent
and oxygen dependent [45, 95]. The excited-state lifetimes in solution are strongly
dependent on the degree of distortion in the excited state and the protection toward
exciplex quenching, and this is where these substituents on both, diimines and
phosphines play a pivotal role.

Previously reported mixed ligand complexes comprising two triphenylphosphine
units gave long-lived luminescence in the solid-state and frozen solution, but
showed significant exciplex quenching as room temperature solutions [45, 66,
95]. Diphosphines provide longer lifetimes and higher quantum yields as well as
blue-shifted emission compared to phenanthroline-based systems [24, 54, 62].

A significant blue-shift is found on going from room temperature solution
samples to a 77-K rigid matrix [54]. This is common behavior for charge transfer
emission bands in a rigid medium, but not for [Cu(N*N),]*, for which, at 77 K, the
emission is red-shifted and less intense in comparison with room temperature. To
explain this unusual behavior of the homoleptic systems, McMillin has proposed a
“two-state model,” where two excited states MLCT, a singlet and a related triplet,
are in thermal equilibrium. At room temperature, population of the upper-lying
'MLCT level is achieved to some extent. By temperature decrease, such thermal
activation is depressed and only the lowest 3MLCT is significantly populated. The
radiative constant of the *MLCT level is much smaller than the 'MLCT one,
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and thus nonradiative processes are comparably more important giving a weaker
emission. However, this so-called two-level model does not hold for compounds
with phosphine ligands [101, 103].

13.2.4
Alternative N,P-Ligands Types to Enhance Properties Photophysical

Many efforts have been made in this area in recent years with promising results,
making these systems potentially attractive for optoelectronic devices such as
OLED stacks [22-24, 53], light-emitting electrochemical cell (CELL) [122, 123], or
dye-sensitized solar cells [121, 124]. They exhibit good current-to-light efficiency and
even color tuning; however, the device lifetime is still an issue. To overcome this
problem, careful ligand design has become an essential part of complex formation.

In this line, McClenaghan and coworkers prolonged the lifetimes of copper
complexes, using a methodology previously adopted in some ruthenium derivatives,
that is, of appending an organic chomophore in the 2,9-phen positions (see
Figure 13.3 and Table 13.1) [120]. The double dynamic excited-state equilibration
between three different excited states permits the temporary storage of energy on
the organic auxiliary before being relayed to the emissive center, extending the
lifetime from 70 to 1200 ns, the longest reported to date for Cu-phen-based systems.

In Figure 13.4a, a neutral amido-bridged bimetallic copper system {(PNP)Cu},
(IPNP]~ = bis(2-(diisobutylphosphine)phenyl)amide) is shown [125]. This com-
pound presents a Cu,N, diamond core where the copper centers are in a quite
distorted tetrahedral geometry and well protected by the bulky PNP ligand. This,
in addition to the absence of a net cationic charge for the complex, renders very
interesting optical properties with a high quantum yield, even in polar solvent as
THF, and relative long excited-state lifetime (Aemy = 510 nm, ¢ = 0.68, 7 = 10.2 s,
THEF, Table 13.1).

1_MLC—T 15 ps
I SMLCT 50 ps 1800 cm™"
! ISC T oo Sure h 430 om!
| | Ent 1
Y Y Y

Ground state

Figure 13.3 Bichromophoric copper(l) complex and its
qualitative energy diagram showing pertinent low-lying
excited states and notably the interaction of the three
lowest lying excited states.
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Figure 13.4 Molecular structures of copper complexes
{(PNP)Cu}, described by Peters and coworkers [125],
[Cu(Bnpa) (PPh3),]* described by Wang and coworkers [126]
and PNCu(PPh;), described by Miller and coworkers [127].

Another very interesting compound is shown in Figure 13.4b, which displays
a bright-yellow—green-phosphorescence (Aeyy = 527 nm, v = 7.5 ps, Table 13.1) at
room temperature in the solid state with a relatively long lifetime [128]. The most
impressive feature is its solid-state quantum yield (¢ = 0.88) which is the highest
quantum efficiency described for a Cu(I) complex. The group BMes, seems to play
an important role (because of its electron-accepting nature) in lowering the energy
of the MLCT state below that of the LC excited state and thus facilitating the MLCT
emission.

Miller and coworkers [127] reported a very promising set of neutral amidophos-
phine complexes of copper (general type [RPN]Cu(L), see Figure 13.4c) with very
high quantum yields (ranging 0.16 < ¢ < 0.70) and long lifetimes (16—150 us, see
Table 13.1) in solution at room temperature.

Recently, copper complexes containing only phosphine ligands (such as dppb
(1,2-bis(diphenylphosphino)benzene) and POP) have been prepared and exhibit
bright luminescence in the solid state as well as in dichloromethane solutions,
with relatively high intensity and long lifetime emission (for [Cu(dppb)(POP)]*
in CH,Cl, at 298K, Aem = 494 nm, 7 = 2.4 us, ¢ = 0.02 Table 13.1) [129]. These
emissions have been tentatively assigned to MLCT and are substantially influenced
by conformational changes from the pseudotetrahedral coordination geometry. The
complexes have been employed to fabricate devices that exhibit white luminescence.
These facts show that there are easy routes to very simple Cu(I) complexes with
potential for luminescence-based applications and devices.

13.3
Old Systems for New Challenges

Looking back, it is clear that the nature, bulk, and rigidity of the diimine ligand
play an important role in determining the photophysical properties of resultant
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Cu(I) complexes [19, 25, 26]. In this context, bipyridyl or phenanthroline-based
ligands have been used. Other aromatic diimines have seen application with
photoresponsive metal centers [130, 131] and there is scope to rethink and redesign
ligand systems that might be appropriate to extending luminescence lifetimes
and quantum yields in Cu(I) systems. A synthetic protocol that can be extended
to multiple systems is very attractive and new aromatic ligands generated by
Diels—Alder cycloaddition have come to the fore in Ru(II) chemistry [132—-134].

There is also the option to increase the number of metal centers or to seek
cooperative metal centers in a diimine-based system. Only a few examples of
binuclear systems are in the diimine complex literature: these use bipyrim-
idine [65], 2,5-bis(2-pyridyl)pyrazine ligands [56], or others [57]. A downside
encountered is that the potential rigidity is reduced, for example, in a tran-
soid disposition. Rigid systems are needed to prevent the distortion and/or
exciplet-quenching of the excited state and thus enhance the optical properties.
2,5-Bis(2-pyridyl)tetrazine can favor the cisoid form and presents very interesting
properties, even outside of its novel coordination [135-139]. Tetrazines are pre-
cursors via inverse electron demand Diels—Alder reactions to pyridazines and this
allows a synthetic procedure for the inclusion of new chromophores [140-142].
With this in mind, we have synthesized the ligands: 3,6-di(2-pyridyl)-4,5-diphenyl-
pyridazine Ly, 3,6-di(2-pyridyl)-4,5-di(4-pyridyl)-pyridazine Lg, and 3,6-di(2-pyridyl)-
8,9-diazafluoranthene L¢(Scheme 13.1), two of which have been reported elsewhere
(La [143], Lc[144]).

The treatment of [Cu(u-dppm)(NOs)], (dppm, diphenyldiphosphinemethane)
with one equivalent of ligand Ly, Lg, or Lc produces a series of air-stable binuclear
cationic complexes [Cuy(U-dppm);L](NO;); (Scheme 13.1) whose structures have
been verified by single crystal diffraction. The molecular structure of the cation
[Cuy (u-dppm),Lg]** is depicted (Figure 13.5a). The two copper atoms are held
by three bridging ligands: two dppm ligands bonded through the P atoms and
one bipyridylpyridazine ligand (bppn) acting as a tetradentate bridge via the two
nitrogen atoms of the pyridazine and the two pyridine groups. The Cu-Cu

(2)NO,, CH,Cl,, 0°C ™ \_ /™ \ _ \ 7 e
R=Ph L, (Cu(dppm) 7NN p
R=4py Lg =N_ N=N N

(NO3)] N \
_32> ICU/ ;ZU/ (NOg),
P PoP_P
N
[Cu,(dppm),L]*
L=Ly Lg Lg

(dppm = CH,(PPh,),)

Scheme 13.1
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Figure 13.5 (a) View of the structure of

[Cuz (u-dppm),Lg]?* with the hydrogen atoms and the
phenyl rings of the dppm omitted for clarity. (b) The
boat-chair conformation of the [Cu(u-dppm)]; ring.

separation (3.404A for [Cu,(u-dppm),LaJ%*, 3.390A for [Cu,(u-dppm),Lg]**)
indicates that the copper atoms are not involved in metal-metal interactions.
Both metal atoms are in a distorted tetrahedral arrangement determined by two P
and two N atoms (one from the pyridazine, one from a pyridine), with chelating
N—Cu—N angles (76.5(2)°, 77.1(2)° for [Cu, (W-dppm), La]**; 76.75(17)°, 76.19 (17)°
for [Cu, (u-dppm),Lp]?*) that are similar to those found in the literature [138, 139,
145, 146]. The spectroscopic data, NMR and MS spectra, are in agreement with this
dinuclear disposition and confirm its presence in solution. The conformation of the
two PCuCuP bridges are approximately “eclipsed” (Figure 13.5b), as is shown by
[Cuy(u-dppm), (U-PPDMe)]* (PPDMe, 3,6-bis(3,5-dimethylpyrazol-1-yl)pyridazine)
where the eight-membered Cu(u-dppm),Cu ring adopts a boat-chair conformation.
This eight-membered ring is very rigid and the possible distortion of the copper
geometry in the excited state is disabled.

13.3.1
Absorption Spectra

The absorption spectra of the free ligands L, Lg, L¢ are similar with two ab-
sorption bands at 270 and 325nm, attributed to the m — m*transition of the
bipyridylpyridazine units. In the case of L, there is a lower energy band (370 nm)
due to the fluoranthene moiety. The absorption spectra of the complexes are
similar to those of the ligands but in addition have a weak and broad low-energy
shoulder band in the 370-425 nm region (Table 13.2), accounting for the yel-
low color of the complexes (Figure 13.6). This low-energy transition band is
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Table 13.2 Absorption data for the ligands (La, Lg,
Lc) and the copper complexes ([Cuz (u-dppm)zLJ2*) in
dichloromethane (c=5 x 107> M).

A%(e x 10%)°

La 266 (16.9), 325 (1.2)
Lg 268 (26.9), 329 (0.9)

Lc 271 (28.2), 308 (17.8), 326 (13.2), 370 (13.4)
[Cuy (u-dppm); L+ 260 (71.6), 328 (21.6), 380 (10.2)

[Cuy (u-dppm), Ly ** 274 (76.7), 331 (21.2), 373 (11.7)

[Cuy (u-dppm), L] 275 (72.5), 326 (36.0), 374 (32.8), 426 (16.1)

“is given in nanometers (nm).
bis given in moles per centimeter (M).

