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Preface

The left- or right-handedness of things — chirality to the scientist — surrounds us on
Earth. The importance of the phenomenon is clear when one considers that, at the
submicroscopic scale, it can have either dramatic and triumphal or tragic conse-
quences in and around us. Preparation of chiral systems and the effects they produce
are vital for certain chemical processes, such as catalysis, and physical phenomena,
such as the switching in displays. Understanding and influencing these processes at
the atomic and molecular level — the nanometer scale — is essential for their
development. This book sets out to explain the foundations of the formation and
characterization of asymmetric structures as well as the effects they produce, and
reveals the tremendous insight the tenets and tools of nanoscience provide to help in
understanding them. The chapters trace the development of the preparative meth-
ods used for the creation of chiral nanostructures, in addition to the experimental
techniques used to characterize them, and the surprising physical effects that can
arise from these minuscule materials. Every category of material is covered, from
organic, to coordination compounds, metals and composites, in zero, one, two and
three dimensions. The structural, chemical, optical, and other physical properties
are reviewed, and the future for chiral nanosystems is considered. In this inter-
disciplinary area of science, the book aims to combine physical, chemical and
material science views in a synergistic way, and thereby to stimulate further this
rapidly growing area of science.

The first chapter is an overview of chirality and all the phenomena related with it,
written by one of the most eminent present-day authorities on stereochemistry,
Laurence Barron from the University of Glasgow. With the scene set, the views of
chirality in different systems of increasing dimensionality are covered. In “zero
dimensions”, well-defined supramolecular clusters formed by purely organic and
metallo-organic complexes are elegantly presented by Alessandro Scarso and
Giuseppe Borsato (Universita Ci Foscari di Venezia) and the preparation and
properties of chiral nanoparticles of all types, and the many exciting challenges
associated with them, are reviewed comprehensively by Cyrille Gautier and Thomas
Biirgi (Université de Neuchitel).

The expression of chirality in essentially one-dimensional objects of a supramo-
lecular or covalent kind has been observed widely in gels and polymers. For the gel

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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systems Sudip Malik, Norifumi Fujita and Seiji Shinkai from Kyushu University
(Japan) provide an enlightening vision of when, where and how chirality is seen. My
close colleague Teresa Sierra from the Materials Science Institute in Saragossa
(CSIC) provides an authoritative and comprehensive view of the many aspects of
chiral induction in polymeric systems, one of the most prolific areas of research in
terms of chiral induction phenomena, and one that affords many opportunities that
remain to be exploited in terms of nanoscale materials.

Two-dimensional systems are extremely interesting for exploring the transmis-
sion of chirality, both because of their symmetry requirements, which limit packing
possibilities, as well as for the range of techniques that exist for probing them. This
situation is made patently clear in the chapters by Rasmita Raval (University of
Liverpool) who describes research done on metal surface-adsorbate systems, Steven
De Feyter, Patrizia lavicoli, and Hong Xu (Katholieke Universiteit Leuven and
ICMAB CSIC), who summarize chirality in physisorbed monolayers in solution,
and Isabelle Weissbuch, Leslie Leiserowitz and Meir Lahav (Weizmann Institute of
Science, Rehovot) who provide an overview of the tremendous contributions they
and others have made to the exploration of chirality in Langmuir-type monolayer
systems. These complementary chapters show just how much the tools of
nanoscience can reveal about the transfer and expression of chirality in low-dimen-
sional systems, an area that is truly blossoming at the present time.

The creation and manifestations of handedness in bulk fluids and solids are then
reviewed, with special emphasis on the mechanisms of induction of chirality with a
view at the scale of nanometers. Carsten Tschierske (Martin-Luther-University Halle-
Wittenberg, Germany) provides an instructive overview of the occurrence of chirality
in liquid-crystal systems, in which many remarkable effects are witnessed, and
perhaps where nanoscientists can draw inspiration. The supramolecular and ther-
modynamic aspects of chiral bulk crystals, where a wealth of valuable information
can be gleaned in terms of structure and phenomenology, are the subject of an
extensive review by Gérard Coquerel (Université de Rouen) and myself. In parti-
cular, the construction of phase diagrams is shown to be a crucial part of under-
standing chiral selection in crystalline systems. This part concludes the path through
the structures of different chiral systems.

In the remaining chapters, particular properties of chiral nanoscale systems are
divulged. Wesley R. Browne, Dirk Pijper, Michael M. Pollard and Ben Feringa
(University of Groningen) provide an accessible expert view of chiral molecular
machines and switches, perhaps one of the most attractive areas in contemporary
stereochemistry. Finally, Wenbin Lin and Suk Joong Lee (University of North
Carolina, USA) review another fascinating family of materials, that of chiral nano-
porous solids, in which spaces available for molecular recognition and catalysis are
available. Thus, the exceptional contributions and their combination in this volume
make a unique and useful resource for those entering or established in research
concerning stereochemical aspects of nanoscale systems.

This book came about largely because of the Marie Curie Research Training
Network CHEXTAN (Chiral Expression and Transfer at the Nanoscale) funded by
the European Commission. The Network, coming to its end as these lines are
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written, brought together eight groups — some of which contribute to this book —
with the aim of training young scientists in this interdisciplinary area of science. I
thank wholeheartedly all those who participated in the Network — the senior
scientists and excellent group of young researchers — for helping to give an impetus
to the area. As a consequence of the Network, the International Conference Chirality
at the Nanoscale was held (in Sitges, Spain in September 2007) and proved to be a
significant stimulus to thinking for many of the groups working on nanosystems
and chirality. I thank everyone who helped make that meeting a success, the
lecturers and all the participants, and for such a special moment.

I have to thank the Spanish Research Council (the CSIC) who employs me, the
staff of the Barcelona Materials Science Institute (ICMAB) for providing such a
pleasant environment to work in, and everyone in the Molecular Nanoscience and
Organic Materials Department for the healthy environment in which to carry out
research. Finally, and most importantly, I am indebted to all the authors for the great
effort they have put into producing these excellent summaries that make up the
book. With the many pressures we have to write nowadays it is difficult to dedicate
time to this kind of enterprise, but they collaborated magnificently and the combined
effort is one that I hope you, the readers will appreciate.

Institut de Ciéncia de Materials de Barcelona (CSIC)
September 2008 David Amabilino



List of Contributors

David B. Amabilino

Institut de Ciencia de Materials de
Barcelona (CSIC)

Campus Universitari de Bellaterra
08193 Cerdanyola del Vallés
Catalonia

Spain

Laurence D. Barron
Department of Chemistry
University of Glasgow
Glasgow G12 8QQ

UK

Giuseppe Borsato

Universitd Ca’ Foscari di Venezia
Dipartimento Chimica
Dorsoduro 2137

30123 Venezia

Italy

Wesley R. Browne

Stratingh Institute for Chemistry &
Zernike Institute for Advanced
Materials

Faculty of Mathematics and Natural
Sciences

University of Groningen, Nijenborgh 4

9747 AG
Groningen
The Netherlands

Thomas Biirgi

Institute for Physical Chemistry
Rupert-Karls University Heidelberg
Im Neuenheimer Feld 253

69120 Heidelberg

Germany

Gérard Coquerel

UC2M2, UPRES EA 3233
Université de Rouen-IRCOF
76821 Mont Saint Aignan Cedex
France

Steven De Feyter

Laboratory of Photochemistry and
Spectroscopy

Molecular and Nano Materials
Department of Chemistry, and INPAC -
Institute for Nanoscale Physics and
Chemistry

Katholieke Universiteit Leuven
Celestijnenlaan 200-F

3001 Leuven

Belgium

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-32013-4

Xvil



Xviii

List of Contributors

Ben L. Feringa

Stratingh Institute for Chemistry &
Zernike Institute for Advanced
Materials

Faculty of Mathematics and Natural
Sciences

University of Groningen
Nijenborgh 4

9747 AG

Groningen

The Netherlands

Norifumi Fujita

Department of Chemistry and
Biochemistry

Graduate School of Engineering
Kyushu University

Moto-oka 744, Nishi-ku
Fukuoka 819-0395

Japan

Cyrille Gautier

Université de Neuchatel
Institut de Microtechnique
Rue Emile-Argand 11
2009 Neuchatel
Switzerland

Patrizia lavicoli

Institut de Ciéncia de Materials de
Barcelona (CSIC)

Campus Universitari

08193 Bellaterra

Catalonia

Spain

Meir Lahav

Department of Materials and Interfaces
Weizmann Institute of Science
76100-Rehovot

Israel

Suk Joong Lee

Department of Chemistry

CB#3290

University of North Carolina at Chapel
Hill

NC 27599

USA

Leslie Leiserowitz

Department of Materials and Interfaces
Weizmann Institute of Science
76100-Rehovot

Israel

Sudip Malik

Department of Chemistry and
Biochemistry

Graduate School of Engineering
Kyushu University

Moto-oka 744, Nishi-ku
Fukuoka 819-0395

Japan

Dirk Pijper

Stratingh Institute for Chemistry &
Zernike Institute for Advanced
Materials

Faculty of Mathematics and Natural
Sciences

University of Groningen
Nijenborgh 4

9747 AG

Groningen

The Netherlands



Michael M. Pollard

Stratingh Institute for Chemistry &
Zernike Institute for Advanced
Materials

Faculty of Mathematics and Natural
Sciences

University of Groningen
Nijenborgh 4

9747 AG

Groningen

The Netherlands

Rasmita Raval

The Surface Science Research Centre
and Department of Chemistry
University of Liverpool

Liverpool, L69 3BX

UK

Alessandro Scarso

Universita Ca’ Foscari di Venezia
Dipartimento di Chimica
Dorsoduro 2137

30123 Venezia

Italy

Seiji Shinkai

Department of Chemistry and
Biochemistry

Graduate School of Engineering
Kyushu University

Moto-oka 744, Nishi-ku
Fukuoka 819-0395

Japan

Teresa Sierra

Instituto de Ciencia de Materiales de
Aragén

Facultad de Ciencias

Universidad de Zaragoza-CSIC
Zaragoza-50009

Spain

List of Contributors

Wenbin Lin

Department of Chemistry

CB#3290

University of North Carolina at Chapel
Hill

NC 27599

USA

Carsten Tschierske

Institute of Chemistry
Martin-Luther University Halle
Kurt-Mothes Str. 2

06120 Halle

Germany

Isabelle Weissbuch

Department of Materials and Interfaces
Weizmann Institute of Science
76100-Rehovot

Israel

Hong Xu

Laboratory of Photochemistry and
Spectroscopy

Molecular and Nano Materials
Department of Chemistry, and INPAC -
Institute for Nanoscale Physics and
Chemistry

Katholieke Universiteit Leuven
Celestijnenlaan 200-F

3001 Leuven

Belgium

XIX



List of Abbreviations

AFM atomic force microscopy

AIEE aggregate-induced enhanced emission
APS aminopropyltrimethoxysilane

BAR barbiturates

CCW counterclockwise

CD circular dichroism

CLG cholesteryl-S-glutamate

CN cinchonine

CPL circularly polarized light

CPL circular polarization of luminescence
Ccw clockwise

CYA cyanurate

1D one dimensional

2D two-dimensional

3D three-dimensional

DFT Density functional theory

DSC differential scanning calorimetry
2DSD two-dimensional structural database
ECD electronic circular dichroism

ee enantiomeric excess

EM electron microscopy

EPJ European Physical Journal

EPL elliptically polarized light

FE-SEM field emission scanning electron microscopy
FLC ferroelectric liquid crystals

GIXD grazing-incidence X-ray diffraction
HBC hexabenzocoronenes

HTP helical twisting power

IUPAC International Union of Pure and Applied Chemistry
LB Langmuir-Blodgett

LC liquid crystal(line)

LC liquid crystalline

LDH layered double hydroxides

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32013-4

XXI



XXl

List of Abbreviations

LEED

LMW

LMWG
MALDI-TOF MS

MBETs
MD
ML
MOFs
N-LC
NIC
NIR
NPs
NRDs
ONPs
ORD
PAGE
PS
PVA
PVED
QSEs

RAIRS
ROA
RW
SEC
SP
STM

TA
TEOS
THF
TOAB
TPP
TTF
UHV
VCD
VDSA
WORM
XPD
XPS

low-energy electron diffraction
Low molecular weight

low molecular weight gelators
matrix-assisted laser desorption-ionization time-of-flight
mass spectrometry

metal-based electronic transitions
Marks decahedron

monolayers

metalorganic frameworks
nematic LC

N-isobutyryl-cysteine
near-infrared

nanoparticles

nanorods

organic nanoparticles

optical rotatory dispersion
polyacrylamide gel electrophoresis
polystyrene

poly(vinyl alcohol)
parity-violating energy difference
quantum size effects

resolving agent

reflection absorption infrared spectroscopy
Raman optical activity
re-writable

size exclusion chromatography
surface plasmon

scanning tunnelling microscopy
melting temperature

tartaric acid

tetraethoxylsilane
tetrahydrofuran
tetraoctylammonium bromide
triphenylphosphine
tetrathiafulvalene

ultra-high vacuum

vibrational circular dichroism
vapor-driven self-assembly
write-once read many

X-ray photoelectron diffraction
X-ray photoelectron spectroscopy



1
An Introduction to Chirality at the Nanoscale

Laurence D. Barron

1.1
Historical Introduction to Optical Activity and Chirality

Scientists have been fascinated by chirality, meaning right- or left-handedness, in the
structure of matter ever since the concept first arose as a result of the discovery, in the
early years of the nineteenth century, of natural optical activity in refracting media.
The concept of chirality has inspired major advances in physics, chemistry and the
life sciences [1, 2]. Even today, chirality continues to catalyze scientific and techno-
logical progress in many different areas, nanoscience being a prime example [3-5].

The subject of optical activity and chirality started with the observation by Arago in
1811 of colors in sunlight that had passed along the optic axis of a quartz crystal placed
between crossed polarizers. Subsequent experiments by Biot established that the
colors originated in the rotation of the plane of polarization of linearly polarized light
(optical rotation), the rotation being different for light of different wavelengths
(optical rotatory dispersion). The discovery of optical rotation in organic liquids such
as turpentine indicated that optical activity could reside in individual molecules and
could be observed even when the molecules were oriented randomly, unlike quartz
where the optical activity is a property of the crystal structure, because molten quartz
is not optically active. After his discovery of circularly polarized light in 1824, Fresnel
was able to understand optical rotation in terms of different refractive indices for the
coherent right- and left-circularly polarized components of equal amplitude into
which a linearly polarized light beam can be resolved. This led him to suggest that
optical activity may result from “a helicoidal arrangement of the molecules of the
medium, which would present inverse properties according to whether these helices
were dextrogyrate or laevogyrate.” This early work culminated in Pasteur’s epoch-
making separation in 1848 of crystals of sodium ammonium paratartrate, an optically
inactive form of sodium ammonium tartrate, into two sets that, when dissolved in
water, gave optical rotations of equal magnitude but opposite sign. This demonstrated
that paratartaric acid was a mixture, now known as a racemic mixture, of equal
numbers of mirror-image molecules. Pasteur was lucky in that his racemic solution
crystallized into equal amounts of crystals containing exclusively one or other of the
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mirror-image molecules, a process known as spontaneous resolution. (Such mixtures
of crystals are called conglomerates, as distinct from racemic compounds where each
crystal contains equal amounts of the mirror-image molecules.)

Although a system is called “optically active” if it has the power to rotate the plane of
polarization of a linearly polarized light beam, optical rotation is in fact just one of a
number of optical activity phenomena that can all be reduced to the common origin of
a different response to right- and left-circularly polarized light. Substances that are
optically active in the absence of external influences are said to exhibit natural optical
activity.

In 1846, Faraday discovered that optical activity could be induced in an otherwise
inactive sample by a magnetic field. He observed optical rotation in a rod of lead
borate glass placed between the poles of an electromagnet with holes bored through
the pole pieces to enable a linearly polarized light beam to pass through. This effect
is quite general: a Faraday rotation is found when linearly polarized light is
transmitted through any crystal or fluid in the direction of a magnetic field, the
sense of rotation being reversed on reversing the direction of either the light beam
or the magnetic field. At the time, the main significance of this discovery was to
demonstrate conclusively the intimate connection between electromagnetism and
light; butit also became a source of confusion to some scientists (including Pasteur)
who failed to appreciate that there is a fundamental distinction between magnetic
optical rotation and the natural optical rotation that is associated with handedness
in the microstructure. That the two phenomena have fundamentally different
symmetry characteristics is intimated by the fact that the magnetic rotation is
additive when the light is reflected back though the medium, whereas the natural
rotation cancels.

Although he does not provide a formal definition, it can be inferred [6] from his
original article that described in detail his experiments with salts of tartaric acid that
Pasteur in 1848 introduced the word dissymmetric to describe hemihedral crystals of a
tartrate “which differ only as an image in a mirror differs in its symmetry of position
from the object which produces it” and used this word to describe handed figures and
handed molecules generally. The two distinguishable mirror-image crystal forms
were subsequently called enantiomorphs by Naumann in 1856. Current usage
reserves enantiomorph for macroscopic objects and enantiomer for molecules [7],
but because of the ambiguity of scale in general physical systems, these two terms are
often used as synonyms [8]. This is especially pertinent in nanoscience that embraces
such a large range of scales, from individual small molecules to crystals, polymers
and supramolecular assemblies.

The word dissymmetry was eventually replaced by chirality (from the Greek cheir,
meaning hand) in the literature of stereochemistry. This word was first introduced
into science by Lord Kelvin [9], Professor of Natural Philosophy in the University of
Glasgow, to describe a figure “if its image in a plane mirror, ideally realized, cannot be
brought to coincide with itself.” The two mirror-image enantiomers of the small
archetypal molecule bromochlorofluoromethane are illustrated in Figure 1.1a, to-
gether with the two enantiomers of hexahelicene in Figure 1.1b. The modern system
for specifying the absolute configurations of most chiral molecules is based on the R
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Figure 1.1 The two mirror-image enantiomers of
bromochlorofluoromethane (a) and hexahelicene (b).
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(for rectus) and S (for sinister) system of Cahn, Ingold and Prelog, supplemented with
the P (for plus) and M (for minus) designation for molecules that have a clear helical
structure [7]. The older p,L designation, based on Fischer planar projections, is still
used for amino acids and carbohydrates. The sense of optical rotation (usually
measured at the sodium D-line wavelength of 598 nm) associated with a particular
absolute configuration is given in brackets.

Although Lord Kelvin’s definition of chiral is essentially the same as that used
earlier by Pasteur for dissymmetric, the two words are not strictly synonymous in
the broader context of modern chemistry and physics. Dissymmetry means the
absence of certain symmetry elements, these being improper rotation axes in
Pasteur’s usage. Chirality has become a more positive concept in that it refers to the
possession of the attribute of handedness, which has a physical content. In
molecular physics this is the ability to support time-even pseudoscalar observables;
in elementary particle physics chirality is defined as the eigenvalue of the Dirac
matrix operator vs.

To facilitate a proper understanding of the structure and properties of chiral
molecules and of the factors involved in their synthesis and transformations, this
chapter uses some principles of modern physics, especially fundamental symmetry
arguments, to provide a description of chirality deeper than that usually encountered
in the literature of stereochemistry. A central result is that, although dissymmetry is
sufficient to guarantee chirality in a stationary object such as a finite helix, dissym-
metric systems are not necessarily chiral when motion is involved. The words “true”
and “false” chirality, corresponding to time-invariant and time-noninvariant enan-
tiomorphism, respectively, were introduced by this author to draw attention to this
distinction [10], but it was not intended that this would become standard nomencla-
ture. Rather, it was suggested that the word “chiral” be reserved in future for systems
that are truly chiral. The terminology of true and false chirality has, however, been
taken up by others, especially in the area of absolute enantioselection, so for
consistency it will be used in this chapter. We shall see that the combination of
linear motion with a rotation, for example, generates true chirality, but that a
magnetic field alone does not (in fact it is not even falsely chiral). Examples of
systems with false chirality include a stationary rotating cone, and collinear electric
and magnetic fields. The term “false” should not be taken to be perjorative in any
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sense; indeed, false chirality can generate fascinating new phenomena that are even
more subtle than those associated with true chirality.

The triumph of theoretical physics in unifying the weak and electromagnetic
forces into a single “electroweak” force by Weinberg, Salam and Glashow in the 1960s
provided a new perspective on chirality. Because the weak and electromagnetic forces
turned out to be different aspects of the same, but more fundamental, unified force,
the absolute parity violation associated with the weak force is now known to infiltrate
to a tiny extent into all electromagnetic phenomena so that free atoms, for example,
exhibit very small optical rotations, and a tiny energy difference exists between the
enantiomers of a chiral molecule.

1.2
Chirality and Life

1.2.1
Homochirality

Since chirality is a sine qua non for the amazing structural and functional diversity of
biological macromolecules, the chemistry of life provides a paradigm for the potential
roles of chirality in supramolecular chemistry and nanoscience [3]. Accordingly, a
brief survey is provided of current knowledge on the origin and role of chirality in the
chemistry of life.

Ahallmark oflife’s chemistry is its homochirality [1, 11-15], which is well illustrated
by the central molecules of life, namely proteins and nucleic acids. Proteins consist of
polypeptide chains made from combinations of 20 different amino acids (primary
structure), all exclusively the r-enantiomers. This homochirality in the monomeric
amino acid building blocks of proteins leads to homochirality in higher-order
structures such as the right-handed o-helix (secondary structure), and the fold
(tertiary structure) that is unique to each different protein in its native state
(Figure 1.2). Nucleic acids consist of chains of deoxyribonucleosides (for DNA) or
ribonucleosides (for RNA), connected by phosphodiester links, all based exclusively
on the p-deoxyribose or p-ribose sugar ring, respectively (Figure 1.3). This homo-
chirality in the monomeric sugar building blocks of nucleic acids leads to homo-
chirality in their secondary structures such as the right-handed B-type DNA double
helix, and tertiary structures such as those found in catalytic and ribosomal RNAs.
DNA itself is finding many applications in nanotechnology [5].

Homochirality is essential for an efficient biochemistry, rather like the universal
adoption of right-handed screws in engineering. One example is Fischer’s “lock and
key” principle [16], which provides a mechanism for stereochemical selection in
nature, as in enzyme catalysis. Small amounts of “non-natural” enantiomers such as
the p-forms of some amino acids are in fact found in living organisms where they
have specific roles [17, 18], but they have not been found in functional proteins (their
detection in metabolically inert proteins like those found in lens and bone tissue is
attributed to racemization during ageing [17]). Since molecules sufficiently large and
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Protein polypeptide backbone Native folded protein
(hen lysozyme)

Figure 1.2 The polypeptide backbones of proteins are made
exclusively from homochiral amino acids (all L). R; represents side
chains such as CHj for alanine. This generates homochiral
secondary structures, such as the right-handed a-helix, within the
tertiary structures of native folded proteins like hen lysozyme.

D-deoxyribose

Right-handed B-type
DNA double helix

DNA

Figure 1.3 Nucleic acids are made exclusively from homochiral
sugars (all b) such as p-deoxyribose for DNA. This generates
homochiral secondary structures such as the right-handed B-type
DNA double helix.
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complex to support life are almost certain to exist in two mirror-image chiral forms,
homochirality also appears to be essential for any molecule-based life on other
worlds. Furthermore, since no element other than carbon forms such a huge variety
of compounds, many of them chiral, the chemistry is expected to be organic. Last but
not least, the liquid water that is essential for life on Earth is more than simply a
medium: it acts as a “lubricant” of key biomolecular processes such as macromolec-
ular folding, unfolding and interaction [19]. No other liquid solvent has the same
balance of vital physicochemical properties. Hence homochirality associated with a
complex organic chemistry in an aqueous environment would appear to be as
essential for life on other worlds as it is on Earth. Nonetheless, the possibility of
alternative scenarios based on elements other than carbon and solvents other than
water should be kept in mind [20], and could be of interest in the context of synthetic
homochiral supramolecular chemistry and nanoscience. Indeed, nanotechnology is
already exploiting materials and devices that benefit explicitly from homochirality at
the molecular level [5].

A central problem in the origin of life is which came first: homochirality in the
prebiotic monomers or in the earliest prebiotic polymers [14, 21]. Homochiral
nucleic acid polymers, for example, do not form efficiently in a racemic solution of
the monomers [22]. Theoretical analysis suggested that addition of a nucleotide of
the wrong handedness halts the polymerization [23], a process called enantiomeric
cross-inhibition. However, homochirality in the chiral monomers is not essential
for generating homochiral synthetic polymers [3]. Although polyisocyanates, for
example, constructed from achiral monomers form helical polymers with equal
numbers of right- and left-handed forms, the introduction of a chiral bias in the
form of a small amount of a chiral version of a monomer can induce a high
enantiomeric excess (ee), defined as the percentage excess of the enantiomer over
the racemate [7], of one helical sense [24, 25]. This generation of an excess of the
helical sense preferred by the small number of chiral units (the sergeants) is called
the sergeants-and-soldiers effect. Furthermore, a polyisocyanate constructed from
arandom copolymerization of chiral monomers containing just a small percentage
excess of one enantiomer over the other shows a large excess of the helical form
generated from homopolymerization of the corresponding enantiopure monomer.
This generation of an excess of the helical sense preferred by the excess enantiomer
is called the majority rules effect.

Another example of the dramatic influence a small chiral bias may exert, this time
in the generation of homochiral monomers, arises in solid-liquid phase equilibria of
amino acids: a few per cent ee of one enantiomer in racemic compounds can lead to
very high solution ees, including a virtually enantiopure solution for serine [26]. This
is related to the well-known differences in relative solubilities of an enantiopure
compound and the corresponding racemate, which forms the basis of enantioen-
richment by crystallization [7]. An important feature of this system is that it is based
on an equilibrium mechanism, as distinct from far-from-equilibrium mechanisms
as previously invoked in kinetically induced amplification via autocatalytic reac-
tions [27]. Also, sublimation of a near-racemic mixture of serine containing a small
percentage ee of one enantiomer was recently found to generate a vapor with up to
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98% ee that could be condensed into an almost enantiopure solid [28]. Apparently,
clusters of the same enantiomer form preferentially over racemic clusters in the
vapor, with those of the majority enantiomer forming faster and selectively plucking
more of the majority enantiomer out of the subliming crystals. If all of the serine were
allowed to sublime, it would segregate into homochiral clusters with the same overall
slight initial ee as in the solid mixture. Similar results for a variety of other amino
acids were reported shortly afterwards [29].

Crystal chemistry suggests further possibilities. In addition to spontaneous
resolutions in crystallization, or the crystallization of achiral molecules in chiral
spacegroups [30], the faces of chiral crystals such as quartz, or the chiral faces of
nonchiral crystals such as calcite, could act as enantioselective templates [31]. Related
to this is the demonstration that the chiral rims of racemic B-sheets can operate as
templates for the generation of long homochiral oligopeptides from racemic mono-
mers in aqueous solution [32].

1.2.2
Pasteur’s Conjecture

From the above it is clear that small initial ees in chiral monomers can, in some
circumstances, generate large ees in both chiral monomers and polymers. This
small ee could be produced by some physical chiral influence. Since in Pasteur’s
time all substances found to be optically active in solution were natural products,
Pasteur himself conjectured that molecular chirality in the living world is the
product of some universal chiral force or influence in nature. Accordingly, he
attempted to extend the concept of chirality (dissymmetry) to other aspects of the
physical world [33]. For example, he thought that the combination of a translational
with a rotational motion generated chirality; likewise a magnetic field. Curie [34]
suggested that collinear electric and magnetic fields are chiral. However, as
explained below, of these only a translating-rotating system exhibits “true
chirality.” Pasteur’s incorrect belief that a static magnetic field alone is also a
source of chirality has been shared by many other scientists. This misconception is
based on the fact that a static magnetic field can induce optical rotation (the Faraday
effect) in achiral materials (vide supra); but as Lord Kelvin [9] emphasized: “the
magnetic rotation has no chirality.” In a new twist to the story [35], a magnetic field
was recently used in a more subtle fashion than that conceived by Pasteur by
exploiting the novel phenomenon of magnetochiral dichroism (vide infra) to induce
a small ee.

If it were ever proved that parity violation (vide infra) was linked in some way to
the origin and role of homochirality in the living world, this would provide the
ultimate source of a universal chiral force sensed by Pasteur. However, at the time of
writing, there is no firm evidence to support the idea [36]. On a cosmic scale,
enantioselective mechanisms depending on parity violation are the only ones that
could predetermine a particular handedness, such as the L-amino acids and D-
sugars found in terrestrial life; in all other mechanisms the ultimate choice would
arise purely by chance.
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13
Symmetry and Chirality

Chirality is an excellent subject for the application of symmetry principles [2, 37]. As
well as conventional point group symmetry, the fundamental symmetries of space
inversion, time reversal and even charge conjugation have something to say about
chirality at all levels: the experiments that show up optical activity observables, the
objects generating these observables and the nature of the quantum states that these
objects must be able to support. Even the symmetry violations observed in elementary
particle physics can infiltrate into the world of chiral molecules, with intriguing
implications. These fundamental symmetry aspects, summarized briefly below, are
highly relevant to considerations of molecular chirality and absolute enantioselec-
tion. They bring intrinsic physical properties of the universe to bear on the problem of
the origin of homochirality and its role in the origin and special physicochemical
characteristics of life, with important lessons for the generation and exploitation of
chirality at the nanoscale.

1.3.1
Spatial Symmetry

A finite cylindrical helix is the archetype for all figures exhibiting chirality. Thus, a
helix and its mirror image cannot be superposed since reflection reverses the screw
sense. Chiral figures are not necessarily asymmetric, that is devoid of all symmetry
elements, since they may possess one or more proper rotation axes: for example, a
finite cylindrical helix has a twofold rotation axis C, through the midpoint of the coil,
perpendicular to the long axis (Figure 1.4a). Hexahelicene (Figure 1.1b) provides a
molecular example of this. However, chirality excludes improper symmetry ele-
ments, namely centers of inversion, reflection planes and rotation—reflection axes.
Hence, chirality is supported by the point groups comprising only proper rotations,
namely C,, D,,, O, Tand L.

Figure 1.4 (a) A right-handed finite helix (only those in one face are shown for simplicity).
illustrating the twofold proper rotation axis. The chirality of the protein subunits renders the
(b) A simple icosahedral virus capsid illustrating entire capsid chiral but without destroying the
one each of the 6 fivefold, 10 threefold and 15 proper rotation axes, thereby generating the
twofold proper rotation axes. Each triangular face point group |.

contains three asymmetric protein subunits
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The chiral point group I has high rotational symmetry based on fivefold, threefold
and twofold rotation axes (Figure 1.4b). The protein capsids of icosahedral viruses
provide an interesting and pertinent example of this point group in the context of
chiral supramolecular structures; indeed virus capsids are already widely used in
nanotechnology. Although the folds of the many constituent coat protein subunits
are intrinsically chiral, being completely asymmetric like the lysozyme fold shown in
Figure 1.2, the protein subunits are identical in simple viruses and are tiled over the
capsid surface in such a way as to preserve all the rotation axes of the icosahedron.
However, their intrinsic chirality destroys any improper symmetry elements of the
complete capsid, which renders it chiral overall. This example demonstrates how it is
possible to construct a high-symmetry chiral supramolecular structure from the
association of low-symmetry chiral macromolecules.

1.3.2
Inversion Symmetry: Parity, Time Reversal and Charge Conjugation

More fundamental than spatial (point group) symmetries are the symmetries in the
laws of physics, and these in turn depend on certain uniformities that we perceive in
the world around us. In quantum mechanics, the invariance of physical laws under
an associated transformation often generates a conservation law or selection rule that
follows from the invariance of the Hamiltonian H under the transformation. Three
symmetry operations corresponding to distinct “inversions” are especially funda-
mental, namely parity, time reversal and charge conjugation [38].

Parity, represented by the operator P (not to be confused with the P-helicity
specification of absolute configuration) inverts the coordinates of all the particlesin a
system through the coordinate origin. This is equivalent to a reflection of the physical
system in any plane containing the coordinate origin followed by a rotation through
180° about an axis perpendicular to the reflection plane. If replacing the space
coordinates (x,y,z) everywhere in equations describing physical laws (e.g., Newton’s
equations for mechanics or Maxwell’s equations for electromagnetism) leaves the
equations unchanged, all processes determined by such laws are said to conserve
parity. Conservation of parity implies that P commutes with H so that, if y; is an
eigenfunction of H, then P¥, is also an eigenfunction with the same energy.

Time reversal, represented by the operator T, reverses the motions of all the
particles in a system. If replacing the time coordinate ¢ by —t everywhere leaves
equations describing physical laws unchanged, then all processes determined by
such laws are said to conserve time-reversal invariance, or to have reversality. A
process will have reversality as long as the process with all the motions reversed is in
principle a possible process, however improbable (from the laws of statistics) it may
be. Time reversal is therefore best thought of as motion reversal. It does not
mean going backward in time! Conservation of time reversal implies that T and
H commute so that, if H is time independent, the stationary state y; and its time-
reversed state Ty, have the same energy.

Charge conjugation, represented by the operator C, interconverts particles and
antiparticles. This operation from relativistic quantum field theory has conceptual
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value in studies of molecular chirality. It appears in the CPT theorem, which states
that, even if one or more of C, P, or Tare violated, invariance under the combined
operation CPTwill always hold. The CPTtheorem has three important consequences:
the rest mass of a particle and its antiparticle are equal; the particle and antiparticle
lifetimes are the same; and the electromagnetic properties such as charge and
magnetic moment of particles and antiparticles are equal in magnitude but opposite
in sign.

A scalar physical quantity such as energy has magnitude but no directional
properties; a vector quantity such as linear momentum p has magnitude and an
associated direction; and a tensor quantity such as electric polarizability has magni-
tudes associated with two or more directions. Scalars, vectors and tensors are
classified according to their behavior under Pand T. A vector whose sign is reversed
by Pis called a polar or true vector; for example a position vector r. A vector whose sign
is not changed by P is called an axial or pseudo vector; for example the angular
momentum L=r x p (since the polar vectors r and p change sign under P, their
vector product L does not). A vector such as r whose sign is not changed by T'is called
time even; a vector such as p or L whose sign is reversed is called time odd.

Pseudoscalar quantities have magnitude with no directional properties, but they
change sign under space inversion P. An example is the natural optical rotation angle.

133
True and False Chirality

There is no disagreement when the term “chiral” is applied to a static object
displaying distinguishable enantiomers under space inversion P (or mirror reflec-
tion), like bromochlorofluoromethane or hexahelicene in Figure 1.1. But when the
term is applied to less tangible enantiomorphous systems in which motion is an
essential ingredient, time-reversal arguments are required to clarify the concept. The
hallmark of a chiral system is that it can support time-even pseudoscalar observables,
which are only supported by quantum states with mixed parity but that are invariant
under time reversal. This leads to the following definition [2, 10].

True chirality is exhibited by systems existing in two distinct enantiomeric states that are
interconverted by space inversion, but not by time reversal combined with any proper spatial
rotation.

The spatial enantiomorphism shown by a truly chiral system is therefore time
invariant. Spatial enantiomorpism that is time noninvariant has different character-
istics called “false chirality” to emphasize the distinction. Falsely chiral systems have
quite different physical properties from truly chiral systems, which is due in part to
their inability to support time-even pseudoscalar observables.

Consider an electron, which has a spin quantum number s=1/2, with m;=+1/2
corresponding to the two opposite projections of the spin angular momentum onto a
space-fixed axis. A stationary spinning electron is not a chiral object because space
inversion P does not generate a distinguishable P-enantiomer (Figure 1.5a). Howev-
er, an electron translating with its spin projection parallel or antiparallel to the
direction of propagation has true chirality because P interconverts distinguishable
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Figure 1.5 The effect of Pand T on the motions of (a) a stationary
spinning particle and (b) a translating spinning particle. Reprinted
from Ref. [2] with permission.

left (L) and right (R) spin-polarized versions by reversing the propagation direction
but not the spin sense, whereas time reversal T does not because it reverses both
(Figure 1.5b). Similar considerations apply to a circularly polarized photon except that
photons, being massless, are always chiral since they always move at the velocity of
light in any reference frame.

Now consider a cone spinning about its symmetry axis. Because P generates a
version that is not superposable on the original (Figure 1.6a), it might be thought that
this is a chiral system. The chirality, however, is false because T followed by a rotation
R through 180° about an axis perpendicular to the symmetry axis generates the same
system as space inversion (Figure 1.6a). If, however, the spinning cone is also
translating along the axis of spin, T followed by R, now generates a system different
from that generated by P alone (Figure 1.6b). Hence a translating spinning cone has
true chirality. It has been argued that a nontranslating spinning cone belongs to the
spatial point group C,, and so is chiral [39]. More generally, it was suggested that
objects that exhibit enantiomorphism, whether T-invariant or not, belong to chiral
point groups and hence that motion-dependent chirality is encompassed in the
group-theoretical equivalent of Lord Kelvin’s definition. However, a nontranslating
spinning cone will have quite different physical properties from those of a finite helix.
For example, the molecular realization of a spinning cone, namely a rotating
symmetric top molecule such as CH;Cl, does not support time-even pseudoscalar
observables such as natural optical rotation (it supports magnetic optical rotation) [2].
To classify it as “chiral” the same as for a completely asymmetric molecule that does
support natural optical rotation is therefore misleading as far as the physics is
concerned, even though such a classification may be consistent within a particular
mathematical description.

Itis clear that neither a static uniform electric field E (a time-even polar vector) nor a
static uniform magnetic field B (a time-odd axial vector) constitutes a chiral system.
Likewise for time-dependent uniform electric and magnetic fields. Furthermore, no
combination of a static uniform electric and a static uniform magnetic field can
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Figure 1.6 The effect of P, T and R; on (a) a stationary spinning
cone, which has false chirality, and on (b) a translating
spinning cone, which has true chirality. The systems generated
by Pand T may be interconverted by a rotation Ry (z) about an axis z
perpendicular to the symmetry axis of the conein (a) but notin (b).
Adapted from Ref. [2] with permission.

constitute a chiral system. As Curie [34] pointed out, collinear electric and magnetic
fields do indeed generate spatial enantiomorphism (dissymmetry). Thus, parallel
and antiparallel arrangements are interconverted by space inversion and are not
superposable. But they are also interconverted by time reversal combined with a
rotation R through 180° about an axis perpendicular to the field directions and so the
enantiomorphism corresponds to false chirality (Figure 1.7). Zocher and Térdk [40]
also recognized that Curie’s spatial enantiomorphism is not the same as that of a
chiral molecule: they called the collinear arrangement of electric and magnetic fields
a time-asymmetric enantiomorphism and said that it does not support time-sym-
metric optical activity. Tellegen [41] conceived of a medium with novel electromag-
netic properties comprising microscopic electric and magnetic dipoles tied together
with their moments either parallel or antiparallel. Such media clearly exhibit
enantiomorphism corresponding to false chirality, and are potentially of great
interest to nanotechnology. However, although much discussed [42, 43], the fabrica-
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Figure 1.7 The effect of P and T on an arrangement of parallel
electric and magnetic fields, which has false chirality. The opposite
antiparallel arrangements generated by P and T may be
interconverted by a rotation R (z) about an axis z perpendicular to
the field directions.

tion of Tellegen media proved elusive until very recently when the construction of
particles with coupled electric and magnetic moments was reported for the first
time [44]. These particles, made from white titanium oxide and black manganese
ferrite suspended in polythene beads, were used to fabricate a switchable room-
temperature magnetoelectic material that is isotropic in the absence of any field.
In fact, the basic requirement for two collinear vectorial influences to generate true
chirality is that one transforms as a polar vector and the other as an axial vector, with
both either time even- or time-odd. The second case is exemplified by magnetochiral
phenomena [1, 2, 45] where a birefringence and a dichroism may be induced in an
isotropic chiral sample by a uniform magnetic field B collinear with the propagation
vector k of a light beam of arbitrary polarization, including unpolarized. The
birefringence [46] and the dichroism [47] were first observed in the late 1990s. The
magnetochiral dichroism experiment is illustrated in Figure 1.8. Here, the parallel
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Figure 1.8 The magnetochiral dichroism experiment. The
absorption index n’ of a medium composed of chiral molecules is
slightly different for unpolarized light when a static magnetic field
is applied parallel (17) and antiparallel (1]) to the direction of
propagation of the beam. Reprinted from Ref. [2] with permission.
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and antiparallel arrangements of B and k, which are interconverted by P, are true
chiral enantiomers because they cannot be interconverted by T since B and k are
both time odd. Magnetochiral phenomena are not confined to the realm of optics [1].
An important example for nanotechnology is an anisotropy in the electrical resistance
through a chiral conductor in directions parallel and antiparallel to a static magnetic
field, something that has been observed in both macroscopic chiral conductors in the
form of helical bismuth wires [48], and microscopic helical conductors in the form of
chiral single-walled nanotubes [49].

13.4
Symmetry Violation

Prior to the discovery of parity violation by Lee and Yang in 1956, it seemed self-
evident that handedness is not built into the laws of nature. If two objects exist as
nonsuperposable mirror images, such as the two enantiomers of a chiral molecule, it
did not seem reasonable that nature should prefer one over the other. Any difference
was thought to be confined to the sign of pseudoscalar observables: the mirror image
of any complete experiment involving one enantiomer should be realizable, with any
pseudoscalar observable (such as the natural optical rotation angle) changing sign but
retaining exactly the same magnitude. Observations of asymmetries in phenomena
such as radioactive B-decay demonstrated that this was not the case for processes
involving the weak interactions. It was subsequently realized, however, that symme-
try could be recovered by invoking invariance under the combined CP operation in
which charge conjugation and space inversion are applied together [50].

The unification of the theory of the weak and electromagnetic interactions into a
single electroweak interaction theory [50] revealed that the absolute parity violation
associated with the weak interactions could infiltrate to a tiny extent into all
electromagnetic phenomena and hence into the world of atoms and molecules.
This is brought about by a “weak neutral current” that generates, inter alia, the
following parity-violating electron-nucleus contact interaction term (in atomic units)
in the Hamiltonian of the atom or molecule [36, 51]:

VEI\\I/ :%Q\X/{Ge'Peva(re)} (1.1)

where {} denotes an anticommutator, G is the Fermi weak coupling constant, o is the
fine structure constant, 6. and p, are the Pauli spin operator and linear momentum
operator of the electron, py(te) is a normalized nuclear density function and Qy is an
effective weak charge. Since G, and p, are axial and polar vectors, respectively, and
both are time odd, their scalar product o.-p. and hence VY are time-even
pseudoscalars.

One manifestation of parity violation in atomic physics is a tiny natural optical
rotation in vapors of free atoms [52]. CPinvariance means that the equal and opposite
sense of optical rotation would be shown by the corresponding atoms composed of
antiparticles. Chiral molecules support a unique manifestation of parity violation in
the form of a lifting of the exact degeneracy of the energy levels of mirror-image
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enantiomers, known as the parity-violating energy difference (PVED). Although not
yet observed experimentally using, for example, ultrahigh resolution spectroscopy,
this PVED may be calculated [14, 36, 53]. Since, on account of the PVED, the P-
enantiomers of a truly chiral object are not exactly degenerate (isoenergetic), they are
not strict enantiomers (because the concept of enantiomers implies the exact
opposites). So where is the strict enantiomer of a chiral object to be found? In the
antiworld, of course: strict enantiomers are interconverted by CP! In other words, the
molecule with the opposite absolute configuration but composed of antiparticles
should have exactly the same energy as the original [2, 37], which means that a chiral
molecule is associated with two distinct pairs of strict enantiomers (Figure 1.9).
Violation of time reversal was first observed by Christenson et al. in 1964 in decay
modes of the neutral K-meson, the K° [50]. The effects are very small; nothing like the
parity-violating effects in weak processes, which can sometimes be absolute. In fact, T
violation itself was not observed directly: rather, the observations showed CPviolation
from which Tviolation was implied from the CPT theorem. Direct T violation was
observed in 1998 in the form of slightly different rates, and hence a breakdown in
microscopic reversibility, for the particle to antiparticle process K® — K% and the
inverse K — K. Since a particle and its antiparticle have the same rest mass if CPT

F
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N *Cl i
Br*
(S)-(+)* (R)-(-)*

Figure 1.9 The two pairs of strict enantiomers (exactly
degenerate) of a chiral molecule that are interconverted by CP. The
structures with atoms marked by asterisks are antimolecules built
from the antiparticle versions of the constituents of the original
molecules. Adapted with corrections from Ref. [2] with
permission.
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invariance holds, only the kinetics, but not the thermodynamics, are affected in CP- or T
violating process. CPTinvariance may also be used to show that the CP-enantiomers of
a chiral molecule that appear in Figure 1.9 remain strictly degenerate even in the
presence of CP violation [54]. Whether or not CP violation could have any direct
manifestations in molecular physics is the subject of debate [54].

The concept that a spinning particle translating along the axis of spin possesses
true chirality exposes a link between chirality and special relativity. Consider a particle
with a right-handed chirality moving away from an observer. If the observer
accelerates to a sufficiently high velocity that she starts to catch up with the particle,
it will appear to be moving towards her and so takes on a left-handed chirality. The
chirality of the particle vanishes in its rest frame. Only for massless particles such as
photons and neutrinos is the chirality conserved since they always move at the
velocity of light in any reference frame. This relativistic aspect of chirality is a central
feature of elementary particle theory, especially in the weak interactions where the
parity-violating aspects are velocity dependent [50].

1.3.5
Symmetry Violation versus Symmetry Breaking

The appearance of parity-violating phenomena is interpreted in quantum mechanics
by saying that, contrary to what had been previously supposed, the Hamiltonian lacks
inversion symmetry due to the presence of pseudoscalar terms such as the weak
neutral current interaction. Such symmetry violation, sometimes called symmetry
nonconservation, must be distinguished from symmetry breaking that applies when a
system displays a lower symmetry than that of its Hamiltonian [2]. Natural optical
activity, for example, is a phenomenon arising from parity (or mirror symmetry)
breaking because a resolved chiral molecule displays a lower symmetry than its
associated Hamiltonian: it lacks inversion symmetry (equivalent to mirror symme-
try), whereas all the terms in the molecular Hamiltonian (ignoring tiny parity-
violating terms) have inversion symmetry. It has been pointed out that the terms
“chiral symmetry” and “chiral symmetry breaking,” which are widely used to
describe the appearance of chirality out of achiral precursors, are inappropriate
because chirality is not a symmetry at all in molecular science [55, 56]. Rather,
chirality is an attribute associated with special types of reduced spatial symmetry that
enables an object to exist in two nonsuperposable mirror-image forms. “Mirror-
symmetry breaking” is more correct. The term “chiral symmetry breaking” is,
however, entirely appropriate in elementary particle physics, which requires relativ-
istic quantum field theory within which chiral symmetry has a rigorous defini-
tion [57]. Chiral symmetry is an internal symmetry, rather than a geometrical
symmetry, of massless particles, with mass associated with broken chiral symmetry.

In spontaneous resolutions such as that of sodium ammonium tartrate studied by
Pasteur, mirror-symmetry breaking has not occurred at the bulk level because the
sample remains optically inactive overall. However, bulk mirror-symmetry breaking
can sometimes be induced to produce a large excess of one or other enantiomer. A
famous example is the sodium chlorate (NaClO3) system [58]. Solutions of this saltin
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water are optically inactive because the Na ™ and ClO; ™~ ions into which it dissociates
are achiral. NaClOj; crystals, however, are chiral, butin the absence of perturbations a
random distribution of the (+ ) and (—) enantiomeric crystals is obtained. Remark-
ably, when the evaporating NaClO; solution is stirred, mostly either (+) or (—)
crystals are obtained; repeating the experiment many times gives equal numbers of
(+)and (—) sets of crystals, as it must if parity is to be conserved. Chiral perturbations
such as seeding with a small amount of the (+) or (—) crystals, or irradiation with
energetic spin-polarized electrons (left-helical) or positrons (right-helical) from
radioactive sources [59], can systematically induce bulk mirror-symmetry breaking
in the form of a large excess of one or other of the chiral crystal forms. The formation
of helical polymers with high ees via the sergeants-and-soldiers or majority rules
phenomena (vide supra), and analogous phenomena in two dimensions in the context
of the supramolecular assembly of molecules into homochiral domains on sur-
faces [60, 61], are further examples of mirror-symmetry breaking in the bulk induced
by chiral perturbations.

1.3.6
Chirality in Two Dimensions

Since surfaces play an important role in nanoscience, a consideration of chirality in
two dimensions is pertinent. This arises when there are two distinct enantiomers,
confined to a plane or surface, that are interconverted by parity but not by any rotation
within the plane about an axis perpendicular to the plane (symmetry operations out of
the plane require an inaccessible third dimension). In two dimensions, however, the
parity operation is no longer equivalent to an inversion through the coordinate origin
as in three dimensions because this would not change the handedness of the two
coordinate axes. Instead, an inversion of just one of the two axes is required [62]. For
example, if the axes x, y are in the plane with z being perpendicular, then the parity
operation could be taken as producing either —x, y or x, —y, which are equivalent to
mirror reflections across lines defined by the y- or x-axes, respectively. Hence, an
object such as a scalene triangle (one with three sides of different length), which is
achiral in three dimensions, becomes chiral in the two dimensions defined by the
plane of the triangle because reflection across any line within the plane generates a
triangle that cannot be superposed on the original by any rotation about the z-axis.
Notice that a subsequent reflection across a second line, perpendicular to the first,
generates a triangle superposable on the original, which demonstrates why an
inversion of both axes, so that x, y — —x, —yis not acceptable as the parity operation
in two dimensions.

Arnaut [63] has provided a generalization of the geometrical aspect of chirality
to spaces of any dimensions. Essentially, an N-dimensional object is chiral in an N-
dimensional space if it cannot be brought into congruence with its enantiomorph
through a combination of translation and rotation within the N-dimensional space.
As a consequence, an N-dimensional object with N-dimensional chirality loses its
chirality in an M-dimensional space where M > N because it can be rotated in the
(M — N)-subspace onto its enantiomorph. Arnaut refers to chirality in one, two and
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three dimensions as axichirality, planochirality and chirality, respectively, and pro-
vides a detailed analysis of planochirality with examples such as a swastika, a
logarithmic spiral and a jagged ring. He concludes that, for time-harmonic excita-
tions, axichiral media have no significance, although the concept is significant for
static and more general rectified fields. He also concludes that the notion of zero-
dimensional chirality would be meaningless based on his view of chirality as a
geometrical concept. However, these conclusions based on a strictly geometrical
definition of chirality may need to be qualified if motion is an essential ingredient in
the generation of the chirality.

One striking optical manifestation of planochirality is a large circular intensity
difference in second-harmonic light scattering from chiral molecules on an isotropic
surface [64]. Because the mechanism involves pure electric dipole interactions, the
effectis three orders of magnitude larger than analogous phenomena observed in the
bulk since the latter require interference between electric dipole and magnetic dipole
interactions [2]. Other manifestations include rotation of the plane of polarization in
light refracted from [65], and transmitted through [66], the surface of artificial chiral
planar gratings based on swastika-like chiral surface nanostructures.

The concept of false chirality arises in two dimensions as well as in three. For
example, the sense of a spinning electron on a surface with its axis of spin
perpendicular to the surface is reversed under the two-dimensional parity operation
(unlike in three dimensions). Because electrons with opposite spin sense are
nonsuperposable in the plane, a spinning electron on a surface would seem to be
chiral. However, the apparent chirality is false because the sense of spin is also
reversed by time reversal. The enantiomorphism is therefore time-noninvariant, the
system being invariant under the combined PT operation but not under P and T
separately.

1.4
Absolute Enantioselection

The use of an external physical influence to produce an ee in what would otherwise be
a racemic product in a chemical reaction is known as an absolute asymmetric
synthesis. The production of an ee in more general situations is often referred to as
absolute enantioselection or physical chiral induction. The subject still attracts much
interest and controversy [12, 13, 15, 67]. The considerations of Section 1.3.3 above
provide a sound foundation for the critical assessment of physical influences capable
of inducing ees, however small.

1.4.1
Truly Chiral Influences

Ifaninfluence is classified as truly chiral it has the correct symmetry characteristics to
induce absolute asymmetric synthesis, or some related process such as preferential
asymmetric decomposition, in any conceivable situation, although of course the
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influence might be too weak to produce an observable effect. In this respect it is
important to remember Jaeger’s dictum [68]: “The necessary conditions will be that
the externally applied forces are a conditio sine qua non for the initiation of the reaction
which would be impossible without them.”

The ability of a truly chiral influence to induce absolute asymmetric synthesis in a
reaction process at equilibrium may be illustrated by a simple symmetry argument
applied to the following unimolecular process

ke Ky
M SRS M
PR

in which an achiral molecule R generates a chiral molecule M or its enantiomer M*
and the ks are appropriate rate constants. In the absence of a chiral influence, M and
M* have the same energy, so no ee can exist if the reaction reaches thermodynamic
equilibrium. Consider a collection of single enantiomers M in the presence of a right-
handed chiral influence (Ch)g, say. Under parity P, the collection of enantiomers M
becomes an equivalent collection of mirror-image enantiomers M* and the right-
handed chiral influence (Ch)r becomes the equivalent left-handed chiral influence
(Ch)L. Assuming parity is conserved, this indicates that the energy of M in the
presence of (Ch)y is equal to that of M* in the presence of (Ch);. But because parity (or
any other symmetry operation) does not provide a relation between the energy of M
and M* in the presence of the same influence, be it (Ch)g or (Ch)y, they will in general
have different energies. Hence, an ee can now exist at equilibrium (due to different
Boltzmann populations of M and M*). There will also be kinetic effects because the
enantiomeric transition states will also have different energies.

Circularly polarized photons, or longitudinal spin-polarized electrons associated
with radioactive 3-decay, are obvious examples of truly chiral influences, and their
ability to induce absolute enantioselection has been demonstrated in a number of
cases [12, 13, 15, 67]. Photochemistry with circularly polarized light is especially
favorable because it conforms to Jaeger’s dictum above. This photochemistry can
occur by photoequilibration of a racemic mixture of molecules, or by selective
destruction of one enantiomer over the other. A recent and impressive example,
with important implications for astrobiology, was the use of intense circularly
polarized synchrotron radiation in the vacuum ultraviolet to induce significant ees
in racemic amino acids in the solid state via enantioselective photodecomposition,
which models a realistic situation relevant to organic molecules in interstellar or
circumstellar dust grains [69].

Vortex motion constitutes a truly chiral influence since it combines rotation with
translation perpendicular to the rotation plane. There has been considerable interest
in the possibility that vortex motion in a conical swirl might be exploited to induce
absolute enantioselection, but until recently no convincing example has been
demonstrated experimentally [67]. Then -several years ago reports appeared of
mirror-symmetry breaking in homoassociation of achiral diprotonated porphyrins
where helical conformations were generated by stirring in a rotary evaporator with
the sense of chirality, detected by circular dichroism, being selected by the sense of
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stirring [70, 71]. In a later report, the same group claimed to have achieved similar
results through magnetic stirring in a small tube, and went on to provide an
explanation in terms of hydrodynamic effects of the vortex at the walls of the
container [72]. Another recent result illustrates the complexity of such processes
and the importance of the conditions. Thus it was found that vortexing an insulin
solution at room temperature generated two distinct types of amyloid fibrils with
opposite local chiral preferences, the dominance of one or other type of fibrils in a test
tube being only stochastically determined; whereas vortexing at 60 °C always gener-
ated the same chiral form, presumably under the influence of the chiral bias of the
exclusively L-amino acids in the protein [73]. Vortexing in the opposite sense made no
difference to these results (W. Dzwolak, private communication). A further recent
and highly relevant observation in this context concerns filamentous bacterial
viruses: several types form cholesteric liquid crystals under the influence of their
chiral protein and DNA constituents, while others form nematic liquid crystals that
are apparently “oblivious” to the chirality of their molecular components [74].

Although a magnetic field alone has no chirality and so cannot induce absolute
enantioselection, we have seen that a static magnetic field collinear with a light beam
of arbitrary polarization (Figure 1.8) is a truly chiral system and hence can induce
absolute enantioselection in all circumstances. This has been demonstrated experi-
mentally in the form of small ees observed in an initially racemic solution of a chiral
transition-metal complex in the presence of a static magnetic field collinear with an
unpolarized light beam at photochemical equilibrium [75].

Being a time-even pseudoscalar, the weak neutral current interaction VY respon-
sible for the tiny PVED is the quintessential truly chiral influence in atomic and
molecular physics. It lifts only the degeneracy of the space-inverted (P-) enantiomers
of a truly chiral system; the P-enantiomers of a falsely chiral system such as a
nontranslating rotating cone remain strictly degenerate. It has attracted considerable
discussion as a possible source of biological homochirality [11, 14, 15, 36, 53, 76].
However, it is still not clear whether or not the PVED preferentially stabilizes the
naturally occurring r-amino acids and p-sugars. Measurable differences reported in
the physical properties of crystals of p- and 1-amino acids and claimed to be due to
parity violation have not been corroborated [77]: they have been shown instead to arise
from traces of different impurities in the enantiomorphous crystals [78]. So far there
is no convincing evidence that the PVED itself has any enantioselective influence on
the crystallization of sodium chlorate (vide supra) or on that of any other
system [30, 59].

1.4.2
Falsely Chiral Influences

It is important to appreciate that, unlike the case of a truly chiral influence,
enantiomers M and M* remain strictly isoenergetic in the presence of a falsely
chiral influence such as collinear electric and magnetic fields. Again this can be seen
from a simple symmetry argument applied to the unimolecular reaction above.
Under P, the collection of enantiomers M becomes the collection M* and the parallel
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arrangement, say, of E and B becomes antiparallel. The antiparallel arrangement of E
and B, however, becomes parallel again under T; but these last two operations will
have no affect on an isotropic collection of chiral molecules, even if paramagnetic.
Hence, the energy of the collection M is the same as that of the collection M* in
parallel (or antiparallel) electric and magnetic fields.

When considering the possibility or otherwise of absolute asymmetric synthesis
being induced by a falsely chiral influence, a distinction must be made between
reactions that have been left to reach thermodynamic equilibrium (thermodynamic
control) and reactions that have not attained equilibrium (kinetic control). The case of
thermodynamic control is quite clear: because M and M* remain strictly isoenergetic
in the presence of a falsely chiral influence, such an influence cannot induce absolute
asymmetric synthesis in a reaction that has been allowed to reach thermodynamic
equilibrium. The case of kinetic control is more subtle. It has been suggested that
processes involving chiral molecules in the presence of a falsely chiral influence such
as collinear E and B may exhibit a breakdown of conventional microscopic revers-
ibility, but preserve a new and deeper principal of enantiomeric microscopic revers-
ibility [79]. Since only the kinetics, but not the thermodynamics, of the process are
affected, this suggests an analogy with the breakdown in microscopic reversibility
associated with CP- and T-violation in particle—antiparticle processes [37, 54, 79]. The
force responsible for CPviolation may be conceptualized as the quintessential falsely
chiral influence in particle physics, being characterized by lack of CPand Tinvariance
separately but possessing CPT invariance overall. This is analogous to a falsely chiral
influence in the molecular case, which is characterized by alack of Pand Tinvariance
separately but possessing PT invariance overall.

Since one effect of E in a falsely chiral influence such as collinear E and B is to
partially align dipolar molecules [79], it is not required if the molecules are already
aligned. Hence, a magnetic field alone might induce absolute enantioselection if the
molecules are prealigned, as in a crystal or on a surface, and the process is far from
equilibrium [80]. However, to date there has been no unequivocal demonstration of
absolute enantioselection induced by this or any other falsely chiral influence [67].

1.5
Spectroscopic Probes of Chirality in Nanosystems

In order to detect chirality in molecular systems, a spectroscopic probe must be
sensitive to absolute handedness. This usually means that it must exploit in some way
the intrinsic chirality of circularly polarized light. The power of chiroptical spectro-
scopic techniques for applications to chiral macromolecules and supramolecular
structures in general derives in part from their ability to cut through the complexity of
conventional spectra (which are “blind” to chirality) to reveal three-dimensional
information about the most rigid, twisted chiral parts of the structure, within the
backbone in polymers, for example, since these often generate the largest chiroptical
signals. Although chiroptical methods do not provide structures at atomic resolution
like X-ray crystal and fiber diffraction, and multidimensional NMR, they are usually

21



22

1 An Introduction to Chirality at the Nanoscale

easier to apply and a much wider range of samples are accessible. Furthermore, the
level of analysis is improving rapidly thanks to current progress in computational
chemistry, particularly for the newer vibrational optical activity techniques.

1.5.1
Electronic Optical Activity

To date the most widely used chiroptical spectroscopies to study chiral nanosystems
in solution are optical rotatory dispersion (ORD) and circular dichroism (CD), which
originate in differential refraction and absorption, respectively, of right- and left-
circularly polarized light. Closely related to CD are circular polarization of lumines-
cence, and fluorescence-detected circular dichroism. The principles and applications
of CD and other chiroptical spectroscopies, including some applications to supra-
molecular systems, are reviewed in Refs. [81, 82]. The observable in CD spectroscopy
is the following rotational strength of the j«— n electronic transition, which may be
related to the area and sign of a corresponding CD spectral band [2, 81, 82]:

R(je=n) = Im((nlu|j) - (jlm|n)) (1.2)

where | and m are the electric and magnetic dipole moment operators, respectively.
Since 1 and m are time-even and time-odd polar and axial vectors, respectively, the
imaginary part of their scalar product is a time-even pseudoscalar [2], as befits a chiral
observable. Attempts to theoretically simulate observed UV-visible CD spectra focus
on quantum-chemical calculations of the rotational strength (1.2) for the correspond-
ing electronic transitions [81, 82]. At present, their use remains significantly limited
by the molecular size, conformational flexibility, and difficulties in obtaining
sufficiently accurate and reliable descriptions of the corresponding excited electronic
states [81-83].

CD is immensely useful in nanoscience, but mainly in its qualitative aspects for
monitoring conformation changes, especially inversion of chirality via reversal of CD
signals. Theoretical simulations of the rotational strength (1.2) that are sufficiently
accurate to provide information about absolute helical sense and conformational
parameters from the experimental CD spectra of systems such as helical polyiso-
cyanates [25] and B-peptides [84] have so far proved elusive.

One particularly valuable application of CD in supramolecular chemistry in-
volves the observation of spectral signals arising from different types of intermo-
lecular interactions. Four typical situations are encountered [83]. A chiral “guest”
and an achiral chromophoric “host” compound such as a calixarene or a bis-
porphyrin can form a complex that exhibits an induced CD within the absorption
bands of the host. Conversely, a small achiral chromophoric guest compound
bound to a chiral host such as a cyclodextrin or an oligonucleotide may show a CD
induced by the chiral host. Also, coupling between several achiral guest molecules
such as carotenoids bound to different sites of a chiral macromolecular host such as
serum albumin may show a diagnostic CD spectrum due to exciton coupling if the
guests are held in a chiral orientation relative to each other. Finally, a chiral
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nonchromophoric ligand may bind to a metal ion with observable d- or ftype
transitions making them CD-active.

1.5.2
Vibrational Optical Activity

ORD and CD atvisible and ultraviolet wavelengths measure natural optical activity in
the electronic spectrum. It had long been appreciated that extending natural optical
activity into the vibrational spectrum could provide more detailed and reliable
stereochemical information because a vibrational spectrum contains many more
bands sensitive to the details of the molecular structure (3N-6 fundamentals, where
N is the number of atoms) [2]. This was finally achieved in the early 1970s when
vibrational optical activity was first observed in small chiral molecules in fluid media
using two complementary techniques: a circular polarization dependence of vibra-
tional Raman scattering of visible laser light [85], and circular dichroism of infrared
radiation [86]. These are now known as Raman optical activity (ROA) and vibrational
circular dichroism (VCD), respectively [2, 81, 82].

Vibrational optical activity is especially powerful for determining the absolute
configuration together with conformational details, including relative populations, of
smaller chiral molecules by means of ab initio quantum-chemical simulations of
VCD and ROA spectra [87-89]. These are generally more reliable than the corre-
sponding electronic CD calculations, one reason being that the calculations involve
molecules in their ground electronic states that are usually well defined. Attempts to
simulate VCD spectra focus on calculations of the rotational strength (1.2), withj —n
now a fundamental vibrational transition, for all 3N-6 normal modes of vibration.
ROA simulations focus on calculations of products such as (n|og|j){ j|Gogln) and
(n]0top|j)€oys ( jlAysp|n), which determine the intensity of an ROA band for thej < n
fundamental vibrational transition, where o,g is an operator corresponding to the
electric dipole—electric dipole polarizability tensor and Ggp and Aug, are electric
dipole-magnetic dipole and electric dipole—electric quadrupole optical activity tensor
operators, respectively [2]. Like the rotational strength, these ROA intensity terms are
again time-even pseudoscalars and so are only supported by chiral molecules.

The recent determination of the solution structure of a supramolecular tetramer of a
chiral dimethyl-biphenyl-dicarboxylic acid [90] and of aromatic foldamers [91] from ab
initio simulations of the observed VCD spectra provide examples of what can currently
be achieved. Oligo- and polypeptides, including synthetic -peptides, in model con-
formations are also becoming accessible to ab initio VCD and ROA simulations
[92-94]. All this suggests that, although applications of ROA and VCD in nanoscience
are still in their infancy, they appear to have significant potential for characterizing the
absolute handedness and conformational details of synthetic chiral macromolecules
and supramolecular structures in solution by means of theoretical simulations of
observed spectra. ROA is especially promising in this respect because there appears to
be no upper size limit to the structures that may be studied: even intact viruses are
accessible to ROA measurements from which, inter alia, information such as coat
protein folds and nucleic acid structure may be deduced [95].
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1.6
Conclusion

Chirality is already a burgeoning topic in nanoscience and is expected to stimulate
further new and fruitful developments. The homochirality of biological macromo-
lecules and their many diverse structural and functional roles provide important
lessons for chiral nanoscience, which is also developing its own themes with regard to
synthetic supramolecular systems and nonaqueous solvents not encountered in the
chemistry of life. Applications of chiroptical spectroscopies in nanoscience will
continue to grow in importance, especially the vibrational optical activity techniques
of ROA and VCD. It is hoped that the more fundamental aspects elaborated in this
chapter will prove useful for understanding the generation, characterization and
functional role of chirality in molecular systems and thereby facilitate the exploitation
of its potential in nanoscience.
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Optically Active Supramolecules

Alessandro Scarso and Giuseppe Borsato

2.1
Introduction to Supramolecular Stereochemistry

Most scientists know the concept of chirality as the property of an object to be
nonsuperimposable on its mirror image, but not all of them know that the different
odor of lemon and orange arise due to the presence of (S) and (R)-limonene
enantiomers, respectively [1]. Such simple but highly explicative observation reminds
us that our nose can clearly distinguish between these two molecules that differ only in
the stereochemical distribution of the atoms. Almost all living systems are intrinsically
chiral and enantiomerically pure because they are all made up of chiral enantiopure
building blocks like p-saccharides, p-nucleotides and 1-amino acids and such chirality
implemented in the biopolymers governs stereoselective recognition of chiral external
molecular stimuli — such as the limonene molecules — by means of weak intermolec-
ular forces. If we consider the enormous amount of different chiral natural and
artificially synthesized molecules we come into contact with during our life, we
understand the pivotal importance of unraveling chiral recognition phenomena. Itisa
natural consequence that international as well as national organizations like the
W.H.O. and the F.D.A,, that are devoted to monitoring and maintaining of citizens’
health, impart stringent requirements on the commercialization of present and new
chiral drugs only after they have been tested and produced as single enantiomers [2].

Molecules are chemical entities that can interact with each other by weak
intermolecular forces with association lifetimes that span from <10~ s for statistical
encounters to days for elaborate assemblies depending on the number, orientation,
strength and nature of the weak interactions. The formation of intermolecular
aggregates is known as “supramolecular chemistry” with the term supramolecular
referring to “the chemistry beyond the molecules” [3]. This concept is intended as the
bottom-up approach that allows nanofabrication of a plethora of thermodynamically
controlled functional molecular devices made of several units characterized by
different geometries, symmetries and forms displaying particular features like
reversibility, self-correction and self-recognition, widening the borders of practical
chemical structures [4].

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32013-4
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S

DNA-A DNA-B DNA-Z
Figure 2.1 Examples of natural assemblies featuring supramolecular
chirality: right-handed double helix of DNA-A and B and left-handed
for DNA-Z arising from p-nucleotides as a function of the different
base pair sequence, salt concentration, or presence of certain cations.

Chirality is a feature that belongs generally to objects, it is observed in supramo-
lecules as well as in common molecules, with the important difference that while the
latter can be chiral only if they do not have symmetry planes, for supramolecular
aggregates the resulting assembly can be chiral even if each subunit is intrinsically
achiral. This is an important observation that clearly speaks for the importance of
studying chirality of self-assembled aggregates. Nature is pervaded by examples of
supramolecular chiral structures like helices, ribbons, polyhedral structures and
many others [5], where the aggregate is chiral and where the intrinsic chirality
implemented in the biopolymeric subunits steer the self-assembled structure to
assume, in many cases, highly symmetric [6] enantiomerically pure supramolecules.
Examples of such chiral control is evident in double helices of DNA where D
nucleotides induce only a right-handed double helix in DNA-A and DNA-B, while
left-handed in DNA-Z as a function of the sequence of base pairs, salt concentration,
or the presence of certain cations (Figure 2.1).

Supramolecular chirality arises when finite molecular noncovalent assemblies are
present in a nonsymmetrical arrangement that exists as two nonsuperimposable
mirror images (Figure 2.2) and it is distinguished from “chiral molecular re-
cognition” that refers to one to one host—guest chiral interaction [7].

The topic of supramolecular chirality applied to artificial assemblies in the general
sense has been reviewed recently [8-12] and the general phenomenon has been
classified into two principal domains as a function of the chiral or achiral nature of the
constituent subunits. The first phenomenon is called “noncovalent diastereoselective
synthesis” [11] and is observed when the supramolecular aggregate is produced with a
certain degree of diastereoselectivity starting from building blocks comprising also
chiral moieties and that, in some cases, are characterized by enantioselective self-
recognition [13] leading preferentially to meso or chiral racemic supramolecules.
Conversely, a second class of supramolecular chirality called “noncovalent enantio-
selective synthesis” [11] arises when the supramolecular aggregate is obtained starting
from achiral building blocks and can be produced in an enantiomerically enriched
form via the chiral memory effect[9, 14]. The present contribution is aimed at focusing
the attention of the reader to the latter kind of chiral assemblies because it represents
the ultimate degree of sophistication in supramolecular chirality. In Figure 2.3 are
depicted schematic examples of the different approaches applied to a model supra-
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Figure 2.2 Example of a macroscopic chiral racemic object
obtained by achiral units: a pen, a marking pen and a toothbrush in
a penholder can assume two enantiomeric distributions even if
each singular item is achiral.

molecule (A). In the “diastereoselective noncovalent synthesis” an enantiopure chiral
residue influences the stereochemical outcome of the supramolecular assembly
favoring one diastereoisomer over the other (B), while in the “enantioselective
noncovalent synthesis” the chiral external influence to induce the chirality of the
supramolecular aggregate favoring one enantiomer by means of weak interactions
and, once removed, the supramolecule slowly returns to a racemic mixture (C).

Hydrogen-bonded and metal-ligand coordinated chiral assemblies are covered in
the present work as these intermolecular interactions are the most efficient in terms
of directionality and binding energy. Emphasis is placed on self-assembled structures
characterized by closed topography thus behaving as capsular hosts where a cavity is
present and suitable for interaction with neutral or charged molecular guests.
Encapsulation is a unique supramolecular phenomenon that markedly influences
the behavior of trapped guests giving rise to new forms of isomerism, reactivity, and
topology that has reached a high degree of sophistication [15] and that is intrinsically
oriented to chiral molecular recognition with the ultimate purpose of Nature
mimesis. Moreover, the employment of achiral self-assembling components for the
formation of chiral supramolecular structures is a strategy that is much less costly in
terms of time required for the synthesis and purification of the components and can
positively take advantage of combinatorial and dynamic effects [16].

2.1.1
Survey of Weak Intermolecular Attractive Forces

While the amount of energy involved in a typical covalent chemical bond lies in the
range 170-450kJ/mol, weak intermolecular interactions are typically characterized
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Figure 2.3 (a) The assembly of the four molecular interact by means of intermolecular weak forces
units leads to the formation of a chiral with a chiral influence that steers the
supramolecular aggregate as a racemic mixture supramolecule towards one stereoisomer over
of M and P enantiomers; (b) if one of the units is the other. If the aggregate is sufficiently stable, it
intrinsically chiral, such chirality influences the is possible to displace the chiral influence with an
supramolecular assembly favoring one chiral ~ achiral analogue thus leading to an
arrangement over the other, namely enantioenriched supramolecule made of achiral
supramolecular diastereoselective synthesis; (c) units. Such a species is not indefinitely stable and
The chiral racemic supramolecular aggregate can slowly racemize.

by much lower energies [17]: in general, the enthalpy involved in intermolecular
attractive forces are from one to two orders of magnitude weaker. Intermolecular
forces can be classified into several types of interactions that span from the
more common hydrogen bonding (8-80k]J/mol) [18], metal-ligand coordination
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(40-130k]J/mol) [15f, 19] and ion pairing (2-10 kJ/mol) [20], to the much weaker in
terms of energy of binding van der Waals dispersive interactions [21], cation- [22],
anion-w [23], CH-rt [24] and the recently outlined halogen bond (0.2-3.0 kJ/mol) [25].
The hydrophobic effect can be an additional feature that enhances self-assembly and
binding affinity. The latter phenomenon is displayed only in aqueous medium and
generally it is caused by entropic effects, involving the typical water network of
hydrogen bonds, that makes it overall more favorable to stick together the molecules
of an apolar solutes rather than separately solvate each one [26]. It is worth noting that
weak interactions between molecular synthons are rarely monotopic, but more
frequently multiple complementary interactions take place at the same time with
the overall effect of strengthening the interactions between the molecular partners,
making intermolecular forces macroscopically relevant in terms of binding ener-
gy [27, 28]. Moreover, when multiple interactions are possible, the reciprocal
orientation between each couple of attractive residues influences the others if placed
in close proximity, with overall results that can be higher or lower in energy than the
simple algebraic addition of the single contributions [29].

Hydrogen-bonding prevails among other weak interactions in terms of widespread
diffusion in nature, importance and energy of binding: needless to say the pivotal role
played by this attractive force in the folding of proteins and many other natural
macromolecules, leading to their secondary, tertiary and quaternary structure thatare
essential to explicate peculiar biological activity. This makes hydrogen bonding one of
the favorite tools for the nanofabrication of supramolecular finite aggregates. An
illustrative example of a chiral hydrogen-bonded aggregate self-assembled by two
achiral counterparts is shown in Figure 2.4. Both molecules, the bis-carboxylic acid
and the bis-aniline are achiral, but the two hydrogen bonds place the two molecules in
a reciprocal dissymmetric arrangement, overall a chiral racemic supramolecule.

Metal-ligand coordination is an attractive force characterized by a wide range of
properties as a function of the combination of metal and coordinating atom and lies
in between covalent bonds and weak interactions. Geometric aspects like distance
and directionality between the two counterparts are crucial issues when discussing
weak intermolecular forces except in the case of ionic attractions [20]. From this point
of view, metal-ligand coordination offers a high level of geometrical control over the
assembly together with the possible presence of stereogenic centers directly im-
plemented, or in close vicinity to the metal center. Figure 2.5 shows different chiral
structures that arise by coordination of achiral bidentate ligands to metal centers
characterized by octahedral or square planar coordination geometry.

2.1.2
Timescale of Supramolecular Interactions and Racemization Processes

Proper docking of subunits for self-assembly of supramolecular chiral objects is a
dynamic equilibrium that is favored by the geometric preorganization of the binding
moieties imparted by the molecular scaffold. Careful design of counterparts is an
important issue to tackle targets like effective self-assembly and long lifetime of
supramolecules. It has been demonstrated that increasing the rigidity of the partners
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Figure 2.4 Example of a hypothetical hydrogen-bonded chiral
supramolecule derived by the association of two achiral units,
a dicarboxylic acid and dianiline.

results in an increase of binding free energy mainly because of decreased flexibility,
lower number of possible conformers, more negative AH of binding (favorable) and
consequently more negative entropy AS (unfavorable), in agreement with the general
observation concerning enthalpy/entropy compensation for association phenomena
[30].

Capsular assemblies are generally held together by several single weak attractive
interactions between subunits and guest and lifetimes for such association and
dissociation phenomena is in the order of 10 -~10s. for hydrogen-bonded sys-
tems [31], while the lifetime for metal-ligand assemblies can be up to a few orders of
magnitude higher as a function of the intrinsic nature of the aggregate [32].

As far as chiral assemblies made of achiral counterparts are concerned, the lifetime
of supramolecular encounters between subunits is strictly related to several aspects of
their supramolecular behavior like in-primis the activation energy for racemization

»
L

Figure 2.5 Chiral complexes arising by coordination of achiral
ligands to metal centers: (a) § and A enantiomers by
ethylenediamine (en) coordination in octahedral [Co(en)
Cl,(CO),J; (b) Aand A enantiomers by oxalate (ox) coordination in
octahedral [Fe(ox)s]*™; (c) enantiomeric complexes arising

by coordination of diamines ligands to square planar
[Pt(iso-butylenediamine) (meso-stilbenediamine)]* .
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Figure 2.6 Schematic representation of the complexes racemize quickly, while (c) dinuclear
decreasing racemization rate observed for systems have lower racemization rates due to
octahedral metal assemblies comprising mechanical coupling imparted by the rigid

bidentate ligands: (a) Bailar twist mechanism for ligand; (d) for tetrahedral assemblies with four
interconversion of A and A octahedral complexes metal corners racemization is a slow process.
comprising bidentate ligands; (b) monomeric

[32], their host—guest chemistry and the mechanism of association—dissociation and
in-out exchange of the guest.

While racemization of hydrogen-bonded chiral assemblies necessarily involves
rupture of attractive interactions and consequently possible guest release, for metal-
ligand assemblies comprising octahedral metal centers with bidentate ligands,
another mechanism pathway is possible besides the dissociative one. Such coordina-
tion geometry is characterized by a racemization mechanism called Bailar twist
(trigonal) typical for small bite angle ligands that involves directly the metal ion and
occurs by twisting around one of the pseudo C; axes of symmetry [12, 33]. The rigidity
of the organic linker that bridge different metal ions plays a crucial role in the
mechanical coupling of the stereochemistry of the metal centers (Figure 2.6).

For tightly bonded assemblies the guest can be released without complete
disassembly of the multimeric structure, but simply by means of gating through
one of the walls of the monomers, thus limiting the enthalpic cost and favoring chiral
memory effect.

Encapsulation phenomena are related with solvation and desolvation aspects and
the solvent plays a pivotal role both on a thermodynamic point of view, entropically
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favoring in many examples the encapsulation [34], as well as the kinetic point of view,
competing with the guest for binding. If prerequisites like size and shape of the guest
are fulfilled, capsular hosts are characterized by high levels of surface buried areas[30]
due to the complete surrounding of the guest. This is an important parameter that is
correlated to the average binding constants that for nonmetal-ligand assemblies are
in the range of 10>***M .

2.2
Self-Assembly of Intrinsically Chiral Molecular Capsules

The present section illustrates selected examples of overall racemic supramolecular
assemblies ordered in terms of their nature (purely organic or coordination capsules),
size of the structure and increasing level of complexity.

2.2.1
Hydrogen-Bonded Assemblies

The employment of concave-shaped molecules endowed with hydrogen-bond donors
and acceptors represents one of the easiest methodologies for the construction of
chiral supramolecules driven by the self-assembly of the subunits into well-defined
aggregates. The kinetic stability of the supramolecular structure influences positively
the racemization process that is slow on the NMR timescale and allows for the
observation of two distinct species for the encapsulated and free guest.

2.2.1.1 Double Rosettes

Chiral amplification is the phenomenon observed when a chiral unit present in a
small initial enantiomeric bias, induces a much higher stereo preference (high de or
ee) when introduced into a bigger aggregate. Double-rosette hydrogen-bonded
assemblies — whose name comes from their cyclic flower-like form — are typical
examples of such a relationship [35]. Racemic self-assembled double rosettes form
spontaneously when three calix[4]arene dimelamines units and six achiral barbitu-
rates (BAR) or cyanurate (CYA) are mixed in a 1: 2 ratio in apolar solvents, as depicted
in Figure 2.7. The nine achiral components are held together by 36 hydrogen bonds
and the supramolecular aggregate can adopt up to three diastereoisomeric forms
with Ds, C3j, and C; symmetry as a function of the conformation of the dimelamine
units. More hindered substituents on either dimelamine, barbiturate or cyanurate
favor the D isomer which exists as a pair of enantiomers, P and M [36]. Addition of
ten equivalents of enantiopure Pirkle’s reagent demonstrated the chirality of the
assembly. In fact, the interaction between the racemic supramolecular structure and
the enantiopure solvating agent caused the splitting of the 'H-NMR proton signals of
the bridging methylene of the calix{4]arene into equally populated signals due to
diastereoisomeric complexation, but no imbalance between the amounts of the two
species was observed and proved the existence of slowly interconverting chiral
assemblies in solution [37]. Employing tris-imidazoline achiral units and calix[4]
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@y fﬁ Chiral Racemic Homodimer

Figure 2.8 Chiral homodimerictennis ball capsule from an achiral
component bearing two different glycoluril residues. The R" and
R? groups have been reduced to spheres for clarity.

arene dicarboxylates in a 2 : 3 ratio, it was possible to achieve the exclusive formation
of the D; symmetrical self-assembled chiral racemic double rosette due to 12 charged
hydrogen bonds in polar protic medium containing up to 50% of deuterated
methanol (Figure 2.7) [38].