0.7

0.6 —

Absorbance (a.u.)

I |
300 400 500 600

Figure 13.6 UV-vis spectra in dichloromethane of Lc¢
(broken line) and [Cu; (u-dppm)aLc]?* (solid line)
where the MLCT can be clearly observed.

attributed to MLCT transitions involving the N"N chelate ligand and the Cu(I)
ion, although some influence of the phosphine ligand should be considered [19,
26]. In agreement with this MLCT assignment, the low-energy absorption of the
[Cuy (u-dppm),Lc]** complex is slightly red-shifted compared to the others, be-
cause the diazafluoranthene-containing ligand provides lower energy 7* ligand
orbitals.
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13.3.2
Luminescence Spectra

These copper complexes are luminescent in the solid state, in solution at room
temperature and in frozen solutions at 77 K. Photoluminescence spectra and
lifetime data are recorded in Table 13.1.

All the spectra are broad without vibronic progression, suggesting that the
emissive excited states have charge transfer character.

In solid state at room temperature, the compounds exhibit a red—orange lumi-
nescence, with bands detected in the range 635—676 nm ascribable to deactivations
of the MLCT states [19, 23, 25, 26, 44, 45, 61, 66]. In the case of [Cu, (U-dppm), La]**
(Aem = 635 nm) and [Cu, (Uu-dppm);Lg]?* (Aem = 642 nm), the emissions are simi-
lar, but for [Cu, (L-dppm),Lc]** (Aem = 676 nm), the emission is red-shifted due to
the presence of the diazafluoranthene, which increases the degree of 7-conjugation
and thus, stabilizes the 7* of the ligand with concurrent consequences for *MLCT
emissive states.

When cooling the samples (T= 77 K), a small red-shift and slightly lower intensity
emissions are observed (Table 13.1) in agreement with the presence of a thermal
equilibrium between two emissive states 'MLCT and *MLCT. This behavior
concurs with the odd trend described previously for very rigid systems, which
block the ground-state geometry in a rigid matrix and grant intense red—orange
luminescence from the triplet state [19, 101, 103].

For CH,Cl, solutions, the luminescence is quenched almost completely. How-
ever, when the samples are thoroughly purged with oxygen through several
freeze-thaw-pump cycles under low pressure, an red—orange emission is observed
for all the complexes, which is slightly red-shifted with respect to the solid state for
[Cuz (u-dppm)zL]2+ (L =La, LB) ([Cuz (u-dppm)zLA]“ solid Aem = 635 nm, CH2C]2
hem = 670 nm; [Cuy (u-dppm),Lg]?* solid Aem = 642 nm, CH,Cly Aey = 675 nm).
These emissions are at similar wavelengths to those found in the literature for
related compounds [19, 25, 26].

These complexes show long lifetimes in the microsecond range both in solid
state and in solution at room temperature. For [Cu, (U-dppm),L)?* (L = La, L), the
values are very similar being, in both cases, longer in solution than in solid states
([Cuy(u-dppm),La]?* solid 1.01us, CH,Cl, 1.11 ps; [Cuy(u-dppm),Lg]** solid
0.26 us, CH,Cl, 2.26 ps). In the solid state, the lifetime of [Cu,(U-dppm);Lc]?*
is shorter than that observed for the two other compounds (0.61 us), probably
due to the presence of excimers through 7 - - - 7 interactions of the fluoranthene
moieties that could deactivate the excited state. However, in oxygen-free solution,
this complex [Cuy(u-dppm),Lc]** has a longer lifetime of 22.83 us. This value
is longer than that previously described by Armaroli for [Cu(POP)(dmdp-phen)]*
(2,9-dimethyl-4,7-diphenylphenanthroline) under the same conditions (17.3 us in
dichloromethane at room temperature) [28, 54] but not as attractive as those of the
neutral amidophosphine complexes of copper [RPN]Cu(L), reported by Miller and
coworkers (16—150 us) (see Table 13.1) [127].
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We believe that the long emission lifetimes of the new [Cu, (1-dppm),L]** should
be attributed to the rigid conformation of the eight-membered ring that precludes
the possible distortion of the copper in the excited state and the formation of
quenching exciplexes.

13.4
Summary

There are many and multiple diimine-based ligand designs that could be used to
improve the current lifetimes, intensities, and emission quantum yields of Cu(I)
complexes. The key features to influence are the geometry of the metal center and
the inhibition of exciplex formation via ligand topology, bulk, and rigidity. At this
stage, significant efforts have focused on establishing, at a molecular level, the
parameters that affect the photophysics observed. Despite reports of copper-based
devices that have shown promising results, device stability, and light output are
still issues that need to be addressed in order to fully exploit these low-cost systems.
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14
Understanding Single-Molecule Magnets on Surface

Matteo Mannini

14.1
Introduction

The use of single molecules as active units in functional materials and real
devices is one of the most appealing areas of research that motivated the in-
tense activity of many materials scientists, chemists, and physicists. One of the
best-suited fields for “molecular” technology is electronics. The origin of this
idea is hard to define but the role of the seminal paper by A. Aviram and
M. A. Ratner in 1974, in which they proposed that molecules can be used as
rectifiers [1], cannot be underestimated. Another pioneering work related to the
use of molecules for the realization of devices was presented a little later by
M. Pomerantz and coworkers, who investigated magnetism of one monolayer
of molecules deposed by a Langmuir—Blodgett film technique [2]. This was the
first attempt to explore one of the limits of magnetic data-storage devices con-
trolling the thickness of the active material down to the molecular scale [3]. The
next milestone was the implementation of innovative techniques like scanning
tunneling microscopy [4, 5] and single-molecule junction techniques [6] that per-
mit to address directly the single nano-object and to read out its properties.
Reading the magnetism of single molecules is still far from a fulfilment, but
scanning probe microscopy-related techniques are providing exciting solutions
[7-9].

In a more recent paper, Aviram, again, described several classes of molecular
candidates for molecular circuitry purposes [10] and with regard to memory units
he suggested the use of a specific class of molecules, the single-molecule magnets
(SMMs), discovered in Florence 10 years earlier by R. Sessoli and D. Gatteschi.
These molecules are characterized by an intrinsic magnetic hysteresis and hence,
in principle, can be used to store information [11]. Other exciting features of SMMs
are the possibility to exploit their sizable quantum effects [12] in quantum-logic
computation [13] and for spin-transport purposes [14]. For these reasons, the
discovery of SMMs has been considered a milestone for the physics of the spin [15].

As already suggested by Pomerantz, the organization of molecules in a monolayer
can make the addressing of a single-molecular unit feasible, for instance, by
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exploiting the outstanding lateral resolution of scanning probe techniques. This
chapter describes the efforts that have been made to approach these technological
goals by combining surface science and molecular magnetism. In particular, the
deposition of molecular nanomagnets is dealt with, and the chemical tools that can
be exploited to graft SMM to the substrate are described. The chapter focuses on
an advanced synchrotron-based technique, the X-ray magnetic circular dichroism
(XMCD), which allows the magnetic characterization of these nanostructured
surfaces, determining the cases in which the peculiar magnetic properties of
SMMs are preserved and, in principle, exploitable for technological purposes.

14.2
SMM for Dummies

SMMs are among the smallest magnetic structures that can be conceived as
they comprise a few magnetic centers, usually coordination compounds of d-block
transition-metal or rare-earth ions. These molecules are characterized by a large spin
ground state and a strong easy axis of magnetic anisotropy. These characteristics
determine the occurrence of slow relaxation of the magnetization, and of magnetic
hysteresis at low temperature, attributable to molecular properties [16]. In fact, the
hysteresis loop recalls the magnetic behavior of bulk ferromagnetic materials, but
this is not due to long-range cooperative phenomena, the organic ligands around
the core of each molecule efficiently shielding the single units. The coupling
between the individual spins in a molecule gives rise to a big resulting spin S,
which is split in zero field by crystal-field effects. To observe SMM behavior, the
Mg = £S5 levels of the S multiplet must lie lowest, M being the projection of the
spin along the anisotropy axis. Each molecule can be represented with a double-well
potential scheme, as sketched in Figure 14.1, and magnetization reversal can occur
through thermal activation. In addition to this, the discrete spin levels allow
also the magnetization to relax by quantum tunneling [17], which enlarges the
perspective of technological applicability of SMM to the quantum-logic calculation
purposes.

The basic physics of the SMM is bound to the energy barrier related to the
double well, which must be as high as possible to observe the magnetic hysteresis
at temperatures high enough to be compatible with technological applications. In
summary, the recipe for SMM is, in principle, simple: a high-spin ground state of
the system (or, more generally, an elevated total magnetic moment) and a strong
easy axis magnetic anisotropy.

The archetypal SMM, the Mn12 molecule, fully possesses these features. On the
one hand, the ground state is characterized by an S = 10 obtained by the coupling
of 8 Mn'!! jons (S = 2) with 4 Mn!V ions (S = 3/2) via a superexchange interaction
transmitted by the bridging oxide ligands (see Figure 14.2a). On the other hand, the
axial anisotropy is provided by the Jahn-Teller elongation of the octahedra around
Mn'" ions, which are essentially collinear in Mn12.
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Figure 14.1 Double-well potential model of
an SMM. In zero field, states correspond-
ing to opposite projection of the spin along
the anisotropy axis, z, are degenerate but on
opposite sides of the barrier. Magnetization
reversal can occur both through climbing the
barrier (thermal activation) and short cut-
ting it via quantum tunneling (a). The latter
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H_, removes the degeneracy of the levels in
opposite wells thus suppressing the mech-
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which is, however, reestablished for discrete
values of H, (c).
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Figure 14.2 Molecular structure of some
SMMs: (a) the dodecamanganese(ll1,1V),
Mn12 cluster, intermediate gray spheres indi-
cate functionalizable units while black bonds
indicate Jahn—Teller distortion axes; (b) the

(a)

(©)

tetrairon(lll), Fe4 cluster, black spheres in-
dicate oxygen atoms of methoxo bridges,
linking sites for tripodal ligands replace-
ments; and (c) the lanthanide(lIl)-based
double-decker Ln-DD system.

This “molecular cluster” has been investigated with almost all the accessible

experimental techniques of condensed matter physics library and has been used
as a playground for the development of a rich chemistry capable of handling and
functionalizing these compounds to prepare innovative SMM-based materials [18].
Properties of SMM can be tuned following several different strategies: (i) by
building complex structures with a larger number of metal ions to achieve very
large spin multiplicity; (ii) by modifying the chemical structure and interactions
among metal ions in an existing SMM to magnify the magnetic anisotropy
(increasing the zero field splitting); and (iii) by using anisotropic building blocks
to take advantage not only of transition-metal but also of rare-earth ions [19, 20].
Following the second strategy, it was possible to improve the magnetic prop-
erties of a simpler SMM, the tetrairon(IlI) Fe4 cluster (Figure 14.2b), in which
a high-spin iron(IIl) is connected to three others joined together by methoxo

| 359



360

14 Understanding Single-Molecule Magnets on Surface

bridges that transmit an antiferromagnetic coupling between the inner atom and
the external ones (this determines the high-spin ground state S = 7) [21]. The
improvement in the behavior of this molecule was carried out through the re-
placement of the methoxo bridges with two tripodal ligands, forcing the molecular
core into a more rigid and axially elongated structure that enhances the magnetic
anisotropy [22]. The additional advantage of these ligands is their potentiality
in introducing further functional groups that are well-suited for direct surface
grafting [23].