2.2.1.2 Hydrogen-Bonded Capsules

The smallest known chiral self-assembled host made of achiral building blocks was
disclosed and synthesized by Rebek and collaborators modifying the monomeric unit
based on the durene scaffold with two different glycoluril units. The so-called tennis
ball molecular capsule produced by self-assembly of two subunits through formation
of eight hydrogen bonds between the glycoluril counterparts offers a small cavity of
approximately 60 A® that can accommodate only gaseous guests like methane and
ethane [39] (Figure 2.8). Upon dimerization of the monomer, four well-separated
N-H signals were observed in the downfield region of the ' H-NMR spectrum arising
from the chirality of the assembly, even though it is composed of achiral monomers.
This serves as proof of concept to underline how asymmetry can be sensed at a
magnetic level more easily then at a binding level. Unfortunately, the small volume of
the cavity did not allow encapsulation and investigation of chiral guests.

More elongated monomers based on a rigid polycyclic scaffold endowed with two
different glycoluril moieties at the extremities allowed the formation of a chiral
softball molecular capsule. The association of two subunits through a seam of
hydrogen bonds provides a chiral capsule that maintains a C, symmetry axis but
no longer the planes of symmetry featured by the monomer (Figure 2.9) [40]. The
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Chiral Racemic Homodimer
Figure 2.9 Chiral homodimeric softball capsule from an achiral
component bearing two different glycoluril residues. The R' and
R? groups have been reduced to spheres for clarity.

cavity has a volume of approximately 240 A> and a spherical shape that enables
encapsulation of complementary guests like (R)-(+ )-camphor, thus leading to the
formation of two diastereoisomeric host—guest assemblies characterized by separate
signals but with equal intensity because of the semispherical symmetry of the cavity.

To provide selectivity in the binding as a result of stereorecognition, closer
interactions and tighter binding are pivotal prerequisites. Moreover, the asymmetry
of the surfaces has to extend into the cavity, rather than be limited to the exterior. A
step forward is presented by the evolution of the chiral softball monomer units. Each
piece contains the same glycoluril functional group at the extremities but is
characterized by different lengths of the two spacers between the hydrogen-bonding
extremities and the core of the monomer that remains achiral due to the presence of a
plane of symmetry. Dimerization provides a chiral dimeric capsule characterized by a
dissymmetric inner space [41] that, contrarily to what was observed with the first
softball, easily sensed chiral guests not only at the magnetic level but also at the
binding level providing different amounts of diastereoisomeric complexes. A total of
six different glycoluril monomers with various spacers in terms of size and electronic
properties on the two sides of the bicyclic six-membered unit were prepared in order
to deeply investigate the phenomenon, and the relative homodimeric capsules were
studied with a total of twenty chiral enantiopure guests (Figure 2.10) [42].

Cavity volume varies from 190 to 390 A and suitable guests were molecules whose
structure is related to camphor and pinane derivatives, with average size of the guest
in the range 145-225 A°. Proper matching of volumes and shapes of both supramo-
lecular hosts as well guests was crucial to ensure reciprocal sensing and preferential
stereoselective binding of one enantiomer of the capsule giving rise to diastereose-



2.2 Self-Assembly of Intrinsically Chiral Molecular Capsules | 41

Q o]
(o] (o]
HN)LN N)LNH
PO TS5 - G0
HMN N N NH
Y Y Y

X
[~

Chiral Racemic Homodimer
Figure 2.10 Second generation of chiral dissymmetric softball
capsules with the same glycoluril residues at the two extremities of
the monomer but with different spacers. The R groups have been
removed for clarity.

lective host-guest assemblies. This survey on chiral recognition in encapsulation
processes focused the attention to the importance of the presence of attractive
interactions between host and guest counterparts in order to enhance affinity as
well as selectivity and that simple steric requirements are, most of the time,
insufficient for the achievement of enantioselective binding.

Calix[4]arene units decorated at the upper rim with hydrogen-bonding moieties,
usually urea residues, provide a suitable semirigid concave scaffold for the construc-
tion of dimeric capsules with a cavity of about 200 A* (Figure 2.11a) [43]. If the calix[4]
arene unit contains two different groups appended on different aromatic residues
either on the lower or on the upper rim, it is possible to observe the formation of
homodimericchiral capsules held together by a seam of hydrogen bonds that, behaving
like a zip, seal the equatorial region of the supramolecular structure (Figure 2.11b). As
far as homodimeric chiral structures are concerned, these form when calix[4]arenes of
general structure ABBB, AABB and ABAB self-assemble [44], regardless of the
orientation of the hydrogen-bond seam, and the effects of this supramolecular chirality
are more evident for calix[4]arenes modified on the upper rather than on the lower rim.
For ABAB monomers, only one chiral racemic assembly is possible while for ABBB
and AABB monomers, two possible regioisomeric dimers are observed with a
diastereoselective ratio that, for the ABBB, is a function of the solvent (CDCl; 0%;
CgD1,71%). For AABB, therelative amount of the regioisomers spansfrom1:1t02: 1,
increasing the steric difference between A and B from n-hexyl to adamantyl residues.
Moreover, the equilibrium between the regioisomeric forms could be shifted entirely to
one side if two adjacent A and two B groups are covalently connected.
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Figure 2.11 (a) Self-assembly of calix[4]arene monomers
endowed with urea residues leading to dimeric hydrogen-bonded
capsules; (b) Examples of homodimeric self-assembly of achiral
units leading to chiral racemic capsules; (c) Heterodimeric self-
assembly between tetra-tosyl and tetra-tolyl urea hydrogen-
bonding moieties leading to chiral capsules as a consequence of
the directionality of the hydrogen-bonding belt.

For AAAA monomers homodimerization provides a single species where the two
halves of the capsule are identical. In the presence of chiral enantiopure suitable
guests like (+ )-nopinone or (—)-myrtenal, encapsulation occurs and causes differ-
entiation between the north and south pole of the supramolecular assembly as a result
of restricted tumbling of the trapped guest that induces asymmetry to the host as it
becomes chiral because of the directionality of the hydrogen bonds [45]. Combination
of tetra-aryl AAAA and tetra-tosyl monomers BBBB provides preferentially hetero-
dimeric rather than homodimeric assemblies. Such capsular assemblies are chiral
because of the hydrogen-bond network that is localized in the equatorial region and
that can be either clockwise or counter-clockwise [46] (Figure 2.11c).
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Figure 2.12 Guestinclusion in the D3, prismatic assembly causes
atransition into a C; symmetry structure thatis chiral and exists as
a pair of enantiomers.

222
Metal-ligand Assemblies

In the literature there is a plethora of examples, recently reviewed thoroughly [12],
concerning metal-ligand supramolecular chiral aggregates spanning from helicates,
to trigonal pyramids, to more complicated bipyramids, octahedral and cuboctahedra
structures, all possible by combinations of different stoichiometries between metal
and ligand. Herein, we report clear-cut examples of chiral closed structures where the
host—guest chemistry plays a crucial role in the asymmetry of the assembly. An
elegant example of a guest-induced conformational change into a chiral aggregate is
provided by the supramolecular prism formed upon coordination of three face
bridging Zn(II)-porphyrin ligands to six Pd(II) ions. While the assembly displayed
Dj;;, symmetry, in the presence of a suitable elongated aromatic guest like pyrene, it
turned into a C, symmetry chiral structure triggered by apical to equatorial flipping of
two pyridine-Pd-pyridine hinges placed at diagonal positions (Figure 2.12).
Tetrahedral assemblies are the most represented among chiral supramolecular
structures due to the extensive work pursued by Raymond and collaborators. As
introduced in Figure 2.6, rigid, bidentate moieties are suitable chelating ligands for
octahedral cations and the chirality implemented in the metal center can be coupled
to another metal through the ligand. They are extremely effective in imparting unique
features to the assembly; size and rigidity of the spacer are key points that dictate the
geometrical preference of the supramolecular chiral aggregate. As far as the size of
the ligand is concerned, it is worth noting that, as reported in Figure 2.13, the smaller
naphthyl ligand provided directly the MyL tetrahedral assembly independently of the
presence of a templating guest. Conversely, with larger ligands the capsular assembly
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Figure 2.13 Effect of the size of the ligand on the host-guest
chemistry of metal-ligand coordination self-assembled
structures: (a) small ligand leads to chiral tetrahedral assembly
without the aid of templating guests while larger ligands (b) and
(c) provide chiral assemblies only in the presence of suitable
cationic guests.

formed only upon addition of a suitable guest like in the cases of the anthryl derivative
that required tetramethylammonium guest and of the pyryl ligand that necessitated
the larger tetraethylammonium guest [47].

The rigidity of the ligand plays a crucial role in determining the final struc-
ture of the self-assembled aggregate, in fact considering tris-bidentate chelating
ligands based on the catechol moiety, it was observed that those bearing a rigid
aromatic nuclei provided chiral tetrahedral ML, structures that showed guests
binding for tetra-methyl and tetra-ethyl ammonium cations, while ligands con-
taining conformational more flexible methylene spacers did not self-assemble
into tri-dimensional structures but gave simple 1:1 metal-ligand interaction
(Figure 2.14) [48].

As an example of further supramolecular complexity, it is worth describing the
system formed from six end-capped Pd(II) diamine units bridged by four pyridyl
ligands that, in the presence of suitable guests like neutral aromatic units, self-
assemble into the chiral octahedral structure illustrated in Figure 2.15. The role of the
guest is crucial in order to impart the proper assembly and to induce the dissyme-
trization that makes the capsule chiral.
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Figure 2.14 The rigidity of the ligand is crucial to define the
geometry of the assembly: (a) more flexible ligand bearing
methylene units provides only the ML monomeric octahedral
complex, while for the rigid aromatic tris-bidentate chelating
ligands (b) and (c) only the chiral metal-ligand M,L4 assembly is

observed.
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Figure 2.15 Example of octahedral chiral structure obtained by
combination of Pd(Il) and C,,-symmetric pyridyl ligands. The
structure self-assembles only in the presence of suitable aromatic
guests.
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23
Chiral Induction in the Formation of Supramolecular Systems

Self-assembly of achiral building blocks leads to the formation of chiral enantiomeric
structures in equimolar amounts (racemate), because of the absence of a source of
symmetry breaking. As will be discussed in Section 2.4, sensing of chirality between
supramolecular chiral hosts and chiral guests is possible with different levels of
stereorecognition and leads to the formation of diastereoisomeric assemblies based
on the complementarity between the two, as well as the strength of the interactions.
Such species are in thermodynamic equilibrium under dynamic exchange of the
building blocks at a rate that depends on the rate of association and dissociation of the
host. Quick removal of the guest restores the original racemic composition unless
host dissociation into the original building blocks is a much slower phenomenon
than in-out guest exchange. In such a case, it is possible to prepare a host-guest
combination with a certain degree of diastereoselectivity and replace the enantiopure
templating partner with an achiral guest maintaining the preference for one
enantiomeric host assembly. This phenomenon is called the chiral memory ef-
fect [9, 14] and basically it occurs when the slow disassembly of the supramolecular
host allows it to retain a preferred enantiomeric structure even if the enantiopure
guest that is responsible for the chiral induction has been removed. Simply speaking,
itis like walking on a shoreline: the print of the left foot on the sand is chiral. After the
footis lifted, the print persists for a while but slowly fades due to the leveling off of the
sand grains. The retaining of enantioselectivity achieved by such a method is simply
due to the kinetic stability of the host and it can persist long enough to ensure full
characterization, even though it inexorably undergoes slow racemization by dissoci-
ation and reassembly until reaching the isoenergetic racemic composition. The
structure thus obtained is chiral with a certain degree of enantiopurity even though it
is made out of achiral components.

2.3.1
Chiral Memory Effect in Hydrogen-Bonded Assemblies

One of the earliest examples of the chiral memory effect by a supramolecular
assembly is based on a hydrogen-bonded double-decker rosette that is characterized
by a high number of directional hydrogen bonds that lead to a half-lifetime of several
hours for the assembly disassembly process. Reinhoudt and collaborators exploited
this peculiarity preparing a double rosette from achiral calix[4]arene dimelamine
and chiral enantiopure (R)-BAR, obtaining prevalently the M isomer in 98% de
(Figure 2.16). This species was then equilibrated with the stronger binding achiral
monomer cyanurate that resulted in replacement of the (R)-BAR from the original
chiral assembly without complete dissociation of the structure and yielded a chiral
double rosette made of achiral components with 90% ee. The kinetic stability of the
assembly allowed complete replacement of the chiral inductor BAR preserving the M
chirality of the rosette as memory of the native form of the assembly, despite the fact
that it no longer contains any chiral components [49, 50].
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CYM-(M)

Figure 2.16 Chiral memory effect on double rosette where kinetic
stability of the hydrogen-bonded assembly allows retention of
configuration even after replacement of the chiral subunit (R)-BAR
with the achiral cyanurate.

The same result was obtained with an external chiral inductor, as in the case
illustrated in Figure 2.17 where the racemic rosette composed of achiral calix[4]arene
bearing dimelamine moieties with pyridine functionalities and an achiral cyanurate
was initially enantioenriched by interaction with enantiopure p-dibenzoyl tartaric
acid via two-point hydrogen-bonding interactions providing predominantly the P
diastereoisomeric supramolecular complex with 90% de [51]. Treatment with ethy-
lenediamine led to precipitation of the chiral inductor leaving the enantioenriched
chiral double-rosette made of achiral components with 90% ee. In this case the
memory effect observed is even stronger than in the former example with activation
energy towards racemization as high as 119 kJ/mol and a half-lifetime of one week at
room temperature.

Aiming at demonstrating chiral memory effect in a softball capsule, Rebek and
collaborators endowed the softhall monomers with extra phenolic groups in order to
provide four extra hydrogen bonds, thus increasing the strength of the supramolec-
ular assembly [52]. The capsule forms when suitable guests are provided and with
enantiopure (+ )-pinanediol two diastereoisomeric complexes in 2:1 ratio were
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Figure 2.18 Racemic softball capsule binds an enantiopure guest
leading preferentially to one diastereoisomer. The (+)-pinanediol
can be exchanged with an achiral one without affecting the
stereochemistry of the supramolecular assembly due to strong
chiral memory effect.

observed after several hours of equilibration. Subsequent exchange of the encapsu-
lated guest with an excess of achiral 1-adamantanol and again with the enantiomer
(—)-pinanediol showed the same de (50%) in favor of the less stable diastereoisomeric
complex (Figure 2.18). These experiments demonstrated that slow exchange and
relative kinetic inertness of the capsule result in the chiral memory effect, even in the
presence of the wrong enantiomeric guest. Eventually, in a few days, the system
slowly equilibrated to a 2: 1 diastereoisomeric ratio in favor of the (—)-enantiomer
complex.

232
Chiral Memory Effect in Metal-Ligand Assemblies

Chiral racemic hosts held together by means of metal-ligand interactions are ideal
targets for the exploitation of the chiral memory effect because of the generally slower
dissociation rate of the coordination bonds compared with hydrogen bonds. Beauti-
ful examples of elegant approaches to enantioselective noncovalent syntheses were
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AAAA

e.e. 100%
Figure 2.19 Chiral memory effect of a tetrahedral metal-ligand
capsule allows for the isolation of an enantiopure host by
precipitation and subsequent substitution of the chiral guest with
an achiral one leaving unaffected the A,A,A,A stereochemistry of
the structure.

disclosed by Raymond. In Figure 2.19, the molecular capsule [GaLg]'*~ is described
with L= 1,5-bis(2,3-dihydroxybenzamido)naphthalene) that can exist in two enantio-
meric forms (A,AAA and A,A,A,A) due to the strong mechanically interlocked
configuration of the coordinated ligands around each octahedral metal cation present
on the corner of the assembly. The host can easily accommodate into the cavity a
chiral organic cation like N-methylnicotinium (Nic), thus leading to the formation of
two diastereoisomeric host-guest complexes that are characterized by different
relative energies as well as solubility. The A,A,A,A-[(Nic)CGayL)"' ™ form is the less
soluble of the two and it was isolated, characterized in the solid state as well as in
solution and when placed in contact with an achiral cation like Et,;N ", having a
higher binding affinity, led to the formation of the enantiopure A,A,AA-[(EtyN)C
GayLe]''™ species that was stable and retained the homoconfigurational cluster
structure without racemization for at least eight months [53]. This stability is a
further consequence of the slow ligand exchange rate of gallium cations coupled with
the mechanical stiffness provided by the interconnection of the metal centers in a
rigid tridimensional tetrahedral arrangement.
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Figure 2.20 Chiral memory effect of a tetrahedral metal-ligand
capsule allows substitution of several ligand molecules that make
up the edges of the tetrahedron leaving unaffected the overall
A,AA A stereochemistry of the structure.

Analogously, the same self-assembled chiral enantiopure host A,AAA-[(EtyN)
CGayLY]"" comprising L' naphthyl bis-catecolamide ligand was treated with a
different one, L* phenyl bis-catecolamide, which prefers to provide M,L? arrange-
ments rather than the My L2 structure (Figure 2.20). Ligand exchange on the capsule
occurred in a stepwise fashion leading to several species A,A,A,A-[(E4N)
CGayL,12 """ arising from substitution of the edges of the tetrahedral assembly
but the stereochemistry of the assembly remained unaffected as confirmed by CD
measurements as indication of the extreme chiral memory present in the progenitor
species [54].

24
Chiral Spaces for Chiral Recognition

Simple confinement of a chiral guest within a chiral pocket usually leads to a low level
of stereoselectivity because selection on the basis of size, shape and repulsive steric
imbalance of the guest is intrinsically limited by effects related to the packing
coefficient. In fact, it is well established that in solution as well as in encapsulation
phenomena packing coefficients [55], expressed as the volume of the guest over the
volume of the cavity (gases ~0.35, solids 0.7-0.9, liquids 0.5), are usually in the range
0.55 +0.09, which means that about half of the available space remains unfilled and
resides in between host and guest. Conversely, the extremely high levels of stereo-
recognition observed in enzymes for substrate and transition-state binding are
achieved by concomitant presence of complementary surfaces as well as weak
attractive interaction between guest and host, thus docking in close proximity the
counterparts and enabling reciprocal effective sensing [30].
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2.4.1
Enantioselective Recognition within Chiral Racemic Self-Assembled Hosts

This section deals with chiral racemic self-assembled hosts made by achiral building
blocks and their interaction with chiral, racemic or enantiopure molecular guests.
The formation of two diastereoisomeric supramolecular host-guest assemblies is
generally an equilibrium reaction and thus a far higher level of diastereoselectivity,
albeit only in a few cases, has been achieved.

2.4.1.1 Hydrogen-Bonded Hosts

Dimeric calix[4]arenes are the smallest chiral supramolecular aggregates that have
displayed enantioselective binding. Interaction between the heterodimeric assembly
composed by a tetra-tolyl and a tetra-tosyl urea reported in Figure 2.10 and a racemic
guest characterized by a rigid bicyclic structure like norcamphor resulted in encap-
sulation of the guest and provide two sets of diastereoisomeric assembliesina1.3:1
ratio (de ~ 13%). The same level of stereoselectivity was observed with (R)-(+)-3-
methylcyclopentanone indicating a small level of stereorecognition exploiting only
steric interactions [56].

Another clear-cut example of enantioselective binding was observed within the
cavity of chiral softball molecular assemblies (Figure 2.9). This structure was
extensively investigated with several suitable chiral guests and small but substantial
differences were observed, like in the case of the alcohol (4 )-pinanediol that holds a
hydrogen-bond donor residue and produced a de 32%, while the corresponding
ketone ( + )-nopinone provided scarce results (de 0%). It is worth noting thatin a few
cases the level of diastereoselectivity achieved was above 50%, but never greater than
60% [42] likely due to the average distance present between the capsule and the chiral
guest. This is a consequence of the packing coefficients of approximately 0.5, which
means that half of the cavity’s volume is not filled and this space surrounds and is
interposed between the guests, unless attractive interactions between the two
counterparts allow reciprocal docking and sensing.

A step further towards high stereoselective binding was observed by implementing
attractive interactions with steric interactions, like in the saccharides enantioselective
recognition displayed by hydrogen-bonded rosette assemblies. Tethering of two calix
[4]arene dimelamine units led, in the presence of barbiturate or cyanurate counter-
parts, to expanded tetrarosette assemblies endowed with a spacious cavity where
medium-sized guests can be accommodated. Figure 2.21 shows the structure of the
assembly that exists as a racemic mixture of Pand M enantiomers. Interaction of this
racemic host with enantiopure saccharides — like n-octyl B-p-glucopyranoside (B-o-
gluc) — caused the shift and splitting of some 'H-NMR resonances of the tetrarosette
due to hydrogen bonding of the guest within the cavity, which associates with a
binding constant of approximately 20 M~ '. The dynamic equilibrium between the
two enantiomers of the host was shifted towards the preferred formation of the P
enantiomer as proved by the induced negative Cotton effect observed in the CD
spectrum [57], while a mirror effect was observed employing B-1-gluc that favored the
M enantiomer. Such enantioselective recognition represents a model example of
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Figure 2.21 Dimeric calix[4]arene dimelamines self-assemble in
the presence of barbiturate to provide a chiral racemic tetrarosette
assembly. In the presence of chiral enantiopure saccharide guests
the host equilibrates into an enantiomerically pure structure as a
remarkable example of enantioselective supramolecular
recognition.

enantioselective amplification of the best host from a racemic dynamic mixture
induced by the templating effect imparted by the guest.

2.4.1.2 Metal-Ligand Hosts

Diastereoselective formation of host—guest assemblies comprised of chiral capsules
and chiral guests is an emerging topic in supramolecular chemistry, equally
distributed among hydrogen-bonded and metal-ligand assemblies. One interesting
example of the latter species is provided by the chiral supramolecular box composed
of self-assembled Zn-porphyrin units ZnP whose chirality arises from the reciprocal
orientation of the porphyrin units along the poly-alkyne spacer (Figure 2.22) [58].
Racemization of the assembly is rather slow (£, ~ 11.5 h at 20 °C) due to the presence
of eight strong Zn(II)-pyridine coordination bonds allowing enantiomer separation
by means of chiral chromatographic methods. Interaction of the racemic supramo-
lecular box with enantiopure (R)-limonene as the solvent showed the formation of
strong CD active absorptions in the visible region, indicative of selective binding
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Figure 2.22 (a) Schematic representation of rotamers of
Zn-porphyrin units and (b) their self-assembly into a chiral
supramolecular box.

of one of the two enantiomers of the host with the enantiopure guest. The degree of
diastereoselectivity was rather low (3%) and linear with the enantiopurity of limonene
but the high molecular ellipticity of the system allows the chiral supramolecular box
to be exploited as a chiroptical sensor of chiral hydrocarbons.

For metal-ligand assemblies the earliest examples of chiral recognition dealt with
dimeric aromatic structures held together by means of pyridine-Pd(1I) interactions
(Figure 2.23). The first one is particularly interesting because the shape of the guests
steers the formation of an achiral self-assembled host when the pseudospherical
CBrCCl; guest is added, while 1,3,5-benzentricarboxylic acid induces the formation
of a chiral host. Addition of (R)-mandelic acid proved the formation of two enantio-
meric assemblies but stereoselective binding was observed only with (S)-1-acetox-
yethylbenzene in a 3:2 diastereoselective ratio (20% de) [59].

A higher level of diastereoselectivity was observed with the homo-oxacalix[3]aryl
esters sealed into a dimeric structure by coordination between three Pd(II) ions and
m-substituted pyridine moieties. The assembly is chiral as depicted in Figure 2.24
and the cavity was able to sense chiral ammonium guests like (S)-2-methylbuty-
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Figure 2.23 Pyridine-Pd(ll) linkages allow for assembly of (a)
chiral racemic host templated by a planar guest; (b) achiral host
templated by a spherical guest.

lammonium triflate that caused a marked imbalance between the enantiomeric host
structures with a diastereoselectivity of up to 70% [60].

The extent of chiral recognition increases with supramolecular hosts characterized
by closer contact with the chiral guest. One elegant example is represented by the
tetrahedral cagelike structure [GasLg)'?~ (L= 1,5-bis(2,3-dihydrobenzamido)naph-
thalene, where the chirality is present in the homochiral A/AAA or AAAA
configuration with respect to each metal center (Figure 2.13a) [15h]. The hydrophobic
cavity of approximately 300-350 A® can encapsulate a variety of monocationic species,
either organic or organometallic ones. For the latter, a high level of stereoselective
binding was achieved employing chiral organometallic complexes like tetrahedral Ru
(II) complexes bearing a sterically hindered cyclopentadienyl residue and a diene
ligand. The interaction between the racemic host and guest leads to the formation of
four stereoisomeric products, basically two diastereoisomers each composed of a pair
of enantiomers (Figure 2.25a). The level of diastereoselectivity achieved is remark-
able for supramolecular assemblies and is a function of the steric hindrance of the
ligands of the Ru(II) complex, with de of up to 70% for 2-ethyl-1,3-butadiene [61]. As
far as organic guests are concerned, chiral phosphonium cations arising by the
reaction between ketones and highly nucleophilic phosphines under controlled
acidity in water cannot survive in solution for more than one hour; however, in the
presence of the metal-ligand self-assembled host described above, they are encap-
sulated and survive for several days [62]. The nanoscopic environment provided by
the capsule is chiral and racemic and can sense the formation of a pair of enantiomers
of the phosphonium cation when ketones bearing different alkyl residues like

(b)
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Figure 2.24 A chiral self-assembled dimeric capsule driven by
metal-ligand coordination between Pd(Il) and pyridine moieties
of homo-oxacalix[3]aryl esters ligand.

2-butanone are employed leading to two diastereoisomeric pairs of enantiomers.
Diastereoselectivity is positively influenced by the overall steric bulkiness of the
cationic guest and for 2-butanone ranges between 24% for trimethyl phosphine up
to 50% for triethyl phosphine (Figure 2.25b), but tends to decrease with time due to the
equilibration process that takes place after the initial encapsulation of the chiral guest.

24.2
Interguests Chiral Sensing within Achiral Self-Assembled Hosts

The asymmetric influence of a chiral object on the surrounding space can also occur
within achiral assemblies, analogously to what happens in a shoe box containing only
a left shoe. The space around the shoe is chiral and a different right shoe can be
accommodated better then another left one due to the small size of the container that
forces the two guests to sterically interact with each other (Figure 2.26). This trivial
example can be extended to a molecular level where achiral molecular self-assembled
structures characterized by mediume-large cavities can accommodate a chiral mole-
cule, thus influencing, on a stereochemical level, the encapsulation of further
molecules. Chirality is a feature related to the spatial distribution of objects, therefore
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Figure 2.25 Schematic representation of the chiral tetrahedral
host structure [GayLg]'?~ and suitable chiral guests with the
different levels of stereoselective binding for (a) Ru(ll)
organometallic complexes and (b) phosphonium cation.

any symmetric closed space becomes chiral if a chiral object is placed in it. This
reflects directly into the mutual electronic and steric interaction between guests and,
as a consequence, in their stereorecognition. Examples of this approach to chiral
supramolecular recognition are very recent, with few examples both for metal-ligand
assemblies as well as for hydrogen-bonded supramolecular structures. This approach
represents the ultimate level of enantioselective recognition where a molecule plays
both roles, cause and effect, of the enantiomeric recognition.

2.4.2.1 Hydrogen-Bonded Hosts

Cylindrical hydrogen-bonded self-assembled achiral structures provide important
nanosized molecular containers where concepts like interguest enantioselective
recognition can be easily studied because the cylindrical space limits the number
of possible reciprocal orientations of two guests compared to a spherical space
because of the constrictions imposed by the geometry of the cavity (Figure 2.26). In
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Figure 2.26 A right shoe in a shoe box leaves a chiral space that
can more easily accommodate a left shoe rather than another right
shoe because of the reciprocal sensing of chirality imposed by the
small space available.

addition, the polarity of the cavity can favor certain spatial arrangements among all
the possible ones. The elongated shape of the cavity, of average volume of 425 A,
hampers free tumbling for many guests and allows a better control over their
reciprocal position. It is worth noting that coencapsulation of species results in an
effective concentration of ~4 M in the cavity for lifetimes as high as 1s.

The simplest example of enantioselective interguest recognition was reported by
the double encapsulation of (£)-trans-1,2-cyclohexanediol whose adequate size,
shape and polarity allowed accommodation in pairs within the cavity, giving two
diastereoisomeric complexes, the homochiral couple (R)-(R)/(S)-(S) and the hetero-
chiral (R)-(S) combination in a <10% de in favor of the homochiral combination [63].
An analogous concept was observed with chiral o-halo or orhydroxy carboxylic
acids [64] that are accommodated in pairs within the cavity, but only a few of them
give rise to diastereoselective binding, in particular substitution at the § position
hinders the guests and results in diastereoselective ratios up to 1.6:1 (23% de). For
bromo and hydroxy acids, a heterochiral combination is the most stable for (£)-3-
methyl-2-hydroxy-butyric acid, while the opposite was observed for (+)-3-methyl-2-
bromo-butyric acid. A role is also played by the belt of imide hydrogen bonds that
participate in guest binding when a high packing coefficient of the guests is present,
while low packing coefficients allow linear carboxylic acid dimer formation.

Coencapsulation can occur between different chiral molecules with enantioselec-
tive binding observed for gusts endowed with hydrogen-bonding moieties. Encap-
sulation of (S)-mandelic acid in the presence of (£)-2-butanol gives rise to two
diastereoisomeric complexes in a 1.1 ratio (5% de) at 303 Kand 1.3 (13% de) at 283 K
in favor of the combination (S)-mandelic acid with (R)-2-butanol as a consequence of
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d.e. <10% d.e. 20%
homochiral d.e. 23%
homochiral
Figure 2.27 Diastereoselective coencapsulation 2-bromo-butyric acid. Coencapsulation is
of chiral guests within an achiral self-assembled possible for different molecules where the
host. The restricted space available induces primary enantiopure guest (S)- 1-phenyl-ethanol)
reciprocal stereoselective sensing of the guests preferentially selects one of the enantiomer of a
that leads to preferential homochiral secondary guest ((+)-3-methyl-2-bromo-butyric

coencapsulation of 1,2-cyclohexandiol and acid).

weak intermolecular attractive interactions between the two guests thatare instructed
and favored by the shape and size of the cavity of the molecular capsule. Diaster-
eoselective ratio increased up to 1.5 (20% de) for the couple (S)-1-phenylethanol and
(£)-3-methyl-2-bromo-butyric acid (Figure 2.27). It is worth noting that only the
presence of weak attractive interactions like hydrogen bonds ensures stereoselective
interactions, while simple steric requirements are not sufficient for enantioselective
recognition within achiral molecular capsules as a consequence of the upper limit of
the packing coefficients [55].

The methodology can be further extended to triple coencapsulation. Three
molecules of enantiopure (R)-propylene sulfide can be accommodated within the
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Figure 2.28 Coencapsulation of three chiral molecules of
propylene sulfide into an achiral cylindrical capsule leads to the
formation of three racemic diastereoisomeric complexes. Their
reciprocal ratio depends on the enantiopurity of the guest.

cavity, without exchanging their position on the NMR chemical shift timescale, and
they give rise to different resonances. Decreasing gradually the enantiomeric purity
of the guest caused the appearance of other diastereoisomeric capsules that were
assigned on the basis of the relative statistical abundance indicating no enantiose-
lective binding. The pattern of signals observed is a direct consequence of the
enantiomeric distribution of the guest (Figure 2.28). It is therefore possible to
determine the enantiopurity of a certain species without the use of any chiral
method. Simple encapsulation in an achiral container offers chiral self-sensing of
the guest and provides, through formation of diastereoisomeric species, an output
that is directly related to the optical purity of the guest [65].

2.4.2.2 Metal-Ligand Hosts

Recently, Fujita applied the peculiar features of the bowl-shaped coordinating self-
assembled host composed of six Pd(II) corners and four tris-(3-pyridyl)triazine
ligands to the enantiomeric self-recognition of binaphthol derivatives as guests in
the container in water (Figure 2.29). The hydrophobic cavity of the host can
accommodate two molecules of (R)-BINOL within the coordination cage. When the
assembly is placed in contact with a hexane solution of racemic (+)-HgBINOL, a new
species with a dimeric capsular structure arose, characterized by the inclusion of two
homochiral molecules, one of (R)-BINOL and one of (S)-HgBINOL, while the
enantiomeric (R)-HgBINOL was excluded from the supramolecular assembly due
to steric interactions and remained in the solution from where it was isolated and its
enantiopurity degree assessed. The chirality imparted by the two homochiral
molecules of (R)-BINOL in the constricted space of the apolar cavity of the capsular
assembly was sufficient to promote enantioselective binding of a secondary guest of
opposite chirality with an ee as high as 87% [66].
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Figure 2.29 Heterobimolecular recognition of (S)-HgBINOL by a
chiral cavity provided by two (R)-BINOL guests included into a
self-assembled capsule held together by a metal-ligand
coordination network.

2.5
Conclusion and Outlook

The study and preparation of supramolecular capsular assemblies is experiencing a
transition from being initially a serendipitous discovery, to becoming potentially
suitable for several applications, in primis drug delivery and, more probably, catalysis.
In fact, use of self-assembled capsular catalysts would complement classical organo-
metallic catalysis as well as the emerging new field of organocatalysis for molecular
transformations. Some outstanding examples of this powerful approach are already
available, characterized by unique features like stabilization of reactive intermedi-
ates [67], peculiar substrates, as well as product selectivities [68]. The opportunity
provided by supramolecular chirality to control the space that surrounds an encap-
sulated guest on a stereochemical level theoretically allows fine construction of chiral
nanoreactors able to promote asymmetric reactions, with the aim of following the
path of Nature in the evolution that ended up with enzymes as the most active and
selective known catalysts.

At present, supramolecular chiral hosts, originated by self-assembly of subunits,
provide receptive environments that offer low to moderate stereoselectivity, with few
exceptions, if compared to that available using conventional reagents or chiral
catalysts [69]. However, the observed selectivities are encouraging considering that
they rely only on weak attractive and repulsive intermolecular interactions. Stereo-

{5)-HzBinol
87% e.e.
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chemical matching between host and guest surfaces is not sufficient in order to
achieve very high stereoselective binding because a large part of the empty space that
remains tends to reside between the partners of the encapsulation process [55]. A
possible solution in order to tackle this issue would be the implementation of
attractive interactions that will complement the steric ones and favor closer approach
between host and guest. This would have positive cooperative effects as observed with
enzymes and natural receptors that tend to modify their tridimensional structure in
order to better complement the noncovalent interactions with the guest [30, 70].
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Abbreviations and Symbols

BAR barbiturate

BINOL 1,1’-bi(2-naphthol)

CD circular dichroism

CYA cyanurate

de diastereoisomeric excess

ee enantiomeric excess

I ionic strength

L ligand

HgBINOL 5,5,6,6',7,7',8,8'-Octahydro(1,1’binaphthalene)-2,2"-diol
M metal

PC packing coefficient

'H-NMR proton nuclear magnetic resonance
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3
Chiral Nanoparticles
Cyrille Gautier and Thomas Biirgi

3.1
Introduction

The future development of nanotechnology is likely to rely on the construction of new
devices by self-assembly of nanoscale building blocks. This strategy is largely inspired
by life, which relies on self-assembly of molecules, and that is dominated by
homochirality, as emphasized in Chapter 1. While the origin of homochirality
remains unclear, the transcription and amplification of chirality from small chiral
molecules such as L-amino acids to large biological materials like proteins inevitably
played a crucial role in its evolution. Obviously, chirality of nanoparticles (NPs),
which are promising building blocks for the bottom-up approach, will become an
important parameter in the miniaturization race. The properties and structures of
inorganic solids are usually catalogued without reference to their size. However,
when dimensions of bulk materials are shrinking down to the nanoscale, intrinsic
properties and geometry are turned upside down. New behaviors appear and the
structure of nanomaterials may significantly differ from the highly symmetric
structure found in bulk materials and in some cases, low-symmetry chiral structures
become more stable. Future technologies and integration of NPs in new devices will
rely on these size effects, which are briefly introduced in Section 3.2.1. NPs behaviors
are easily and finely tunable by adjusting parameters such as composition, size,
shape, organization and functionalization. During the last twenty years, new char-
acterization tools such as electron and scanning probe microscopes have been
developed that allow the investigation of materials with a resolution close to the
atomic level. In parallel, a large variety of synthetic routes for the preparation of NPs
have been developed, as will be described in Section 3.2.2. After a brief overview
of general preparation routes special emphasis will be given to pathways yielding
NPs that are optically active, which are asymmetric catalysts or that are simply
observed to be chiral in pure or racemic forms by X-ray diffraction or microscopy.
Ensembles of NPs produced by the best available techniques still suffer from
inhomogeneous broadening due to impurities or to size and shape distribution.
Therefore Section 3.2.3 deals with size and shape separation, which are essential in
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order to understand the chiroptical properties. Manifestation and origins of optical
activity in metal-based electronic transitions (MBETs) of monolayer protected NPs
are discussed in Section 3.3. The next section deals with optically active coordination
clusters, which correspond to the inferior limit of optically active metallic NPs and
that can serve as models for a better comprehension of larger particles. The very new
and few studies of chiral organic nanoparticles (ONPs) are overviewed in Section 3.5.
Despite their novelty, this type of nanomaterial seems to have a great potential in a
wide range of applications.

NPs play an important role in catalysis. For example, Haruta has discovered that
gold NPs dispersed across the surfaces of certain oxides are active catalysts for carbon
monoxide oxidation at room temperature, whereas bulk gold is totally inactive [1].
Actually, the use of NPs in catalysis is in constant progress and recently, few examples
of enantioselective catalysis with NPs have been reported and are enumerated in
Section 3.6. This section also discusses the potential applications of chiral NPs in
various fields such as enantiodiscrimination but also to their possible integration and
organization in liquid crystals (LCs). Finally, as will become evident by reading this
chapter, the study of chiral NPs is still in its discovery phase. The last section will
describe the perspectives of these types of materials.

3.2
Nanoparticle Properties and Synthesis

3.2.1
Nanoparticle Properties

This section gives a short introduction on NP properties in general, in order to
facilitate the understanding of asymmetric NP properties. Several books and reviews
describe this subject extensively [2-5]. NPs can be understood as intermediate
between molecular (atomic) and bulk matter and their physical properties are neither
those of molecules nor those of bulk material. From a physical point of view, most of
the properties of the inorganic NPs are related to three phenomena: surface plasmon
(SP) resonance, quantum size effects (QSEs) for metallic and semiconducting NPs,
respectively, and reduction in melting temperature (T,,) of small metallic and
semiconducting particles with the decrease in the crystal size. For example, the
band gap of CdS can be tuned between 2.5 and 4 eV and the T,,, varies from 1600 down
to 400 °C when the size is reduced [6].

As illustrated in Figure 3.1a, SP resonance arises from the interaction between
surface charges of metallic NPs and an electromagnetic field [7]. SPs are waves that
propagate along the surface of the conducting NPs. The free electrons respond
collectively by oscillating in resonance with light giving rise to absorption and
scattering of light. The resulting red color of gold NPs has been used for centuries
in coloration of stained-glass windows. On the other hand, the QSEs refer to electron
confinement in semiconducting NPs. Both SP resonance and QSEs of NPs are easily
tunable. Important modifications of electrical and optical properties can be observed,
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(a) Surface Plasmon (SP) (b) Quantum Size Effects (QSEs)
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Figure 3.1 (a) A schematic representation of the nanoscale. From left to right, evolution of energy
plasmon oscillation for a sphere, showing the  levels by binding more and more metal atoms
displacement of the conduction electron charge together. The discrete energy levels observed in

cloud relative to the nuclei. Reprinted with coordination clusters merge into energy bands
permission from Ref. [7]. Copyright (2003) for small NPs (1-3 nm in diameter) with a band
American Chemical Society. (b) Schematic gap conferring semiconducting properties. The
illustration of the electronic energy levels as a  band gap progressively decreases as the size of
function of the number of connected atoms.  the NPs increases and the NPs are becoming
Some bulk metals such as gold become metallic as the corresponding bulk metal.

semiconducting when their size is reduced to the

which may be used for new applications such as fabrication of transistors, biosensors
and catalysts. The physical behavior is dictated by the size, the shape, the nature, the
composition, and even the organization of NPs. These physical characteristics can be
combined with chemical and biological properties for hybrid NPs, which are
surrounded with organic molecules or biological materials.

As illustrated in Figure 3.2, the most striking demonstration of QSEs is the
variation of color with size. This is shown in Figure 3.2 (A) for gold NPs and is further
evidenced by their systematic bathochromic shift in absorption spectra as their size is
increasing (B). For semiconducting NPs the emission is a function of their size (C).
Section 3.3 shows that the chiroptical properties of NPs are also dictated by QSEs.

When the size of metallic and semiconducting particles is reduced, their disper-
sion, that is their fraction of surface atoms, increases, and so does the surface to
volume ratio. At the nanoscale, the large contribution of the surface energy to the
overall system is responsible for the large change in thermodynamic properties as for
example the diminution of T,. This also has important consequences on the
structure of NPs and could be a driving force for inducing chirality in the latter.
The shape is also an important factor for the tuning of physical properties. For
example, the SP resonance band of spherical NPs splits into different bands for
anisotropic NPs such as nanorods (NRDs) [8]. Colloidal semiconducting NRDs such
as CdSe rods emit linearly polarized light that is highly desirable in a wide variety of



70| 3 Chiral Nanoparticles

Absorbance

2=NWhkOoO~N®©

300 400 500 600 700
Wavelength / nm

Figure 3.2 (a) Gold NPs separated according to increases. A and B are reprinted with permission
their size by polyacrylamide gel electrophoresis from Ref. [38]. Copyright (2006) American
(PAGE). NPs are numbered according to their ~ Chemical Society. (c) Fluorescence induced by
increasing size. (b) UV-vis spectra of the size-  exposure to ultraviolet light of vials containing
separated gold NPs. A clear red shift of the various sized cadmium selenide (CdSe)
absorption onset is observed as the size of NPs quantum dots.

applications, whereas emission of similar spherical quantum dots is not polarized [9].
The surface of nanocrystals exposes different crystallographic facets, which can grow
at different rates or be selectively functionalized [10, 11]. This allows the preparation
of NPs with a large range of shapes such as NRDs, nanotripods and nanostars. Such
NPs are ideal “building blocks” for the bottom-up preparation of new nanodevices
through self-assembling of NPs directed by functional groups within their organic
shell [10, 12]. Recently, chiral single-walled nanotubes of Pt and Au were observed by
ultrahigh vacuum transmission electron microscopy [13, 14]. They consist of five or
six atomic rows that coil helically around the axis of the tube.

Organization of metallic NPs has a large impact on their electronic and optical
properties. For example, arrays of pairs of parallel NRDs have been shown to have a
negative refractive index at the optical communication wavelength. Such metama-
terials have been predicted to act as perfect lenses [15]. Due to a coupling of the SP
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resonance the formation of a polymeric network of gold NPs in solution is observable
through a color change from red to blue. This can be used for colorimetric sensing of
biomolecules[10, 12, 16]. The controlled coupling of SPs of well-ordered NP lattices is
promising for preparing optoelectronic devices [17]. Experiments and calculations
have shown that arrays of chiral micro- and nanometallic particles with subwave-
length period can rotate the polarization plane azimuth of the transmitted wave at
normal incidence [18, 19]. This behavior is similar to that observed for chiral LCs and
opens the possibility to create planar polarization-sensitive devices via self-assembly
of NPs with a chiral shape or a chiral organization.

ONPs also show a very broad range of interesting properties like intensive color,
fluorescence, photoconductivity and photochemical behavior. As for their inorganic
analogues, the optical properties of ONPs depend on their size. In particular, ONPs of
polycyclic aromatic hydrocarbons are considered as “transition” materials and share
many properties with conventional semiconductors. Their excitonic transitions are
responsible for the size effect on the absorption and emission of the ONPs. For
example, charge-transfer transitions between the stacked molecules in the 1-phenyl-
3-((dimethylamino)styryl)-5-((dimethylamino)phenyl)-2-pyrazoline (PDDP) NPs as
well as m—r* transitions are shifted to the high-energy side with decreasing NP
size [20]. The photoluminescence properties of organic molecules upon formation of
ONPs can either be quenched or largely increased depending on the molecular
shapes, conformational flexibility, intramolecular movements, packing structure and
organizational morphology. Molecules that are very weakly luminescent in solution
can become highly fluorescent upon formation of ONPs due to aggregate-induced
enhanced emission (AIEE) in ONPs. These properties offer promising potential use
for ONPs in optoelectronics and biology. Very recently, Park et al. reported photo-
switchable ONPs using a molecule with a fluorescent unit covalently bound to a
photochromic moiety [21]. The fluorescent unit is virtually nonfluorescent in the
solution but it shows an AIEE in the ONPs. This type of high-contrast ON/OFF
fluorescence switching can potentially be used in rewritable high-density optical data
storage.

3.2.2
Preparation, Purification and Size Separation

3.2.2.1 Preparation
The literature dealing with inorganic NPs synthesis is uncountable and a wide variety
of techniques have been reported using precursors from liquid, solid and gas phases.
Metallic NPs can be prepared by the top-down (physical) approach for example by
mechanical subdivision of metallic aggregates or by lithography techniques. NPs can
also be prepared by the opposite approach called bottom-up (chemical). The top-down
approach easily allows control of the organization of NPs in 1, 2 and 3 dimensions.
However, the bottom-up approach is considerably cheaper and allows the preparation
of very small particles.

The chemical approach is based on the nucleation and growth of metallic atoms in
liquid media or in gas phase. The literature describes five general methods for the



72

3 Chiral Nanoparticles

chemical preparation of transition metal NPs. (1) Chemical reduction of metal salts,
(2) thermal, photochemical or sonochemical decomposition, (3) electrochemical
reduction, (4) metal-vapor synthesis and (5) ligand reduction and displacement from
organometallic complexes.

Among the huge number of methods listed in the literature, only a few have been
used for the preparation of optically active metal NPs. A few examples of micro- and
nanoparticle arrays (not necessarily of chiral NPs) with chiral shapes [18] or chiral
organizations [19, 22] have been studied theoretically [19] or prepared using top-down
methods such as electron-beam lithography and lift-off techniques.

Most optically active metallic NPs have been prepared by the bottom-up
approach and more specifically by the chemical reduction of metal ions or of
precursor complexes in solution, which is illustrated in Figure 3.3 [23]. The
reduction of the metal salts is often performed in the presence of chiral
stabilizers such as thiols, phosphines and amines (DNA and alkaloid) in a
one-pot procedure (direct syntheses). (A) NPs are prepared in a single phase
when the metallic salt and the ligand are both soluble in the same solvent such as
water, alcohols, acetic acid, tetrahydrofuran (THF) or a mixture of these. (B) If their
solubilities are not compatible, the Brust—Schiffrin synthesis [24] provides a ready
access in a biphasic reaction taking advantage of phase-transfer compounds,
generally tetraoctylammonium bromide (TOAB), to shuttle ionic reagents to an
organic phase where particle nucleation, growth and passivation occur. (C) When
the functional groups are not compatible with the reducing agent, the optical
activity can be induced via a postsynthetic modification of the ligand shell like a
ligand exchange reaction (indirect syntheses). This two-step method presents
some advantage in both purification and separation. Indeed, some NPs are very
well characterized and both their separation and purification processes are well
established. The gold NPs prepared by the citrate method of Turkevich et al. [25] and
those developed by Schmid [26], which are protected by triphenylphosphine (TPP),
are surely the more frequently used NPs for the ligand exchange reaction. This
strategy avoids a time-consuming search of efficient parameters for purification
and separation of each new type of NPs. However, the postsynthetic modifications
such as ligand exchange in an excess of ligand often modify the size distribution of
the NPs [27-30].

ONPs are generally prepared using simple methods such as reprecipitation [31],
evaporation or formation of microemulsion [32]. However, many other methods
have been reported such as laser ablation of organic crystal in a liquid [33] and
vapor-driven self-assembly (VDSA) [34]. In reprecipitation, the most commonly
used process, a molecularly disperse solution of the organic compounds in a water-
miscible solvent is mixed vigorously with an aqueous phase, which induces the
nucleation and growth of ONPs. The size is controlled by the growth parameters
such as the monomer and the solvent concentrations. The stability of ONPs
prepared by the reprecipitation method can be increased by the formation of a
protective layer using a surfactant or a water-soluble polymer as for example gelatin
or poly(vinyl alcohol) (PVA). The size of ONPs can be tailored by adding the
stabilizer at different aging times [35].
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3.23
Purification and Separation of Nanoparticles

The physical properties of NPs are strongly size and shape dependent, as emphasized
in the last section. Fine tuning of properties for a specific purpose often requires a
perfect control of these two parameters as well as a high control of functionalization
and purity. Procedures for the preparation of NPs are in constant progress but till now
only few methods yield monodisperse particles with high purity. However, this fine
tuning can be reached after appropriate purification and separation processes.
Current methods for purification of NPs samples, that is removal of free ligand
and reducing agent, involve centrifugation, precipitation, washing, dialysis, chro-
matography or extraction to remove impurities. Size selection can be based on
fractional crystallization, size exclusion chromatography (SEC), electrophoresis and
membrane based methods such as ultrafiltration or diafiltration. These techniques
are particularly appropriate for the size separation of water-soluble NPs but are
generally time consuming and only viable for production on a small scale. The size
separation of NPs soluble in organic media suffers from a lack of methods compatible
with organic solvents. The fundamental studies of the size-dependent chiroptical
properties have been mainly performed with water-soluble NPs separated according
to their size and charge by high-density polyacrylamide gel electrophoresis PAGE
(see Figure 3.2) [36-40]. The only size selection of chiral NPs soluble in organic media
has been realized using SEC [41].

33
Chiroptical Properties of Inorganic Nanoparticles

Due to their organic shell, monolayer-protected NPs can be dissolved in various
solvents and are thus amenable to chiroptical techniques such as electronic circular
dichroism (ECD) and vibrational circular dichroism (VCD). The former has demon-
strated its aptitude for the study of protein secondary and tertiary structures, whereas
the latter has been used for the determination of conformation and absolute
configuration of organic molecules in solution [42, 43]. Recently, these complemen-
tary techniques have been applied to gold NPs covered with different chiral organic
ligands. VCD in the infrared region selectively probes molecular vibrations located in
the organic shell, whereas ECD in the UV-visible region is sensitive towards
electronic transitions that may be located in the inorganic core.

3.3.1
Vibrational Circular Dichroism

VCD spectroscopy was recently applied to gold NPs of about 2 nm core diameter in
order to study the conformation of adsorbed chiral cysteine derivatives [38, 44]. In
order to extract structural information the measured spectrum has to be compared
with the calculated ones for different conformers. Figure 3.4 shows IR and VCD
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Figure 3.4 Infrared (top) and VCD (bottom) spectra of NILC
protected gold NPs. The calculated VCD spectrum of the
conformer on the right on a Aug cluster fits best the experimental
spectrum. Reproduced with permission from Ref. [38]. Copyright
(2006) American Chemical Society.

1700

spectra of gold NPs covered by the two enantiomers of N-isobutyryl-cysteine (NIC).
Whereas the IR spectra are identical for the two enantiomers, the VCD spectra showa
mirror-image relationship. Density functional theory (DFT) calculations show that
the structure of the underlying gold cluster does not have a large effect on the
simulated VCD spectra, whereas the conformation of the adsorbed thiol has a large
influence. The calculated VCD spectrum of one stable conformer of NIC adsorbed on
a small gold cluster matches well with the experimental data. This conformation is
characterized by an interaction of the carboxylate with the gold cluster (see Figure 3.4).
Thus the carboxylate group seems to be a second anchoring point beside the strong
Au-S bond. This two-point interaction may influence the optical activity of the NPs as
discussed in Section 3.3.3.

332
Circular Dichroism

Itis tempting to assume that the structure of metallic NPs corresponds to a fragment
of the highly symmetric bulk crystal lattice. However, in 1996 calculations performed
by Wetzel and DePristo, and experimental observation of Riley et al. indicated that
naked Nisq clusters prefer alower (Ds) symmetry chiral structure [45, 46]. At the same
time, Whetten and coworkers experimentally observed optical activity in the MBETs
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for a Au,g cluster covered with L-glutathione (GSH), a chiral tripeptide [36]. They,
furthermore, isolated similar well-defined clusters with different mass by PAGE. The
three smaller isolated clusters with a core mass between 4 and 8 kDa showed a strong
optical activity, whereas neither the crude mixture nor the higher molecular weight
components possess such a strong optical activity. The optical activity in the near-
infrared (NIR), visible and near-ultraviolet is clearly size dependent and its amplitude
is comparable to the signals observed for intrinsically chiral conjugated systems like
chiral fullerenes or larger helicenes.

Recently, optical activity in MBETs has been reported for gold, silver and palladium
nanoclusters having a more or less well-defined size and an organic shell composed
of different chiral molecules [23, 37-39, 47-49]. Figure 3.5 summarizes the chemical
structures of the different molecules that have been shown to induce optical activity
in NPs as well as their size and the maximum of amplitude of the anisotropy factor
(Age/e) measured for gold or silver NPs.

Pairs of metal clusters with similar inorganic core, size or size distribution and the
same number and type of ligands but with opposite absolute configuration exhibit
mirror image ECD spectra as common chiral molecules do. No optical activity is
observed for the clusters prepared with a racemic mixture of ligand. However, in the
case of silver particles covered by penicillamine it was reported that the UV-vis spectra
of the separated NPs are slightly different from the homochiral ones [37]. These silver
NPs are not as stable as gold NPs. In all cases where optical activity in size-selected
NPs was observed, the ECD signals change with the size of the NPs. In some cases the
anisotropy factor gradually increases with a decrease in the mean cluster diame-
ter [37-39]. Thus, it seems that the subnanometer and the nanometer classes of
nanoclusters are the best candidates for displaying optical activity. This may be
related to the fact that in this range scale, most of the metal atoms reside at the surface
of the core and thus interact directly with the chiral ligands. Another explanation for
the tendency of decreasing optical activity with increasing particle size is simply the
increased conformational space for larger particles (larger number of gold atoms and
ligands) and thus the increased probability of multiple energy minima on the
potential energy surface. An increasing number of conformers leads to a decreased
observable optical activity as positive and negative bands of different conformers
average out.

In contrast, optical activity was also reported by Park and coworkers for consider-
ably larger penicillamine or cysteine capped silver particles (23.5 nm) [48] and also for
silver nanocrystals grown on a double-stranded DNA scaffold [49]. However, these
particles were not size separated, and it cannot be excluded that the observed optical
activity is due to a fraction of small particles. Recently, this hypothesis was verified by
Kimura and coworkers who have separated silver NPs according to their size and
observed optical activity only for NPs in the nanometer range [39].

When comparing the characteristics of all the ligands able to impart optical activity
in the MBETS, it becomes evident that most of them and especially cysteine
derivatives are able to perform hydrogen-bond-mediated self-assembly. This property
was proposed to be a crucial parameter for inducing optical activity [48, 50]. However,
the atropisomeric bidentate ligands BINAS and BINAP do not display such behavior,
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Figure 3.5 Chemical structures of chiral molecules inducing optical activity to metal NPs.
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despite the fact that they are particularly well suited to impart optical activity [23, 47].
On the other hand, a common feature is that all the ligands can interact with the
cluster surface by at least two functional groups, as emphasized in Section 3.3.1.
Furthermore, it was demonstrated that by blocking the acid group (anchoring point)
in cysteine derivatives the optical activity was lost [48]. In addition, Hegmann and
coworkers studied the optical activity of small gold NPs covered by the chiral
naproxen and observed that this molecule, which only possesses one interaction
point, does not induce optical activity in MBETS [51]. Recently, CdS quantum dots
capped with D- and L-penicillamine have been prepared. These quantum dots are
strongly white-emitting and show strong optical activity with an almost identical
mirror-image relationship in the range 200-390 nm [52]. The luminescence of such
chiral quantum dots does not result in circularly polarized light.

Inall of the cases described above, the optical activity in the NIR, visible and UV can
be attributed neither to the metallic precursors nor to the organic species and its
origin remains unclear due to the lack of structural information and to the very few
examples of well-defined nanoclusters.

333
Origin of Optical Activity in Metal-Based Transitions

The observed optical activity in MBETs of small metal particles protected with chiral
thiols can be attributed to two opposite and one intermediate model (see Figure 3.6).
In the first one, the optical activity arises from an intrinsically chiral inorganic core
(A). In the presence of chiral ligands one of the two possible enantiomers of the core is
favored. Such behavior is found, as discussed in Section 3.4, for coordination clusters
with a chiral framework. In the second one, the inorganic core can be achiral and the
optical activity is induced by a chiral environment due to the chiral organic shell
through a vicinal effect or through a chiral electrostatic field (B). Both models have

A. Structure intrinsically B. Structure achiral in C. Chiral footprint

@QE‘LO.SS? ev

Aug,(C,)

chiral a chiral environnemt
-]

Aug(1;)

Figure 3.6 Possible origins of optical activity =~ Red points correspond to negative point charges
observed for metal particles. (a) The calculated and red and blue surfaces in the core represent,
chiral structure (C;) of bare Auss is more stable respectively, regions of high and low electron
than the highly symmetric structure (/). density. Reproduced from Ref. [55] by permission
Reprinted from Ref. [53] with kind permission of of the PCCP Owner Societies. (c) Chiral footprint
The European Physical Journal (EPJ). (b) Chiral imparted by bitartrate on Ni(100) surface.
distribution of electron density in Au,g gold Reproduced with permission from Ref. [56].
clusters induced by a chiral point-charge system. Copyright (2002) American Chemical Society.
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support from theoretical calculations [53-55]. Garzén et al. have predicted that small
metal particles such as Au,g or Auss prefer low-symmetry chiral over high-symmetry
nonchiral structures [53, 54]. Goldsmith and coworkers have demonstrated that
optical activity could arise from an achiral metal core perturbed by a dissymmetric
field originating from the chiral organic shell [55]. Trends in the electronic transition
frequencies and amplitudes with cluster size observed experimentally are qualita-
tively in agreement with both models. It is likely that the two mechanisms concur-
rently impart optical activity to the core and the key question whether the core is chiral
or not remained unanswered at that point. In the intermediate model, the grand core
can be achiral but the relaxation of the surface atoms involved in the adsorption of the
chiral ligand creates a chiral “footprint” similarly as observed for tartaric acid
adsorption on Ni surfaces (C) [56]. This is favored for ligands that possess at least
two anchoring points on the surface. Such double interactions have indeed been
documented on surfaces [57-60] and seem to be a common characteristic of the
ligand able to induce optical activity in MBETs as discussed in Section 3.3.2. DFT
calculations have shown that the ligands are not only playing the role of passivating
molecules, but they also distort the metal cluster structure [53]. Very recently, the first
total structure determination of a small gold-thiolate nanocluster composed of 102
gold atoms and 44 p-mercaptobenzoic acids (p-MBA) has been published [61]. As
shown in Figure 3.7, the particles are chiral and formed as a racemic mixture in the

Figure 3.7 X-ray crystal structure determination blue. (c) Sulfur-gold interactions in the surface
of the Auqp2(p-MBA) 44 NPs. (a) View down the of the NPs. Example of two p-MBAs interacting
cluster axis of the two enantiomers (gold atoms with three gold atoms in a bridge conformation.
inyellow and sulfur atoms in cyan). (b) Packingof Gold atoms are yellow, sulfur atoms are cyan,
gold atoms in the core. Marks decahedron (MD) oxygen atoms are red, and carbon atoms are gray.
(2,1,2) in yellow, two 20-atom “caps” at the poles Reprinted from Jadzinsky, Pablo D. et al.,

in green, and the 13-atom equatorial band in  Ref. [61], with permission from AAAS.
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crystal (A). However, the central gold atoms are packed in a Marks decahedron (MD)
that is as highly symmetric as the fcc structure of bulk gold (B). The chirality arises
from the geometry of equatorial atoms on the surface. The deviations in local
symmetry may reflect the interaction of the equatorial atoms with the p-MBA
monolayer. Furthermore, most sulfur atoms bonded to two gold atoms in staple
motifs are stereogenic centers (C).

Evidently, we can not assume that the structure of the center part of NPs
considerably smaller than 102 gold atoms resembles the bulk metal structure.
Indeed, Hakkinen and coworkers, using DFT calculations, predicted that the
structure of a Au3g(SCH3),4 cluster consists of ring-like (AuSCH3)4 units protecting
a central Auy, core [62]. The three models described above can still act concomitantly
but their individual contribution remained undetermined. Distortion of surface
atoms involved in the adsorption of capping agent, is now proved to be a major
element in chirality of NPs. Bidentate chiral ligands have demonstrated their ability
to induce optical activity in MBETs probably by controlling enantioselectively the
geometry of the surface atoms and the absolute configuration of the thiolate-
stereogenic centers. Recently, we have shown that the optical activity of Au;s and
Auyg clusters protected with one enantiomer of NIC is reversed with a perfect mirror
image relationship upon exchange of the absorbed thiol for its opposite enantiomer.
This experiment clearly demonstrates that the optical activity is dictated by the
absolute configuration of the absorbed thiols. This optical isomerization implies that
if the clusters exhibit intrinsically chiral structures, these structures are not stable
enough in one enantiomeric form to withstand a switch of the absolute configuration
of the passivating thiol [63].

3.4
Optically Active Coordination Clusters

As NPs and organometallic complexes, coordination clusters have stimulated great
interest in the field of catalysis and especially for asymmetric catalysis [64, 65]. In
addition to the classical asymmetric induction originating from the chirality of the
organic ligands, clusters are expected to be able to induce chirality through their
chiral metallic framework.

The development of intrinsically chiral organometallic clusters is closely related to
methods for their rational synthesis with a desirable molecular geometry. The work of
Beurich [66] on metal-exchange reaction as well as the multistep addition and
substitution reactions by systematic incorporation of organometallic units have laid
the basis on cluster design [67-71]. Actually, various types of chiral clusters such as
hetero- or homometallic tetrahedrane-type clusters [72, 73] or pentanuclear wing-type
butterfly heterotrimetallic clusters [74] are accessible by systematic synthetic proce-
dures. Such pathways inevitably lead to a racemic mixture of the chiral metallic
framework. The mixture can be enriched in one of its enantiomeric forms when a
chiral ligand is used [75]. Tunik et al. have reported that the reaction of the ligand (S)-
BINAP [76] with H,Ru,(CO)y, or (S,S)-BOTPHOS [77] with CpRhRus(H);(CO)10
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produces clusters with up to 100% stereoselectivity. However, this type of quantitative
stereoselectivity is still uncommon and, furthermore, the separation into enantio-
mers remains one of the major challenges in order to use this material as asymmetric
catalyst. The traditional method consists in the derivatization of the racemic mixture
with a chiral auxiliary before separation of the diastereoisomers by chromatography
or fractional crystallization. This method allows the efficient separation of enantio-
mers of clusters that are optically active even after removal of the auxiliary [78, 79].
However, this pathway is often time consuming or inefficient and removal of the
chiral auxiliary can lead to damaging or racemizing the cluster [75, 80]. High-pressure
liquid chromatography is an efficient alternative mild method that does not require
derivatization when a chiral stationary phase is used. Nevertheless, very few clusters
have been separated by this method [81]. The optical activity of enantiopure chiral
clusters is very strong and depends on the composition of the metallic framework as
much as on the type of the capping ligand. The presence of a chiral auxiliary
modulates the ECD curves but does not change the general appearance of the
signal [72].

Metal clusters have become especially important in a wide variety of heterogeneous
catalytic reactions such as for example, oxidation, isomerization of alkenes, carbon-
ylation and reduction of multiple bonds [82]. This list is not exhaustive and industrial
reactions, such as oxidation of butane to maleic anhydride, can enlarge this panel [83].
However, despite this rich catalytic activity of organometallic clusters, the envisioned
breakthrough in the field of asymmetric catalysis using clusters with framework
chirality has not been reported yet. This situation is probably due to on the one hand
the very small number of enantiopure clusters known today, but also on the other
hand due to the racemization of the metallic framework under the catalytic condi-
tions such as CO pressure, UV irradiation or heating [72]. Furthermore, the question
whether organometallic complexes and clusters act as catalyst or whether they are
precursor for the formation of NPs that are the real catalyst remains open for many
reactions. Recently, Mario Barberes and coworkers published the catalytic cyclopro-
panation of styrene with ethyl diazoacetate using a chiral heterodimetallic cubane-
type cluster with 25% enantiomeric excess (ee) but this small ee cannot be attributed
only to the chiral metallic framework since the ligands are also chiral [84]. The
concept of asymmetric catalysis using a metallic framework still remains to be
demonstrated.

3.5
Nanopatrticles of Chiral Organic Compounds

In recent years ONPs of various compounds have been the focus of interest of
researchers due to their potential use in the fields of optoelectronics, nonlinear
optics, photonics, sensing [85], recognition [86], and DNA delivery [87]. ONPs have
been extensively described in the book of Masuhara [88]. ONPs bridge the gap
between isolated molecules and the bulk crystal. As for their inorganic analogues, the
properties of ONPs strongly depend on their size, their shape and also on their



82

3 Chiral Nanoparticles

assembly. However, in the case of ONPs, the electronic and optical properties are
fundamentally different from those of metal and semiconductor NPs. This has to do
with the much weaker interaction between the constituents in ONPs, which are
typically of the van der Waals type. In the case of ONPs the size-dependent properties
arise from aggregation, increased intermolecular interaction (many-body interac-
tion) and surface effects [20, 89]. For example emission spectra are tunable by
alteration of the size of the ONPs. Besides this, additional great diversity of properties
can be obtained through variation of organic molecular structures. Park and cow-
orkers have shown that ONPs of 1-cyano-trans-1,2-bis-(4'-methylbiphenyl)ethylene
(CN-MBE) exhibit an enhanced emission when compared to the weak fluorescence of
the monomers in solution. The fluorescence switches off in the presence of organic
vapor, which is interesting for sensing applications [85]. This unusual enhancement
of emission in CN-MBE NPs is attributed to the synergetic effect of intramolecular
planarization and J-type aggregate formation that restrict excimer formation to NPs.

The optical activity of chiral ONPs is also size dependent. Recently, different ONPs
from chiral auxiliary such as (R)-( +)-1,1’-bi-2-naphthol dimethyl ether (BNDE), (R)-
di-2-naphthylprolinol (DNP) and (R)-(—)-2,2'-bis-(p-toluenesulfonyloxy)-1,1’-bi-
naphthalene (R-BTBN) have been prepared and studied by Yao and coworkers [90—
92]. Their studies show that the optical activity of the chiral ONPs follows the same
trend as the absorption. The exciton chirality peaks evolves to the low-energy side with
increase in particle size. Surprisingly, the ECD spectra of the ONPs of BNDE and
DNP are completely opposite to ECD spectra of the dilute monomers as shown in
Figure 3.8. For the R-BTBN NPs, the intensity ratio of the first to the third Cotton
effects increases as the size of the ONPs increases to 60 nm. This trend is explained by
the more effective excimer formation between the two chromophores in adjacent
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Figure 3.8 TEM image of DNP NPs with average size of 150 nm
(left). CD and UV (inset) spectra of DNP monomer (dashed green
line), NPs (solid red line) and the filtrate (dash dot black line). The
structure of (R)-di-2-naphthylprolinol is shown as the inset.
Reprinted from ref [91] with permission from RSC.
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molecules due to the change of dihedral angle as the ONPs grow in size. These works
successfully demonstrate the manipulation of exciton chirality by simply changing
the size of the ONPs. This degree of chirality control might be of practical value, for
example, for the use of the particles as active components in optically switchable
devices and in asymmetric syntheses via photochemistry in the solid state with the
ionic chiral auxiliary approach [93]. Cho et al. have demonstrated the ability of chiral
hexablock copolymeric NPs for the chiral recognition of bilirubin [86].

3.6
Applications

NPs are of considerable interest because of their wide variety of potential application
in various fields such as biosensing [94], optics [95], electronics, photonics [17],
catalysis [96], nanotechnology [5] and drug or DNA delivery [87, 97]. Chiral NPs are
particularly interesting for asymmetry amplification at different length scales, which
means as chiral catalysts for chemical synthesis and chiral-selective membranes or
chiral dopant in liquid crystals (LCs). Further applications may be envisaged for the
detection of chirality or may be related to the optical activity.

3.6.1
Asymmetric Catalysis

Metallic NPs are potentially able to be active in catalysis. NPs can also be used as
catalyst support. In this case the properties of homogeneous and heterogeneous
catalysis are combined. For example, the catalytic properties of complexes supported
on NPs can be influenced by the neighboring chiral ligands [98]. An advantage of such
a catalyst is the rapid separation from products and substrates by using precipitation,
membrane-based techniques, SEC, or even magnetic fields. Recently, Hu and
coworkers reported the immobilization of preformed Ru catalysts on magnetite
NPs. These systems catalyzed the asymmetric hydrogenation of aromatic ketones
with an ee up to 98%. The latter chiral catalyst, which can be removed magnetically,
was easily recycled up to 14 times without loss of activity and enantioselectivity [99].

The intrinsic catalytic behavior of NPs has been widely examined. Many NPs
proved to be efficient and selective catalysts not only for reactions that are also known
to be catalyzed by molecular complexes, such as olefin hydrogenation or C-C
coupling [2], but, moreover, for reactions that are not or are poorly catalyzed by
molecular species, such as aromatic hydrogenation [100]. Unambiguous distinction
between colloidal and molecular catalysis is, however, often very difficult to
make [101, 102]. As shown in Section 3.3, metallic NPs may be intrinsically chiral
and, as discussed for organometallic clusters, optically active NPs can potentially
combine the chirality of their core and of their organic shell in order to induce
enantioselectivity to prochiral substrates. Despite the impressive progress in cataly-
sis; however, only a few NPs systems have been shown to be efficient in asymmetric
catalysis till today [47, 96, 103-110).
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OSi(Me)3 OSi(Me) OH
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(R)-dioctylcyclohexyl-1-ethylamine (DOCEA)

Figure 3.9 Enantioselective reduction of o-cresol trimethylsilyl ether and 2-methylanisol.

The first example of an asymmetric reaction shown in Figure 3.9 was reported in
1994 by Lemaire and coworkers who used rhodium NPs stabilized by a chiral amine
(R)-dioctylcyclohexyl-1-ethylamine for the hydrogenation of o-cresol trimethylsilyl
ether (top) or 2-methylanisole (bottom) with poor but significant ee values [111].

As shown in Figure 3.10, the most relevant systems involve Pt and Pd NPs
stabilized by cinchonidine, in the hydrogenation of pyruvate derivatives. This system
was first reported by Orito and coworkers [112] for supported Pt particles and since
then much effort has been devoted to unravel its mechanism [113]. Bonneman and
coworkers extended this concept to free metal particles in 1996. They reported the
hydrogenation of ethyl pyruvate into (R)-ethyl lactate with 75-80% ee using platinum
particles stabilized with dihydrocinchonidine salt (DH-CIN) in the liquid phase or
immobilized on charcoal or silica [103, 105].

O o
/\O)S( Ptyps DH-CIN /\O)K‘/
1-100 bar H,
© H,COOH/MeOH OH
ethyl pyruvate (R)-ethyl lactate
ee = 75-80%

X =Cl, CH3COO, HCOO

dihydrocinchonidine (DH-CIN)

Figure 3.10 Enantioselective reduction of ethyl pyruvate.
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Figure 3.11 Stereoselective hydrosilylation of styrene with
trichlorosilane in the presence of chiral Pd catalyst.

The preparation of the catalyst was more recently revisited and Pt NPs stabilized
with PVP and modified with cinchonidine have allowed improving the ee up to
95-98% [106—108]. The sense of enantioselectivity can be reversed with respect to the
cinchonidine Pt NPs system either by changing the chiral modifier to cinchonine
(CN) or by changing Pt for Pd [114]. The latter switch is not explained but it reveals
the significant role of the metal in the enantioselectivity. Interestingly, also the size of
the NPs seems to influence enantioselectivity.

In 2003, Tamara et al. reported that Pd NPs (2 nm) optically active in MBETs and
stabilized by BINAP, catalyze the hydrosilylation of styrene with trichlorosilane with
an ee of 95% (see Figure 3.11). Interestingly, palladium complexes coordinated with
BINAP are not active for this reaction [47].

Chaudret and coworkers performed the enantioselective allylic alkylation of rac-3-
acetoxy-1,3-diphenyl-1-propene with dimethyl malonate catalyzed by palladium NPs
(4 nm) in the presence of a chiral xylofuranoside diphosphite. This reaction, shown in
Figure 3.12, gives rise to 97% ee for the alkylation product and a kinetic resolution of
the substrate recovered with 90% ee [96].

OAc CH(COOMe),
Pdyype L* :
Ph}\/\Ph + H,C(COOMe), NP PR~ ph
BSA, KOAC

CHyCly, 1t ee=97%

~
!

Xylofuranoside diphosphite
Figure 3.12 Enantioselective allylic alkylation catalyzed by palladium NPs.

3.6.2
Nanoparticles in Liquid-Crystal Media

A challenge in nanotechnology remains the control of the organization of NPs in order
to integrate them in high-tech devices such as waveguides, band gap materials, light-
scattering devices, flat panels and perfect lenses by avoiding the use of the top-down
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Figure 3.13 TEM micrographs of the fingerprint cholesteric
texture for the pure (left) and doped with achiral NPs (right) chiral
liquid-crystalline material. Reprinted with permission from
Macmillan Publishers Ltd: Nature Materials, Ref. [116], copyright
(2002).

approach. Liquid crystalline (LC) materials appear as perfect candidates for the control
ofthe crucial parameters size, shape and self-assembly of nanoscale materials in a one-
pot process. The use of LCs in syntheses and self-assembly has recently been reviewed
by Hegmann and coworkers [115]. Organization of nanomaterials in LCs can,
furthermore, respond to external stimuli such as an electric (magnetic) field or
temperature. This opens the possibility to use such composites as electrical actuators.

Figure 3.13 shows that achiral NPs coated with a zwitterionic surfactant when
dispersed in a cholesteric LC can order in accordance to the chiral helical structure of
the chiral phase. The platinum NPs form periodic ribbons, which mimic the well-
known cholesteric texture. De Guerville et al. also demonstrated that the NPs not only
decorate the pristine structure but create a novel structure characterized by a larger
periodicity [116, 117]. They also observed that this periodicity, that is the distance
between the ribbons, can be tuned by varying the molar fraction of chiral mesogens
present in the pure cholesteric host.

Recently, Hegmann demonstrated that gold NPs protected by a chiral ligand, a
Naproxen functionalized thiol, can be used to induce chirality to a nonchiral nematic
LC phase [51]. The use of gold NPs protected with chiral ligand as chiral dopantin LC
phase was furthermore confirmed using induced CD studies of a nematic LC (N-LC)
doped with three different NPs. This experiment has revealed a transfer of chirality
from the NPs to the N-LC phase that resulted in the formation of a chiral nematic
phase with opposite helical sense in comparison to the pure chiral ligand dispersed in
the same N-LC host [118]. The formed stripe texture might be tunable according to
the size of the NPs or their functionality. This opens a pathway for improving LC
mixtures for a variety of applications. For example, N-LCs doped with gold nanoclus-
ters can be aligned and electrically reoriented at lower threshold voltages than the
pure N-LCs [119].
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3.6.3
Chiral Discrimination

Self-assembled monolayers of chiral thiols on metal surfaces have proved their
potential for enantiodiscrimination [60]. On account of their higher surface area
compared with monolayers, chiral NPs should be even more interesting for discrim-
ination. Kong and coworkers have already shown that gold NPs are efficient sensors
with the capability of probing chiral amino acids at the subpicomolar level. The signal
was monitored by differential potential voltammetry using a glassy carbon electrode
modified with bovine serum albumine, which is a chiral modifier, and amplified by
silver atoms anchored on the gold NPs [120]. Similarly, Rotello et al. have clearly
demonstrated by calorimetric studies that the NPs bearing enantiomeric and
diastereoisomeric end groups afford distinctly different binding affinities towards
a protein target [121]. This reveals that chirality on NPs is an important prerequisite
for the specific recognition required for therapeutic applications.

3.7
Outlook

Nanoscience is still in the discovery phase, and this is particularly true for chiral
NPs. Only very few examples of well-defined optically active NPs have been
synthesized and only on a small scale (milligrams). However, examples of applica-
tions described in the last section show the very large potential of chiral NPs, for
example in enantioselective catalysis, in LC displays and in chiral recognition.
Progresses in enantioselective synthesis and in resolution of chiral NPs are
expected in the near future. Integration of NPs in larger systems may allow the
preparation of nanoscale optical components [22] and planar polarization-sensitive
devices [18]. The merging of optical activity with SPs may pave the way for new types
of “chirophotonic devices.” NPs are already starting materials or catalysts for the
preparation of larger anisotropic nanomaterials such as nanorods. Perhaps chiral
NPs will allow the preparation of larger chiral nanomaterials. Finally, chiral NPs are
also of fundamental interest as nanometer-size analogues of extended chiral metal
surfaces and serve as models for the better understanding of interactions between
surfaces and organic molecules.
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Gels as a Media for Functional Chiral Nanofibers
Sudip Malik, Norifumi Fujita, and Seiji Shinkai

4.1
A Brief Introduction to Gels

4.1.1
Introduction

Gels, one of the most promising materials in the twenty-first century, have generated
tremendous research interest nowadays not only for the better basic scientific
understanding of gelation phenomena but also to design novel kinds of functional
materials based on the self-assembly of molecules. At the advent of nanotechnology
where the molecules are assembled into nanometer-scale architectures, the thrust of
gel chemistry has been clearly visualized as it is possible to correlate directly between
the molecular self-assembly at the nanoscale and the macroscopic material proper-
ties, visible to the naked eye. As a benefit of gel chemistry, gels formed by, for
instance, dilute solutions of inorganic substances such as silica or clays, polymers
and proteins have been studied and are extensively commercialized in the form of
toothpaste, soap, shampoos, cosmetics, puddings, contact lenses, drugs, gel pens,
clearing agents, and so on in our everyday lives. Within two decades, there has been
rapidly growing attention to low molecular weight gelators (LMWG), which is mainly
motivated by the well-defined structure—property relationship of LMWGs as well as
the many potential applications of them. Gels are usually constructed from the self-
assembly of LMWGs including steroid derivatives, peptides, nucleobases, sacchar-
ides and even more complex organic structures like dendrimers. In contrast to
macromolecular and inorganic counterparts, the network of LMWG is formed solely
as a result of noncovalent interactions like solvophobic effects, m—n interactions, van
der Waals interaction and hydrogen bonds. The self-assembly process starting from a
single molecule leads to the formation of an interpenetrated or entangled network
structure thatis responsible for preventing the flow of the bulk solvent, which is by far
the majority component. The formation of gel, which is completely reversible and at
the same time efficient as most LMWGs form gels at concentration well below 0.1%
wt/v, is perhaps the finest example of a supramolecular self-assembly process.

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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However, most of the organogelators uncovered up to now have been discovered by
serendipity rather than design, which is the reason why this task is still difficult as
well as challenging. Over the years there have been significant contributions towards
the design of different gelators and the understanding of gelation phenomena from
the different groups including those led by Weiss [1], Hanabusa [2], Feringa [3],
Hamilton [4], Terech [5], and Shinkai [6]. From the available literature [1-9], the
following broad conclusions can be drawn about whether a molecule may be expected
to gelate or not: (a) The molecules must have noncovalent interactions among
themselves. Typically, these interactions include n—r interactions, van der Waal
interaction, solvophobic effects and hydrogen bonds. (b) These noncovalent inter-
actions should be directional, leading to formation of an anisotropic network of
LMWGs. (c) The molecule must be sparingly soluble in the solvent of choice. The
molecule should not be too soluble, otherwise it results in simple dissolution,
whereas it should not be too insoluble, otherwise it will result in the simple
precipitation of a solid of the material out of the solution.