A parallel development has been followed for Ln-based double-decker compounds
(Ln-DD, Figure 14.2¢), first of all by demonstrating that SMM behavior can be
achieved in a monometallic (Tb™, Dy, and Ho'"!) system [24], then demonstrating
step by step, how it is possible to enhance their magnetic properties by playing
with the oxidation state the two phthalocyanines [25, 26]. This transformation
leads to a contraction of the distance within the two phthalocyanines affecting
the crystal field parameter of the central rare-earth core. Through these redox
modifications it is possible to increase the blocking temperature of the SMM
(still to cryogenic temperatures). Ln-DD and multi-center Ln-based SMM are
major candidates for the further development of SMM concepts toward higher
temperature regimes.

Crucial points currently strongly investigated are also the structural and magnetic
stability of the SMMs units as well as their versatility in terms of structural
functionalization of the magnetic centers toward the creation of oriented arrays of
SMMs acting as molecular memory banks.

14.3
The “Self-Assembling” Concept

The control of molecular organization in regular arrays is not a dream. Several
techniques allow the organization of molecules on surfaces exploiting chemi-
cal and physical properties of the molecules. The basis of this strategy is the
self-assembly, a spontaneous process in which components form ordered aggre-
gates without direct human intervention. In a nutshell, this is the extension of
the chemical synthesis to a mesoscopic scale and is the domain of weak inter-
actions [27, 28]. Complementarities in shape or in chemical functionalities promote
the organization determining the structure of the assembly. In addition to this,
a key role is played by the intermolecular interactions; these are typically nonco-
valent, and they allow a reversibility (or adjustability) of the assembling process.
Self-assembled molecular structures are usually in equilibrium states (or at least
in metastable states) thus permitting the self-correction processes that guaran-
tee the long-range ordering of these objects. Energy and boundary conditions
required for this self-correction process are provided by the last “ingredient” for
the self-assembling, the environment through the thermal agitation as well as
through the characteristics of the solvent or vacuum (pressure) employed during
the process.



14.3 The “Self-Assembling” Concept

Almost all techniques employed to deposit molecules on surfaces follow these
general rules. Similar parameters affecting the deposition characteristics can be
defined from the “molecule side” like the stability in the selected environment
(solution, high vacuum, high temperature), the affinity between molecules and
with the substrate, and the shape of molecules. On the other hand, from the
“surface side” important parameters contributing to the organization of molecules
are the cleanness of the substrate, its roughness and, related to this, the atomic
orientation of the surface that can promote a templating effect. Additional important
aspects are related to the hydrophobicity of the surface and the temperature at
which the deposition is carried out, both capable of promoting specific interaction
or hampering good assembling.

In a simplified picture, the different techniques can be classified as physisorption
process, in which the adsorbate preserves its electronic structure, and chemisorption
process, in which some modification of electronic levels of the adsorbate occur
due to a strong interaction with the surface [29]. This interaction is usually
imposed by a specific functionalization of the molecules and is at the basis of
the different assembling approaches. Selective interactions between molecules
(or molecule functionalizations) and a specific surface are exploited in the
self-assembling of monolayers (SAMs) approach to grow bidimensional molecular
lattices on surfaces from a solution [30]. The introduction of amphiphilic units
allows the use of the Langmuir—Blodgett approach to grow controlled multilayered
structures [31], while by introducing long aliphatic chains, it is possible to
promote the ordering of molecules deposited by drop casting onto a surface [32].
The fluorination of molecular systems enhances their evaporability, while the
contemporaneous evaporation of chemically complementary units allows the
surface-assisted coordination chemistry [33].

The SAM technique is a “wet-chemistry” approach that consists in the ex-
ploitation of reversible chemical reaction at the interphase between the solid and
solution; it is based on the presence of specific reactants suitable to form covalent
bonds within the functional molecule and the surface. The reversibility of the
molecule—surface interaction promotes the self-correction that reduces the num-
ber of defects. The structure of the employed molecule (see Figure 14.3) is at the
basis of this process: the spontaneously occurring interaction between the surface
and a linker (chemical functionality with a strong affinity for a specific substrate) is
strong enough to form either polar covalent or ionic bonds with the surface, while
lateral interactions (obtained by a spacer) between adjacent molecules permit, if
steric hindrance is absent, a real assembly of these molecules in a bidimensional
structure. The terminal functional group (head group) of a SAMs is generally the
active functional part of the nanostructure but also plays a critical role in the
assembling and the interfacial properties of the surface. Self-assembly is one of
the most versatile approaches allowing also multistep preparations of complex
architectures: it permits the stable anchoring of bunglesome molecules as well as
the growth of 3D structures.

To conclude, it is then possible to select a specific molecule characterized by a
functional property and develop these self-assembling strategies to “transmit” this
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Figure 14.3 (a) Typical scheme of molecules for SAMs.
Characteristic components of molecules suitable for
self-assembling from solution. (b) The table shows the most
typical combinations between linkers and surfaces.

functionality to a nanostructured material. This function can be, for instance, the
magnetic bistability of a SMM.

14.4
Deposition of Magnetic Molecules

The deposition of monolayers of magnetic molecules has been performed following
several different approaches related directly or indirectly to the SAM method: (i)
direct deposition of pristine molecules on native surfaces, taking advantage of
unspecific molecule—surface interactions (exploiting both wet approaches as well
as ultrahigh vaccum (UHV)-compatible approaches); (ii) direct deposition of deriva-
tized molecules on native surfaces through specific molecule—surface interactions;
(iii) surface prefunctionalization with chemical groups that provide specific docking
sites for pristine molecules; and (iv) derivatization of both molecules and surface
with complementary groups ensuring an efficient grafting via either covalent or
noncovalent interactions. These strategies are summarized in Figure 14.4. The
first method has been widely employed for structurally simple molecules such as
monometallic systems [34]. Wet deposition is carried out either by simply drop
casting a very dilute solution on the substrate (followed by solvent evaporation)
by dipping the substrate in a dilute solution (followed by careful cleaning with
fresh solvent and drying). Slight alterations of molecular structure may allow a
better assembling on the surface, like in the case of Cu'! phthalocyanines [35] and
lanthanides-based double-decker complexes [36] substituted with alkyl chains that
promote a bidimensional ordering.

In some cases, similar results are achievable by also exploiting a vacuum
sublimation processes, preferable for high-purity material production. This last
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Figure 14.4 Self-assembling approaches for deposition

of magnetic molecules: direct deposition of (a) pristine
molecules; (b) derivatized molecules; (c) surface prefunc-
tionalization with docking group for molecules; and (d) com-
plementary derivatization of molecules and surface.

approach was considered limited to simple systems, but the horizon was widened
with the introduction of the concept of ““surface-assisted coordination chemistry”
[37] (relating to assembling complex molecular structures by starting from the
evaporation of their molecular components) and with the evidence that complex
magnetic molecules can be also evaporated [38].

On the other hand, wet approaches (b,c,d) consisting of the chemical function-
alization of molecules and/or surfaces with specific binding groups have been
demonstrated to be better suited for the assembling on surfaces of SMMs. This
molecular magnetism itinerary in surface science started with the functionalization
of Mn12 molecules with sulfur-based n-alkyl ligands that allowed the direct forma-
tion of homogeneous layer deposits on top of a gold surface [39] and anticipated
by similar attempts carried out exploiting electrostatic interactions as well as the
Langmuir—Blodgett approach [40]. These first attempts promoted the deposition
of Mn12 on surfaces different from gold, for example, silicon [41]. In fact, while
gold surface is preferred both for its physical properties (i.e., the high conductivity)
and its chemical advantages (the extreme stability and the easily preparation flat
surfaces), silicon is the typical host for microelectronics, thus represents the ideal
link between the “old” technology and molecular electronics. The use of alterna-
tive grafting approaches, including the use of prefunctionalized surfaces, and the
subsequent grafting of Mn12 molecules, has been proposed [42, 43] and peculiar
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influence of the solvent [44] used in deposition as well as the variation of the
grafting group [45, 46] have been explored.

The strategies developed for Mn12 clusters, have been rapidly transferred to
other SMMs, for instance [47, 48] the Fe4 SMM previously introduced. Despite its
lower blocking temperature, this SMM appears to be better suited for applications
associated with organization on surfaces. To reach this conclusion, the following
paragraphs explain how the selection of optimal SMMs has been made exploiting
the unique capabilities of unconventional chemical and magnetic characterization
of monolayers of these magnetic molecules.

14.5
Assessing the Integrity of SMM on Surface

The complexity of molecular magnets is a crucial factor that requires extreme care
during the preparation as well as in the identification of specific tools suitable to
characterize the functionalized surfaces from both chemical and magnetic points of
view. The use of surface techniques is of fundamental importance to confirm, first
of all, the presence of objects compatible with the starting bulk material, exploiting,
for instance, surface sensitivity of X-ray photoelectron spectroscopy [44, 49, 50]
and time-of-flight secondary ion mass spectrometry [51, 52]. These techniques can
confirm the presence of intact molecules on surface, but they are limited to the
chemical aspects.

Tentatively, the use also of local probes to evidence the intactness of SMMs
assembled on surface has been proposed, for instance, by exploiting the spectro-
scopic capabilities of STM techniques [53]. Nevertheless, these techniques now
seem inappropriate to verify the stability of the molecules and to guarantee a high
reproducibility of these depositions, mainly because of the absence in the literature
of a solid support coming from systematic investigations. In the long term, the local
nature of these approaches, coupled to significant improvements in addressing the
magnetism of the single objects, will provide a unique tool for addressing magnetic
molecules but more fundamental work must be done.

Obviously, the most direct confirmation of the presence of intact magnetic
molecules might come from classical magnetic measurements but, except in rare
cases as in organic radicals [54], the limited sensitivity of traditional magnetic
techniques hampers the detection of the small signals coming from a monolayer
of magnetic molecules. Specific powerful tools like a “nano-SQUID” a supercon-
ducting quantum interference device, based on carbon nanotubes [55], have been
recently developed but are not yet operative.

Magneto-optical techniques are known to be very sensitive. They exploit the
Faraday rotation of electromagnetic radiation induced by a magnetic field. MCD
(visible light-based magnetic circular dichroism) measurements evidenced how
magnetic molecules are influenced by the environment in nanostructured phases
[56]. A higher sensitivity can be obtained using polarized X-rays: the presence of
SMM behavior in molecules grafted to a surface has been demonstrated exploiting
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the capabilities of X-ray light available at third-generation synchrotrons [57, 58] and
taking advantage of X-ray Absorption Spectroscopy (XAS) and of XMCD [59, 60].
In the following sections we will focus our attention on these techniques.