4.1.2
Definition of Gels

Although everyone knows what a gel is, scientifically it is not easy to define one, as
none of the available definitions of gel covers all of the properties. As described by
Lloyd, the gel is easier to recognize than to define [10]. In 1961 Ferry explained a gel as
a substantially diluted system that exhibits no steady-state flow [11]. Thus, a gel is a
state of matter, neither liquid nor solid, or may be termed a semisolid. To correlate
between the macroscopic and microscopic properties of a gel, Flory defined a gel in a
more comprehensive way [12]. A gel has continuous structures with macroscopic
dimensions that are permanent on the time scale of analytical experiment and are
solid-like in its rheological behavior below certain stress limit. One important thing
common to all gels is that they are comprised of two components, one of which is
liquid at the temperature under consideration, and the other of which is a solid, for
example LMWGs. The gels themselves have the mechanical properties of solids and
under any mechanical stress the gels show the phenomenon of strain. This rule is
obeyed in a large part even today, although all networks do not need to be solid and
more than two components may construct a gel. Nowadays, the rheological descrip-
tion about the gel is believed to be more justified as well as being a quantitative one.

4.1.3
Classification of Gels

Gels can be classified by taking into account various considerations (Figure 4.1),
depending on the source, medium, constitution, and the nature of interactions that
are responsible for the creation of the three-dimensional gel network. They are
divided into macromolecular gels and small molecular gels (low molecular weight
gels). Macromolecular gels are formed from either chemically crosslinked (covalent
bonds) or physical interactions (noncovalent bonds).
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Figure 4.1 Classification of gels based on various considerations.

The gels derived from polyethylene, polyvinyl alcohol, polyamide, and so on
[13-15] are examples of chemically crosslinked gels where the networks result
from strong chemical bonding and are thermally irreversible. The gels of poly-
acrylate, polystyrene [14, 16], polyaniline [17] poly(3-alkylthiophenes) [18], and so
on are formed by weak physical interactions and they are thermoreversible gels.

According to their history, organogelators can be classified as (a) first-generation
gelators that were found by serendipity and primarily studies on only gelation
properties rather than functional properties [19] and (b) second-generation gelators
that were successfully designed for the gelation as well as simultaneously showing
the functional or material properties using various kinds of secondary interactions
after gelation [20, 21].

4.1.4
Chirality in Gels

When we think about chirality in gels, most of us imagine that is how stereogenic
centers make an effect on the helicity in the gel fibers. Among numerous varieties of
assemblies appearing in the gel phase, helical assemblies receive particular attention
because of the morphological similarity with naturally occurring helical molecular
architectures. In 1969 — note that it was less than 20 years after the discovery of the
double-helical structure of DNA — Tachibana et al. [22, 23] reported helical aggregates
of 12-hydroxystearic acid and its lithium salts. After dissolving hydroxystearic acids in
solvents at high temperature, it forms gels upon cooling to room temperature. As itis
an optically active fatty acid, depending on the absolute configuration of the
enantiomer, it forms different kinds of helical fibers in the gels. For example, the
D-acid produces the left-handed helix and the L-acid shows the right-handed helix
(Figures 4.2a and b). This morphological diversity is a clear difference from naturally
occurring helical assemblies as generally, the biological system adopts homohelicity
in those higher-order molecular structures. Interestingly, the racemic mixture of
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Figure 4.2 TEM pictures of gel fibers prepared from
(a) 12D-hydroxystearic acid, (b) 12-L-hydroxystearic
acid and (c) the racemate of the lithium salt.

12-hydroxystearic acids produces objects with a plate-like structure and the lithium
salt of 12-hydroxystearic acids generates entirely opposite helicity in the fibers to the
corresponding acid. The racemic mixture of the salt shows fibers without helicity
(Figure 4.2c).

4.2
Chiral Organogels

4.2.1
Steroid-Based Chiral Gelators

Steroids that are versatile building blocks found abundantly in plants and animals
play crucial roles to inspire the biochemical activities in living creatures. The
chemical structures of steroids consist of a fused tetracyclic androstane skeleton
(a, b, ¢, and d in Figure 4.3) [24]. It creates the complicated ring structures in which
skeletons take either a cis- or trans-configuration at each stereogenic center.

However, the all-trans-configuration of a steroid skeleton is commonly observed in
the biological systems. One of the derivatives of steroids, cholesterol, which is found
in the cell membrane of the tissues in all animals, has a tendency to generate a liquid-
crystalline phase (cholesteric phase) where steroid—steroid stacking, which obviously
is a result of van der Waals interactions, is operating to create one dimensional (1D)
helical structures that are the prerequisite condition for the gelation.

=1
[L15]

Figure 4.3 Common chemical structure of steroids.
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Cholesterol-based gelators have been extensively studied by several groups such as
Weiss’s group [25-31], Shinkai’s group [32-37], and Whitten’s group [38-40]. A
number of aromatic components such as anthracene [25-29], anthraquinone [27, 30],
azobenzene [32, 33], porphyrin [41-43], nucleobase [35], stilbene [40], oligothio-
phenes [37] have been covalently attached with cholesterol moieties at their 3-position
to create highly ordered 1D structures in the oraganogels derived from them. When
the cholesterol moieties form 1D helical columnar stacking, the attached aromatic
groups are oriented so as to give the face-to-face-type interaction and stabilize the 1D
aggregates.

In 1987, Weiss et al. first published the gelation properties of anthracene-appended
cholesterol derivatives (1~3) [25] that can form a gel with a wide range of organic
solvents, from low polarity solvents, such as hydrocarbons, to polar ones such as
alcohols, and amines. Even less than 1wt% of 1 forms the gel with these organic
liquids. Later, a series of structural analogues of 1 were devised and also synthesized
to investigate the gelation properties systematically. For example, 1 and 2 can gelate
several solvents, whereas 3 does not form a gel (Figure 4.4).

Azobenzene-appended cholesterol gelators have been comprehensively studied by
Shinkai and his coworkers (Figure 4.5) [33]. Besides the steroid—steroid stacking of

Ov\iow

i 0\/\)?\0
OCH, . \/\j\ ) W

3
Figure 4.4 Chemical structure of anthracene derivatives based cholesterol gelators.
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Figure 4.5 Chemical structure of azobenzene-appended
cholesterol gelators: note and 5 are epimers at C-3.

the gelators, the spectroscopic properties of the azobenzene moieties afford useful
information on how the molecules self-assemble and how the gels are formed. Two
series of compounds were synthesized and intensive circular dichroism (CD)
spectroscopic investigations were carried out to propose the mechanism of gelation.
Generally, azobenzene moieties are attached at the C-3 position of cholesterol.
Reaction between an acid chloride and cholesterol produces the natural (S)-config-
uration at C-3 through the esterification of cholesterol at 3-OH group. The inverted
(R)—configuration has been synthesized by treating cholesterol with an acid in
the presence of triphenylphosphine and diethyl azobenedicarboxylate. Both the
conformers form a gel in many nonpolar and polar organic solvents, but the small
structural difference at C-3 of cholesterol causes the dramatic changes in the nature
of gel networks.

The azobenzene chromophoric group, having electron absorption in the visible
region, produces strong CD active signals upon the formation of gels of these 4 and 5,
whereas in the sol state these are totally CD silent. This observation indicates that in
the gel phase the cholesterol moieties aggregate in a specific chiral direction, which
prompts the azobenzene chromophores to interact in an asymmetric manner.
Compound 4a, in the gel it forms in 1-butanol, produced a positive exciton coupling
band of (R)—chirality, whereas 5b in its methanol gel showed a negative exciton
coupling band of (S)—chirality (Figure 4.6). These results clearly show that the
transition dipole moments in the azobenzene moieties are interacting as well as
oriented either in clockwise, that is, (R)—chirality or anticlockwise, that is, (R)—chi-
rality. Another unusual investigation is that of the inversion of the CD signal in the
case of gels formed by 4b and 4c. Among the several gel-preparation conditions,
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Figure 4.6 (a) LD spectra, (b) CD spectra and (c) absorption
spectra; the gel state was observed at 25 °C (solid line) and
the solution state was observed at 60°C (dotted line). Lefi: 4a
(0.2wt%) in n-butanol and Right: 5b (0.4 wt%) in methanol.

the cooling speed from sol to gel is the most responsible factor associated with this
phenomenon. As a result of kinetic influences, a less stable (metastable) aggregate is
formed preferentially and immobilized by the gel phase. It is important to note that
both the left-handed and right-handed gel networks could be produced from the same
sol solution by slow and fast cooling, respectively as confirmed by SEM experiments.

The effect of the absolute configuration at C-3 of the steroid on the gelation
was investigated thoroughly. It has been found that 4a (with (S)-chirality)
forms excellent thermally reversible gels with organic solvents, whereas 5a with
(R)-chirality fails to form a gel with the same set of solvents as used in the previous
case. The influence of chirality on the gelation can be explained by the structural
differences between the (R)- and (S)-isomers as observed in energy minimized
structures (Figure 4.7) obtained from the semiempirical molecular orbital calcula-
tions. Compound 4a adopts an extended linear conformation that enables it to stack
efficiently into 1D structures. Though the primary driving force comes from steroid
stacking, there is an additional stabilizing force coming from the face-to-face
orientation of azobenzene groups. On the other hand, 5a takes an L-shaped or bent
structural form in which 1D stacking is energetically less favored because the
additional stabilization from the stacking of azobenzene moieties is somewhat
restricted here.
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Figure 4.7 Energy minimized structures of 4a (left) and 5a (right).

Porphyrin-appended cholesterol gelators were reported by our group [41-43]. In
this series the first compounds designed and synthesized are 6a with natural (S)-
chirality at the 3-position and 6b with (R)-chirality at the 3-position (Figure 4.8).
Gelator 6a forms an organogel with cyclohexane and methylcyclohexane. On the
other hand, gelator 6b does not form a gel in these solvents. As explained above, in the
aggregated state, the porphyrin moieties in 6a with (S)-chirality can interact with each
other to stabilize 1D packing, whereas such packing in 6b is more difficult because of
steric factors originating from the inverted (R)-chirality. In the gel state, porphyrin
moieties are packed in a J-type aggregation fashion confirmed by UV-vis absorption
and CD studies.

Later, a series of Zn(II) porphyrin-appended cholesterol derivatives were designed
and synthesized by varying the length of the spacer [(CH,),] between the steroid
moiety and Zn(II) porphyrin [43] and the gelation abilities have shown the depen-
dence on the length of spacer. Gelators with an even number of carbon atoms in the
spacer moiety (7a and 7c) form a gel with aromatic solvents like p-xylene, toluene and
benzene, whereas those with an odd number of carbon atoms in the spacer (7b and
7d) do not form a gel.

In the chiral gel state, gelator molecules are stacked in a 1D helical manner through
the steroid—steroid interaction and the additional interactions among Zn(II) porphy-
rin moieties play a crucial role in stabilizing the aggregates rather than hydrogen-
bonding interactions between amide and carbamate groups. These aggregates are
highly sensitive toward the number of carbon atoms in the spacer. Only in the case of
an even number of carbon atoms do both steroid—steroid interactions as well as Zn
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Figure 4.8 Molecular structures of porphyrin and [60] fullerene-based cholesterol gelators.

(II) porphyrin—Zn(II) porphyrin interactions (Figure 4.9, left) cooperate effectively to
construct the 1D helical superstructure of gelator molecules.

Interestingly, the influence of [60]fullerene on the gelling ability of the Zn(II)
porphyrin-appended cholesterol derivatives has been studied. The gel-to-sol phase-
transition temperature of 7a and 7c has been significantly increased with increasing
equivalent of added [60]fullerene. This result indicates the reinforcement of gel
aggregates caused by the intermolecular Zn(II) porphyrin —[60]fullerene interactions
thatis reflected in UV-vis and CD spectroscopic investigations (Figure 4.9, right). The
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Figure 4.9 Left side: 1D aggregate models of 7 (a) in absence, (b)

in presence of [60] fullerene in the gel phase. Right side: (c) UV-vis

and absorption spectra 7a (full line) and 7a/[60] fullerene complex

(2: 1 complex, dotted line) in toluene (2.55 x 10~* mol/dm?

for 7a) at 20°C.

Soret band of the porphyrin shifts to longer wavelengths and the CD spectra
corresponding to the Soret band shows a strong Cotton effect upon gelation of 7a
in the presence of [60]fullerene only. The proposed aggregation mode is to orient the
left-handed arrangement of porphyrins through the formation of a sandwich-like
complex (Figure 4.9, left).

Later, [60]fullerene-appended gelators were reported from the same group [44] and
only (S)-chirality of 8 forms a gel in dichloromethane and CD studies indicate that
fullerene moieties are oriented chirally in the gel phase. The influence of Zn(II)
porphyrin is tested by adding Zn(II) porphyrin in the gel of 8. However, the gel is
rather destabilized. The result is in contrast to the behavior of 7a in the presence of
fullerene.

A trans-stilbene-appended cholesterol gelator was successfully designed and syn-
thesized by Whitten et al. (Figure 4.10) [40]. A series of time transient atomic force
microscopy (AFM) images of 9 in 1-octanol were recorded in order to monitor the sol-
to-gel phase transition onto a hydrophobic graphite surface. At the initial stage, the
dewetting process starts from the surface and the gelator-solvent interaction is
enhanced, leading to formation of condensed droplets that eventually transform into
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Figure 4.10 Molecular structures of gelators 9 and 10.

1D developed fibers. Very recently, a titanocene-based cholesterol gelator has been
synthesized [45]. It forms a gel in organic solvents with different polarity. In the gel
state, it can form twisted helical fibers confirmed by AFM and CD studies.

422
Pyrene-Based Chiral Gelators

Pyrene, one of the most commonly used fluorophore probes for molecular aggrega-
tion, has been utilized to devise pyrene-containing gelators. Maitra et al. [46] reported
both achiral and chiral pyrene-based gelators 11a and 11b. Both derivatives form a gel
with alcohols, hexane, cyclohexane, decane, and dodecane. Helical aggregates are
formed during the gelation of 11b evidenced by CD studies (Figure 4.11b). Later,
pyrene-containing oligo(glutamic acid) gelator (12) [47] was reported. In the gel state,
the gelator molecules are self-assembled through intermolecular hydrogen bonding
between peptide residues and m—mn interaction between the pyrene moieties
(Figure 4.11).

423
Diaminoyclohexane-Based Chiral Gelators

Another interesting building block for chiral gelators is 1,2Diaminocyclohexane that
can be used to form alkyl amide derivatives (Figure 4.12). Only the trans-isomer with

103
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Figure 4.11 (a) Chemical structures of gelators the gel phase, thick broken line: CD spectra at
11 and 12, (b) CD spectra of gels of (R)-11b and room temperature in the sol phase and thick solid
(5)-11b in cyclohexane at the indicated line: CD spectra at room temperature in the gel
temperature, (c) UV-vis and CD spectra of phase), and (d) schematic illustration of gelator
gelator 12 of concentration 4.0 x 10~ mol. (Thin in the gel.

solid line: UV-vis spectra at room temperature in

long alkyl chains forms a gel with a variety of organic solvents, including alcohols,
ethers, esters, ketones, hydrocarbons, polar aprotic solvents, edible oils, and mineral
oils. It is important to note that the cis-isomer as well as the trans-isomer with the
alkyl chain bearing less than six methylene units do not form gels in the used

~NHCOR
Q 13: trans (1R, 2R)
NHCOR 14: trans (1S, 2S)

Figure 4.12 Chemical structure of diaminocyclohexane-based chiral gelators.
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Figure 4.13 (a) CD spectra of gelators 13 and 14 with same
concentration (1 mM) in acetonitrile at 20 °C. (b) TEM image of
gel of 13 in acetonitrile stained by OsO,. (c) Schematic
representation of molecular packing in the gel fibers.

solvents [48, 49]. Intermolecular hydrogen bonding between the amide groups of
adjacent molecules, van der Waals interaction of long alkyl chains and the projection
angle between the alkyl chains of the cyclohexane platform are the responsible
driving force for packing in 1D aggregates.

CD investigations of the gels from 13 and 14 have revealed that the molecular
chirality in the helical stacking and the large amplification of the CD signal originates
from the chiral aggregates of the LMWG molecules in the gel state. Subsequent TEM
observation of the gel negatively stained by OsO,4 has confirmed the presence of
helicity in the gel fibers. These experimental data have nicely explained the helix-
formation mechanism with the help of molecular modeling (Figure 4.13). According
to these lines of information, two equatorial amide-NH and amide-CO are antiparal-
lel to each other and perpendicular to the cyclohexyl ring. Therefore, it is possible to
form an extended molecular tape stabilized by two intermolecular hydrogen bonds
between neighboring molecules.

4.2.4
OPV-Based Chiral Gelators

A serendipitous observation for gelation of oligo(p-phenylenevinylene)s (OPVs)
derivatives, consisting of a short linear n-conjugated system, has been reported
by Ajayaghosh et al. [50-53]. OPV1 having two hydroxylmethyl groups and six
dodecyloxy side chains forms gels with nonpolar organic solvents. The introduction
of long hydrocarbon chains in OPV facilitates the van der Waals interactions and
simultaneously inhibits the crystallization, leading to formation of a gel. The
hydroxymethyl groups favor the formation of the linear hydrogen-bonded poly-
meric structures that construct the arrays of superstructures from OPV gelators
(Figure 4.14). X-ray diffraction studies overwhelmingly support the multilayer
lamellar assemblies through hydrogen bonding and n-stacking, in which each OPV
is arranged perpendicularly to the growth axis of the fiber.
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Figure 4.14 (a) Chemical structure of OPV1, (b) SEM image of
dried gel of OPV1 from toluene. (c) Probable self-assembly

of OPV1, showing the hydrogen bond and m-stack-induced
three-dimensional network formation.

OPV2, a chiral analogue of OPV1, also forms a gel in organic solvents though the
gelation ability is significantly reduced with the insertion of chiral side chains.
However, the introduction of chiral side chains has expressed the self-assembly in a
helical sense depending upon the chirality of asymmetric carbon. CD measurements
of OPV2 have shown the strong bisignate Cotton effect corresponding to m—m*
transition (400 nm). The concentration and temperature variant CD spectroscopic
studies of OPV2 have suggested the involvement of two different kind of helical
aggregates that are also confirmed by morphological observations through field
emission scanning electron microscopy (FE-SEM) as well as by AFM. A schematic
representation of self-assembly of the chiral OPV2 to a left-handed double helical
rope-like structure is shown in Figure 4.15.

Feringa and van Esch et al. have shown in a wonderful piece of work that a
reversible, photoresponsive self-assembling molecular system can be successfully
designed in which the molecular and supramolecular chirality communicate [54]. A
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Figure 4.15 Schematic representation of self-assembly of OPV2
into helical coiled-coil superstructures. A magnified AFM image of
the superstructure is shown on the right.

dithienylethene photochromic unit functionalized with (R)-1-phenylethylamine-
derived amides (Figure 4.16) was synthesized, which exists as two antiparallel,
interconvertible open forms 15 with P- and M-helicity and cyclizes in a reversible
manner upon irradiation with ultraviolet (UV) light to two diastereomers of the
closed product 16. The light-induced switching between 15 and 16 was followed by
changes in electronic properties and conformational flexibility of the molecules. The
amide groups incorporated in 15 induce gel formation in organic solvents at room
temperature. Interestingly, the chirality present in 15 was expressed in a supramo-
lecular aggregated system.

The open switch 15 in solution was found to be CD silent, whereas upon gel
formation a strong CD absorption was observed due to the locking of the M- or P-
helical conformation of the open form 15 in the gel state. It was found that the
photoactive supramolecular system comprised of two different aggregation states o
and B that could include either the open 15 or the closed 16 form, leading to a total of
four different states. The aggregation and switching processes by which these four
states can be addressed is summarized in Figure 4.17. A solution of open form 15

i@ Gy

15 (open form) 16 (closed form)

Figure 4.16 Chemical structure of dithienylethene-based organogelator.
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Figure 4.17 Aggregation and switching processes of 15 and 16 by thermal and light stimuli.

gives a stable gel (o) 15 (P-helicity) upon cooling. Photocyclization gives a metastable
gel (o) 16 (PSS) (P-helicity) [PSS; photostationary state] with high diastereoselectivity
(96%), which is fully reversible. Heating the gel (or) 16 (PSS) leads to a solution of 16
that gives a stable gel (B) 16 (PSS) (M-helicity). Irradiation of gel (B) 16 (PSS) with
visible light results in a metastable gel () 15, which in turn can be reconverted to the
stable gel (8) 16 (PSS) by UV irradiation. Lastly, a heating and cooling cycle results in
the transformation of the metastable gel (B) 15 to the original stable gel (o) 15 via the
solution of 15. The outstanding ability of this system to control chirality at different
hierarchical levels would attract huge attention from advanced technology require-
ments such as molecular memory systems and smart materials.

4.3
Chiral Hydrogels

43.1
Chiral Fatty Acids

After the discovery of helical assemblies of 12-hydroxystearic acid in the gel phase by
Tachibana et al., Fuhrhop et al. [55] extended the similar kind of observation on serine
dodecylamide (D- and L-) in water on the basis of cryo-TEM studies (Figure 4.18). Itis
interesting to note that in low-polarity solvents like toluene, L-serine dodecylamide
produces multilayer tubules. The aggregation in water depends on pH and the
ribbons and tubules are seen only in the pH range between 4.9 and 6.4, where amide
and COO'"")—COOH hydrogen bonds are cooperatively operating in water. Hydro-
gen-bonded two chains hydrated by large volume of water stabilized the aggregates to
form ribbons and tubules in water and the greater extent of hydration induces the
curvature. In organic solvents, the polar head groups are assembled in a reversed
micelle fashion. The hydrogen-bonded chains are not solvated, whereas only the
region of alkyl chains swells and intercalates to grow up multilayered tubules are
grown. The racemate gives only platelets. The helical fibers are stable only if the chiral
fatty acids are pure enantiomers and the racemate crystallizes as platelets. This
phenomenon is known as “chiral bilayer effect” [56] that has been extensively
investigated by Fuhrhop et al. with potassium tartaric dodecylamide [57] and N-octyl
and N-dodecyl glyconamide [58, 59]. In all cases, bilayer helices are formed in water
with a thickness of 4.0 nm.
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Figure 4.18 TEM pictures of (a) D-serine dodecylamide,
(b) L-serine dodecylamide in water and (c) L-serine dodecylamide
in toluene.

432
Chiral Sugar-Based Gelators

Shinkai et al. [60] devised and synthesized the sugar-based aqueous gelators
containing azobenzene moieties linked with saccharides through amide
linkage (Figure 4.19). Gelator 17 behaves as a super gelator as it forms a gel as
low as 0.05 wt%.

A UV-vis study shows that in the gel state the absorption maxima shifted to lower
wavelength with respect to these in the solution sate. This spectral change indicates
the aggregation of azobenzene moieties in an H-type fashion. CD spectroscopy

[s) N HA ( ) oR 17: R = f-D-glucopyranoside
N* 0 18: R = a-D-glucopyranoside
NH 19: R = a-D-galactopyranoside
20: R = o-D-mannopyranoside

o)

Figure 4.19 Chemical structures of sugar-based gelators.
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Figure 4.20 (left) UV-vis spectra, (middle) CD spectra of the gel
sate (0.08 wt% of 17 in water) and in the DMSO solution. (right)
SEM picture of xerogel prepared from the same concentration.

reveals the strong positive Cotton effect and the negative Cotton effect. This behavior
implies that azobenzene moieties are stacked in a clockwise direction, that is, with
right-handed helicity. This microscopic helicity is expressed in the macroscopic
helicity as observed in SEM investigations (Figure 4.20). Of the four compounds
shown in Figure 4.19, only gelator 17 (B-isomer) forms hydrogel and others (18:0.-
isomer), 19, and 20 fail to form gels in water. The energy-minimized structure of
gelator 17 is almost planar, which allows the n—n stacking of azobenzene moieties as
well as hydrogen bonding of OH of saccharides. In contrast, others have L-shaped
sugar moieties attached with azobenzene, causing the hindrance to cooperative 1—mn
stacking and hydrogen-bonding interactions.

Other types of chiral sugar-based gelators containing aldopyranoside group, an
aminophenyl moiety and a long alkyl chain has been reported to form hydrogels [61].
The gelation ability is enhanced with the double aminophenyl aldopyranoside
moieties compared to single aminophenyl aldopyranoside moiety and the difference
is attributed to the increase of hydrophilicity in water.

433
Miscellaneous Chiral Hydrogelators

Xu and coworkers [62] reported that pyrene-modified vancomycin is a novel type of
hydrogelator (Figure 4.21). It forms a gel at 0.36 wt % in water. A CD spectrum of the
hydrogel produces a relatively strong band at around 460 nm that is absent in the
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Figure 4.21 Schematic representation of stacking pyrene-based vancomycin gelators.

sol state. This is attributed to the presence of m—m stacking of pyrene moieties in
the gel.

4.3.3.1 The Future of Chiral Gels in Nanoscience and Nanotechnology

In summary, we have seen throughout this chapter that a phenomenal number of
gelator molecules can be designed by applying various novel strategies, especially
with focusing chirality. Some of these molecules have the additional properties of
responsiveness towards stimulus. This adds tremendous utility to the gelation
chemistry as a whole, since these molecules can be further exploited in the field
of sensors, memories, new materials, and so on. The field of organogel chemistry has
grown rapidly in the past few years [63]. Due to their well-defined structure,
coexistence of highly ordered fibers with a liquid phase, large interfacial area and
ability to entrap solutes within the network pores, organogels are highly promising
candidates for the design of sensors, drug delivery, catalysis, membrane and
separation technology, or as templates for other materials [64]. It is extremely likely
that with time and ever-increasing interests of researchers around the globe,
organogels will find a wide and new range of applications, not only in nanotechnology
butalso in biotechnology, which might be beyond our present-day understanding and
imagination.
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5
Expression of Chirality in Polymers

Teresa Sierra

5.1
Historical Perspective on Chiral Polymers

Looking back for the presence of chiral polymers in nanoscale structures, itis apparent
that they have always been there. Indeed, proteins, DNA and polysaccharides are
biological macromolecules that are composed of chiral monomers, r-amino acids,
nucleotides and monosaccharides, which adopt chiral conformations and chiral
superstructures responsible for the origins of life. These chiral polymers, because
of the specificity inherent in their chiral composition, are the basis of numerous
biostructures thatdevelop crucial biological roles. For example, proteins (in the form of
enzymes) are catalysts that accelerate chemical reactions in a very specific way. In the
form of antibodies, proteins develop highly specific recognition events. The most
efficient information storage device consists of a chiral polymer, DNA, with a double-
helical structure, which forms the chromosomes in which the genetic code is stored.
From a chemical point of view, itis worth emphasizing the importance of the chemical
structures of these biopolymers in their function, not only as far as covalent bonds
between monomers are concerned, but also because of the possibility of noncovalent
intra- and intermacromolecular interactions, which permit the development of their
specific functions. The double helix of DNA [1], the triple helix of collagen [2, 3] or the
complex structure of the tobacco mosaic virus, consisting of a helical RNA chain
surrounded by the helical stacking of peptidic building blocks [4], are illustrative of the
importance of chiral self-assembly processes in properties and function. Furthermore,
these structures are dynamic and can be affected by the environment and external
conditions, which can modify the implementation of specific functions.

The great performance of chiral biomacromolecules is the perfect model for
synthetic chemists devoted to functional chemical structures. As a result, it is not
strange that researchers have envisioned great potential in synthetic chiral polymers
as a means to emulate and control, from the laboratory, processes as specific as those
controlled by natural chiral polymers. Moreover, these processes could be effective
notonly in biological events but also in other properties such as electrical, optical, and
mechanical systems.

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32013-4
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For the reasons outlined above, it is clear that research into chiral polymers must
deal with the synthesis of the macromolecules as well as with the possibilities of
achieving well-defined chiral architectures with the help of noncovalent interactions,
especially H-bonding and m-interactions. Beyond the preparation of these chiral
polymeric systems, a third important aspect is their final chirality and how it can be
expressed, manipulated and amplified in a controlled way.

A survey of the literature makes it clear that the greatest advance concerns the
synthesis of chiralmacromolecules. For example, chiral polymers with defined helicity
in their main chain were possible after the discovery of Ziegler—Natta catalysts and the
possibility of achieving the first highly isotactic polymer from a chiral vinyl monomer,
which had ahelical structure in the solid state [5], thus giving rise to the development of
chiral polyolefins [6]. For fifty years the development of polymerization strategies that
allow a variety of chiral macromolecules with prevailing helicity [7, 8] has been mainly
focused on three strategies [9]: (i) asymmetric polymerization, which creates config-
urationally chiral polymers, (ii) helix-sense-selective polymerization, using chiral
monomers, chiral catalysts or chiral auxiliaries, and (iii) enantiomer-selective pro-
cedures, which enable the incorporation into a helical macromolecule of only one of
the enantiomers from a racemic monomer. The combination of these polymeriza-
tion procedures with unique phenomena, such as cooperative effects responsible for
chiral amplification [10-12] (including sergeant and soldiers [13] or majority rule [14]
effects), has led to the control of secondary helical structures, as the most abundant
and simplest higher structural order, in a variety of chiral polymeric systems. Thus,
for example, chiral polymers with either fluxional helical conformations with low-
energy helix-inversion barriers, for example, polyisocyanates [15], poly(cis-acety-
lenes) [16-18] or polysilanes [19, 20], or stable helical structures with high-energy
helix-inversion barriers, for example, polyisocyanides [21, 22], or polymethacrylates
with bulky side groups [6], are typical examples of helical macromolecules that have
given rise to interesting phenomena related to the control and tuning of their
handedness. In addition to the helical conformation of the polymeric backbone,
chiral expression in polymers includes chiral crosslinked materials, such as polymer-
stabilized chiral mesophases [23-25], as well as chiral aggregates frequently
formed by interchain interactions in m-conjugated systems such as polythio-
phene [26, 27] or polyphenylenevinylidene [28, 29].

More recently, a great impulse has been given to the development of the second
aspect mentioned above, which concerns the accomplishment of well-defined chiral
architectures derived from chiral polymers [30, 31]. This has been possible thanks to
the increasing knowledge on supramolecular synthetic strategies as well as to the
incorporation of powerful characterization techniques that allow molecular archi-
tectures to be studied at the nanoscale.

Itis interesting that both levels of the synthetic/assembly process are complemented
with the possibility of tuning at will the chirality of the final polymeric system. This is a
key issue that relies on the design of active systems that can respond to certain external
physical, chemical, electric or electromagnetic stimuli, whose information is transferred
to the final architecture. This procedure gives rise to dynamic phenomena that involve
controlling, inducing and switching chirality [32, 33]. These possibilities represent
the basis for the establishment of chiral polymers as smart functional materials
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for applications in biological processes as well as in materials science and nanotechnol-
ogy. On account of this role of chiral polymers as responsive materials, the spectrum
of their applications is very broad and the search for new perspectives continues. Thus,
in addition to the well-known possibilities for the preparation of chiral stationary
phases for HPLC [34, 35], the dynamism of chiral polymers makes them suitable
for chiral sensors, chiro-optical switches, memory elements for information storage,
highly effective chiral catalysts and conductive materials, amongst other applications.
This chapter is intended to present an overview of the research carried out on chiral
polymers and their implication in nanoscale phenomena. Accordingly, illustrative
examples, mostly corresponding tothe firstyears of the current millennium, have been
selected in an attempt to show the latest significant advances in the control of chiral-
helical architectures based on polymers and the properties and functions derived from
these systems. For this reason, synthetic aspects have not been directly considered but
those aspects of polymer design that provide chirality control (Section 5.2), induction
(Section 5.3) or switching (Section 5.4) of the final chiral architectures are covered.
Likewise, the control of chiral polymeric architectures restricted within nanodomains
makes it interesting to discuss the potential of chiral block-copolymers and nanose-
gregation phenomena (Section 5.5). Finally, the capability of chiral polymers to use
their helical architecture to template the formation of chiral molecular assemblies, as
well as to promote the organization of functional molecules that favors the optimum
performance of their properties, is treated at the end of this chapter (Section 5.6).

5.2
Chiral Architecture Control in Polymer Synthesis

In this section an overview is given of the design and synthetic strategies through
which the expression of the chirality of the polymeric structure at the nanometer scale
can be controlled. The section has been divided into three parts that, in a simple way,
deal with the moment in which the chiral expression of the polymer architecture is
accomplished. Thus, the covalent fixation of chiral supramolecular organizations
into polymer structures has led to controlled chiral organizations in polymers and so
polymerization procedures based on chiral assembly are considered in the first part.
The second issue concerns the control during the polymerization process and
includes those factors in the reaction process that can affect the final chiral
architecture, that is, solvent, chiral templates, external stimuli. The existence of a
type of reinforcement upon polymerization, in which polymers prepared by usual
polymerization techniques can be further organized into chiral architectures by
additional noncovalent interactions such as internal hydrogen bonding or by self-
aggregation procedures, is considered in the last part of this section.

5.2.1
Polymerization of Chiral Assemblies

The covalent fixation of preorganized chiral helical supramolecular assemblies is a
useful approach in the synthesis of chiral polymers with a controlled helical
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nanostructure. For example, H-bonded supramolecular polymeric structures, helical
superstructures built upon m-stacking interactions or chiral aggregated systems
based on liquid-crystalline interactions have been employed.

5.2.1.1 Chiral Organization Through H-Bonding Interactions

The participation of H-bonding interactions to organize monomers into polymeriz-
able helical superstructures has been reported as a useful strategy. Covalent fixation
of chiral columnar assemblies in apolar solvents has been performed in such a way
that chiral polymers are prepared, which retain the helical organization of the
previously self-assembled columnar architecture. Polymerizable columnar assemblies
have been reported that consist of disc-like molecules that organize into columnar
aggregates stabilized by H-bonding interactions. Benzene tricarboxamides (1) [36]
organize into columnar assemblies that are made chiral through the sergeant and
soldiers effect using a tiny amount of a chiral component. In this way, a nonreactive
chiral benzene tricarboxamide derivative (2) was described as acting as a structure-
directing agent that drives helicity towards a given handedness, thus promoting chiral
amplification due to the helical superstructure. Upon light-induced polymerization
the final polysorbate (3) backbone retains the induced chirality even after the chiral
agent is removed. Furthermore, a memory effect is observed for the polymer, which
undergoes unfolding-refolding cycles that retain the helical sense determined by the
chiral molecule.
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Using a similar strategy, triazine triamides 4 [37] were also reported to self-
assemble into helical columnar aggregates through the addition of a tiny amount
of a reactive chiral triazine derivative, 5. Polymerization of the resulting assembly
by ring-closing metathesis polymerization in THF allowed the chiral-helical
architecture to be fixed (Figure 5.1). AFM and TEM observations showed a fibrous
structure with a diameter of 2—4 nm, which corresponds to the size of the triazine
monomer.

H-bonding interactions have also helped in the organization of diacetylenic
monomers and this has enabled the preparation of chiral polydiacetylenes with a
well-defined 1D helical structure controlled at the nanometer scale [38]. The process
is based on UV-induced topochemical polymerization of the previously assembled
diacetylene monomers. The polymerization is possible whenever the diacetylene
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Figure 5.1 Cartoon representation of chiral amplification for the
one-dimensional stacking of achiral 4 in the presence of tiny
amounts of chiral 5, and subsequent fixation of the chiral structure
by ring-closing metathesis. Reproduced with permission

from [37]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2006.
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Figure 5.2 Schematic representation of the “self-assemble into a
hierarchical structure, then polymerize” approach described by

Jahnke et al. Reproduced with permission from [42]. Copyright

Wiley-VCH Verlag GmbH & Co. KGaA 2008.

monomers are placed at an appropriate distance and with an appropriate packing
angle. The strategy takes advantage of the possibility of tuning the hierarchical
supramolecular organization of diacetylenic monomers [39-41] through a biomi-
metic approach that uses the interaction between oligopeptide fragments to give -
sheet peptidic assemblies. Thus, macromonomers (6) have been designed
that consist of three fragments: the diacetylenic group, an oligopeptide segment
and a hydrophobic polymeric block. The supramolecular structures formed by this
type of supramolecular synthons range from tape-like to helical bundles depend-
ing on the molecular structure of the chiral monomer [42]. As a result, previously
formed supramolecular polymers that are susceptible to degradation but with
well-defined hierarchical nanoscale organization can be converted into conjuga-
ted macromolecules with a stable, covalently fixed, chiral-helical architecture
(Figure 5.2).

5.2.1.2 Chiral Organization Through nt-Stacking Interactions

Following this strategy based on performing polymerization upon aggregation,
Aida et al. recently reported the first example of a conductive nanocoil with defined
handedness. In previous publications, they described the formation of graphite-
like nanotubes that consist of amphiphilic hexabenzocoronenes (HBC) [43] and
can adopt a nanocoiled structure with uniform diameter and pitch [44]. The
incorporation of pendant norbornene units in the amphiphilic molecule 7 allows
ring-opening metathesis polymerization, which gives rise to a polymeric helical
superstructure consisting of n-stacks of HBC (Figure 5.3a). Interestingly, these
stacks exhibit conductivity upon doping. Incorporation of a chiral monomer (8)
permits, through a sergeant-and-soldiers mechanism, the selective formation of
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Figure 5.3 (a) Representation of a one-handed nanocoil formed
through a sergeants and soldiers effect in the coassembly of 7
with 8. (b) TEM image of the sample prepared with 20 mol% of 8.
Reproduced with permission from [45]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 2008.

nanocoils with one-handed helical chirality, which could be visualized by TEM
(Figure 5.3D) [45].

5.2.1.3 Chiral Organization Through Mesogenic Driving Forces

Liquid-crystalline interactions offer a particular control of the supramolecular
organization of molecules that makes them useful to control the chiral supramolec-
ular organization of monomers susceptible to polymerization. This approach allows a
chiral organization to be covalently fixed within a polymeric material.

Covalent capture of a chiral liquid-crystalline organization was developed to
prepare chiral polymeric networks from cholesteric mesophases. Thus, in-situ
photopolymerization of liquid crystals, described by Broer et al. [46, 47], was applied
to the preparation of polymeric cholesteric materials, which are of practical interest
for optical components of liquid-crystal displays. A cholesteric mesophase consisting
of a mixture of reactive liquid-crystalline monomers (9) and a chiral dopant (10) can
be photopolymerized with UV light in the presence of a photoinitiator. This process
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Figure 5.4 SEM image of the fracture surface of a pitch-gradient
cholesteric network. Reprinted by permission from MacMillan
Publishers Ltd: Nature [23], copyright 1995.

gave rise to a chiral polymeric network with a stable helical superstructure. Further-
more, it has been reported that it is possible to tune carefully the helical pitch of the
final crosslinked chiral structure by controlling the molecular structure of the chiral
dopant [48] or the diffusion of monomers [49] during the polymerization process.
Thus, films with a pitch gradient along the thickness (Figure 5.4) — of interest for
broad-band reflective polarizers [23] — or photopatterned cholesteric layers for
reflective color filter arrays [50] have been prepared.

Liquid-crystalline elastomers that keep the helical organization of a cholesteric
phase were described by Finkelmann et al. [24] To obtain cholesteric elastomeric
networks with a monodomain structure, a two-step procedure was performed. In the
first step a partial addition of polymethylhydrogensiloxane (11) with mesogens 12 and
13 and crosslinking component 14 in toluene gave rise to a weakly crosslinked gel.
The second and key step was the deswelling process followed by the completion of the
reaction. Deswelling was only allowed in one direction by slow evaporation of the
solvent under centrifugation. This anisotropic deswelling simultaneous with the
phase transition to the cholesteric mesophase is sufficient to cause a macroscopic
orientation of the choles-teric phase structure, which is locked in by the completion of
the crosslinking process.
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The synthesis of polyisocyanides 15 with long-distance chiral induction from
stereogenic centers that are remote from the skeleton has been based in the
mesogenic driving forces that lead some compounds to organize into meso-
phases [51]. Chiral isocyanide monomers with a promesogenic structure made it
possible for chiral induction to pass as far as 21 A from the stereogenic center to the
carbon at which polymerization takes place. Parallel behavior between the chiral
induction in the helical polymer and in cholesteric mesophases by these monomers
was observed and can be explained in terms of steric arguments governing both
processes. Indeed, odd—even rules proposed for cholesteric mesophases were
observed for the chiral senses induced in the synthetic polymers [52, 53].

I SN P

5.2.2
Control of Chiral Architecture During Polymerization

Control of chirality during the polymerization process using chiral solvents, chiral
templates or an external chiral stimulus, such as light, have been postulated as useful
strategies to achieve chiral nanoscale architectures such as films consisting of helical

fibers or fibril bundles.