14.6
X-ray Absorption and Magnetic Dichroism for SMM

The great advance in the use of the XAS technique for SMMs investigation lies, first
of all, in the atomic-species selectivity of this technique. Moreover, it provides direct
information on the oxidation state of the investigated element, which is useful to
confirm the presence of intact species in the same electronic states at surfaces. In
addition, the use of a polarized X-ray light by extracting the dichroic contribution
allows to gather information on the coupling between spins in molecular systems.
This, associated with the element and valence sensitivity of XAS, provides a very
useful fingerprint for magnetic materials. Moreover, the dependence of the dichroic
signals in soft X-rays on the externally applied magnetic field reflects the magnetic
behavior of the molecular compound containing the probed 3D-metal and can be
used as a conclusive confirmation of the preservation of the magnetic behavior in
materials of very low concentration (as also nanostructured ones).

The X-ray absorption originates from the excitation of electrons from core levels
of a selected atom by the absorption of a photon. This absorption probes the
electronic structure of the absorber at the orbital levels reached by the excited
electron [61]. If circularly polarized X-rays are used in presence of a magnetic field
the absorption process depends on the relative orientation of the magnetization of
the sample with respect to the propagation vector, k, of photons. Considering an
electric dipolar approximation, in fact, in the absence of a net magnetic momentum
(M = 0) in the sample, the absorbance of a polarized light in one helicity (i.e.,
left-circular light, with a polarization vector €) and the opposite one (right-circular
light, with a polarization vector €*) are identical: o(¢) = o(¢*). On the other
hand, if a net magnetic moment is present in the investigated sample (M #
0) the invariance respect to time is lost, then o(€) # o(e*), and the difference
corresponds to the dichroic component of the spectra: oxmcp = o(€)—o(e¥).
This phenomenon follows an electric dipolar selection rule: Al = £1; As=0;
Amy = +1 (for left-circular light) and Am, = —1 (for right-circular light), where
¢ is the orbital kinetic momentum, s is the spin kinetic momentum while my is
the orbital quantum number. Since oxmcp is a magnetic signal and the absorption
mainly deals with electric dipole transition (where the spin contribution appears)
it is not surprising that Thole [62] found that the integral of oxpmcp is proportional
to the orbital magnetic moment.

In the particular case of transition from 2p (L, 3 edges) or 3d (My4s edges) core
levels, where a strong spin—orbit coupling is present, the dichroism contains also
indirect information about the spin magnetic moment [63]. In this specific case, that
is, the case of a most of SMM (where, in particular, the orbital magnetic moment
is close to zero), information about the total magnetic moment can be recovered
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from an XMCD set of data, defining also the contribution of orbital and spin
moments. This information can be extracted, depending on the case, by exploiting
a simple model, that is, the sum rules [62, 63] or by a more complex analysis [64].

The first investigations of an SMM with this technique was performed on bulk
Mn12-acetate, recording XAS and XMCD spectra at Mn L, 3 edge [65, 66]. Obtained
results, supported by crystal-field multiplet calculations [64, 65], confirmed the
expected proportions of Mn!l and Mn' ions and, exploiting the XMCD capability,
evidenced the ferrimagnetic structure of the molecule in agreement with the
expectations [67].

An analogous investigation has been carried out more recently on Mn12-
functionalized molecules suitable to be grafted on surfaces. This functionalization
consists in the replacement of the external shell of organic ligands of the Mn12
cluster, constituted by acetate anions, with specific carboxylic acids bringing
connected sulfur-based anchoring groups suitable for grafting to gold surfaces.
Either aliphatic [39] or aromatic functionalities [51] can be added without
affecting magnetic properties of the SMM as demonstrated by the XAS and
XMCD analysis [68]. This is clearly evident in the case of the results obtained
by investigating a drop-cast sample (a thick-film deposit from a solution) of
[Mn12012(OzCC()H4SCH3)1()(H20)4] (see Figure 14.53).

Following a fingerprint approach, it is possible to demonstrate the presence of
the expected relative amount of manganese ions in the two oxidation states with
an empirical treatment. It is possible to reproduce the experimental spectra as the
linear combination of the XAS and XMCD spectra corresponding to compounds
containing Mn ions in the different oxidation states in similar chemical environ-
ment. This analysis [68] of the contribution of each species gives the percentage
(%)* of ions in different oxidation states following the general expressions

Zc I, (E) and (%)* = 100c* /(Z c) (14.1)

where I(E) is the energy dependent intensity of the experimental XAS spectrum,
I, (E), the intensity of each reference compounds containing the Mn ion in the «
oxidation state and ¢, are the normalized coefficients of the linear combination.

It is also possible to treat XMCD spectra following a similar semiquantitative
approach. The crucial point is that the experimental spectra will be directly
dependent on the percentage of species in different oxidation states but will reflect
also the average polarization of the local magnetic moment of each species induced
by the applied field. To take into account this factor convolution of XMCD, spectra
will be evaluated as

= Z oS Se (14.2)
o

where S(E) is the intensity of the experimental XMCD spectrum, S, (E), the intensity
of each reference compound and §, is a sort of “magnetic polarization” (positive if
parallel to the field), a qualitative estimation of the relative magnetic alignment of
each component.
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Figure 14.5 Molecular structures and

bulk XAS and XMCD investigations of (a)
[Mn12012(02C6C4HSCH3)16(H20)4] a sulfur-functionalized
Mn12 and (b) (PPh4)[Mn12012(OZCPh)m(HZO)4] of a
chemically monoreduced Mn12 systems. Partially reproduced
with permission from [68]. Copyright 2008 Wiley-VCH.

The expected values for the typical ferrimagnetic structure of Mn12 are completely
reproduced by this analysis (at least in a semiqualitative limit imposed by the
experimental error limitations). Moreover, the power of this method can be easily
verified by synthesizing an analogous of Mn12 partially reduced, presenting one
of the eight Mn!"! ions replaced by a Mn!! ion (see Figure 14.5b). In this specific
case, the cluster (PPh4)[Mn;,01,(0,CPh)16(H,0)4] was prepared according to the
literature [69] and the analysis of the XAS spectra demonstrated the capability of
this technique in detecting such small variations; in fact, the ratios Mn!! : Mn!'! :
Mn!V (5 : 60 : 35) obtained by deconvolution of the spectra compared quite well
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Figure 14.6 Molecular structure and bulk XAS and

XMCD investigation of [Fe4 (L), (dpm)e] with H3L =
11-(acetylthio)-2,2-bis (hydroxymethyl)undecan-1-ol and Hdpm
= dipivaloylmethane. Partially reproduced with permission
from [70]. Copyright 2009 Wiley-VCH.

with the expectation (8 : 58 : 33). Also XMCD spectra analysis supported the validity
of this method confirming the presence of Mn!!' ions ferromagnetically coupled
with Mn!!! ions [69].

XAS and XMCD analysis can be carried out also on “simpler” systems like
the Fe4 cluster. This cluster is formed by four iron(IIl) ions arranged in a
propeller-like structure constituted by a central Fe ion antiferromagnetically coupled
with the three external ones. The presence of a unique oxidation state hampers
the association of the orientation of the magnetic moment with a specific metal
site as in the case of Mn12. In that case, the use of simulation tools becomes
necessary to confirm the magnetic structure of the cluster as well as to reproduce,
with confidence, fine-structure features in XAS and XMCD spectra. This can be
done taking into account the chemical environment of each metallic ion and their
coordination geometry [47]. In Figure 14.6, XAS and XMCD investigations are
reported for a derivative of Fe4 system suitable for grafting on gold surface [23, 70].
Thanks to the analysis of the dichroic component, it was possible to have a sound
confirmation of the expected ferrimagnetic structure of the cluster, as well as to
have a well-established fingerprint of the intact cluster for this newer system.

14.7
Electronic Characterization of Monolayer of SMMs

Besides the highly selective information, the uniqueness of XAS/XMCD tools
in the investigation of SMM lies in the extreme sensitivity of this technique [71].
In particular, this has been made possible by exploiting the detection mode used in
these experiments carried out at very low temperature, namely, the total electron
yield mode (TEY) [72, 73], which is sensitive to the first few of nanometers of
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a conductive sample. This sensitivity fills the gap between the single-molecule
properties of SMMs and the problem of detection of magnetism in small amounts
of materials. XAS and XMCD, moreover, can draw a clear picture of the health of
the molecules by verifying both their electronic and magnetic state down to the
submonolayer level.

The first complete demonstration of these capabilities relative to SMMs has
been done by investigating monolayers and submonolayers of Mn12 deposited on
gold surfaces exploiting the wet-chemistry approach based on sulfur-functionalized
systems [68].

The outcome of this comprehensive characterization vanished, at least par-
tially, the hope of using Mn12 molecules as building blocks of nanostructured
arrays on surfaces. In fact, XAS spectra recorded on depositing of the system
[Mn;,01,(0,CCeH4SCH3)16(H20)4] (see Figure 14.5) both from tetrahydrofurane
(THF) and dichloromethane (CH,Cl;) millimolar solutions evidence a strong mod-
ification of the average electronic structure of the clusters at the surface. Despite
STM images [44, 45] of these deposits (top of Figure 14.7), showing in the direct
topography objects with size corresponding to the dimension of Mn12 clusters, an
analysis of the XAS spectra carried out following the previously introduced method
demonstrates the appearance of a strong contribution from Mn!! species [68].
Thanks to experimental conditions used for this investigation, where the photon
flux is on purpose reduced hundreds of times compared to the usual conditions,
it has been possible to rule out the possibility that these contributions comes
from photoreduction processes induced by the X-ray photon flux, as confirmed
by verifying that the spectra are not time dependent. In both samples, the Mn!!
content corresponds to the 20-30% range, suggesting that the underlying redox
process is not comparable to the one involved in the formation of the monoreduced
Mn12 cluster.

The contradiction between the morphological results and these spectroscopic
evidences can be fixed by assuming that the process of assembling to the gold
surface affects the electronic structure of the Mn12 but keeps almost intact the
molecular structure of the system. A similar reduction process has also been
suggested from independent theoretical calculations [74].

However, the efforts made introducing the XAS and XMCD characterization for
monolayer and submonolayer deposits on surfaces do not correspond to a complete
failure of the connection between surface science and molecular magnetism. In
fact, these techniques recently permitted to demonstrate that another class of
SMMs are more stable with respect to these kinds of nanostructuration processes.