5.2.2.1 Polymerization in Chiral Solvents

Polymerization procedures in which chiral information comes from the solvent
and is transferred to the growing polymeric chain represent an approach that can
lead to well-controlled helical architectures. Indeed, flexible macromolecules, such
as polyacrylamides or polymethacrylamides, can be produced in an isotactic
configuration from bulky monomers using (+)- or (—)-menthol as solvent under
radical conditions [54]. Likewise, the use of a chiral solvent, either (R)- or (S)-
limonene, in helix-sense-selective polymerization processes has recently been
reported for the synthesis of polysilanes [55]. However, the use of a solvent that
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provides chiral information not only at the molecular level but also within its own
supramolecular organization has been used to further control the chirality of the
polymer, with control not only of the chain chirality but also of the growing fibers.
This approach was first described by Akagi et al. in 1998 for the synthesis of helical
polyacetylene [56]. The use of liquid crystals as polymerization solvents for the
synthesis of conjugated polymers had previously been shown as a useful strategy to
prepare well-aligned polyacetylene films with high electrical conductivities [57-60].
Consequently, the use of a chiral nematic phase as the polymerization solvent was
envisaged as endowing a helical organization on the resulting polyacetylene fibers
and hence new electromagnetic and optical properties. A chiral-helical polyacety-
lene was prepared by a polymerization method using a chiral liquid crystal as the
solvent for a homogeneous Ziegler-Natta catalyst (Ti(O-n-Bu),/Et;Al). The liquid-
crystal solvent consisted of a nematic liquid crystal doped with a chiral binaphthol
derivative. SEM studies on the resulting polyacetylene films showed the formation
of helical fibrillar morphologies (Figure 5.5). It was concluded that the polyace-
tylene chain adopts a helical conformation and that these helical chains are further
organized into fibril bundles with the same screw sense as that of the chiral nematic
liquid crystal (N*-LC) used as solvent.

Later, an investigation was carried out into the influence of the chiral dopant
responsible for the cholesteric organization of the solvent and the structure of the
helical fibers prepared. The use of chiral dopants with catalytic activity, that s, a chiral
titanium complex, showed that it is possible to merge both roles — chiral induction and
catalytic activity — into the same compound and to obtain the same type of fibrillar
morphology for the resulting polyacetylene [61]. Detailed investigations into the
influence of the helical twisting power of the chiral dopant on the helical morphology

A%
Figure 5.5 SEM micrograph of helical polyacetylene film
synthesized in a chiral nematic liquid crystal with a chiral
binaphthol derivative as the chiral dopant. From [56]. Reprinted
with permission of AAAS.
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Figure 5.6 SEM micrographs of helical polyacetylene films
synthesized in left-handed N*-LCs containing 0.75 mol% of a
binaphthol chiral dopant. Helical pitch, 470 nm. Reprinted with
permission from [64]. Copyright American Chemical Society 2007.

of polyacetylene films were also performed using crown-ether-derived bina-
phthyls [62]. Indeed, it was shown that the twisting power of the dopant increased
ondecreasing the size of the crown-ether ring. On increasing the twisting power it was
found that the interdistance between the fibril bundles of the helical polyacetylene
decreased, the diameter of a fibril bundle decreased, but the diameter of a fibril did not
change. The interdistance between the fibril bundles of the helical polyacetylene was
equal to about half of the helical pitch of the N*-LC, and the screw direction of the
polyacetylene fibrils was opposite to that of the N*-LC. The influence of temperature on
the twisting power of the dopant and hence the helical morphology has also been
described [63]. It was found that the helical morphology of polyacetylene could be
dictated by controlling the helical pitch of the cholestericliquid crystals used as solvent
for the polymerization. The conducting properties of the polyacetylene and their
relationship with the helical structure of the polymer made it of interest to investigate
the possibility of attaining single fibrils of the conjugated polymers (Figure 5.6) [64].
The use of chiral dopants with a high twisting power led to a cholesteric solvent with a
helical pitch as tight as 270 nm. This solvent depressed the formation of bundles and
resulted in a bundle-free fibril morphology consisting of single fibrils [65, 66].

Conducting polymers other than polyacetylene have been the target for the
application of this chiral induction strategy using different polymerization methods.
For example, chiral polythiophene-phenylenes 16 have been prepared from achiral
monomers by a polycondensation reaction in a chiral nematic solvent [67]. It is
proposed that the chirality of the polymers comes from the induced asymmetry in the
aggregation of the polymeric chains and is stable in solution due to m-interactions
between polymeric chains, a situation that is only disrupted by heating [68]. The
polymers prepared in this way exhibit an exciton-splitting signal in the CD spectra in
the absorbance region of the polymeric backbone and also show circular polarized
luminescence.
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Figure 5.7 Possible polymerization mechanism of pyrrole in
chiral nematic liquid crystals. (a) The polymer grows from the
anode to the cathode side between the cholesteric organization.
(b) The aggregation of polypyrrole forms a fibril structure.
Reproduced with permission from [70]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 2007.

Electrochemical polymerization, which is an effective method to prepare con-
ducting polymers, has also been carried out in chiral nematic liquid-crystalline
electrolytes in order to prepare chiral conjugated polymers. It is proposed that the
polymer grows from the anode to the cathode side within the chiral nematic matrix
giving rise to vertically aligned fibril structures of chiral polypyrrole that replicate the
liquid-crystal texture (Figure 5.7) [69, 70]. SEM observation of the resulting films
showed periodic distances in the polypyrrole films that correspond to the distance
between lines in the fingerprint texture of the cholesteric mesophase, that is, half the
pitch of the cholesteric medium (Figure 5.8). This is consistent with the role proposed
for the cholesteric liquid crystal as a guide along which fibrils of polypyrrole
grow. This strategy, which is called chiral electrochemical polymerization, has also
been successfully applied to the preparation of films of chiral PEDOT (17) [71],
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(b)

Figure 5.8 (a) SEM images of a polypyrrole film (LC free)
synthesized by electrochemical polymerization within a chiral
nematic liquid crystal. (b) Polarizing optical microscopy image of
the chiral nematic liquid crystal mixture containing the monomer.
Reproduced with permission from [69]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 2006.

poly[1,4-bis(3’,4’-ethylenedioxythienyl)phenylene] (18) [72] and polybithiophene (19)
polymers [73].

19

5.2.2.2 Polymerization with Chiral Templates

Other chiral control procedures during polymerization have dealt with the use of
chiral templates as described for the preparation of chiral polyaniline nanofibers. The
synthesis of polyaniline nanofibers in aqueous solution relies on the use of concen-
trated camphor sulfonic acid solution as a chiral inductor and the use of aniline
oligomers to accelerate the polymerization reaction along with ammonium sulfate as
an oxidant. Under these conditions, films of entangled polyaniline nanofibers with
helical morphologies were prepared as observed by TEM (Figure 5.9) [74, 75]. In
contrast to the chemical method, electrochemical polymerization on ITO substrates
using similar templates, camphor sulfonic acid and aniline oligomers, gave rise to
polyaniline films with higher optical activity [76].

Water-processable chiral nanofibers that consist of supramolecular complexes of
polyaniline chains (20) with a one-handed-helical structure intertwined with chon-
droitin sulfate (21) are obtained by chemical polymerization of the corresponding
aniline monomer in the presence of 21 as a chiral polymeric template [77]. The
supramolecular chiral complex polyaniline-21 may broaden the applications of this
conducting polymer in capillary electrophoresis.
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Figure 5.9 TEM micrograph of the chiral polyaniline nanofiber
network (left) and magnification of a fiber bundle with helical

nanofibers embedded (right). Reprinted with permission from
[74]. Copyright American Chemical Society 2004.

5.2.2.3 Polymerization of Chiral Assemblies by Circularly Polarized Radiation

Finally, it is interesting to point out the use of an external chiral agent such as
circularly polarized UV radiation to promote the formation of chiral polydiacety-
lenes (22) with stable optical activity. The photopolymerization process is carried
out on monomer films prepared by vacuum evaporation and provides optical
activity that is stable even after the thermochromic phase transition occurs at high
temperatures [78]. Similar types of experiment leading to the preparation of
optically active polydiacetylenes with designed chirality have been described for
LB films of the monomers photopolymerized using circularly polarized radia-
tion [79].
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5.2.3
Chiral Architecture Control upon Polymerization: Noncovalent Interactions

There are a number of chiral macromolecules that can undergo hierarchical helical
self-organization, a process that gives rise to chiral superstructures resulting from
intra- or intermacromolecular noncovalent interactions. This process can be
considered as organization beyond the polymerization process, and allows control
over the formation of nanostructures that may exhibit well-defined 1D, 2D or 3D
architectures. Such control of helical superstructures can be achieved by different
strategies. On the one hand, an appropriate design of the constituent monomers,
which incorporate groups susceptible to H-bonding or m-interactions, allows the
formation of chiral helical superstructures that are frequently based on meso-
morphic approaches. On the other hand, n-conjugated polymeric chains can form
chiral supramolecular aggregates under the appropriate solvent and temperature
conditions.

5.2.3.1 Control of the Chiral Architecture by H-Bonding Interactions

An extensively used practice to induce the formation of higher-order structures
from helical polymers imitating protein features has been attained by using amino-
acid-derived monomers to build up chiral polymers, such as polyisocyanides and
polyacetylenes.

Nolte et al. demonstrated that is possible to further stabilize the 4, helical
conformation of the polyisocyanide backbone by means of hydrogen-bonding
interactions between appropriately chosen side groups [80]. In this way, polymeri-
zation of isocyanodipeptides derived from o-amino acids leads to macromolecules
(23) whose helical backbone is stabilized by H-bonds between amide groups of
contiguous dipeptide side groups along the polymer chain. As a consequence, a f3-
sheet-like arrangement can be formed with defined arrays of hydrogen bonds
along the polymeric backbone (Figure 5.10) [81]. This leads to well-defined and
rigid helical polymers that can further stabilize their superstructural chirality
into lyotropic cholesteric mesophases [82]. When isocyanide monomers bear
tripeptide side groups (24), the stereochemistry of the o-amino acid residues has
a strong influence on the formation of well-defined hydrogen-bonded arrays, since
the polymerization process is less sterically favorable than in the case of
isocyanodipeptides [83].

Helical polymers of isocyanopeptides 25 derived from B-amino acids have also
been synthesized [84]. In contrast to the kinetically stable helical macromolecules that
are formed upon polymerization of o-amino acid based isocyanopeptides, a dynamic
helical model was proposed for the B-amino-acid-derived polyisocyanopeptides
(Figure 5.11).

The potential of these polyisocyanopeptides for the synthesis of new func-
tional helical macromolecules was highlighted in a recent study in which
acetylene-functionalized peptide side groups were incorporated in the system
(26), a characteristic that allows derivatization of the polymer through click
chemistry [85].
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Figure 5.10 Schematic representation of the hydrogen-bonding
arrays between the side chains in polyisocyanodipeptide 23.
Reproduced with permission from [81]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 2006.

Figure 5.11 Schematic representation of the hydrogen-bonding
arrays between the side chains in polyisocyanodipeptide 25,
derived from B-amino acids. Reproduced with permission

from [84]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2006.
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In a similar way to the polyisocyanopeptides described above, polyphenylisocya-
nide 27 with L-alanine pendants represents a class of stiff helical polymers that is
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Figure 5.12 (a) AFM images of polymers 27(—) and 27(+) on
HOPG and schematic representations of the left-handed

helical 27(—) and right-handed helical 27(+). (b) Schematic
representation of the 3D smectic ordering of the one-handed
helical polymers 27-(—) and 27-(+) in the liquid-crystalline state.
Reprinted with permission from [87]. Copyright American
Chemical Society 2008.

stabilized by four sets of intramolecular H-bonds, which can impart further organi-
zation into mesophases. For example, lyotropic cholesteric behavior has been
reported for this polymer when prepared by conventional polymerization techni-
ques [86]. However, polymers prepared by a living polymerization technique, which
leads to diastereomeric helical polymers of different molecular weights, 27(—) and 27
(+), and low molecular weight dispersion, organize themselves into well-defined 2D
and 3D smectic supramolecular arrangements on substrates or in the liquid-
crystalline state, respectively (Figure 5.12). The higher-order organization was
visualized and measured by AFM and X-ray diffraction [87].

The dynamic helical structure of polyacetylenes has also been functionalized with
amino-acid-derived side groups (28), which endow stability to the helical structure
through H-bonds between side groups, with the possibility of tuning the stability by
external stimuli such as solvent and pH conditions. Indeed, it is possible to control
the morphology of nanofibers formed by evaporation of solvent under different pH
conditions (Figure 5.13a). Under neutral conditions helically bundled nanofibers of
macromolecular assemblies were detected by AFM (Figure 5.13b). In contrast, under
basic conditions, unraveled nanofibers with sizes corresponding to the single
macromolecule were observed (Figure 5.13c) [88]. Recently, Yashima et al. reported
the formation of ordered two-dimensional crystals of one-handed helical polyacety-
lene 29 chains in parallel arrangement on graphite. AFM direct visualization and
X-ray measurements allowed the determination of the nanoscale dimensions of the
polyphenylacetylene assembly (Figure 5.14) [89].
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Figure 5.13 (a) Schematic representation of helical nanofibers formed by 28 on mica at room
single- and double-stranded helixes of 28 via ~ temperature under neutral conditions. (c) AFM
intra- and interchain hydrogen bonding. images of helical nanofibers formed by 28 on

lonization of carboxylic acid in basic conditions mica at room temperature under basic
destroys the hydrogen bonds leading to the conditions. Reprinted with permission from [88].
formation of random coils. (b) AFM images of Copyright American Chemical Society 2001.

Other polyphenylacetylenes with amino-acid-derived pendant groups, that is,
t-leucine [90], r-lysine [91] or r-valine [92], have been reported that show helical
structures stabilized by intra- and interchain hydrogen bonding. The dynamic nature
of the polyacetylene backbone makes some of these systems very versatile in terms of
tuning helicity in a reversible way [92].

This sort of bioinspiration to synthesize helical polymers with well-defined H-
bonded arrays hasled to novel polymer structures and to functionality in the resulting

2.33nm

247 £0.18 nm
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Figure 5.14 Magnified AFM phase image of 29. A possible model
was proposed according to the results of X-ray structural analysis.
Reproduced with permission from [89]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 2006.
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Figure 5.15 Cartoon representation of the helical-helical graft polymer 30 [93].
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Figure 5.16 Schematic representation of the double-strand
helically arranged hydrogen bonds in 31. Reproduced with

permission from [101]. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA 2005.

polymer. Masuda et al. prepared a novel polymeric structure, namely a helical-helical
graft polymer, formed by a polyacetylene main chain-carrying helical polypeptides as
side groups (30) (Figure 5.15) [93]. Polyphenylacetylenes with oligopeptides side
chains proved effective as organocatalysts for the asymmetric epoxidation of chal-
cone [94]. The one-handed helical array of the side oligopeptide groups seems to be
essential, since the monomers showed almost no enantioselectivity.

The presence of the amido group in polypropargylamides (31) has been exploited
to achieve polyacetylenes with rigid conformations due to intramolecular hydrogen
bonding along the polymer chain [95-99]. The model proposed is a helical confor-
mation of the main chain surrounded by two helically arranged hydrogen-bonded
strands (Figure 5.16) [100]. Moreover, these helical polymers aggregate in a poor
solvent to afford lyotropic cholesteric mesophases with a helical superstructure, the
sign of which depends on the solvent and temperature [101].

5.2.3.2 Control of the Chiral Architecture by n-Stacking and Steric Factors

In 1990, Ringsdorf et al. described a strategy to build helical architectures with
controlled chirality by exploiting the mesogenic driving forces that govern the
formation of columnar mesophases [102]. Indeed, polymer 32 that adopted a helical
architecture addressed by n-stacking interactions between disk-like triphenylenes in
the main chain was reported. The chiral architecture was biased towards a given
screw sense by using chiral tails in the triphenylene pendant groups. Furthermore,
considering the electron-donating character of the triphenylene unit, the possibility
of controlling the optical activity of the columnar organizations in films by charge-
transfer interaction with a chiral electron-acceptor compound was demonstrated
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Figure 5.17 Schematic representation of the columnar
organization of polymer 32 before and after doping with a chiral
derivative of tetranitrofluorenone as electron-acceptor.
Reproduced with permission from [102]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 1990.

(Figure 5.17). Thus, from achiral polymers, circular dichroism was observed in the
absorption region of the triphenylene group when a chiral derivative of tetranitro-
fluorenone was incorporated as an electron-acceptor in the system.

A strategy that uses columnar organizations to build up controlled architectures in
dendronized polymers has been widely developed by V. Percec. Dendronized
polystyrenes and polymethacrylates have been described that present cylindrical or
spherical morphologies depending on the structure of the side dendritic side-
group [103]. As far as the polymeric backbone is concerned, the dynamic nature
of cis-transoidal polyacetylene made this macromolecule suitable for the design of
novel cylindrical dendronized systems (e.g., 33) within which a helical conformation
of the polymeric chain is favored (Figure 5.18) [104]. This helical conformation is the
origin of chirality in nanoscale architectures, whose dimensions can be controlled by
the synthetic strategies and the selection of dendritic side-groups. Detailed structural
analysis of these polymers by X-ray diffraction showed that the transfer of chiral
information from the dendritic group to the polymer backbone has a strong steric
contribution, which influences the dimensions of the columnar organization in the
mesophase [105].

5.2.3.3 Chiral Superstructures by n-Interactions: Chiral Aggregates

Polythiophenes are interesting n-conjugated polymers in terms of their properties
and potential applications. It is well established that these polymers, when
bearing chiral side groups, can present higher-order chiral aggregates even if
the polymer does not show optical activity in the single-molecular state. Indeed,
CD studies of chiral polythiophenes showed that polymer chains organize into
chiral aggregates in poor solvents, at low temperature, or in films [26]. The chiral
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Figure 5.18 (a) Stick-model representation of the structure of the
cylindrical macromolecule 33. (b) Top view of a column stratum.
Reprinted with permission from [105]. Copyright American
Chemical Society 2006.

aggregates consist of a twisted m-stacking arrangement of the polymeric chains.
Moreover, the chiral ordering of polythiophene aggregates can be controlled by a
metal-salt-dependent doping-dedoping process [106]. The chirality of the aggre-
gates depends on the doping level and maximum chiral ordering can therefore
be achieved by balancing doping by polymer—metal coordination and dedoping by
aggregate formation.

Chiral induction through metal coordination has been described for polythio-
phene 34 bearing an optically active oxazoline side groups [107]. Studies with
different metal salts showed that induced CD appeared in most cases along with
slight changes in the UV/vis spectra (no color change) when recorded in a good
solvent for the polymer. These results indicate that the chirality may not be induced by
chiral n-stacked aggregates of the polymer, but by the chirality of the main chain; for
example, a predominantly one-handed helical structure induced by intermolecular
coordination of the oxazoline groups to metal ions [108].

When copper(II) coordination takes place in a poor solvent, in which n-stacked
aggregates are favored, it is possible to turn off the chirality of the system through a
doping process (Figure 5.19). The system can revert to the chiral aggregate after an
undoping process using EDTA to complex the copper cation [109].

Another example of optically active conjugated polymers that show chiral n-stacked
aggregates consists of polycarbazole polymers (35). Polycarbozole 35 bearing
citronellol-derived chiral side chains, show optical activity in molecularly dispersed
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Figure 5.19 Schematic illustrations of chiral supramolecular
aggregate formation of 34 (a) in the presence of a poor solvent
such as acetonitrile (b) and Cu(ll) (c). A possible structure of the
doped 34 aggregates (d) and two different switching processes of
supramolecular chirality of 34 aggregates are also shown.
Reprinted with permission from [109]. Copyright American
Chemical Society 2002.

solution and in the aggregated state. In contrast to the usual situation in polythio-
phenes, theoretical calculations show that chiral polycarbazoles most probably adopt
a helical conformation of their main chain, which is maintained upon formation of
the chiral aggregates [110].

R‘*
0
35

In a similar way to m-conjugated polythiophenes, 6-conjugated polysilanes can
form supramolecular chiral aggregates, which can be controlled by the appropriate
choice of the ratio of poor/good solvent [111]. Studies on poly(n-alkylaryl)silanes
(36) indicate that, depending on the length of the side chains, the aggregates
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formed by the addition of a nonsolvent to the polymer solution may show CD
spectra opposite to that of the polymer in a good solvent, which corresponds to the
chirality of the polymer chain. Consequently, the chirality of the aggregate can
be tuned by adjusting the size of the side chains and the good/poor solvent
ratio [112].
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5.3
Asymmetry Induction in Nonchiral Polymers

Given the difficulties that can be encountered in the synthesis of chiral macro-
molecules with well-defined helical superstructures, an interesting alternative is to
establish a procedure that allows the induction of chirality in a previously synthesized
achiral polymer. Dynamic helical polymers can adopt a prevailing handedness
through noncovalent interaction with chiral molecules, including acid-base inter-
actions, hydrogen bonding, host-guest complexation, and also by the action of an
external stimuli such as light.

In this section an overview of experiments carried out to induce chirality into
polymeric chains is presented according to the type of external chiral auxiliary used
and the way in which it interacts with the polymeric chain.

5.3.1
Induction Through Noncovalent Interaction with Chiral Molecules

The induction of chirality associated with a polymer chain conformation with a
preferred helical sense has most commonly been achieved by promoting interactions
between the polymer and small discrete chiral molecules. Most of the induction
experiments have been based on acid-base interactions. Nevertheless, other non-
covalent linkages — such as host—cation and metal-coordination — have proven
successful in the induction of chirality into achiral polymers.

5.3.1.1 Chiral Induction by Acid—Base Interactions

Polyacetylenes, polyisocyanides, polyvinylpyridines, polyanilines and polythio-
phenes, which are polymers capable of expressing chirality in the form of helical,
have mainly been the focus for acid-base chiral-induction processes.

The induction of chirality associated with a preferred helical sense using
acid-base interactions has been extensively studied in polyacetylenes [32]. In 1995,
Yashima et al. reported the first experiments into the induction of optical activity
into a random coil polyphenylacetylene formed from achiral carboxyphenyl side
groups (37) [113]. Acid-base complexation with amines led to the formation of a
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prevailing helix, the sign of which depended upon the stereochemistry of the
chiral amino guest molecule. The effect derived from this induction process has
been used to attain different phenomena. For example, stimuli-responsive poly-
phenylacetylene gels bearing a carboxylate side group have been described and the
swelling properties of these materials in DMSO and water can change on
modification of their helical chirality through acid-base interactions with chiral
amines [114].
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Stereoregular polyphenylacetylene 38 bearing an N,N-diisopropylamino-
methyl group has been reported to take part in acid-base interaction with
various chiral acids including aromatic and aliphatic carboxylic acids, phospho-
ric and sulfonic acids, and amino acids. The complexes exhibited an induced
circular dichroism in the UV-vis region of the polymer backbone. The charged
polyphenylacetylene was highly sensitive to the chirality of the acids and this
enabled the detection of a small enantiomeric imbalance in the chiral acids in
water (Figure 5.20) [115]. Indeed, due to the appearance of chirality-amplification
effects expressed in the formation of a cholesteric liquid-crystal phase in water
when the polymer interacted with chiral small molecules, chirality induction
occurred even with a tiny enantiomeric excess of the corresponding chiral
molecule [116, 117]. These experiments showed that polyphenylacetylenes are
suitable probe materials to determine the chirality of small molecules whose
optical activity is too low to be detected by conventional spectroscopic
techniques.

Recent experiments have broadened the scope for these polymers as chiral sensors
with the possibility of employing chiral biomolecules, such as neutral carbohydrates
and positively charged peptides, proteins, amino sugars, and antibiotics. Indeed,
polyphenylacetylenes with strongly acidic functional pendants, such as phosphonic
acid (or its ethyl ester) and sulfonic acid, have been shown to interact with these
biomolecules to give an induced CD in the UV-vis region of the polymer. These
results open the door to the rational design of synthetic receptors for chirality sensing
of molecules of biological interest without the need for derivatization [118]. The
interest in highly organized polymeric architectures such as those presented by
dendronized polymers is illustrated by the preparation of supramolecular complexes
between polyphenylacetylene 39 bearing phosphonic side groups with dendron-like
bulky amines derived from glutamic acid (40) [119]. These polymers show a Cotton
effect, the magnitude of which increased significantly on increasing the generation
number of the dendron-like chiral amine.
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chirality is significantly amplified, resulting in a
single-handed helical supramolecular assembly,
thus showing a cholesteric mesophase.
Reprinted with permission from [117]. Copyright
American Chemical Society 2006.
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Figure5.21 Schematicrepresentation ofthe macromolecular helicity
induction on polymer 41 with optically active 42. Reprinted with
permission from [120]. Copyright American Chemical Society 2004.

Furthermore, the phosphonic-acid-derived polyacetylene 41 has also been provid-
ed with helical chirality by interaction with strategically designed, geometrically
favorable, chiral cationic Cgy bisadduct 42 in DMSO/water systems [120]. The
resulting supramolecular system affords a useful method to align fullerene units
within a controlled helical array with a predominant screw-sense (Figure 5.21).

Polyphenylacetylenes 43 and 44, bearing achiral oligoglycine residues, can adoptin
water a one-handed helical conformation through interaction with chiral oligopep-
tides 45 and 46, respectively, by means of ionic, H-bonding and hydrophobic
interactions [121]. The presence of additional amide residues in the pendant groups
makes these induced chiral polymers interesting as candidates for selective recogni-
tion and inclusion processes for specific chiral guests to produce more sophisticated
supramolecular helical assemblies with achiral dyes (see Section 5.6).
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In contrast to the well-known fluxionality of polyphenylacetylenes and the possi-
bility of modifying their helical conformation, it was less clear how the conforma-
tional rigidity of polyphenylisocyanides would allow external control of the chirality of
its polymeric chain. In 2002, Yashima et al. demonstrated that polyphenylisocyanides
with small substituents cannot maintain a 4, helical conformation [122]. Thus, the
polymeric backbone of polyphenylisocyanide 47 bearing carboxy groups can show a
dynamic, one-handed helical conformation through acid—base interactions in DMSO
with chiral amines and aminoalcohols, in a similar way to that observed for
polyphenylacetylene 37. The conformational dynamics of polyphenylisocyanides
were demonstrated using NMR and CD spectroscopies and molecular-dynamics
simulations.

Polyvinyl polymers with pyridine pendant groups can interact with small chiral
molecules, which induce helical structures with a prevailing sense into the poly-
meric chain [123]. Poly(4-vinylpyridine) 48 has been shown to interact with small
biomolecules such as amino acids, which play a double role. On the one hand the
amino acid determines the chirality of the helical secondary structure of the polymer
by means of acid-base interactions in water under acidic conditions. On the other
hand, they make the complexes biocompatible and, therefore, potential biofunc-
tional materials with a chiral superstructure as found in biomacromolecules [124].

Acid-base interactions with small chiral molecules have also been used to induce
optical activity in polyanilines. Results were described for polyaniline films cast from
a m-cresol solution that contained camphorsulfonic acid as a chiral inductor [125].
Induction experiments in solutions of polyaniline in N-methylpyrrolidinone and
dimethylformamide were carried out using phosphoric, sulfonic and carboxylic
chiral acids as inductors [126]. Phosphoric acids used for the experiments did not
have a hydrogen-bonding acceptor site, indicating that hydrogen bonding between
the acid and polyaniline is not a prerequisite for the polymer to adopt an optically
active form.

Recent studies on acid—base interactions in solution that promote the formation of
chiral films of polyanilines were described for aqueous mixtures of poly(2-methox-
yaniline-5-sulfonic acid), 49, with chiral amines or aminoalcohols [127]. The chiral
induction is believed to be initiated by acid-base interactions involving “free”
sulfonic acid groups on the polymer chains and the amino group of the chiral

141



142

5 Expression of Chirality in Polymers

molecule. This gives rise to the formation of chiral aggregates in which assemblies of
polymer 49 chains adopt a predominantly one-handed helical arrangement.

SO;H OCH,
49

OCH5

In a similar way to polyanilines, the dynamic axial chirality of the carboxybiphenol
units integrated within an alternating copolymer, poly[(phenyleneethynylene)-alt-
(carboxybiphenyleneethynylene)], 50, could respond to the chirality of optically active
diamines, thus showing an ICD due to an excess of a single-handed, axially twisted
conformation, in the wavelength region of the m-conjugated polymeric back-
bone [128].

Polythiophenes have also been the subject of a similar type of chiral induction
experiment. The electrostatic interaction in water between ammonium side groups
of achiral polythiophene 51 and small chiral bioanions (ATP, 52) led to the induction
of a chiral helical conformation in the conjugated polymeric backbone, which was
reinforced by the possibility of n—stacking between nucleobases [129]. The polymer
showed a split ICD signal in the region of the n-n* transition wavelength. Moreover,
the induced chirality of the polymer underwent inversion with changes in the
concentration of ATP. This observation was explained in terms of the interplay
between the two types of interaction, electrostatic and n-stacking, that could lead to
small energy differences between resulting diastereoisomeric forms of the poly-
thiophene/ATP complex.

NH,
O(CHy)3sN*(CH3)sCI
s 0 <N L
1 N
‘0{P-0

51 o 3 -0
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OH OH ATP

The interaction of the polymer with the chiral molecule occurs along the polymer
chain in the experiments described above. In contrast, achiral polypeptides (53) have
been shown to adopt a one-sense helical conformation by interaction with a chiral
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carboxylic acid through an amino group suitably located at the N-terminus of the
peptide. The chirality of the acid is amplified along the peptidic chain according to a
so-called noncovalent domino effect [130, 131].

o %%ﬁ

5.3.1.2 Chiral Induction by Host—Cation Interactions

Crown-ether side groups have been incorporated into polyphenylacetylene 54 as
cation-binding hosts so that interactions with chiral amino acids, amines or ami-
noalcohols promote the induction of helical chirality into the polymeric back-
bone [132-134]. These polyacetylenes could also be of interest as chiral sensors since
they are highly sensitive to a small enantiomeric excess of a host chiral amino acid
due to a significant cooperative interaction [135]. Thermally driven on-off switching
has also been described as a potential application of this type of system. Indeed,
temperature can be used as an external stimulus to control the complexation with the
chiral guest and hence the helicity of the polymer [136]. On the other hand, the use of
chiral bis(amino acids) (55) gave rise to the formation of gels in certain solvents by
means of noncovalent intermolecular crosslinking (Figure 5.22). The chiral bis(amino
acid) induces a one-handed helical structure into the polyphenylacetylene (54), which
seems to be essential for the gelation process [137].

The strategy for the induction of chirality through complexation of chiral amino
acids and crown-ether side groups was found to be a suitable approach to obtain
fullerene-based controlled arrangements [138]. A helical array of Cgo units around the
helical backbone of a polyphenylacetylene, 56, with pendant fullerenes and 18-aza-
crown-ether side groups was obtained with a preferred screw sense (Figure 5.23).
These studies open up new possibilities for fullerene-containing materials for
electronic and optoelectronic applications.

The possibility of using the complexation of chiral amines with crown-ether side
groups to induce chirality into polymers has also been successfully employed with
polyisocyanates 57 [139] and 58 (Figure 5.24) [140].

5.3.1.3 Chiral Induction by Metal Coordination

Even though there is only one example, it is interesting to note the possibility of
inducing helical chirality along the backbone of a polyaniline-derived polymer by
metal complexation. Complexation of the emeraldine base of poly(o-toluidine), 59,
with a chiral palladium(II) complex, 60, bearing one labile coordination site led to the
formation of the chiral conjugated polymer complex, 61, which exhibited induced
circular dichroism based on the induction of chirality into the nt-conjugated back-
bone [141]. The chirality of the podand ligand was considered to regulate a propeller
twist of the m-conjugated backbone. This strategy provided an efficient and feasible
route to chiral d,n-conjugated complexes, in which the metals introduced are believed
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Figure 5.22 Schematic illustrations of the one-handed helicity
induction and gelation of 54 upon complexation with 55 (A) and
the mechanism of irreversible (A and B) and reversible (A and C)
gel-sol transition upon slow heating and cooling and rapid heating
and cooling cycles, respectively. Reprinted with permission from
[137]. Copyright American Chemical Society 2005.
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Figure 5.24 (a) Schematic representation of one-handed helicity
induction of polyisocyanate 58 upon complexation with L-

aminoacids. Reprinted with permission from [140]. Copyright
American Chemical Society 2004.

to play an important role as metallic dopants. These chiral conjugated complexes
could be promising functional materials for asymmetric redox catalysis.
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Figure 5.23 Schematic representation of macromolecular helicity
induction in copolymer 56 upon complexation with L-alanine. The
fullerene groups and crown-ether rings arrange in a helical way
around the helical polymeric backbone. Reproduced by
permission of The Royal Society of Chemistry from [138].
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5.3.2
Induction Through Noncovalent Interaction with Chiral Polymers

In addition to small chiral molecules, chiral-helical polymers have also been used to
induce a preferred helicity in achiral polymers by means of intermacromolecular
noncovalent interactions.

The chirality induced into an anionic polyelectrolyte, the sodium salt of poly(4-
carboxyphenylisocyanide) — 62 — through the use of a chiral amino alcohol (63) and
subsequent removal of the chiral inductor, was successfully replicated in water in
an oppositely charged polyelectrolyte, the hydrochloride of polyphenylacetylene 38
bearing an N,N-diisopropylaminomethyl groups (Figure 5.25). The process in-
volves the formation of an interpolymer helical assembly with controlled heli-
city [142]. These helical polyelectrolytes are held together by the simple attraction
of opposite charges. Nevertheless, the interpolymer complexation was more
difficult to control compared to the complexation between a polymer and small
molecules since it was highly influenced by external conditions such as the pH
and salt concentration.

Experiments into induction by chiral polymers have also been carried out on films
of polysilanes. Transfer of chiral information to polymer solid films was achieved
using a chiral polymeric inductor — poly[n-decyl-(S)-2-methylbutylsilane], 64 — im-
mobilized on a quartz substrate, either by grafting or spin coating, which acts as a
command surface (Figure 5.26) [143]. It was reported that chirality transfer and,
moreover, chiral amplification into achiral polysilanes was achieved depending on
the rigidity of the optically inactive polymer, semirigid poly(n-decyl-3-methylbutylsi-
lane), 65, and after thermal annealing. A tiny amount of immobilized optically active
polysilane could induce and amplify the optical activity in the optically inactive
polysilane layer by thermal treatment. It is presumed that weak van der Waals
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Figure5.25 Schematicillustration of one-handed helicity induction
and memory in 62 and the replication of the macromolecular
helicity in optically inactive 38 in water. Reprinted with permission
from [142]. Copyright American Chemical Society 2004.
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Figure 5.26 Schematic presentation of thermodriven chirality
transfer and amplification in “soldier” optically inactive polysilane
(65) from “sergeant” optically active helical polysilane 64 on
quartz. Reprinted with permission from [143]. Copyright
American Chemical Society 2004.

interactions at the surface between these two polymers may result in the transfer and
amplification of optical activity into the achiral polymer.

The natural helical structure of biomolecules can be a useful source of chiral
polymeric templates for the induction of chirality into polymers. For example, the
formation of a chiral supermolecule consisting of a negatively charged conjugated
polythiophene derivative (66) and a synthetic peptide with positively charged lysine
groups (Figure 5.27) has been reported [144]. It is proposed that acid—base complex-
ation between the two polymers gave rise to the induction of one-handed helicity into
the main chain of the polythiophene, which shows a strong induced circular
dichroism band in the n—n* transition region in aqueous solutions. Likewise, the
complexation of the polythiophene and the synthetic peptide induces the transition
from random-coil to helical structure in the synthetic peptide.

533
Induction Through the Formation of Inclusion Complexes

The inner cavity of a helical polymer can be used to trap small molecules, which, if
chiral, can induce a prevailing handedness into the polymeric chain. The formation
of this type of inclusion complex is driven by weak interactions, solvophobic or H-
bonding, and this has proven to be a useful strategy to build chiral helical structures
and, furthermore, to modify the helix sense through structural changes in the chiral
guest molecules.

The possibility of inducing helical chirality into achiral polymers by the formation
of inclusion complexes was reported by Moore et al. for foldamer-type m-phenylene
ethynylene oligomers (67). These compounds could include within their hydropho-
bic helical cavity (Figure 5.28) small chiral guests such as monoterpenes (e.g.,
68) [145] and rod-like chiral molecules (e.g., 69) [146]. The stoichiometry of these
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Figure 5.27 Schematic representation of the formation of a chiral
supramolecular structure between a random-coil synthetic
peptide and random-coil polythiophene 66 that induces helicity in
both polymers. Reproduced with permission from [144].
Copyright (2004) National Academy of Sciences, USA.

solvophobically driven, reversible complexes is strictly 1: 1 and in both cases there is
preferential binding of the chiral guest to one of the oligomer’s enantiomeric helical
conformations. The incorporation of end-capping groups into the rod-like guest does
not block the formation of the inclusion complex or the induction of a given sense for

O(CH,CH;0)4CH3 =
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SIMB;:, . byl
R=H, CH, I\ =
N N -
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Figure 5.28 Schematic representation of the inclusion complex
consisting of foldamer 67 including a chiral guest, 69, within its
helical cavity. Reprinted with permission from [146]. Copyright
American Chemical Society 2001.
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the helical conformation of the polymer. This means that the formation of the
complex involves at least some deformation of the folded helix [147].

In contrast to the hydrophobically driven formation of the inclusion complex,
Inouye et al. have successfully demonstrated the possibility of using H-bonding
interactions that allow the use of saccharides as chiral-guest inductors of the
prevailing helical sense into foldamers derived from m-ethylenepyridine polymers
(70, 71). The N acceptor atom in these systems remains in the internal cavity of the
helix formed by solvophobic n-stacking in polar solvents. This situation allows the
incorporation of a saccharide in the inner cavity, which in turn affords an inclusion
complex in which the helicity of the foldamer is biased towards a given handedness
dictated by the chirality of the saccharide-guest. Consequently, an induced circular
dichroism signal is observed in the absorbance band of the polymeric main chain.
This system was presented as a useful approach for the recognition of saccha-
rides [148]. Recently, the same authors have shown that it is possible to tune the
handedness of the foldamer by mutarotation of the glucose guest (Figure 5.29). This
finding is presented as a possible way to monitor the mutarotation of saccharides by
recording the ICD signal of helical polymers [149].

Conversely, achiral polythiophene chains functionalized with ammonium
groups, 51, in DMSO/water systems wrapped within the helical cavity of a natural
polysaccharide such as schizophyllan (72) showed ICD in the absorption region of the
n—n* band [150]. The absence of a CD signal at longer wavelength, which is
characteristic of a m-stacked arrangement of polythiophene chains, reveals that the
chiral induction took place along the chain of the polymer and not because of chiral
assemblies between polythiophene chains (Figure 5.30). This represents a suitable
approach to prepare stable supramolecular insulated molecular wires with one-
handed helical structures.
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Figure 5.29 Helix inversion of the complex formed between poly
(m-ethynylpyridine) 71 and d-glucose induced by mutarotation of
d-glucose. Reproduced with permission from [149]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA 2007.
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Figure 5.30 Schematic representation of the induction of a helical
main-chain conformation into polythiophene 51 by wrapping with
schizophyllan (72). Reprinted with permission from [150].
Copyright American Chemical Society 2005.

534
Induction by a Chiral External Stimulus

A racemic mixture can be biased towards an excess of one of the constituent
enantiomers by the action of an external chiral agent. In synthetic polymers that
adopt dynamic helical conformations, it has been shown that it is possible to displace
the equilibrium between the two enantiomeric helixes by the presence or action of
chiral solvents or irradiation with chiral light.

5.3.4.1 Solvent-Induced Chirality

In 1993, Green et al. [151] demonstrated the possibility of inducing chirality into a stiff
polyisocyanate using chiral solvents such as (S)-chloromethylbutane. It was conclud-
ed that the optical activity induced in the polymer depends on the concentration of the
chiral solvent in the polymer domain, which is related to the preferential attraction of
the different solvents by the polymer. Hence, it was possible to tune the final induced
optical activity in helical polyisocyanates by chiral solvents by controlling the side
groups in the polymer that show different levels of attraction for the different
solvents. Measurement of the optical activities of these polymers in different solvent
mixtures with a chiral component has been presented as a useful method for studying
the preferential solvation of this rod-like polymer in different types of solvent [152].
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Experiments on chiral solvation to induce optical activity into achiral silicon-
containing polymers have also been reported. For example, polyalkylphenylsilanes
(73) and polyalkylalkylsilanes (74), which exist as random coils whose segments can
form either plus or minus helixes, adopt a preferred helix sense when dissolved in
synthetic (S)-(—)-2-methyl-1-propoxybutane and (S)-(—)-(2-methylbutoxymethyl)
benzene [153]. Similar chiral solvation effects, which are responsible for the
transformation of the random-coil conformation into the helical one, were de-
scribed for chiral poly(m-phenylenedisilanylene), 75. Thus, depending on the
polarity of the solvent, chiral 6 -n conjugated polymers, composed of an alternating
arrangement of organosilicon and m-electron units, can show optical activity derived
from a biased twist sense of the helical conformation of its polymeric back-
bone [154].

73 74 O/\/OV\O/\/O\
| 75
/ Si—
o}slﬂfo ofsifo ~si

5.3.4.2 Light-Induced Chirality

Light can be used as a nondestructive external agent to induce chirality into polymeric
systems. The three parameters, that is, intensity, wavelength and polarization, make
light a versatile stimulus that can give rise to controlled internal changes in
photochromic materials.

Most of the studies reported to date have been carried out on azobenzene-
containing polymers — particularly side-chain polymers with azobenzene side
groups [155, 156]. Thus, elliptically polarized light (EPL) can induce optical activity
in films of amorphous polyesters (e.g., 76), as reported by Nikolova et al. and Kim
et al. [157, 158] Fukuda et al. have reported the incorporation of highly birefringent
units in the azobenzene polymer so that large optical rotary power is achieved in the
films [159]. When azopolymers present mesomorphic organizations (e.g., 77),
circularly polarized light (CPL) can be used to induce chirality [160-162]. The
mechanism by which the chirality of the light is transferred to the material is still a
matter of debate. The photoenantiomerization of cis-isomers of azobenzene and/or
transfer of the angular moment from circularly polarized light to the chromophore
have been proposed as possible mechanisms. Nevertheless, internal changes in the
polymeric structure, which seem to be related to the formation of helical archi-
tectures in the bulk, have been proposed to occur. Furthermore, it seems plausible
that the transfer of the chirality of the light to mesomorphic systems (nematic 78 or
smectic 79) could be related with phase transitions to chiral mesophases with
superstructural helicity such as cholesteric [163-165] and TGB*-like phases, re-
spectively [166].
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A different strategy was developed by Takezoe et al., who reported a doped
polymeric system (Figure 5.31) consisting of a nematic main-chain polymer (80)
and the W-shaped azobenzene-containing dopant 81 [167]. CD measurements
indicated that optical activity was not only induced into the dopant but also into
the main chain polymer. The mechanism proposed is based on the transfer of the
angular momentum from light to the medium, which gives rise to photoresolution of
the chiral conformation of the W-molecule and the induction of an enantiomeric
excess (Figure 5.31b). The W-shaped dopant acts as a chiral trigger, the molecular
chirality of which is subsequently transferred to the host polymer. However, the
model proposed is free from macroscopic helical structures, the formation of which
is hindered in this type of rigid system.

Recently, the induction of optical activity in a solution resulting from the photo-
resolution of a racemic polyisocyanate was discovered by Feringa et al. [168]. The poly
(n-hexylisocyanate) 82 incorporates a photochromic group in a terminal position, and
this acts as a chiral trigger when stimulated with unpolarized 365 nm radiation.
This group, as a light-driven molecular motor, undergoes unidirectional rotation in a
four-step cycle through a combination of two photochemically induced cis—trans-
isomerizations, each followed by an irreversible thermal isomerization. The cis-
isomers promote a preference for a given handedness in the polymeric backbone
(Figure 5.32). Accordingly, it is possible to induce chirality into the system in addition
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Figure 5.31 (a) Structure and composition of the doped
photoresponsive polymeric system. (b) The most stable
conformation calculated by MOPAC of the W-shaped azobenzene
molecule 81 is the twisted conformation. Reprinted with
permission from [167]. Copyright (2006) by the American Physical
Society.

to having fully reversible control of its helicity. Polisocyanate 83, which incorporates a
structurally modified bistable chiroptical switch, allows the molecular chirality to be
transmitted to the supramolecular organization of a cholesteric mesophase via
macromolecular chirality induction. Furthermore, the magnitude and sign of the
cholesteric helical pitch is fully controllable by light using two different wavelengths

preferred P helix g 6

.
{ a

praferted M halx

Figure 5.32 Schematic illustration of the reversible induction and
inversion of helicity into polyisocyanate 82. A thermal
isomerization of the rotor inverts the preferred helicity.
Racemization occurs upon a subsequent photochemical and
thermal isomerization step. Reproduced with permission

from [168]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2007.
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Figure 5.33 Schematic illustration of the reversible inversion of
helicity into polyisocyanate 83 fully controlled by light. Reprinted
with permission from [169]. Copyright American Chemical Society
2008.

(Figure 5.33). This allows avoiding thermal steps that would affect the chiral
supramolecular mesomorphic organization [169].

5.4
Chiral Memory Effects. Tuning Helicity

Chiral memory effects rely on the performance of a two-state on-off function based on
chirality-responsive polymers. Thus, itis important to tune the helicity of the polymer
through an external stimulus and also to achieve permanence of the resulting helical
handedness once the stimulus is removed. This possibility of switching between
stable chiral states controlled by an external agent (temperature, solvent, light, etc.)
should make these systems suitable for information storage.

In this section, an overview is given on experiments carried out to achieve memory
effects in chiral polymers. The discussion includes studies on the inversion or
racemization of chiral helicity in these systems that should provide the basis for
switchable memory based on chirality. Experiments have been carried out on both
chiral and achiral polymers.

5.4.1
Memory Effects from Chiral Polymers

As a first step to design chiral memory devices, the way to achieve helix inversion in
dynamic chiral polymeric systems has been thoroughly studied. The action of different
external agents, such as temperature, solvents or light, has been used to trigger
chirality switching by the inversion of helicity in different types of helical polymer.

5.4.1.1 Temperature- and/or Solvent-Driven Memory Effects

Investigations into thermally driven helix-sense-inversion processes were described
for polyisocyanates [11] both in solution and in the solid state. In solution, it was
found that the inversion temperature could be tuned by controlling the composition
of different-competing chiral comonomers according to the majority rule con-
cept [170]. In the solid state, the helical reversal was affected by the transition
temperature between the melt and the glass state. More interestingly, the effect was
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amplified when the chirality of polymers such as 84 and 85 was transferred to the
supramolecular organization of their respective cholesteric phases.
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Likewise, the helix sense of polypropiolic esters 86 can undergo inversion through
changes in temperature and solvent due to the small energetic barrier for helix
reversal [171]. The helix sense determined by the chirality in the side chain, in some
cases, can be elegantly inverted to the opposite sense by the action of an external
stimulus such as temperature or solvent [16]. The action of these agents is strongly
related to the structure of the side chain. Therefore, if the length of the alkyl side chain
is appropriately controlled, the helix inversion can be driven by a change in solvent
even at ambient temperature.
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Thermally driven helix inversion has also been described for poly(N-propargyla-
mides) bearing chiral pendant groups. These polymers, which show a helical confor-
mation stabilized by hydrogen-bonding interactions between amide groups, may
undergohelixinversioninsolution promoted byachangeintemperature[101,172,173].
A promising type of behavior was found for propargylamide polymer 87 with menthol-
derived chiral side groups, which undergoes helicity inversion when heated to 70 °C.
On heating the polymer for more than 30 min, the inversion is not thermally reversible
and the induced helix sense is maintained even on cooling the sample to room
temperature. In order to make polymer 87 suitable for a memory device, itis necessary
to make possible the recovery of the original helix conformation. Indeed, itis possible to
revert to the original helix sense by an acid-catalyzed helix deformation and reprecipita-
tion from toluene, which affords the initial handedness (Figure 5.34) [174].
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Figure 5.34 Scheme that represents the cycle of inverting and
restoring the original helix sense of polymer 87. Reprinted with
permission from [174]. Copyright American Chemical Society 2003.
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A combination of temperature with host-guest interactions in the B-cyclodextrin
(B-CyD)-derived side chains of helical polyphenylacetylene 88 was reported as a new
system with tunable optical activity that also involves color changes associated with
modifications in the helical conformation of the chiral polymer [175]. The novelty of
the system lies in the changes brought about by complexation. The helical confor-
mation of the polymer is adjustable not only in terms of sense but also in the pitch,
and this strongly affects the color in solution. This behavior may provide a new
approach for sensors. However, a memory effect was not found in these systems on
removal of the cofactor (guest molecules) that affected their chirality.

88 o
HN

B-CyD
The versatility of polyphenylacetylenes for chiral-inversion processes resulting
from their fluxional nature was assessed in recent experiments on 2D chiral surfaces
(Figure 5.35). The inversion of macromolecular helicity of the dynamic chiral
polyphenylacetylene 29 on graphite was visualized directly by AFM. This system
provides a 2D switchable chiral surface that experiences inversion of helicity upon
exposure to the vapor of a specific organic solvent [176].

| (A) dilute solution |
§  THF.CHCh
at——
Helix inversion €
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Figure 5.35 Schematic illustration of the each organic solvent vapor. The one-handed 2D
macromolecular helicity inversion in dilute helix bundles of 29 further invert to the opposite
solution and 2D crystal state. (a) The helix sense handedness by exposure to benzene vapor. AFM
of 29 in benzene inverts to the opposite helix- images of both enantiomeric helical

sense in THF and chloroform. (b) Rod-like conformations are shown. Reprinted with
helical 29 self-assembles into 2D helix bundles permission from [176]. Copyright American
with the controlled helicity upon exposure of ~ Chemical Society 2006.
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Stiff helical polysilanes consisting of stretchable, rotating silicon—silicon single
bonds in a helical backbone bearing chiral pendant groups are also good candidates
for memory processes based on helix-sense inversion induced by temperature
changes. Certain polysilanes (e.g., 89) were reported to show switchable helicity
with a dynamic memory in isooctane solution at a given temperature [177, 178]. The
casting of the polymer solution from the pre- and post-transition temperatures led to
films that gave positive and negative Cotton circular dichroism (CD) signals,
respectively. This result suggested that the helical sense of the polymer below and
above transition temperature in the homogeneous solution was memorized in their
corresponding cast films [179]. Furthermore, these polymers were proposed for
chiro-optical memory systems with rewritable (RW) and write-once read many
(WORM) modes in solid films. Plus and minus helix transitions are thermally
reversible but strongly dependent on molecular weight [180].

A different approach for memory devices is based on the aggregating properties
of polysilanes. Depending on the solvent and temperature, polysilanes can form
chiral aggregates with amplified optical activity with respect to the dissolved
polymer. The chiro-optical characteristics of microaggregates of poly(alkyl-alkoxy-
phenylsilane)s could be tuned by the appropriate choice of good/poor solvent ratio
(solvent polarity), solvent addition order and temperature [111]. In order to
memorize the chirality of the aggregates, a strategy was designed that was based
on the preparation of microcapsules of polyureaurethane within which chiral
aggregates of polydialkylsylanes (90 and 91) maintain the chiro-optical properties
determined by the preparation temperature. The optical activity was only erased by
destroying the aggregates [181].

89 90 91
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5.4.1.2 Light-Driven Memory Effects

A promising strategy to achieve chiral memory systems is the possibility of using light
as an external stimulus that allows switching of chirality between two stable states by
means of photochemical processes. As already seen in the induction of chirality into
achiral polymers, this requires the use of photoresponsive groups that can undergo
some structural change upon irradiation, and this change can be transferred to the
material properties.
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A

Figure5.36 Schematicrepresentation of the transition from M- to
P-helical polyisocyanates induced by a photochemical trans—cis-
isomerization of the azo chromophore. Differences in the
interactions between the asymmetric centers in the side chains
and the polymer backbone lead to a preference for the M- or P-
helical conformation. Reprinted with permission from [182].
Copyright American Chemical Society 1995.

The photochemically induced cis—trans-isomerization process of azobenzene has
been extensively used to promote changes in properties. The use of azobenzene side
chains in helical polymers has provided the possibility of controlling the chirality of
the macromolecules upon UV irradiation, which promotes trans-to-cis-isomerization
of the azo group, and subsequent reversal to the trans-configuration by heating. Early
works on these switchable systems were undertaken by Zentel on THF solutions of
chiral polyisocyanates bearing chiral azobenzene side groups (Figure 5.36) [182]. Later,
these experiments were extended to thin films of azobenzene-containing chiral
polyisocyanates in a PMMA matrix [183]. The chiro-optical properties of the film
could be reversibly switched. Below the T, the photochemically modified helix
conformation was stable, despite thermal relaxation of the azo chromophores.

Angiolini et al. reported the possibility of photomodulating the chirality of azoben-
zene chiral polymer films using circularly polarized radiation to induce photochemical
isomerization of the azobenzene chromophores [184-187]. Methacrylic polymers 92
bearing a chiral spacer and azobenzene side groups have been investigated for
reversible optical storage. These chiral polymers show reproducible writing—erasing
cycles upon linearly and circularly polarized radiation, which promotes inversion of
their original chirality and recovering by irradiation with the opposite radiation.

5.4.2
Memory Effects from Achiral Polymers

Remarkable memory phenomena involving induced chirality in achiral-helical
polymers have mostly been reported for polyacetylenes and polyisocyanides. In
general, experiments consisted in the induction of a prevailing helical sense into an
achiral polyacetylene by the incorporation of optically active amines. The induced
helicity is memorized when the chiral amine is replaced by an achiral one [188]. This
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memory effect was reported for a variety of pendant groups in the polymeric chain,
that is, carboxyphenyl [189] and phosphonic phenyl in DMSO [190]. The presence of
TsOH acid was important in the latter case [191]. A further step in the induction of
chiral memory in polyacetylenes was recently described for polymer 93, which
showed a so-called dual-memory phenomenon (Figure 5.37) [192]. In this case, the
helicity induced in the polymer by complexation to an enantiomerically pure amine
(94) can be switched to the opposite helical conformation by heating at 65 °C. Once
induced, both enantiomeric helixes can be memorized when the chiral amine is
removed and replaced by an achiral one (95). The helicity stored in the polymeric
chain remains stable at room temperature within the corresponding complex with
the achiral amine.

The achiral sodium salt of poly(4-carboxyphenylisocyanide) 62 folds into a one-
handed helix through configurational isomerization (syn/anti-isomerization) around
the C=N backbone through noncovalent interaction with optically active amines,
optically active quaternary ammonium salts or 1-amino acids in organic solvent—
water mixtures [193, 194]. The induced helicity is retained when the optically active
compounds are completely removed, and even when the material is further modified
with achiral amines through amido linkages. However, the helicity gradually de-
creases with temperature and completely disappears at 80 °C. Approaches described
to stabilize the chiral memory of these systems rely on the formation of supramo-
lecular architectures such as hydrogels or liquid crystals. Hydrogels were obtained by
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Figure 5.37 Schematicillustration of induced one-handed helicity
in optically inactive 93, helix inversion with temperature, and
subsequent memory of the diastereomeric macromolecular
helicity by replacing the chiral amine 94 by an achiral one 95.
Reprinted with permission from [192]. Copyright American
Chemical Society 2005.
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Figure 5.38 Schematic illustration of the Polymer 96 gives rise to mesomorphic
modification of the side groups of the polymer cholesteric organizations stabilized by hydrogen
with memory of previously induced bonding. Reproduced with permission

macromolecular helicity. The side groups of from [196]. Copyright Wiley-VCH Verlag GmbH
helical 62 can be modified with optically inactive & Co. KGaA 2007.
oligoglicines without loss of chiral memory.

crosslinking poly(4-carboxyphenylisocyanide) using chiral diamines. The hydrogels
obtained in this way showed chiral memory when the chiral diamines were replaced
by achiral diamines. Moreover, the hydrogel was stable on heating and the induced
chirality was maintained even at 90 °C, the temperature at which the helical polymer
without crosslinking loses its memorized chirality [195]. Cholesteric lyotropic liquid-
crystalline behavior has been found for helical poly(4-carboxyphenylisocyanide) 96,
which is prepared by modification of 62 with oligoglicines through amido linkages.
The stability of the chiral helical mesophase is favored by well-defined arrays of
intramolecular hydrogen bonds (Figure 5.38). These polyisocyanides with achiral
amide residues present chiral memory that in some cases is stable even at 100°C in
N,N-dimethylformamide, thus providing a robust heat-resistant helical scaffold to
which a variety of functional groups can be introduced [196].

An interesting chiral-memory effect, stabilized by the formation of gel architec-
tures, was recently revealed in syndiotactic polymethylmethacrylate, stPMMA,
97 [197]. This polymer was known to adopt a helical disposition (74/4 helix with
an inner cavity of about 1 nm) in aromatic solvents to give thermoreversible gels [198].
It has been found that when the solvent is chiral, for example, 1-phenylethanol (98),
the polymer adopts a prevailing helical sense, which is maintained after removing the
optically active solvent. On the other hand, the diameter of the helical cavity allows the
alignment of fullerene units given the size of the C¢y molecule. Thus, st-PMMA/Cg,
complexes were prepared in which 1D fullerene arrangements were wrapped by a
helical polymer (97), the helicity of which could be tuned according to the chirality of
the gelling medium and memorized when the chiral solvent 98 was replaced by an
achiral one (Figure 5.39). The gel exhibited a vibrational circular dichroism in the
polymer IR region and this is indicative of a prevailing helix sense, even in the
absence of a chiral solvent. Moreover, an induced CD was observed in the absorption
region of the encapsulated Cq.

In addition to the induction phenomena already commented in Section 5.2, the
possibility of switching chirality induced into achiral polymeric films by means of the
photoisomerization process of azobenzene groups has also been investigated [199].
Experiments mainly consisted in the reversible modulation of the optical activity by
irradiation with circularly polarized light of opposite handedness. Light-driven chiro-
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Figure 5.39 (a) Schematic illustration of right- and left-handed
helicity induction in the Cgg-encapsulated in st-PMMA (97) in the
presence of (R)-98 or (S)-98 and chiral memory upon removing the
chiral solvent. (b) Calculated structure for the Cgo/st-PMMA.
Reproduced with permission from [197]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 2008.

optical switches can thus be designed based on amorphous polymers as well as on
liquid-crystal systems.

Recently, Fukuda et al. reported the possibility of using the rotation of polarization
to promote rewritable, multilevel optical data storage in amorphous azobenzene
polymeric systems [200]. The system works as a bistable switch in which state “1”
correspond to the chiral structure induced into the polymer by elliptically polarized
light, which gives rise to rotation of the polarization plane of the reading light. The
state “0” is achieved after erasing the photoinduced chirality with circularly polarized
radiation.

Experiments in liquid-crystal systems may have further interest for applications
since modulation or switching of chirality affects the helical superstructure, and
hence optical properties, inherent to the cholesteric organization, which amplifies
the chiro-optical effect.

5.5
Chiral Block-Copolymers and Nanoscale Segregation

Block-copolymers have been defined as soft materials consisting of two or
more polymer fragments (blocks) with different chemical natures and linked
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through covalent bonds [201]. This characteristic enables them to present nano-
scale segregation, which gives rise to the formation of ordered spherical, cylin-
drical and lamellar phases that have regularly shaped and uniformly spaced
nanodomains in the solid state as well as in a selective solvent for one of the
blocks [202, 203].

Chiral block-copolymers have been investigated to achieve morphologies in bulk
materials, in the mesophase when one of the blocks has mesomorphic properties and
in the presence of solvents when an amphiphilic system is used in the macromole-
cule. This section covers examples in which segregated structures are obtained in
these three systems.

5.5.1
Chiral Block-Copolymers: Nanoscale Segregation in the Bulk

Block-copolymers can organize in the bulk to give well-organized one-, two- or three-
dimensional nanostructures [204]. Nanohelical superstructures within block-copo-
lymers were described early on for ternary block-copolymers consisting of polysty-
rene-block-polybutadiene-block-PMMA. However, chirality was not reported in the
material since the formation of the helical domain occurred in a racemic form (plus
and minus) [205].

Chirality-driven morphologies in block-copolymers were recently reported in
diblock-copolymers 99 consisting of left-handed helical blocks of L-polylactic acid
(PLLA) within a polystyrene (PS) matrix. When the composition of the block-
copolymers was rich in PS fractions [206], the morphology of the bulk was a
hexagonal packing of helical nanodomains, which was attributed to the effect of
chirality interacting with the immiscibility of constituent blocks. The dynamic nature
of this system was later reported. Thus, the morphology of the self-assembled helices
could be tuned in a reversible manner by external stimuli (crystallization and
shearing), which promoted interconversion of the helix into cylinders depending
on melting and annealing processes (Figure 5.40) [207]. In another example, a PS-
PLLA block-copolymer rich in PLLA fractions forms a bulk core-shell cylindrical
microstructure. A scrolling mechanism due to the chiral effect of the PLLA block was
proposed to account for the formation of this morphology (Figure 5.41). An initial
bilayer microstructure is twisted and bent, resulting in a helical curvature at the
interface. This process occurs in different solvents with distinct selectivity and
evaporation rates. The scrolling of the helical domains gives rise to a core-shell
cylinder PS nanostructure [208], which upon degradation of PLLA turned into a
tubular nanostructure in a polystyrene matrix.

5.5.2
Chiral Block-Copolymers: Nanoscale Segregation in the Mesophase

It is interesting to note the expression of chirality in block-copolymers when one of
the phases presents mesomorphic behavior. This allows the modulation of meso-
phase-derived properties within a nanoscopic segregated structure in which not only
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Figure 5.40 (a) Schematic representation of the nanohelical
morphology of 99 [206]. (b) TEM micrograph for phase
transformation from helices to cylinders during crystallization
of 99 at 110°C. Reproduced with permission from [207].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2005.
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Figure5.41 Cartoon representation of the formation of PS tubular
nanostructures from the core—shell cylinder microstructure of 99
rich in PLLA. Reproduced with permission from [208]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA 2006.

is the morphology important because of phase separation of the linked blocks butalso
the liquid-crystalline organization of the mesogenic block. Some examples have been
reported in which the liquid-crystal block is chiral and shows a SmC* mesophase,
which is capable of having ferroelectric properties derived from its noncentrosym-
metric organization. One approach to achieve fast-switching ferroelectric polymers
consisting in the preparation of block-copolymers 100 consisting of a liquid-crystal-
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line system and an amorphous block, poly(isobutyl vinyl ether), by living-sequential
polymerization [209, 210]. It was reported that the properties of ferroelectric liquid
crystals — such as birefringence and monostable switching characteristics — were
improved in these materials, making this a good approach for active matrix addressed
displays.
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Recently, triblock-copolymers that show segregation of chiral SmC domains were
reported [211]. The triblock polymer 101, prepared by ring-opening metathesis
polymerization, consisted of an outer block of methyltetracyclodecene and an inner
block containing a chiral mesogenic monomer. The interest in triblock-copolymers
lies in the possibility of achieving thermoplastic elastomeric materials, which in the
case of a liquid-crystalline block promotes the formation of highly oriented domains
using thermoplastic processing methods. This approach could be of interest for
SmC* domains to unwind their helical superstructure, making the system suitable
for electro-optical applications. The results of the study indicate that, depending on
the composition of the blocks, either monolayer SmC* domains or bilayer SmC*
domains are formed at room temperature. Dynamomechanical analysis of the
triblock-copolymers revealed an elastic plateau above the T; of the mesogenic block,
indicating that these systems exhibit elastomeric behavior at elevated temperature
and could form the basis of interesting materials for liquid-crystal shape-memory
elastomers.
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Other block-copolymer systems containing a chiral mesogenic block have been
reported and are mentioned below, but a manifestation of chirality in the segregated
structures was not described for these materials.

One of these systems consisted of a chiral liquid-crystal block and polystyrene as an
amorphous block. These reports mainly focused on the structural study of the
morphology of the segregated phases, one of which showed liquid-crystalline
behavior [212, 213]. More specifically, the system PS-SCLCP 102 was studied in the
bulk as well as in thin films. The material had a hexagonal-packed cylinder
nanostructure, comprising either glassy polystyrene cylinders in a liquid-crystal
matrix or LC cylinders in a polystyrene matrix depending on the volume fraction of
each block [214].
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A supramolecular strategy was described to induce liquid-crystalline behavior into
one of the blocks of the diblock-copolymer 103 with photoactive groups. Complexa-
tion of a chiral acid with the azopyridine side group through H-bonding interactions
provided nematic and smectic behavior in an LC block. Nevertheless, helical
morphology was not reported for this nanostructure [215].
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5.5.3
Chiral Block-Copolymers: Nanoscale Segregation in Solvents.
Amphiphilic Block-Copolymers

Block segregation can also occur in the presence of a selective solvent due to the
different nature of the constituent blocks.

An intense investigation was carried out by Nolte et al. on the development of
different morphologies based on amphiphilic block-copolymers 104 with one rigid
block derived from polyisocyanodipeptides and a flexible block consisting of PS. The
incompatibility between these two segments is very marked due to the rigidity of the
polyisocyanodipeptide, which shows a high persistence length due to the formation
of a B-sheet structure between side groups along the helical conformation of the
polyisocyanide backbone (Figure 5.42) [216]. This type of chiral block-copolymer
allows control of the formation of either micelles, vesicles or bilayer aggregates by the
appropriate choice of solvent. Thus, illustrating the expression of the chirality of the
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Figure 5.42 Schematic representation of diblock polymer 104 with
a flexible polystyrene block and the rigid polyisocyanodipeptide.
From [216]. Reprinted with permission of AAAS.
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(a) (b)
55 nm

110 nm

30°

180 nm

Figure 5.43 (a) Schematic representation of the helix of 104. (b)
TEM image of the superhelix formed by 104 in a sodium acetate
buffer of pH 5.6. From [216]. Reprinted with permission of AAAS.

polyisocyanide block at the nanoscale, the aggregation behavior of charged diblock-
copolymers in aqueous systems leads to the formation of superhelixes with handed-
ness opposite to that of the helical polyisocyanide-derived block in a situation
comparable to natural systems (Figure 5.43) [216, 217]. Furthermore, the aggregation
architecture of these systems can be controlled by both external and intrinsic factors:
solvent, temperature, pH, size ratio between blocks, and interactions between the
polar-head group and different anions.

A compositional modification of the peptide moiety of the polyisocyanide block
with the incorporation of thiophene groups led to amphiphilic block-copolymers
(105) that present highly organized stacks of thiophene groups along the helical chain

N
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Il g0 40

(a)
‘TW“V

L

Snm 10 nm

Y

Figure 5.44 (a) Schematic representation of the amphiphilic
block-copolymer 105 with a helical polyisocyanide block and a
flexible polystyrene block. (b) Helical stacks of thiophene groups
along the helical polyisocyanide chain. Reproduced with
permission from [218]. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA 2003.
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Figure 5.45 (a) TEM image of 105 vesicles formed in CHCl;. (b)
Schematic representation of the vesicle wall in CHCl;. (c) SEM
image of 105 vesicles formed in THF /water. (d) Schematic
representation of a vesicle formed and the membrane showing the
proposed bilayer structure. Reproduced with permission

from [218]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2003.

of the polar block. (Figure 5.44). These block-copolymers formed vesicles in organic
(Figures 5.45a and b) and in aqueous solvents (Figures 5.45c and d), with diameters
varying between 2 and 22 um and an average membrane thickness, as determined
from the TEM and SEM images, of 27 +5nm [218].

Alternatively, the presence of highly organized stacks of thiophene groups
(Figure 5.44b) allowed crosslinking within the vesicle membranes. Hence, the
vesicle can be covalently fixed into the desired morphology. The polymerization of
thiophene groups was carried out by electrochemical oxidation in vesicles formed in
THF/water (1:5v/v) as solvent. Furthermore, the vesicles are capable of including
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(b)

Figure 5.46 (a) Optical micrograph of electroformed vesicles
of 105 (Width of the image: about 60 um). (b) Optical micrograph
of two vesicles fused into one vesicle (width of the image: about
80 um). Reprinted with permission from [220]. Copyright
American Chemical Society 2004.

enzymes, as was demonstrated by fluorescence microscopy experiments, thus
resulting in potential microreactors.

The use of the electroformation method, which is employed for the preparation of
giant vesicles from lipids [219], showed that this type of amphiphilic diblock
polymeric system, 105, formed giant vesicles with diameters from 1 to 100 um
(Figure 5.46) [220]. The giant vesicles prepared in this way consist of membranes that
are still fluid and allow microinjection in spite of their polymeric nature. The vesicles
also show the ability to encapsulate a biopolymer. In addition, the presence of
thiophene groups makes these systems polymerizable, a characteristic that should
allow the rigidity of the membrane to be regulated.

The amphiphilic block-copolymer 106 consisting of an optically pure and highly
isotactic polycarbosilane and a polyethyleneglycol block was found to form micelles
in THF/water mixtures [221]. A strong CD intensity, due to the interaction between
naphthyl residues, was observed for concentrations higher than the critical micellar
concentration. This observation suggested the existence of a higher aggregation
order of the block-copolymers in these micelles that, nevertheless, was strongly
dependent on the temperature and hydrophobicity of the solvent.

106

To/\hO—Si\ SliJ;H
O

The interest in highly ordered structures of m-conjugated materials led to an
investigation into the possibility of preparing chiral main-chain block-copolymers
(107) containing a sexithiophene block and a chiral oligooxyethylene fragment. Even
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though sexithiophene fragments showed aggregation behavior in dioxane, the
aggregates did not present a chiral organization, in contrast to the situation found
for dispersed polymers or well-defined oligomers. The strong aggregation in the
block-copolymers, which makes the system less dynamic than the other two systems,
seems to hamper the bias of the aggregates towards a chiral architecture [222].
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5.6
Templates for Chiral Objects

The chiral helical structure of some polymers has proven to have a useful role as chiral
templates for the induction of chirality into different systems, which, furthermore,
maintain the induced chirality even when the polymer is removed. This section
gathers recent examples that use chiral-helical polymers to induce chirality into
supramolecular aggregates of dye molecules and into cavities within a polymer
matrix. The final part is devoted to comments on a recent investigation on the use of
the helical conformation of chiral polymers to attain alignment of functional
molecules, thus promoting their increased functionality.

5.6.1
Templates for Chiral Supramolecular Aggregates

The use of chiral-helical polymers to template chiral supramolecular aggregates has
been mainly focused on the achievement of well-organized helical architectures
based on dye molecules. The helical conformation of natural as well as synthetic
helical polymers has been employed as chiral template.

5.6.1.1 Templating with Natural Helical Polymers

Beyond their biological purpose, chiral biopolymers, that is, DNA, polypeptides and
polysaccharides, have an interesting application as templates for chiral aggregates
such as porphyrins and cyanine dyes.

Supramolecular organizations based on porphyrins have been the target of
intense research due to the high level of interest in the photochemical and redox
properties of this building block. Indeed, porphyrins and their aggregates in water
play a crucial role in biological processes such as photosynthesis. Chiral aggregates
of porphyrin derivatives formed by interaction with helical biopolymers
such as single- and double-stranded DNA or polypeptides have been described
[223-227].

Of particular interest is the interaction of porphyrin derivatives with polyglutamic
acid. This polymer adopts an a-helical conformation when partially protonated, pH
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below 5.0, and a random-coil conformation under basic conditions. A preformed
binary complex [228] between the o-helical poly r-glutamic acid and the copper
complex of the tetracationic meso-tetrakis(N-methylpyridinium-4-yl)porphine
(CuTy, 108) can interact with the protonated derivative of the tetraanionic porphyrin
(H4TPPS, 109). The ternary complex thus formed exhibits significant changes in CD
spectra, which indicates that both porphyrin derivatives are aggregated onto the
helical polymeric chain in a chiral fashion [229]. A study of the aggregation behavior
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Figure 5.47 Schematic representation of the induction of a helical
supramolecular architecture in porphyrin aggregates. A chiral-

memory effect determined by kinetic control after removing the
DNA chain that acts as chiral template. Reprinted by permission

from MacMillan Publishers Ltd: Nature Materials [232], copyright
2003.
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of this type of porphyrin system confirmed that net electrostatic interactions between
porphyrin monomers and partially protonated polyglutamic acid are the driving force
for the self-assembly process that leads to the formation of inert assemblies [230].
Moreover, the central copper atom plays a crucial role in the aggregation dimensions.
It must be remarked that these supramolecular porphyrin aggregates are very stable
and retain the chirality induced by interaction with the chiral polymeric matrix. Thus,
if an excess of poly D-glutamic acid is added to a ternary complex containing poly
L-glutamic acid, inversion of chirality was not observed by CD spectroscopy in the
Soret region. Moreover, disrupting the helical conformation of the polymeric
template by pH-induced conformational transition from the o-helix to a random-
coil conformation does not lead to loss of the chirality associated with the supramo-
lecular aggregates or porphyrin derivatives unless other factors, such as temperature
or salt concentration, affect their stability (Figure 5.47) [231]. Hence, once templated,
these assemblies retain the chiral architecture according to a memory process
determined by kinetic inertia [232].

A chiral templating function was also described for DNA on cyanine dyes (110).
These dyes are addressed to assemble into a helical supramolecular organization
through the formation of cofacial dimers within the minor grove of the double helix
of DNA (Figure 5.48). One dimer facilitates the aggregation of subsequent dimers
directly adjacent to the first in a cooperative fashion until the end of the DNA chain is
reached [233].

Chiral aggregation of cyanine dyes was also accomplished using a polysaccharide,
carboxymethylamylose (111), as the polymeric template [234]. The interaction
between 111 and the cyanine dye 112 gives rise to a cooperative interplay through
which an extraordinarily large induced circular dichroism is observed from
J-aggregates of the achiral 112 in association with a random coil 111, suggesting
that the polysaccharide is transformed into a helix. The CD intensity increases on
increasing the degree of carboxyl substitution in the amylose and the pH up to
neutral. At neutral conditions, maximum J-aggregation occurs. Furthermore, the
intensity of the CD follows the same trend as the fluorescence intensity of the
aggregates. These observations led to the conclusion that binding of the J-aggregates
onto the template 111 is sterically controlled by the asymmetric environment of

(b)

110
Qs
N,,—/W\//-L

CoHs

Figure 5.48 (a) Molecular model of an aggregate of three dimers
of 110 aligned end to end in the minor grove of a DNA template.
(b) The DNA is removed to emphasize the helical architecture of
the dye aggregate. Reprinted with permission from [233].
Copyright American Chemical Society 2004.
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glucose residues. An increase in carboxyl substitution in 111 gives rise to a rigid
(highly fluorescent) cyanine dye superhelix. The CD of the J-aggregates is stable over
several months in water at room temperature, suggesting that the cyanine J-
aggregates superhelix is strongly resistant to unfolding/dissociation by the solvent.

111
CH,OH CH,OH 112
o) 0 Cl
OH OH l ClQS S/Q/
0 0 .
X OH Y IN"J\/\\N\
OCH,COOH C,Hs CoHs

5.6.1.2 Templating with Synthetic Helical Polymers

Besides helical natural polymers, synthetic polymers have also been reported as
useful templates for the formation of chiral aggregates of porphyrins. Yashima et al.
reported a beautiful strategy (Figure 5.49) in which a one-handed helical conforma-
tion is induced into the hydrochloride salt of poly[4-(N,N-diisopropylaminomethyl)
phenylacetylene] 38 by an enantiomerically pure binaphthol 113, which interacts
hydrophobically with the main chain of the polymer. This gives rise to a helical
disposition of the charged amino groups of the polymer, which interact electrostati-
cally with a tetraanionic porphyrin (109). This ionic complexation promotes the
formation of J-aggregates in a helical fashion biased to a given handedness, as
demonstrated by the appearance of an ICD signal. The induced supramolecular
chiral organization is memorized by porphyrins and remains stable even if the
helicity of the polymer inverts by interaction with the opposite enantiomer of
binaphthol [235].

NH* CIr

)7

38

)7

Chiral J-aggregates Memory of
Helicity induction induction Chiral J-aggregates

OH
OH

113

Figure 5.49 Schematic representation of the chiral induction
into 38 by complexation with (S)-113, formation of
supramolecular chiral aggregates of achiral 109, and memory of
the supramolecular chirality of 109 after inversion of the helicity
of 38. Reproduced with permission from [235]. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA 2006.
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Induction of Supramolecular Memory of Supramolecular
Chiral J-aggregates Chiral J-aggregates

-,

helicity
inversion -

right-handed 54 D-Trp L-Trp left-handed 54

1105~

Figure 5.50 Schematic illustration of the formation of
supramolecular helical aggregates of cyanine dye 110 by
polyacetylene 54 whose chirality is induced by complexation with
D-Trp and memory of the supramolecular chirality after helicity
inversion of 54 by excess of L-Trp. Reprinted with permission from
[236]. Copyright American Chemical Society 2007.

In a similar way, the helical arrangement of cyanine dyes templated by poly-
phenylacetylene 54 was recently reported [236]. The helical structure induced in
water-soluble polyphenylacetylene 54 with crown-ether side groups by a chiral amino
acid (D-Trp.HCIO,) can trap the achiral benzoxazole cyanine dye 110 within its
hydrophobic helical cavity inside the polymer. The resulting complex shows the
formation of chiral supramolecular aggregates of the cyanine dyes, which exhibit an
induced circular dichroism in the cyanine chromophore region. The supramolecular
chiral arrangement of the cyanine dyes was memorized when the template helical
polymer inverted into the opposite helicity by addition of the enantiomeric amino
acid (Figure 5.50). Thereafter, thermal racemization of the helical aggregates slowly
took place.

Selective formation of enantiopure crystals from a racemic mixture has also been
achieved using chiral polymers as interactive templates during the crystallization
process. Polymethacrylates with side chains derived from p- or r-lysine result in the
successful formation of enantiopure crystals from p,.-methionine. HCI [237]. Spheri-
cal microparticles of chiral polymers, poly(N-acryl-1-aminoacid)s [238] or poly(N-
vinyl-L-aminoacid)s [239] were also shown to be active in similar chiral discrimination
processes during amino-acid crystallization occurring on microparticle surfaces.
Block-copolymers have also been presented to be useful for this purpose [240].
Hydrophilic chiral block-copolymers 114, consisting of PEO-b-branched poly(ethy-
leneimine) with a variety of optically active groups, were employed as additive in the
crystallization of calcium tartrate tetrahydrate. The chiral polymer systems, which
have yet to be optimized, were demonstrated to slow down the formation of both the
racemic crystal and one of the enantiomeric crystals. Moreover, the chiral polymers
influences the morphology of the formed chiral crystal creating unusual morpholo-
gies.
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5.6.2
Molecular Imprinting with Helical Polymers

Molecular imprinting is a technique by which highly selective recognition sites can
be generated in a synthetic polymer. The intense research activity in this area is due to
the broad range of applications described for these systems, such as separation,
analytical systems, sensors, synthesis and catalysis [241, 242]. Among these applica-
tions, the research on chiral imprinted polymers by virtue of their application in
enantiomer separation is particularly well established [243-246]. The strategy is
mainly based on the use of chiral molecules as templates to create chiral recognition
holes in a polymer matrix.

Recently, a few publications have appeared in the literature concerning the use of
chiral-helical polymers to template helical cavities in a polymer matrix, thus broaden-
ing the possibilities for imprinted materials.

Single-handed helical poly(methyl methacrylate)s (115, 116, 117) were used as
templates during the formation of gels from different monomers and crosslinking
agents [247]. CD experiments in transparent suspensions of the gels confirmed that
the helical structure of the template was imprinted in the gel. The recognition ability of
the chiral gel was tested by evaluating its capacity to resolved racemates. Gel templated
with the polymer represented in the figure showed high chiral recognition ability for
small molecules (i.e. trans-stilbene oxide, Troger’s base, and flavanone). The study of
the influence of different monomers on the chiral recognition ability of the final gel
proved that bifunctional monomers such as o-benzyloxymethylacrylic acid gave
higher efficiency than a monofunctional vinyl monomer, methacrylic acid [248].

O \

115 I 116

Chiral block-copolymers 118 of polyethyleneoxide and of b-phenylalanine (PEO-b-
D-Phe) have also been proposed as efficient templates to imprint helical cavities into
mesoporous silica materials. These copolymers perform an efficient role as a
surfactant template during the preparation of silica materials with mesoporous
structures with hexagonal symmetry, a pore size of 5nm and a high surface area
(about 700 m?/g). This silica showed enantioselectivity against racemic solutions of
valine with an enantioselectivity factor of 2.34 [249].
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5.6.3
Templating by Wrapping with Helical Polymers

Control of the chirality of molecules or oligomers susceptible to adopting a helical
conformation can be achieved by peripheral wrapping with helical polymers that
provide a template effect.

This template effect by wrapping has been described for polysaccharides, which were
shown to induce helical conformations in oligothiophenes [250] and oligosilanes
(Figure 5.51) [251-253]. Thus, the induction of chirality in the form of a twisted
conformation occurs through the formation of inclusion complexes. Within these
complexes, oligothiophenes or oligosilanes gain optical activity, the sign of which
depends on the chirality of the wrapping polysaccharide and was detected by CD signals
in the absorption region of the corresponding oligothiophene or oligosilane chromo-
phores. Chiral polymeric templates used for these experiments were carboxymethyla-
mylose (119), which adopts a single-stranded helical conformation, and native curdlan
(120) and schizophylan (72), both of which adopt triple-stranded helical conformations.