The Fe4 cluster can be functionalized with sulphur based tripodal ligands [23]
acting as alligator clips on gold through thioacetic/thiolate linker groups. These
ligands allow the assembling of a disordered monolayer on the surface (Figure 14.8)
STN, XAS, and XMCD characterizations are fully compatible with the conclusion
that this SMM remains intact when chemically anchored to the surface [47]. In
particular, reduction phenomena are absent and the ferrimagnetic structure of the
cluster is conserved. In fact, the XMCD/XAS intensities ratio is the same as in the
bulk sample and is characteristic of having three spins parallel to the applied field
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and one antiparallel to it. A damage of the cluster would likely result in a significant
change of this ratio [47].

14.8
Magnetism of SMMs Using XMCD

The capability of this technique is not limited to spectroscopic information. In fact,
by monitoring the field dependence of the dichroic signal is possible to extract
information that is directly related to the magnetization state of the molecule.
When a thick deposit of SMM is investigated exploiting the TEY detection mode,
the probed sample is constituted by the first layers on top of this deposit. This
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emulates the confinement of SMM on surface excluding the additional spare
contribution of the substrate and of the substrate-SMM film interphase. This kind
of characterization has been recently carried out on thick deposits of both Mn12
and Fe4 [70], demonstrating that even if degradation processes are absent, Mn12
clusters lose their peculiar magnetic properties, and contrary to expectation, it is
impossible to observe the opening of a hysteresis loop (see Figure 14.9a). These
measurements have been carried out by monitoring the field dependence of the
signal at the energy corresponding to one of the maxima in the XMCD spectrum
and have provided direct evidence of the disappearance of the slow relaxation in
the magnetization characteristic of SMM.

On the contrary, an analogous measurement on Fe4 system has demonstrated the
permanence of the expected features. For instance, by monitoring the variation of
the negative peak of the dichroic signal with the magnetic field at two temperatures
above the blocking temperature of the cluster, it has been possible to build up
the analogs of isothermal magnetization curves which, when plotted versus the
reduced variable H/T, shows the typical behavior of anisotropic systems with a
noncoincidence of the curves recorded at different temperatures (Figure 14.9b).
Moreover, the XMCD data are fully in agreement with the expected ones assuming
that the magnetic anisotropy of the topmost layers is the same as in the bulk, in
contrast to what happen in the case of Mn12, as shown in Figure 14.9a.

On decreasing the temperature below 1K, the blocking temperature of Fe4,
it has been possible to observe the opening of the hysteresis loop. XAS/XMCD
investigations have thus been demonstrated to be very powerful tools in the
selection of the SMMs that are best suited to retain their peculiar behavior once
they are grafted on a surface.
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(a) Dependence of the XMCD
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[Fes(L)2(dpm)s], in bulk drop-cast samples.
Partially reproduced with permission from

respect to the magnetic field and (b) isother- [70]. Copyright 2009 Wiley-VCH.

mal XMCD-detected magnetization curve

The next step, that is, the investigation of the magnetism of a monolayer of
SMM, has been achieved by exploiting to the maximum the capabilities of one
of the most stable synchrotron light sources [75] as well as the extreme condition of
low temperatures and high magnetic field available in one of the best-performing
XMCD end station, the TBT (tres basse température) setup developed by Dr Philippe
Sainctavit and Dr Jean Paul Kappler [76, 77]. This setup was previously used also
to investigate another SMM, the Fe8 cluster [77] in bulk deposit and the results
suggested the feasibility to observe a magnetic remanence from an XMCD charac-
terization. The investigation on the Fe4 thick-film deposit [70] also revealed that the
sensitivity of the setup is able to reach the detection of a monolayer of Fe4 SMM.
Figure 14.10, in fact, shows that the “magnetic memory effect” associated with the
magnetic hysteresis of SMM can be observed also in the monolayer deposit [47].

The butterfly-like shape of this hysteresis is fully in agreement with the observed
one for this cluster in bulk samples [70] and is justified by the presence of a strong
tunneling of the magnetization at zero field. This fact, coupled with the very low
temperature constraints, hampered the resolution of better defined features.

To circumvent these limitations, our team introduced an alternative method to
observe the slow relaxation of the magnetization by monitoring the time variation
of the dichroic signal at a low field (in the regime of slow relaxation but far from
zero) after having magnetized the sample with an opposite strong magnetic field.
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From a single exponential fit of the time decay of the dichroic signal, it has been
possible to extract the characteristic time of this relaxation process.

The observation of the magnetism of a monolayer of SMM is in line with
recent results obtained by several groups working on simpler molecular systems
like Fe-porphyrin units [78] and terephtalate -coordinated Fe-systems [79]. The
peculiarity of Fe4 originates from the attractive magnetic features that were
demonstrated to survive when molecules are wired to a surface. This effect is
intrinsically related to the bistable nature of this molecule and to the complexity of
the involved phenomena. These promising aspects indicate that SMMs will soon
play a major role in the field of surface science. This research represents only the
tip of the iceberg of unexplored magnetic systems ready to be investigated with this
technique and then used in innovative devices.

14.9
Perspectives

The successful deposition of intact molecules as single layers is mandatory for their
use as magnetic memory cells or as novel elements in molecular spintronics, but
other important requisites must be fulfilled. To fully exploit the storage capability
of SMM, the periodic structure of the layer and, more importantly, the molecular
orientation at the surface must be controlled. The molecules must be anchored with
their unique molecular axes perpendicular to the surface to ensure iso-orientation
within the layer. Both direct assembling of rationalized structures as well as
supramolecular approaches seem to suggest promising solutions to this problem.

In this direction, the contribution of XMCD is far from being exhausted. For
instance, angular dependence of the dichroic signal to detect the real orientation
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of the molecular clusters seems fully exploitable. Moreover, a deeper analysis of
the element-specific magnetism typical of this technique can be used to fully
understand the origin of molecular magnetism, thus helping in the development
of newer class of SMM.

Even though the first step toward the realization of SMM-based nanodevices has
been taken by demonstrating that isolated and addressable molecules maintain
their peculiar “memory effect,” strong efforts must be made to increase their
blocking temperature before they can be put to practical use. This challenge can be
tackled following a rational approach and by controlling, down to the monolayer
level, the factors that generate the SMM behavior.
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Sculpting Nanometric Patterns: The Top-Down Approach
Rui M. D. Nunes

15.1

Introduction

The production of nanostructures with increasingly higher resolution has been
the focus of the electronics industry, causing paradigmatic changes in Materials
Science. This “quiet revolution” is being followed closely by society and economy,
since the decreasing size of patterns has caused an increase in the quality of
life. The effect this technology induces is obvious when comparing the size and
capacity of a computer in the 1980s with a modern-day cell phone. The decrease
in size of the components of an integrated circuit (IC) results in larger processing
capabilities, more memory, and so on. This also dramatically reduces the production
cost.

Why does this technology have the potential to create such a huge social and
economic impact? Nanotechnology is a designer science capable of creating new
tools to alter matter on a molecular level. This capability, though it has yet to
be fully developed, is changing our society. The path to achieve such impact has
its difficulties. The laboratory feasibility of basic concepts does not guarantee a
straightforward production implementation, that is, how the nanostructures will
be manufactured in volume is a key issue. It is therefore essential to develop
nanotechnologies that can be produced in a scalable, cost-effective, reproducible,
and reliable manner. The IC industry is committed to exploring such technologies
because there are benefits to using smaller components: performance gains, power
consumption, reliability — but none has been as important as the reduction in cost
per transistor or bit. The reason for the cost per transistor reduction is dimensional
scaling, that is, to have more components in each IC. Reducing the size of the
components to the nanoscale brings about other particular issues. For example, the
forces that we normally consider and use, such as gravity, become less important
in comparison to other forces, such as superficial tension or hydrogen bonding.
Consequently, nanostructures are best described with statistical mechanics and
quantum size effects.

The demonstration of such scaling effects can be found in the field of electronics
with the discovery of the giant magnetoresistance effect. Albert Fert and Peter
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Grunberg were awarded the Physics Nobel Prize in 2007 for the discovery of the
effect and its applications. In 2000, another Nobel Prize in Physics was awarded
to Jack Kilby for his part in invention of the IC. The reduction of the components
of the ICs brings the classical transistor close to its physical limit. Presently, to
activate a single transistor, 1000 electrons are required while projections show that
in 2010, it will require 10 electrons and in 2020, the one-electron limit will be
reached [1]. This will be the frontier of the current transistor design.

15.2
Production of Micro and Sub-Micro Patterns

There are two opposing approaches for the construction of nanopatterns: the
bottom-up approach, where smaller and simpler components are combined to
form a complex system; and the top-down approach, where large systems are
used to create nanostructures. The bottom-up approach uses the kinetic and
thermodynamic properties of molecules to control the formation of highly ordered
structures. This technique has the power of parallel production, but the structures
are not fabricated as much as they are grown. This means that the size and shape
of the structures are determined by the chemical and physical forces that direct the
formation rather than by the requirements of its end application [2]. This greatly
restricts the broad utility of this approach.

Ultimate control is achieved when a structure is assembled atom by atom, the
proposition behind the top-down approach. Demonstration has been performed
using atom manipulation with the tip of a scanning tunneling microscope [3]. This
method is specific to few substances and substrates and, because each structure is
built atom by atom or molecule by molecule, has a very low throughput. Another
technique associated with the top-down approach is optical lithography.

Optical microlithographic techniques aim to obtain very small patterning using
light. The critical dimension (CD) is the absolute size of a minimum feature in
an IC (linewidth/spacing/contact dimension). The overall resolution of a process
describes the consistent ability to point a minimum size image, a CD under
conditions of reasonable manufacturing variation. The resolution R of optical
lithography, defined as the half pitch of a dense lines and spaces pattern, is
determined by Abbe’s equation [4, 5] (Eq. 15.1)

A

R=hi (15.1)
where 1 is the wavelength of exposure, NA is the numerical aperture of the optical
system used, and k; is an image-enhancing parameter. Equation (15.1) reveals that
feature size reductions can be accomplished by reducing the exposure wavelength,
increasing the numerical aperture of the optical system, or by reducing the k; factor.
The improvement of resolution has been accomplished mainly by reducing the
wavelength of the exposure radiation, using, at present, 193-nm radiation. Decreas-
ing k; is possible through the incorporation of resolution-enhancement techniques
but has the significant drawback of decreasing the throughput. Throughput is the
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number of wafers that can be exposed per hour for a given mask level. The NA
is proportional to the refractive index of the imaging medium and, at a fixed
focal length, can be related to the size of the lens apparatus. Readers interested
in this subject, outside the scope of this work, are directed to reference works
[4, 6]. Increasing the size of the projection lens has become unfeasible, so the
refractive index has been altered using different media than air. By using water,
the refraction index increases from 1.00 to 1.43, attaining a better resolution of the
printed features [7]. Increasing the NA also causes a reduction of the depth of focus
(DOF) [4, 7] (Eq. 15.2), a drawback for 2D and 3D patterning because the possible
height of the patterns is reduced.

A

DOF = k, ——
*NAZ

(15.2)
The microlithographic process involves the application of a photoresist onto a
substrate. A photoresist is a mixture of components, some of which are photoactive,
that is used to transfer the desired pattern to the substrate, also called hard mask.
After application, the photoresist is soft baked to remove casting solvent and
subsequently exposed to patterned UV light. Depending on the photochemistry
of the resist, the exposed areas either become more soluble (positive tone) or less
soluble (negative tone) in the developer. The resulting chemical changes produce
differences in dissolution rates in a developer solution, used to wash off the
undesired areas of the resist film. Consequently, selective dissolution of either the
exposed or unexposed areas of the resist film affords positive- or negative-mode
relief images [8], shown in Figure 15.1. The resulting patterned polymer is used
as a protective template for subsequent etch. After etching, the resist is thoroughly
removed from the substrate surface.

Photomask

Photoresist

Hard mask

Wafer

Negative
Expose Develop Etch Strip

Figure 15.1 Schematic representation of conventional lithographic process.
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15.2.1
Resist History

The first commercial microlithographic system [9], bisarylazide-rubber, used from
1954 to 1972, was a negative tone resist composed of two components: the
photoactive compound bisarylazide and a resin made of rubber. The photoactive
bisarylazide provided the resist with imaging and sensitivity requirements while the
rubber provided the film-forming properties and resistance to etch. Upon exposure
to radiation, nitrogen was evolved from the azide to form a reactive nitrene that
could add to double bonds to give aziridines. Each bisarylazide had two reactive
groups that could be formed, not necessarily in one step, and cross-link the rubber
monomers (Figure 15.2).

The bisarylazide-rubber system became obsolete when it reached the maximum
possible resolution and was replaced by a positive tone DNQ—-novolac photoresist
system. Diazonaphthoquinone (DNQ) derivatives were synthesized around 1940 by
Oskar Sues [10, 11] and the first DNQ-novolac system was introduced in a printing
plate around 1950 [12], becoming the “workhorse” resist of optical lithography. This
system provided resolutions down to 350 nm and greater chemical etch resistance
than the bisarylazide system. Chemically, the resist is composed of the photoactive
DNQ dispersed in phenol—formaldehyde resin matrix, commonly called novolac.
The DNQ is a dissolution inhibitor that retards the dissolution of the weak acidic
resin, shown in Figure 15.3, in the aqueous alkaline developer solution. Irradiation
of the hydrophobic DNQ yields the aqueous soluble indenecarboxilic acid, through
a Wolff rearrangement with a quantum yield of 0.1-0.3 [12] (Figure 15.4).

The photosensitive DNQ exhibits a much higher sensitivity to ultraviolet
radiation than the bisarylazide resist, allowing higher throughput and produc-
ing high-resolution patterns upon exposure to 436-nm (g-line) and 365-nm (i-line)
radiation, with excellent etch resistance and no swelling in an aqueous base devel-
oper. In the mid-1990s, the industry was moving toward 250-nm features. It became
necessary to use even lower wavelength-processing radiation known as the deep

2 TN, 2 i o

Figure 15.2 Reaction of bisarylazide with rubber resin.

OH (on
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Figure 15.3 Soluble form of novolac resin.
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Figure 15.4 Diazonaphthoquinone Wolff photorearrange-
ment and subsequent aqueous soluble form.

ultraviolet (DUV). The DNQ-novolac resist had several drawbacks for wavelengths
below 300nm since the novolac resin had a strong absorbance in this spectral
region and low sensitivity to DUV. The absorption by the resin prevented light
from penetrating through the entire thickness of the resist, making it impossible
to create a relief image in it. There were attempts to use more transparent matrix
polymers (e.g., poly(hydroxystyrene)) and alternative diazoketone-based dissolu-
tion inhibitors [13] but these modified materials did not meet the requirements for
volume manufacturing.

To achieve higher sensitivity and resolution, the next evolutionary step was the
introduction of the chemical amplification concept. Because of the mechanism by
which chemically amplified resists act, the sensitivities achieved can be up to two
orders of magnitude [14] greater than that of conventional DNQ-novolac resists.
A chemical amplification reaction in photoresists is an acid-catalyzed reaction
promoted by Brensted or Lewis acids photogenerated from a photoreactive acid
generator (PAG). The first photochemical event in these systems is the dissociation
of the excited-state PAG, forming the reactive acid species. A single molecule of
the photogenerated acid is involved in a cascade of bond-making or bond-breaking
reactions.

Photoresist systems used at present are a mixture of several components: a
polymer, a PAG, and other additives. In this approach, the PAG excited by light
reacts to form a low concentration of a strong Brensted acid, becoming an acid
catalyst formed in situ. The subsequent acidic thermolysis of the polymer, the
major component in weight, achieves the formation of patterns. Additives, such as
the base quencher used to limit the diffusivity of the acid catalyst, may be used to
improve the resolution of the patterns formed. Table 15.1 is a summary of the CDs
obtained with different wavelengths and resist technology.

The first application of a chemically amplified photoresist was the cationic
ring-opening polymerization of epoxides using aryldiazonium salts as photoinitia-
tors, reported by Sheldon Schlesinger, a chemist at the American Can Company in
1974 (15, 16]. The reaction sequence is shown in Figure 15.5. Despite the promise of
this photochemistry, aryldiazonium salts did not succeed as photoinitiators due to
their thermal instability. In addition, the production of N, gas during the photolysis
led to pinholes in the final polymer film.

Crivello synthesized a series of cationic photoinitiators, called onium salts, which
generate Brensted acids after irradiation and are used as PAGs for cationic
polymerization of epoxy and vinyl ether monomers [17-23]. These salts were
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Table 15.1 Critical dimension obtained with different inci-
dent light wavelength for different lithography technology
generations

Year Critical Exposure Resist chemistry Light source
dimension  wavelength
(nm) (nm)
Until 1972 >2000 - Cross-linking to inhibit High-pressure
dissolution mercury arc lamp

1972-1988  1200-800 436 (g-line)  Selective dissolution using -
diazonaphthoquinone-based

resists

1988-1995 800-350 365 (i-line) - -

1995-2003 248 248 Chemically amplified KrF excimer laser
acid-catalyzed photoresist

Since 2003 90-60 193 - ArF excimer laser

F. F

+= N_/ hv

N°=N B —— F + BF; + N,
FOF

0O BF;
S
A H,O n
Figure 15.5 Cationic ring-opening polymerization of epox-
ides photoinitiated with aryldiazonium salts.

studied and the photolysis mechanism determined [24-28] and found to be very
efficient, for example, diaryliodonium salts have quantum yields of 0.7-0.9. The
history of the creation of these molecules and several uses has been reported in
great detail by Crivello in a comprehensive review [29].

An example of a chemically amplified resist system used for creating positive
toned images is shown in Figure 15.6 [30]. Fluoroantimonic acid is created upon
exposure to ultraviolet light of the triarylsulfonium salt. This acid catalyzes the
hydrolysis of the tertiary-butoxycarbonyl protected poly(vinylphenol) resin. The
tert-butyl cation, which is a product of this hydrolysis, rearranges to regenerate acid
in the matrix. This regenerated acid catalyzes another chemical event. Because of
this regeneration, one photochemical event can catalyze up to 1 million hydrolysis
reactions in the resist. This means that the photochemical processes that induce
changes have effective quantum efficiencies that are higher than one.

Iodonium and sulfonium salts are thermally very stable (<200 °C) and with a low
vapor pressure, thus less dangerous, thus also diminishing the possibility to damage
the optical system by deposition of volatile substances. In addition, these molecules
have high molar extinction coefficients in the deep UV and good solubilities in
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Acid produced after irradiation
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Figure 15.6 Process of creating positive toned features in a
sulfonium salt chemically amplified resist.

Table 15.2 Relation between the moieties and the pho-
tochemical and reactivity properties of an onium salt
photoinitiator

Cation Anion

Determines photochemistry ~ Determines polymer chemistry

Amax Acid strength

Molar absorption coefficient  Nucleophilicity (ion pairing)
Quantum yield Anion stability
Photosensitization Initiation efficiency
Thermal stability Propagation rate constants

resist films. These are the first known photochemical source of organic super acids
[31], such as triflic acid. Many of the photochemical and reactivity properties can
be adjusted by varying the cation or the anion moieties. Thus, it is possible to have
different acidity, volatility, and size of the photogenerated acid by changing the
relevant moiety. The properties are identified in Table 15.2.

There are several other examples of compounds that, after irradiation, form
a Brensted acid. The most familiar are the nitrobenzyl esters, which undergo
a photochemical-induced rearrangement producing nitrosobenzaldehyde and an
organic acid. Derivatives of these esters have been synthesized and used as PAGs
in nanolithography [32]. These materials are useful in photoresist applications,
with some having thermal stability up to 250°C and forming strong acids as
2,2,2-trifluoroethanesulfonic acid (tresic acid) or pentafluorobenzenesulfonic acid.
The o-nitrobenzyl esters also show good absorption properties in the 150-nm
UV region and the measured quantum yield of the photolysis in polymer matrix
ranges from 0.07 to 0.16. The photoactivation and subsequent chemistry of an
o-nitrobenzyl ester is depicted in Figure 15.7.
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Figure 15.7 o-Nitrobenzyl photoactivation yielding an acid.

A more complete and thorough review of the use of photoacid generators for
chemical amplification and its applications can be found in reviews of the subject
[33-37].

15.2.2
The Present Day in Nanolithography

The semiconductor industry releases a roadmap to find potential near-term and
long-term solutions to obey Moore’s Law [38, 39]. In 2001, 193-nm lithography was
successfully used for the production of the 130- and 90-nm node. As previously
discussed, the minimum resolution in nanolithography improves with a decrease
in the wavelength of the irradiating light. Owing to the slow progress for next
generation lithographic technologies, it was suggested that 157-nm exposure
would extend optical lithography past the 65-nm node, where “dry” 193-nm
lithography could not succeed. Photoresist systems that exhibited higher sensitivity
and comprised a binder transparent to the high-energy radiation were developed
and exposure technology had to be reformulated. The new material for lenses should
be metal fluorides, such as CaF;, but unfortunately these materials exhibited severe
drawbacks [40, 41]. During the production stage, a thin membrane was used to keep
contaminants off the photomask during multiple exposures, increasing the lifetime
of the photomask material. The membrane materials developed for the 157-nm
exposure did not meet the expected lifetime requirements due to discoloration
and transparency loss after several exposures to 157-nm irradiation light. Another
major problem with high-energy exposure technology was the formation of volatile
gases. A 157-nm laser generates about 7.9V, which is much higher than the
energy necessary for bond breaking in organic compounds, (45 eV) [42, 43]. Bond
dissociations can create volatile gases, which evaporate through the resist into the
air between the substrate and the projection lens system. When evaporating, these
molecules can create small holes in the projected film and can disrupt the aerial
image while passing through the chamber, increasing the optical loss.

These were the obstacles to surmount until 2001, when it was expected that the
next evolution in the production process was the usage of a 157-nm light source.
However, these issues became insurmountable and, in 2003, Intel announced that
the company production roadmap did not include 157-nm exposure production.
Also, due to the high development costs associated with bringing the 193-nm
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lithography to production, it was desired to keep as much continuity with the
current process as possible.

The issues above were the driving force to implement immersion lithography.
Immersion fluids have been used in optics for over a century, especially in the
area of immersion microscopy. When light passes from a material of one refractive
index to material of another, as from glass to air, it bends. Light of different
wavelengths bends at different angles, so that when objects are magnified the
images become less distinct. Placing a drop of a fluid with the same refractive
index as glass between the sample and objective lens eliminates two refractive
surfaces, increasing the NA so that higher magnifications can be achieved while
still preserving good resolution, see Eq. (15.1) [41]. The viability of immersion
lithography was first determined in 1994 [44] using immersion microscopy as a
model for improved resolution and DOF.

The proposed fluid for 193-nm immersion lithography is water because of its
high transmittance at 193 nm, the availability of high-purity water, and the transport
properties needed for the supply and recovery system. This technology inherits
much from “dry” projection lithography and the photoresists used in 193-nm
projection lithography are viable for immersion lithography. Also, the development
of full-field projection optics with high numerical apertures [45, 46] shows great
promise for future uses in the 32-nm node and lower.

There are still limitations being addressed. Variations in temperature cause
variations in the refractive index and therefore image distortion [47, 48]. It is
therefore necessary to maintain temperature uniformity with a rapidly moving
stage and a pulsed laser is passing through the fluid. Contamination of the
immersion liquid by the photoresist will also lead to image degradation and
possible degradation of the lens. Two methods to prevent this from happening are
being studied. One is the use of a top-coating insoluble layer to prevent the leaching
of resist components into the fluid while allowing water penetration into the resist
film [49]. The second one is a presoaking step of the photoresist where most of
the leachable resist components are removed from the photoresist film before
immersion exposure [47, 50]. Another serious problem for immersion lithography
is the formation and adhesion of bubbles, responsible for various exposure failures
by reducing the resolution and control of CDs of lithographic features [50]. It
has been found that using degassed water with a maximum velocity of 14m s~!
significantly reduces the amount of bubbles formed in the immersion fluid. Also,
the contamination of the lenses by organic byproducts of the photoresist increases
the formation and adhesion of microbubbles onto the lenses surface. Keeping the
lens surface clean is necessary in order to prevent microbubble adhesion [50].

15.2.3
The Future for Nanolithography

It is increasingly difficult to obtain higher resolution unless one resorts to multiple
exposures or multiple patterning. In principle, better resolution could always be
resolved by multiplicity, if cost were not an issue — unfortunately, cost is indeed an
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issue. Cost dictates whether the product is marketable compared with the previous
generation. Cost-effective solutions have to be found either by limiting the number
of imaging layers that require multiple patterning or by finding a less-expensive
successor to ArF water-immersion lithography. Some of the new technologies can
be used without a mask but with an increasing complexity and time needed for
the pattern to be formed. Other technologies can forgo the photoacid generator
for amplification due to the higher energy used, but until now the amplification
concept has proved useful by increasing sensitivity and thus throughput.

There are several leading candidates that have shown promise toward solving
the problem. Extreme ultraviolet lithography (EUVL) is the apparent successor [51]
for the sub 22-nm node. With the use of a 13.5-nm irradiation source, as in the
past, the reduction of irradiation wavelength leads to the reduction of the CDs
achieved. The 13.5-nm radiation is generated by a plasma source with the entire
optic system under vacuum. The wafer throughput of an EUVL exposure tool is a
critical metric for manufacturing capacity. Because of the high vacuum required,
the throughput is limited by the transfer of wafers in and out of the vacuum
chamber, to only a few wafers per hour [52]. Owing to the extremely high energy
used by EUV sources, all the optical elements, including the photomasks, must be
completely different from the commercially available projection optics used with
193-nm photolithography. The optics system used, like Mo/Si multilayers used to
reflect light by means of interlayer interference, absorb much of the available EUV
light. As a result, the EUV source will need to be sufficiently bright. Recently, the
EUV source power has been increased by more than an order of magnitude, raising
productivity to more than two wafers per hour [53], but such improvements are still
not enough. The Mo/Si mirror is directly exposed to the plasma and is therefore
vulnerable to damage from the high-energy radiation [54] and other debris [50,
55]. Also, during the high-energy exposure, carbon byproducts are produced and
build up in the lenses system [41, 56]. Because of these obstacles, EUV lithography
implementation has been postponed.

The resolution obtained using the EUV exposure technology is not limited by the
exposure wavelength but because of the photoelectrons and secondary electrons
generated by ionization [57]. These secondary electrons have energies of tens of
electronvolts and diffuse tens of nanometers inside the photoresist before initiating
any chemical reactions, particularly exciting the PAG. This rather large diffusion
distance is due to the significant amount of free volume in polymers [58]. These
electrons increase the resist exposed volume due to a secondary random electron
pattern, shown in Figure 15.8, which is superimposed on the projected image,
increasing the CD obtained. In addition, there are statistical factors effects for areas
under 1500 nm? such as shot noise. The results of resolution limit trial exposure
experiments demonstrate that the small field exposure can delineate lines and
spaces with half pitches ranging from 45 to 25 nm [59].

Although it was planned that EUV lithography would be implemented in 2012
for the 22-nm node [51], Intel has announced it will postpone the implementation
[60, 61] and will instead extend 193-nm lithography using double-patterning
methods. Although there are variations, the double-patterning techniques are
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Figure 15.8 Image formation mechanism in EUV lithog-
raphy. Top: EUV mask pattern for imaging a line. Bot-
tom: EUV radiation (—) is absorbed in the resist and sub-
strate hard mask, producing photoelectrons and secondary
electrons ().

considered to be spacer, double patterning (litho—etch-litho—etch), and double
exposure (litho-litho—etch) [62]. Double-patterning or exposure techniques have
the ability to use existing exposure tools to print technology nodes below the
NA limit for single exposure processes. This means lower costs to implement
these techniques because, in principle, they can be used without expensive new
technology development. However, the two exposure stages require doubling the
number of masks, that is, reducing the throughput due to increased processing
time.

The double-patterning method is the most simple and uses materials that are
readily available. This consists of a sequence of two separate exposures of the
same photoresist. A double-patterning scheme is shown in Figure 15.9a. The first
exposure prints the features of the photomask that are transferred onto a second
layer. Using a second photomask, which can be different from the first one or
identical to the first one, only shifted, there is a second exposure and transfer.
The image-transfer step is essential. Since each exposure produces a sinusoidal
modulation, the final effect of an out-of-phase double patterning without image
transfer would be like adding two out-of-phase sinusoidal functions. In addition,
the removal of the wafer from the wafer chuck between exposures poses severe
overlay issues that may be difficult to overcome, especially at the CDs where this
technology will be implemented.

The double-patterning method has problems producing more complex patterns
due to the critical realignment step. Also, because of the number of steps required,
the process has a low throughput, increasing the cost per wafer. A simplification
is the litho-litho—etch double exposure concept [63, 64], which only introduces
an additional exposure pass in comparison to the single-exposure patterning,
and since the wafer is not removed from the imaging tool between exposures,
the overlay issues are moderate. The process is depicted in Figure 15.9b. The
double-exposure (litho-litho—etch) process means that the entire lithographic
patterns are completed before pattern transfer, so that only a single etching step
is needed and higher throughput can be expected [65]. However, there is the
possibility that the second lithographic process damages the first lithographic
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Figure 15.9 Schematic procedure for (a) double patterning
and (b) double-exposure lithography.

pattern. For a successful patterning, the photoresist must have sufficient contrast
to support a double exposure or two different resists have to be used. To coat a
second resist on top of a patterned first resist, a step to prevent intermixing of
these two resists is required. The typical step reported is to UV-cure the first resist
[66] and then coat the second resist. Other approaches are being developed. One
approach “freezes” the first resist [65] before the coating of a second resist; another
approach is the use of a contrast-enhancing layer that will act as a mask, becoming
transparent in highly irradiated regions and reversing to opaque before the second
exposure [67], or the pack—unpack technique [68]. The double-exposure approach
has put pressure in developing new photoresist chemistry in order to achieve its
full potential.

The previous double-patterning options have critical overlay issues. The spacer
double patterning avoids the overlay problems through self-alignment, but requires
more complex processing. In this approach, normal lithography is used to create
a feature in the photoresist. A spacer is formed by deposition or reaction of a film
on the previous pattern, followed by etching to remove all the film material on
the horizontal surfaces, leaving only the material on the sidewalls. Removing the
original patterned feature, only the spacer is left (Figure 15.10). However, since
there are two spacers for every feature, the line density is doubled [69-71]. There
are concerns if the spacers can stay in place after the patterned resist to which they
are attached is removed, whether the spacer profile is acceptable and whether the
underlying hard mask is attacked by the step to remove the resist attached to the
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Figure 15.10 Scheme for the spacer double-patterning lithography.

spacer. Pattern transfer is complicated when the removal of the resist adjacent to
the spacers also removes a little of the underlying hard mask, resulting in different
heights of the patterned features throughout the exposed area.

Another approach, still using 193-nm single exposure, is the development of
high refractive index liquids and lens materials to achieve NA higher than the
theoretical limit of 1.44. The development of a working system is dependent not as
much in the liquid but more in the lenses because the use of quartz concave lenses
is not possible [51], limiting the practical design of the optical system to flat lenses.
New high-index material for the lenses has been proposed, such as ceramic spinel
and LuAG (lutetium aluminium garnet), but the implementation of this approach
is still much in the future [72].

Another technique that uses a smaller wavelength source is electron beam or ion
beam lithography. Electron beam lithography is a well known and mature solution,
already used to provide advanced patterning for research and development. The first
electron beam lithography systems were based on the scanning electron microscope
(SEM) and were developed in the late 1960s. The simplest version relies on the SEM
scanning circuitry with a stationary work piece and a computer pattern generator
to blank the beam in the appropriate intervals. More sophisticated systems use
an interferometer to continuously monitor the position of the stage, being able to
write while the stage is in motion. However, right from the start, its low throughput
hindered this as a credible option for manufacturing purposes [73]. The problem
is the individualism of e-beams compared with the mass parallelism of photon
beams [74]. Various attempts were made to correct it but it has not yet been
proven practical. Multi-e-beam maskless lithography is gaining some momentum
but is still not ready for commercial application [75]. To produce massively parallel
e-beams inexpensively is now also a computational problem, with the obstacles
being the cost, size, and thermal management of the substantial data handling
needed. The control of the data rate, data integrity, electromagnetic interference
shielding, and beam consistency are other important issues which must be taken
into account.

One scenario that is gaining popularity is the implementation of a hybrid process
[75]. Electron beam lithography is used to pattern the high-resolution features while
optical projection lithography is used for the remainder. In this way, only a small
fraction of the wafer is patterned with electron beam, saving time, and reducing
costs.
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There are also nonradiation-based patterning techniques that have already proven
themselves capable of producing high-resolution patterns. Nonradiation-based
patterning techniques are very simple and inexpensive methods to replicate a
master pattern in large scale. These methods do not change the chemical nature
of the resist material using properties like self-assembly, in soft lithography,
or mechanical deformation, in nanoimprinting, for the creation of very small
structures.

Soft lithography [76—81] uses elastomeric stamps and moulds, made with poly-
dimethylsiloxane (PDMS) for example, created from a master pattern of the
structures to be produced. Liquid PDMS is spread on the master pattern and is
cured. This forms a rubberlike solid that can be peeled off the master pattern, and
the mold formed can be attached to a stamp. The stamp is then coated with a solu-
tion of the “ink,” for example, thiol molecules that will self-assemble upon contact
with a gold or silver thin film that has been deposited onto a silicon substrate. There
are several techniques developed for this purpose: microcontact printing («CP)
with a minimum feature size of 35nm (Figure 15.11a), replica moulding (REM)
with a minimum feature size of 30nm (Figure 15.11b), microtransfer moulding
(«TM) with a minimum feature size of 500 nm (Figure 15.11c), micromoulding
in capillaries with a minimum feature size of 350 nm and solvent-assisted micro-
contact moulding (minimum feature size of 60nm), among others [82, 83]. Soft
lithography has several strong points in comparison to optical projection lithog-
raphy: lower cost than traditional photolithography in mass production; easily
patterned nonplanar surfaces; several options for patterning methods and “inks”;
the lack of need for a reactive surface to create a nanostructure; the avoidance of the
diffraction limit, since it is not an optical procedure; fast production (e.g., with ©CP,

uCP REM W™
Prepolymer
HDT =
elelole WV = 50 8 T
u
¥
W l Mo:]ld Remove excess l
prepolymer
l Printing of the SAM Prepolymer
[ ——
i Place on the l

support

l Etch
L X A XXX 3 Cure
I_—_H peel off
Cure l Residual film
remove mould /

@ (b) s = = = ke

Figure 15.11 The simplest soft-lithography procedures for
nanopatterning; (a) microcontact printing (uCP) of hexade-
canethiol (HDT) forming a self assembled monolayer (SAM);
(b) replica moulding (REM); and (c) microtransfer moulding
(1TM).
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a contact time of less than 30 ms is required to deposit molecules onto the surface
of the substrate). There are also some drawbacks associated with this technique
already identified by Xia and Whitesides [84]. The PDMS stamp shrinks by 1%
upon curing and the cured PDMS can be swelled by a number of nonpolar organic
solvents; the elasticity and thermal expansion of PDMS make it difficult to achieve
high accuracy in registration across a large area; and the softness of an elastomer
limits the aspect ratio of nanostructures in PDMS, because of the deformation of
the patterns by pairing or by sagging. Recent reviews on this technique are available
[85-87].

Nanoimprint lithography, also a lensless replication technique, causes a physical
deformation of the support material with a rigid mould [75]. The technique offers
a very easy and cheap way to achieve high-resolution patterns, with CDs as low as
5nm [88]. There are various forms to transfer the pattern: thermal nanoimprint
lithography, photo nanoimprint lithography, and electrochemical nanoimprint; and
several schemes to achieve large- or small-area patterning: Step-and-flash imprint,
roller nanoimprint, transfer nanoimprint, and casting nanoimprint. The first step,
and common step to all nanoimprint technology, is to imprint the pattern, and this
relies on physically deforming a thin resist film using the rigid mould. The mould
is removed and the pattern is etched either by thermal etching, photo etching, or
electrochemical etching. The procedure is not without problems. Contact printing
is always vulnerable to defects, either due to particles that adhere to the mould from
one imprint to the next, or from the lift procedure. The mould may have a shorter
life span than optical masks, due to physical pressure against a surface. These
problems have been addressed by Chou et al. [89, 90] and others [91-93]. Another
feature of nanoimprint molding is the bubble defect. This happens because air
bubbles are trapped when the mould is being pressed. The problem is greatly
reduced by using vacuum systems and by a pacing step to allow the bubbles to
dissolve. There are also proximity effects that arise from polymer displacement,
which could lead to long distance effects. When a dense array of protrusions in the
mould press into the resist thin film, because it is viscous, the excess polymer can
migrate to the outer edges of the mould, forming different resist thickness in some
areas or holes in unprinted areas [94]. Several recent reviews on nanoimprinting
are available [95-98].

15.2.3.1 Optical Lithography beyond the Diffraction Limit

Optical projection nanolithography is, so far, limited by the diffraction limit
imposed by the exposure radiation wavelength. This is a consequence of the wave
nature of light that prevents imaging and defining spatial dimensions much smaller
than the radiation wavelength. Diffraction of visible light prevents the imaging of
live cells at the nanoscale and prevents the downsizing of features in data storage
and lithography. To advance biological imaging, concepts have been introduced
that overcome the diffraction barrier in far-field fluorescence microscopy in a
fundamental way [99—-102]. The first concept of this kind was stimulated emission
depletion (STED) microscopy [99], with which a new far-field spatial resolution
benchmark of 26 nm has been achieved [103]. In these concepts, the breaking of
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the diffraction barrier is based on the idea of saturating a molecular transition
that inhibits fluorescence. In STED microscopy, a second laser beam is used to
saturate the quenching of the fluorescent state through stimulated emission. To
gain a subdiffraction-sized focal spot, the STED beam has a light distribution of
zero intensity in the center and nonzero intensity around. In this way, the focal
point is squeezed to the zero-intensity region of the STED beam.

The conventional resolution limits of image projection lithography are well
known, as are the variety of resolution-enhancement techniques that are being
developed to go beyond those limits for certain categories of patterns — a subject
for the next chapter. The use of reversible saturable transitions was put forward
as a promising step to overcome the diffraction limit for optical lithography
[104-106]. The application of such concept has only been achieved using the
absorbance-modulation technique [107, 108], where a photochromic material is
placed on top of a photoresist film. These photochromic molecules reversibly
change their absorbance upon exposure to light, that is, illumination switches
the molecule from an opaque configuration to a transparent one and vice versa.
A dual illumination of the photochromic material, with a focused spot of the
bleaching wavelength and a ring-shaped spot of the reversible bleaching wavelength,
causes the dynamic competition between the two photoreactions, and creates a
subwavelength transparent aperture. This technique is limited by the photochromic
materials developed, especially for UV radiation and also the time needed to achieve
the required transparency.

Reversible photoacids with the ability to change the acidity of an aqueous
solution within the time of a short laser pulse and use the resulting low pH to
drive acid-catalyzed reactions in the irradiated volume opens new perspectives for
the spatial and temporal control of the optical projection lithographic process. So
far, using reversible photoacids have been hindered by the limited diffusion of the
proton before recombination with the conjugate base. In a very simple description,
the proton can only diffuse away during the excited-state lifetime of the anion [109,
110] and this is the available time to be involved in a catalytic reaction. Using a
STED-like irradiation procedure with a photoacid that produces a time-extended
and reversible acidification of an aqueous solution will accomplish this feat. This
new class of molecules [111] combines the fast photoacid properties of an aromatic
alcohol with the slow proton transfer rates of a stabilized carbanion [112]. The
concept of reversible photoacids capable of rapidly acidifying an aqueous solution
and slowly returning to neutrality has its roots in the interacting-state model
(ISM) [113-115] and in enzyme catalysis [116]. Figure 15.12 shows the rates of
the proton transfer cycle calculated [117] with ISM based on known pk, values of
analogous compounds [109, 118]. ISM predicts that intramolecular quenching
of the electronically excited naphtholate ion by an acidic proton of a nitroalkane
moiety is competitive with its nanosecond lifetime.

Steady-state absorption and fluorescence emission of 1-(2-nitroethyl)-2-naphthol
in water solution at different pH values, depicted in Figure 15.13, show the expected
acid—base equilibrium for an aromatic alcohol. The pk, = 9.7 and pk,* = 1.9 values
were determined.
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Figure 15.12 First-order rate constants calculated with the
ISM free web tool [64] using pk,(2-naphthol) = 9.4 [65],
pka*(2-naphthol) = 1, and pk, (2-phenyl-1-nitroethane) = 9
[66] for the given pH values.

The relative quantum yield for the excited-state dissociation of the naphthol
moiety is about 0.48 and photoinduced proton release quantum yield is estimated
to reach 0.3. Final evidence for the proposed mechanism is the photolysis in 2%
MeOD : D,0, leading to the incorporation of deuterium in the alkyl side chain, as
determined by 'H NMR spectroscopy.

The color change of pH indicators is a very convenient tool to assess the amplitude
of the pH jump and the availability of the excess protons to participate in chemical
reactions. We employed bromocresol green (pk, = 4.9) and observed the bleaching
and recovery of its basic form at 616 nm, Figure 15.14. The absorbance change
produced after a 3-m]J laser pulse with 2-mm optical path in a 2% MeOH : H,0
solution shows the pH changes to 6.3.
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Figure 15.13 Steady-state (a) absorption and (b) fluo-
rescence emission of 1-(2-nitroethyl)-2-naphthol in 2%
methanol in water solution.

0.001 -

Initial pH =7
> o

—-0.001 A

AAbsorption

-0.002
Drop to pH = 6_>

-0.003 -

0.001 0.01 0.1 12
t(s)

Figure 15.14 Transient bleaching and recovery of bromocre-
sol green absorption at 616 nm following flash photolysis of
[1-(2-nitroethyl)-2-naphthol] = 2 x 107 M in 2% MeOH :
H,O.

More importantly is the fact that the magnitude of the pH jump is directly
proportional to the laser energy. With intense laser pulses, the proton concentration
should approach the solubility limit of 1-(2-nitroethyl)-2-naphthol.

Because of the reversible nature of the acidification mechanism, it is possible
to use a second red-shifted wavelength STED beam, with a light distribution of
zero intensity in the center and nonzero intensity around, in order to achieve a
subdiffraction acidification of the photoresist. Also, the need to use base additives to
achieve greater resolution and linewidth roughness is diminished, if not eliminated.
The coupled acid diffusion of an iodonium PAG in polymer matrix has been
determined to have a diffusion length of 5 nm for a postexposure bake at 100 °C for
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2 minutes [119]. This is probably the major problem for a STED optical projection
lithography proposal that can have a regular focal spot of 20-30nm [120].

15.3
Conclusions and Outlook

What is going to be the technology to take lithography beyond the 22-nm node
is still unknown but there are several promising candidates. The development of
new materials with tailored properties, either new resists or lenses and mask, is
required. New approaches with multiple masking also need new robust and fast
algorithms for mask image decomposition to be an option.

The use of reversible switching molecules can perhaps take nanophotolithogra-
phy beyond the diffraction limit, taking the theoretical attainable resolution to the
molecular level maintaining much of the lithography technology used at present.
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