OH
OH
HO % o
0 HO
120

R = CH,COOH

119

Figure 5.51 Energy-minimized model based on the AMBER force
field for an inclusion complex of Me(SiMe;)1,Me with an
amylose 119 fragment containing 16 repeating o.-1,4-d-
glucopyranose residues. Reproduced with permission from [252].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2005.
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Figure 5.52 Schematic representation of the molecular
organization proposed for copolymer 121 in the presence of Ag *.
Reproduced with permission from [254]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA 2002.

Even though there is not transmission of chirality from the polymer to the
templated object, it is interesting to comment on the role of micelles formed by
block-copolymers (e.g., 121) consisting of a chiral polyisocyanopeptide block and a
dendritic polysilane block, which can template the formation of crystalline silver
nanowires. The process consists of the reduction of silver anions coordinated to the
peptide groups (Figure 5.52) [254].

5.6.4
Alignment of Functional Groups

Even though it may not be strictly a template effect, the helical structure of some
chiral polymers can be exploited to organize active molecules covalently linked to
the periphery of the polymeric structure. As a result, the properties associated with
the functional molecule are enhanced with respect to the monomeric unit. Experi-
ments carried out with this aim have been mainly based on the stable helical structure
of polyisocyanides. Polypeptides, polyacetylenes and foldamers have also been used
to align functional molecules in a helical arrangement.

5.6.4.1 Polyisocyanides

A report on this function of helical polymers was presented by Nolte et al., who
organized nonlinear optical chromophores as orientationally correlated side groups
of a polyisocyanide [255]. In such an organization, each chromophore contributes
coherently to the second-order nonlinear response of the polymer structure, which is
enhanced with respect to the monomer.



5.6 Templates for Chiral Objects | 177

122

OCi2Hzs

Figure5.53 Schematic drawing of a molecule of polymer 122. The
porphyrin stack shows that the fifth porphyrin has a slip angle
(30°) with respect to the first porphyrin. Reproduced with
permission from [256]. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA 2003.

Likewise, well-defined arrays of porphyrins attached to a rigid polyisocyanide
backbone (122) have been reported and these consist of four columns of around 200
stacked porphyrins arranged in a helical fashion along the polymer backbone
(Figure 5.53) [256]. The helical polymers are made more rigid by the occurrence
of an interside-chain hydrogen-bonding network that gives rise to a rod-like structure
with an overall length of 87 nm. CD spectroscopy recorded in solution showed a
negative exciton-coupling signal in the Soret band that indicated a left-handed helical
disposition of the porphyrin chromophores. Furthermore, photophysical studies
showed that at least 25 porphyrins within one column are excitationally coupled.

The same strategy, which combines the helical structure of polyisocyanide with
the rigid nature of the polymer backbone promoted by hydrogen-bonding interac-
tions between amino-acid side groups, was undertaken to attain long and well-
defined arrays of perylenediimide chromophores (123) [257]. Circular dichroism



178

5 Expression of Chirality in Polymers

spectroscopy revealed the chiral organization of the chromophore units in the
polymer, whereas absorption and emission measurements proved the occurrence
of excited-state interactions between those moieties due to the close packing of the
chromophore groups.
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Electroactive tetrathiafulvalene (TTF) groups have been organized along the helical
polymeric backbone of a polyisocyanide (124). Accordingly, polyisocyanides were
described that present a multistate chiroptical macromoleular switch based on the
redox behavior of TTF) [258]. The system was characterized in its neutral state and
oxidized to generate mixed-valence states, which displayed charge mobility in
solution. Charge transport along the polymer was evidenced for the mixed-valence
state and this contained cation radicals and neutral TTF [259]. Results from these
studies confirmed that there is interaction between side functional groups along the
stacks promoted by the helical polymer scaffold.
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5.6.4.2 Polypeptides

The alpha-helix of polypeptides has proven useful to arrange chromophores such as
naphthalene [260] or porphyrin [261] (Figure 5.54) to give materials with enhanced
electron-transport capability.

5.6.4.3 Polyacetylenes

Polyacetylene polymers also have the capability to arrange chromophores to give
enhanced fluorescence with respect to molecule itself. This is the case for poly-
acetylene 125 with pyrene side groups, which was reported to show large excimer-
based fluorescence due to a very stable helical structure that provided a stereoregular
arrangement of the chromophores [262].

*:( 125
NH
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Figure 5.54 Octamer obtained by oligomerization of a porphyrin
functionalized derivative of L-lysine. Reproduced with permission
from [261]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2001.

5.6.4.4 Foldamers

Polymeric chains based on the foldamer concept can be used to arrange functional
molecules in a controlled way such that interactions between them are improved.
Meijer et al. described the poly(ureidophthalimide) 126 with oligophenylenevinyli-
dene chromophores (OPV) as side groups (Figure 5.55). This polymer adopts a stable

Figure 5.55 Cartoon representation of the chiral arrangement of
OPV chromophores along the helical main chain of foldamer 126.
Reprinted with permission from [263]. Copyright American
Chemical Society 2006.
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helical conformation in heptane, with the previous history of the polymer in solution
(either CHCI; or THF) having a large influence on the structure. It was stated that the
intramolecular hydrogen bonding of the phthalimide units is responsible for the
initial chiral alignment of the OPV chromophores [263].

5.7
Outlook

The expression of chirality in polymers can be as simple as the helical conformation
of their main chain or as complex as the quaternary structure of a protein. Within this
interval, chiral polymers offer a variety of possibilities that are possible thanks to a
deep knowledge acquired in polymerization procedures and self-assembly processes
based on intra- and intermacromolecular chain interactions. In this chapter, referred
literature has been selected in order to illustrate the manifestation of chirality at the
nanoscale using polymers. It has been shown that it is already possible to understand
and control the lab-synthesis of well-organized mono-, two- and three-dimensional
chiral architectures based on optically active polymers, and achiral polymers in which
chirality is induced by external agents. Nevertheless, it is worth emphasizing that
there has been an increasing concern to implement functional polymeric systems on
the basis of the wide spectrum of chiral architectures that can be achieved. The first
steps to attain this goal have already been taken. Some of these chiral arrangements
have demonstrated the possibility of developing functional systems that use chirality
as a tunable property, which can be stored and read in memory systems, opening
practical advanced applications for these complex nanostructures. Chiral block-
copolymers offer advantages in the formation of chiral objects, or cavities, with
controlled shape and dimensions thanks to nanosegregation processes between chiral
and nonchiral blocks. Finally, the chiral information of optically active organizations
based on polymers acting as a guide has been transferred to achiral systems, thus
promoting their defined organization and the performance of improved properties.
Through these advanced functional systems, chiral polymeric architectures are
able to break into technologically important fields — from chiral recognition, chiral
separation, chiral sensing and asymmetric catalysis to applications in electronics,
optoelectronics, combination of electro- and magneto- properties, information
storage, and so on — on the basis of their particular chemical and physical properties.
This leads us to conclude that, nowadays, the motivation for research in this subject is
not limited to the understanding and control of the formation of well-defined chiral
polymeric nanostructures, but also to achieve their practical application.
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6
Nanoscale Exploration of Molecular and Supramolecular Chirality
at Metal Surfaces under Ultrahigh-Vacuum Conditions

Rasmita Raval

6.1
Introduction

Supramolecular chiral structures, formed via noncovalent interactions of functional
molecular building blocks, have made prominent and invaluable insights into the
creation, transfer and amplification of chirality [1-4]. At surfaces, molecular self-
assembly is driven by the subtle balances between molecule—surface and molecule—
molecule interactions. These forces can be mediated by appropriate choices of
surface and molecule and can lead to a special category of assembly, namely chiral
surfaces, which possess no mirror or inversion symmetry elements. Such chiral
surfaces possess interesting technological potential for heterogeneous enantiose-
lective catalysis, chiral separations, molecular sensing and recognition, nonlinear
optics and as command layers for 3D growth.

Generally, the creation of chirality requires sufficient complexity in a system so that
all inverse symmetry elements are destroyed. At regular and symmetric low Miller
index metal surfaces this complexity is most easily implanted by adsorption of
complex organic molecules. In fact, surface chirality can be induced both by the
adsorption of molecules that are inherently chiral and also by molecules that are
achiral. For the latter, the reduced symmetry at a surface and the loss of rotational and
translational freedoms as the molecule is confined at the surface plane render the
interface particularly prone to creating asymmetry. Both these influences lead to the
removal of molecular and surface reflection symmetry elements, thus creating
chirality where none existed before.

Chirality at surfaces is often also expressed in a hierarchical manner and the
subsequent self-assembly of adsorbed chiral entities may, in turn, lead to chiral
surface organizations that possess no mirror symmetry. The resultant surface
chirality may be expressed in a number of ways, dependent, to a large extent, on
the relative strengths of the intermolecular and metal-molecule interactions [5, 6].
This review highlights some of these ways, focusing on molecules adsorbed on highly
defined single-crystal surfaces metal surfaces in ultrahigh vacuum (UHV). These

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
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conditions are excellent for the investigation for a number of reasons, including the
fact that coverage and temperature can be varied independently in a controlled way,
thus making the hierarchical transfer of chirality observable. Furthermore, a range of
surface-science techniques including: reflection absorption infrared spectroscopy
(RAIRS) that provides vital information concerning the nature of bonds within
molecules and between the molecules and the surface; low-energy electron diffrac-
tion (LEED) that reveals surface crystallographic structure, and of course scanning
tunnelling microscopy (STM) that gives molecularly resolved images of the packing
of molecules on conducting surfaces. A more comprehensive discussion on indivi-
dual systems can be found in the review by Barlow and Raval [5] where a semihier-
archical classification of chiral surfaces is also provided. Other excellent reviews on
surface chirality have also been published, including liquid/solid interfaces that are
not covered here [6-14]. The review commences with the self-assembly of chains of
molecules that exhibit 1D chirality, a mechanism that may, for example, lead to the
fabrication of chiral nanowires. Then, systems exhibiting 2D chirality where supra-
molecular interactions induce structures varying in size from small chiral clusters or
domains to entire macroscopic surfaces with globally organized chiral arrays are
highlighted. The review ends with selected examples of chiral recognition processes
at surfaces.

6.2
The Creation of Surface Chirality in 1D Superstructures

1D surface chirality is exhibited in systems where supramolecular interactions are
constrained to a specific direction, leading to the formation of simple structures, such
as chains of molecules, that either have an intrinsic lack of mirror symmetry, or/and
run in a nonsymmetric direction across the metal surface, thus breaking existing
mirror symmetry elements. The supramolecular ordering of 4-[trans-2-(pyrid-4-
vinyl)|benzoic acid, or PVBA, adsorbed on Ag(111) is a case in point [15, 16]. PVBA
is a planar, flat molecule with a kink between the two aromatic ring systems caused by
the alkene link between them, and is achiral in the gas phase, with a mirror symmetry
plane coincident with the molecular plane. On Ag(111), its two-lobed STM image
suggests adsorption with its ring system parallel to the surface, thus leading to the
directloss of the molecular mirror plane and the creation of a chiral adsorption motif
atthe surface. As PVBA can land on the surface with either prochiral face uppermost,
it can create both mirror forms of the chiral adsorption motif with equal facility,
designated A-PVBA and 8-PVBA and illustrated in Figure 6.1. The supramolecular
assembly of PVBA chiral units on Ag(111) into 1D chains is dominated by highly
directional intermolecular hydrogen-bonding interactions between the benzoic acid
group at one end, acting as a hydrogen-bond donor, and the pyridine function at the
other end, behaving as a hydrogen-bond acceptor. STM images of Figure 6.1 show
that chains of molecules form at the surface, aligned along the three rotationally
equivalent high-symmetry < 112> directions [16]. Each chain consists of two rows of
PVBA molecules and, importantly, is homochiral, that is, composed of one type of
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PVBA/Ag(111)

Figure 6.1 Adsorption of PVBA on the Ag(111) together by H-bonds as in the corresponding
surface. The two chiral adsorption motifs, models. (Image sizes 40 A x 135 A; adsorption
designated A-PVBA and 3-PVBA, are shown with temperature 300 K, measured at 77 K.)

the mirror symmetry reflected by a dashed line. Reproduced with permission of The American
STM images show homochiral twin chains held Physical Society from Figure 1[16].

chiral motif only, either A or 8. Within a chain, each row of homochiral molecules is
held together by strong and directional head-to-tail intermolecular OH- - -N bonds,
and the two rows of molecules are positioned in an antiparallel arrangement and held
together with weaker lateral H-bonds between a carbonyl group in one row and a H-
atom of the pyridine ring in the adjacent row, as shown in Figure 6.1. Given PVBAs
facility of creating both the A or & motif, the overall adsorption system consists of two
types of chains on the surface, each the mirror image of the other. Interestingly,
molecular dynamics simulations indicate that chains repel each other so, at low
coverages, supramolecular ordering is limited to this 1D organization.

An interesting example of 1D chirality in a system dominated by strong molecule—
metal interactions is that provided by tartaric acid on Ni(110) [17]. Following
adsorption of (R,R)-tartaric acid at room temperature, double dehydrogenation of
the molecule occurs converting the two carboxylic acid groups into COO- carboxylate
functionalities, which bond strongly to the metal. STM data, Figure 6.2, show that the
adsorbed bitartrate molecules grow in short strings with a highly preferred growth
direction parallel to the high-symmetry [110] crystallographic direction. When the
opposite enantiomer (S, S)-tartaric acid is adsorbed, 1D growth is seen along the same
[110] crystallographic direction, as shown in the STM image of Figure 6.2. Given that
the molecules retain the chiral centers located at the two central carbon atom
positions, these aligned short strings represent 1D chirality, per se, even though
their growth is along a surface symmetry direction. In fact, detailed studies by RAIRS,
LEED, STM and density functional theory (DFT) calculations suggest that the
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Tartaric acidNi(110)

(R, R)-bitartrate (S, S)-bitartrate

.’\,. ® o
— [110] % oc o=

Figure 6.2 Adsorption of (R,R)- and (S,S)-tartaric acid on the Ni
(110) surface [17]. STM images of the (R,R)- and (S,S)-bitartrate
species at room temperature show a similar growth direction
along the [110] direction. (Image sizes 200A x 200A.) The
schematic depicts the distortion of the bitartrate skeletons and
reconstruction of the bonding nickel atoms to give chiral
bitartrate-Ni, units.

expression of chirality at the surface is inducted at an even deeper level [17].
Specifically, adsorption leads to a highly strained bitartrate-Ni, complex at the
surface where a strong distortion of the bitartrate skeleton is created alongside a
concomitant reconstruction of the bonding nickel atoms, which are pulled away from
their symmetric bulk-truncation positions and twisted to give an oblique unit mesh
where all the mirror planes are destroyed locally, as shown in Figure 6.2. Thus, the
adsorption system possesses arrangements of chiral bitartrate-Ni, units in 1D lines,
where chirality transfer to the surface is mediated by the strong metal-molecule
interaction that leads to reorganization of the underlying metal atoms into chiral
arrangements. DFT calculations show that the four O—Ni bonds formed also have a
chiral character, with one diagonal pair being equivalent and having a bond length of
2.04 A, while the opposite diagonal pair possesses a shorter bond length of 1.94 A,
suggesting that chirality may well be communicated into the electronic structure of
the adsorption site [18]. Turning to the mirror enantiomer, (S,S)-bitartrate, the
adsorption footprint is now in the mirror configuration, with the backbone of the
bitartrate molecule distorted in the opposite directions and the underlying metal
possessing the mirror chiral reconstruction as depicted schematically in Figure 6.2.
We note that for the same molecule on Ni(1 1 1) [19] and Cu(1 1 0), [20-22] the balance
of intermolecular and metal-molecule interactions is such that 2D chiral arrays are
formed. However, much further work is required to pinpoint the causes that give rise
to these critical divergences in organizational behavior.

As the last example of chirality in 1D systems on surfaces, we consider the
assembly of the system comprised of nucleic base adenine on Cu(1 1 0). STM images
(Figure 6.3) show that when a low coverage of adenine is adsorbed at room
temperature and then annealed to 370 K, short chains, made up of adenine dimers,



6.2 The Creation of Surface Chirality in 1D Superstructures

Adenine/Cu(110)

[ooH]

[110]

Figure 6.3 Adsorption of adenine on the Cu(110) surface. STM
image of a submonolayer coverage of adenine at room
temperature showing dimer chain growth £19.5° from the [001]
direction. Reproduced with permission of Nature Publishing
Group from Figure 1[23].

form in one of two directions, +19.5° with respect to the main [00 1] symmetry
direction of the underlying Cu(110) surface [23]. These chain growth directions
break the reflectional symmetry elements of the surface and, therefore, the 1D
structures are essentially chiral. Furthermore, like PVBA, adenine is a prochiral
molecule that creates a chiral adsorption motif when the molecular mirror plane is
destroyed by adsorbing it flat at a surface. Both mirror forms of the chiral adsorption
motif can be created, dictated by which face of the ring system is nearest to the
surface. Chen and Richardson [23] argue that the two distinct chiral directions
adopted by the adenine chains is an indication of the chirality of the constituent
adenine units, that is, each chain is homochiral, consisting of adenine units with the
same chiral adsorption motif, which assemble into a specific nonsymmetry direction.
Similarly, mirror chiral adsorption motifs assemble in the reflectionally opposite
direction. DFT calculations [24] using the general adsorption model adopted in [23]
conclude that the self-assembly of adenine on Cu(110) is directed by mutual
polarization and Coulomb attraction. One note of caution needs to be interjected
here — adenine is known to possess eight tautomers and a full experimental and
theoretical analysis exploring all these possibilities remains to be done. Specifically,
RAIRS vibrational data obtained on the adenine/Cu(110) system by McNutt and
coworkers [25] conclude a very different adsorption mode for the molecule.
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6.3
The Creation of 2D Surface Chirality

Two-dimensional chirality can arise at a surface as a direct result of the self-
organization of the adsorbed molecules into larger structures. These structures may
simply be small nanoscale assemblies of molecules whose organization possesses no
mirror symmetry elements. Alternatively, the molecules may organize into large,
macroscopic domains that do not retain any mirror symmetry elements. Examples of
2D chirality across this lengthscale are given below.

6.3.1
2D Supramolecular Chiral Clusters at Surfaces

One of the first examples of 2D chiral clusters was reported by Bohringer et al. for the
adsorption of 1-nitronaphthalene (NN) onto the reconstructed Au(111) sur-
face [26, 27]. NN adsorbs with the naphthalene ring system parallel to the gold
surface and this geometry again transforms a prochiral gas-phase molecule into a
chiral adsorbed entity. Individual molecules can, therefore, adopt either mirror chiral
adsorption motif, denoted as the I- or 1- enantiomer according to whether the nitro
group is attached to the left or right carbon ring, respectively. STM images obtained
after adsorbing a low coverage of NN at room temperature and subsequent slow
cooling to 70 K are shown in Figure 6.4. Here, it can be seen that the NN molecules
form small clusters on the fcc areas of the Au(111) surface, with approximately
85% of the molecules incorporated into decamers. High-resolution STM images
show that these decamers are composed of 10 molecules arranged in a modified
pinwheel structure, which can take up either one of two chiral organizations, the L- or
R-decamer, as shown in Figure 6.4. The decamers are believed to be held together by

o, o o
1 % T

Figure 6.4 Adsorption of NN on a reconstructed coverage of 0.1 ML, imaged at 50 Kwith the inset
Au(117) surface. The schematic shows the two imaged at 20 K. The smaller STM image shows

chiral adsorption motifs and the chirally the detail of the chiral decamers imaged at 50 K.
organized decamer clusters, designated as the |- Reproduced with permission of The American
or r-enantiomers and L- or R-decamers, Physical Society from Figure 1c [27] and of

respectively. The larger STM image shows the =~ Wiley-VCH GmbH from Figure 2a [26].
formation of the decamers on the fcc sites for a
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intermolecular hydrogen-bonding interactions between the ring CH and nitro O
groups and calculations suggest that each decamer is formed from both 1- and
r-monomers, witha2:8 or4:61:rratio for the L-decamers and a 8: 2 or 6 : 4 ratio for
the R-decamers. Thus, chirality is present at two levels in this system: first, at the local
adsorption motiflevel and, second, at the organization level, driven by intermolecular
hydrogen bonding, which produces chiral pinwheels. For this system, the adsorption
of the NN to the metal is relatively weak and the clusters can be manipulated by the
STM tip and separated in terms of chirality at the surface, that is, the nanoscale
equivalent of the famous Pasteur experiment [28]!

Chiral clustering has also been observed for organometallic complexes adsorbed at
surfaces. Messina et al. [29, 30] reported that the codeposition of iron atoms and 1,3,5-
tricarboxylic benzoic acid (trimesic acid, TMA) on a Cu(1 00) surface held at 100 K
and subsequently annealed the system at room temperature, leads to the formation of
chiral complexes stabilized by metal-ligand interactions. The STM images in
Figure 6.5 show a central Fe atom surrounded by four TMA molecules. The model
depicted in the inset of Figure 6.5 shows that the individual structures of the clusters
are chiral with the Fe atoms coordinated to the carboxylate group of each TMA
molecule in either a clockwise or anticlockwise fashion. Thus, two types of clusters
exist that are mirror images of each other. The chiral “propeller” arrangement around
the Fe atom is driven by the strong, unidentate O—Fe bonding that effectively creates a
kink in the Fe-O;-0O, arrangement, and intermolecular interactions (e.g., steric
repulsions and attractive carboxyl-phenyl H-bonds) between neighboring ligands
that force all ligands to coordinate with the same chirality. Closer inspection reveals
yetanother aspect of chirality in this system in that the metal complexes take up one of
two orientations with respect to the copper surface, with their principal axes (a line
drawn from the center of one TMA molecule to the center of the opposing TMA
molecule in Figure 6.5) being either + or —75° from the [0 1 1] direction that is, the
clusters are chirally organized with respect to the surface.

One of most beautiful examples of chiral cluster creation comes from the
hierarchical assembly of rubrene on Au(111) [31], where an unprecedented level
of complexity and fidelity of chiral transfer over three generations of assembly was

Figure 6.5 Adsorption of Fe atoms and TMA on arrangement and bonding of the carboxylate
the Cu(100) surface. High-resolution STM groups to the Fe atom that determines the
image of two chiral Fe(TMA), clusters, labelled R chirality of the species. Reproduced with

and S, representing mirror symmetric species, permission of the American Chemical Society
orientated £75° with respect to the [001] from Figure 2 [29].

direction. The schematic illustrates the
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revealed by STM data. The twisted tetracene backbone of rubrene leads to the creation
of a chiral adsorption motif at the Au(1 1 1) surface, with both mirror enantiomers
created with equal facility. STM images clearly reveal the absolute chirality of
individual species, and provide a powerful mapping of the chiral transfer that occurs
upon assembly. Essentially, single rubrene entities assemble into pentagonal super-
molecules that further assemble into complex gearwheels and pentagonal chains,
culminating in nested decagons that contain 50 rubrene molecules of the same
chirality, as shown in Figure 6.6. At each stage of supramolecular assembly,
intermolecular forces ensure that the chirality of the starting nucleus is conserved
and transmitted with high fidelity to the most complex architectures created at the
highest hierarchical order.

Phenyl groups

(@) / \

Tetracene backbone

Figure 6.6 (a) STM images of the hierarchical ~supermolecules to give long chains and
assembly of rubrene on the Au(111) surface  gearwheels, with the initial chirality preserved
showing how single monomers combine to form throughout. (c) STM images of decagons
pentagonal supermolecules which subsequently assembled from 10 pentagonal supermolecules;
assemble to give nested decagons. The chirality again chirality is transferred with high fidelity.
of the initial monomer is maintained through the Figures adapted from [31], reproduced with
three levels of hierarchy. (b) STM images permission of Wiley-VCH GmbH.

showing assembly of chiral pentagonal
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6.3.2
2D Covalent Chiral Clusters at Surfaces

The power of supramolecular assembly at surfaces to create complex, chiral struc-
tures has been amply demonstrated by examples given here. However, there has also
been an emerging drive towards creating robust nanostructures that are held together
by covalent bonds. Very recently, it has been demonstrated, for the first time, that it is
possible to create covalently connected chiral nanostructures at surfaces [32] via a
thermally induced activation and reaction of tetra(mesityl)porphyrin on Cu(110)
under ultrahigh vacuum conditions. The reaction was followed by STM, whose
images — one of which is shown in Figure 6.7 — show that the majority of individual
porphyrins are linked up together in lines, angular structures, and grids, with a
specific covalent linkage, arising from reaction with the copper, which reduces a
methyl group on the mesityl functionality generating a CH,. radical group, which

Figure 6.7 STM image (right, 71 x 38 nm?) chiral due to covalent links being directed along
showing covalent assembly of tetra(mesityl) chiral directions (see model, middle), combined
porphyrin (1) on Cu(110) produces a with random step-wise condensation processes.
combinatorial library of covalently linked STM figures adapted from [32], reproduced with

porphyrin nanostructures, most of which are ~ permission of RSC Publishing.
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then homocouples the porphyrins. The average STM core-to-core distance between
linked porphyrins is approximately 18.5 A, close to the calculated value for formation
of an ethylene linkage (19 A) between the methyl substituents at the para position of
the benzene rings relative to the porphyrin ring. The chirality of the nanostructures
arises because the alignment of the central pyrrole ring along the high-symmetry axes
of the Cu(1 1 0) surface means the connections mediated via the para methyl groups
all occur along nonsymmetry directions. This combined with a random condensa-
tion-type (or stepwise) polymerization, leads to a distribution of sizes and shapes of
asymmetric oligomers that contain mainly difunctional units, often three-connected
units, and very rarely four-connected ones. This combination of mechanistic and
structural detail leads to most of the covalent nanostructures created being chiral, as
indicated in the illustration in Figure 6.7.

6.3.3
Large Macroscopic 2-D Chiral Arrays

As the size of two-dimensional assemblies increases at the surface, large chiral
arrays or domains can form. Depending on the chirality of the individual adsorp-
tion motifs and their overall organization, the handedness of these domains may
either be uniquely maintained across the whole surface, which becomes globally
homochiral, or coexist with mirror domains giving a surface thatis locally chiral but
globally achiral.

The phenomenon of a globally homochiral surface created from the supramolec-
ular assembly of molecules was first revealed in STM data of (R,R)-tartaric acid
adsorbed on Cu(110) by Ortega et al. [20, 21], as illustrated in Figure 6.8. This

Tartaric acid/Cu(110)

(R, R}-bitartrate {5, S)-bitartrate

I
i
i
;
i
i
i
:
i
i
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i
i

Figure 6.8 STM images obtained for the chiral phases of (R,R)-
bitartrate and (S,S)-bitartrate on Cu(1 10) together with models of
the chiral domains constructed from STM, LEED and RAIRS data.
Note the empty nanochannels that are created within the
structure. Reproduced with permission of Macmillan Publishers
Ltd. from Figure 2 [20].
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macroscopic chiral phase consists entirely of doubly dehydrogenated bitartrate
species [20-22], bonded strongly to the surface via the four oxygen atoms of the
carboxylate groups. These discrete and rigidly bonded bitartrate units give rise to a
highly organized chiral phase at the surface. The molecular model constructed from
RAIRS, LEED and STM data shows that chiral “trimers” of (R, R)-bitartrate molecules
assemble to form long chiral chains aligned along the [114] crystallographic direc-
tion, thus breaking the mirror symmetry elements of the Cu(110) surface. The
chains are propagated across large length scales and the macroscopic surface
organization is, therefore, also chiral and belongs to the C, chiral space group and
is nonsuperimposable on its mirror image. When the opposite enantiomer, (S,S)-
tartaric acid, is adsorbed, the chirality of the adlayer is switched to give the mirror
organization, with chains growing along the mirror [114] direction. Periodic density
functional theory (DFT) calculations [33] reveal that adsorption via all four carboxylate
oxygen atoms creates a concomitant chiral distortion in the molecule. This distortion
is twofold, first along the carbon—carbon backbone and, second, from the O—C—O
plane in the <110> direction of the surface, Figure 6.8. Importantly, the distortions
are enantiomer-specific, with the (R,R) enantiomer distorting one way and the (S,S)
enantiomer distorting in the mirror configuration. This adsorbate distortion has
subsequently been verified experimentally [34] via X-ray photoelectron diffraction.
From the description above, it can be seen that chirality at the single-adsorbate level is
bestowed both from the inherent molecular structure of (R,R)-tartaric acid and from
the actual adsorption process. This adsorption motif then assembles in a chiral
organization that is adopted across the entire surface, demonstrating clearly that
chirality is transferred with high fidelity from the individual adsorption motif, to the
nanoscale trimer organization to the macroscale trimer-chain organization. Periodic-
DFT calculations show that this chiral transfer from adsorption motif to surface
organization is governed by repulsive molecule-molecule interactions within the array
that combine to produce an energy difference of 10k mol " between (R, R)-bitartrate
packed in the preferred (12, —90) structure compared to accommodation within the
mirror (90, —1 2) enantiomorph. This energy difference is sufficient to ensure that, at
300 K, over 95% of adsorption would resultin the preferred chiral organization. For the
(S,S)-bitartrate adsorbate, the mirror structure is similarly favored. A point worth
noting is that the ability of a chiral molecule, such as tartaric acid, to form a chiral arrays
is not only critically dependent on the particular adsorption phase created at a surface
but is also very dependent on the actual metal surface. For example, tartaric acid does
not form an ordered 2D array structure on the Ni(1 1 0) surface [17]. However, RAIRS,
STM and TPD work by Jones et al. [19] on the adsorption of (R, R)-tartaric acid on the
smoother Ni(11 1) surface does show the creation of chiral arrays.

Globally organized homochiral arrays have also been obtained from other func-
tional molecules. For example, the simplest chiral amino acid, alanine, is strongly
chemisorbed on the Cu(1 1 0) surface where it dehydrogenates to create the alaninate
species in which the carboxylic acid functionality has been converted into the
carboxylate upon adsorption. As is often the case for such multifunctional molecules
at surfaces, the system is highly polymorphic and shows a range of adsorption phases
as coverage and temperature are altered [35-37]. One of the most interesting
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CHy

S-Alanime/Cu(110)
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Empty nanocavities

Figure 6.9 Large area 50 nm x 49 nm STM that lead to empty nanocavities at the surface.
image (top) of the chiral phase of (S)-alaninate The LEED yields a (2 —2, 5 3) overlayer unit cell,
on the Cu(110) surface obtained after annealing with a repeat unit comprising an individual

to 403 K; (bottom left) Close-up 10 x 10nm STM cluster and associated nanocavities. (R)-

image shows assembly of size-selected chiral  alaninate on Cu(110) creates the mirror phase.
clusters; (right) The schematic of the overlayer Reproduced with permission of Elsevier,
consisting of hexamer clusters and stress breaks from [37].

and unusual phases comprises of chiral clusters that become part of a global
macroscopic chiral array, as confirmed by the LEED pattern obtained, Figure 6.9.
Here, individual alaninate molecules self-assemble into size-selected, chirally orga-
nized clusters of six or eight molecules that are not aligned along any of the main
symmetry axes of the Cu(1 1 0) surface [36, 37]. The STM image in Figure 6.9 shows a
typical arrangement of clusters for (S)-alaninate growing broadly parallel to the [112]
direction. RAIRS analysis of this adsorption phase suggests the presence of two
differently oriented alaninate species: one species is bound to the copper surface
through both oxygen atoms of the carboxylate group and the nitrogen atom of the
amino group while the other is bonded to the copper through the amino group and
only one of the carboxylate oxygen atoms. For both alaninate species, the methyl
group is held away from the surface. This orientation results in direct chirality
transfer into the footprint of the adsorbed alanine molecules with the (S)-alaninate
adopting a right-handed kink in the CCN backbone and the (R)-alanine molecules a
left-handed kink, when viewed from above. A model for the clusters has been
suggested, Figure 6.9, possessing both alaninate species, woven together with a two-
tier network of hydrogen bonds between the N—H and O groups held close to the
surface and the C—H and O groups located at a higher level [36, 37]. These
intermolecular hydrogen-bonding interactions are similar to those exhibited by solid
crystals of alanine. Finally, when this phase is created from the mirror R-enantiomer,
the mirror enantiomorph results, that is, there is direct chirality transfer from the
individual nanoscale molecules to the footprint of the adsorbed species to the
nanoscale size-selected clusters to the macroscale organization.
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(e)

Figure 6.10 Adsorption of heptahelicene on the and 3” clusters seen at 9 =0.95, based on a
Cu(1117) surface. STM images (10 x 10 nm) hexagonal close packing of the molecules and
showing clusters of (a) (M)-[7]-helicene and (b) systematically varying azimuthal orientations.
(P)-[7])-helicene at 3 =0.95, (c) (M)-[7]-helicene Reproduced with permission of Wiley-VCH
and (d) (P)-[7]-Helicene at & = 1. The model in GmbH from Figures 2 and 4 [38].

(e) shows the structure of the M-[7]-helicene “6

Turning to another functionality type, chiral self-assembled monolayers have also
been observed for (M)- or (P)-[7]-helicene on Cu(1 1 1)[38, 39], where the driving force
dictating assembly is steric repulsion. In contrast to the tartaric acid and amino acid
systems, this chiral helical molecule is weakly bound to the substrate and intermo-
lecular repulsive forces dominate the lateral interactions so ordered structures are
only formed when the molecules are closely packed. Two ordered structures are seen,
with clusters of 6 and 3 molecules imaged with STM at coverages of 95% of a
monolayer, and clusters with 3 molecules observed for a saturated monolayer as in
Figure 6.10. For both structures, the unit cells and the arrangement of molecules
within the cells for the P-enantiomer are chiral and are the mirror image of those seen
for the M-enantiomer. X-ray photoelectron diffraction (XPD) studies have shown that
the molecule is adsorbed with its terminal phenanthrene ring parallel to the surface
and the rest of the molecule spiralling away from the surface in one of 6 possible
azimuthal orientations. Assuming that the brightest features in the STM images
are due to tunnelling into the uppermost parts of the [7]-helicene, the molecules can be
represented by a circular disk with an off-center protrusion in one of these 6 azimuthal
orientations. Thus, it has been possible to recreate the STM images by using a model
where the molecules are hexagonally close packed but give rise to a “cluster” appear-
ance in the STM images due to the different orientations adopted by the molecules.
In particular, the imaged handedness or chirality of the organizations is a direct
reflection of the orientational differences adopted within the close-packed layer, as
depicted in Figure 6.10. Molecular modelling calculations have shown that molecules
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adopt the different azimuthal orientations in order to minimize the repulsive interac-
tions, that is, in this case the supramolecular driving force is steric repulsion.

6.3.4
Chiral Nanocavity Arrays

An important manifestation of chirality in the 2D arrays is not simply where the
molecules are organized, but rather where empty cavities are present since these can
also be chiral by virtue of the arrangements of the surrounding molecules that form
their boundaries. These chiral nanochannels are potentially very interesting in terms
of technological applications, since they provide a confined environment within
which enantioselective recognition, catalysis, separation or sensing could take place.
The bitartrate on Cu(110) structure discussed earlier creates an empty nanochannel
after every third bitartrate molecule, that is, each long timer chain is separated from
the adjacent trimer chain by a vacant channel, Figure 6.8. These nanochannels are
also directed along the chiral <114> direction and, therefore, are inherently chiral
spaces on the copper substrate. DFT calculations [40] reveal that the origin of these
channels is the surface stress created by adsorption of the bitartrate species to the
surface; the Cu—Cu distance of the bonding metal atoms is increased from their bulk
truncation value of 2.58-2.62 A, leading to a strong compressive strain along the
close-packed [1-10] direction. This stress builds up with each additional carboxylate
functionality bonding to a particular row and can only be tolerated for three molecules
in a row before a break in the organization is necessary to relieve it.

Similarly, the alaninate/Cu(1 1 0) system creates size-selected clusters, Figure 6.9,
a phenomenon attributed directly to system stresses that arise from balancing
molecule-molecule interactions and molecule-metal bonding [36, 37]. Thus, the
stresses and strains of maintaining both optimum adsorption sites for the alaninate
molecules and maximizing the intermolecular interactions become too great once a
critical cluster size is reached, leading to a fracture in the assembly. In this particular
example, the clusters plus their stress fractures, become “synthons” for a globally
organized macroscopic array with a unique chiral arrangement of molecular clusters
interspersed with chiral channels and spaces, as shown in the model in Figure 6.9.
The size of the LEED unit cell suggests that each defined cluster and its surrounding
space acts as the repeat unit for scattering, Figure 6.9. Overall, the size-defined chiral
clusters further self-assemble into a defined chiral array with nanochannels of bare
metal left between the chiral clusters that are themselves chiral. This suggests that the
stresses that induce the channels must also be chiral, in a manner reminiscent of that
reported for individual molecules at surfaces [17].

The creation of nanoporous 2D supramolecular structures has also been demon-
strated [30, 41, 43] for robust metalorganic frameworks created by the supramolecu-
lar assembly of Fe(trimesic acid), clusters on Cu(100) discussed in Section 6.3.1.
Here, Fe(TMA), clusters first combine with other Fe(TMA); units to give a nanogrid
that then self-assembles to create an extended array. The juxtapositions of the
nanogrids within this array leaves chiral cavities, which expose underlying Cu
surface atoms, decorated by surrounding carboxylate groups of the TMA.
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6.4
Chiral Recognition Mapped at the Single-Molecule Level

Chiral molecular recognition plays a pivotal role in controlling key events in
biological systems and in technological applications such as enantioselective chem-
istry, catalysis, chiral separations and sensors. However, chiral interactions are
difficult to probe generally and it is here that STM studies at surface have made a
pivotal contribution, because of its unique ability to observe single molecules, very
often with submolecular resolution.

6.4.1
Homochiral Self-Recognition

The loss of symmetry elements at a surface means that racemic mixtures of
molecules may be more prone to segregate into homochiral conglomerates, com-
pared to their 3D counterparts. Any surface system showing this behavior necessarily
must have undergone large-scale chiral recognition. Single-molecule events that
underpin such processes have now been mapped at the nanoscale by STM. For
example, chiral self-recognition by the cysteine./Au(1 1 0) system [42] leads to STM
images, Figure 6.11, for the enantiopure system showing dimer pairs of molecules
with the L-cysteine dimers rotated 20° clockwise with respect to the [110] direction
and D-cysteine dimers rotated 20° anticlockwise that is, the adsorption footprints of
the dimers are chiral, breaking the mirror symmetry of the gold surface. When a

Sulphur
® Nitragen
® Oxygen
© Carbon
o Hydrogen

Figure 6.11 Homochiral recognition of cysteine (d) D-cysteine pairs rotated anticlockwise (same
molecules on Au(110) showing: (a) Schematic size); (e) Homochiral molecular pairs from DL-
drawing of cysteine molecule; (b) Model of the cysteine (same size). (Reprinted by permission
(1% 2) Au(111) surface; (c) STM image of L-  from Macmillan Publishers Ltd from

cysteine pairs showing the main axis of the pair reference [42], copyright 2002).

rotated by 20° clockwise (49 x 53 A);
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racemic mixture of cysteine is deposited on the surface, only homochiral dimers,
identical in appearance to those formed from pure enantiomers, are observed
showing that chiral self-recognition has prevailed in the racemic system. DFT
calculations indicate that the preferred formation of homochiral dimers is driven
by the optimization of three bonds with the cysteine molecules. According to the
simulation, the most stable conformation involves hydrogen bonding between
adjacent carboxylic acid groups and bonding to the gold surface via the sulfur and
amino groups. It has been widely postulated that such “three-point” bonding is a
necessary condition for chiral recognition but, as the next example shows, the
phenomenon is much more complex.

Recently, dynamic chiral recognition events have been reported for the chiral
dipeptides di-D- and di-L-phenylalanine (D-Phe-D-Phe and L-Phe-L-Phe) adsorbed
on Cu(110) [43]. The larger size of the dipeptide molecule compared with the single
amino acid enables STM to map submolecular features, revealing two bright
protrusions for the phenyl rings and a central dimmer part associated with the
peptide backbone, as shown in Figure 6.12. STM images from the enantiopure
systems reveals that each enantiomer transcribes a preferred chiral adsorption
footprint, so that the main axis connecting the two phenyl rings is rotated 34°
clockwise from the [110] substrate direction for L-Phe-L-Phe but 34° counterclock-
wise for D-Phe-D-Phe. The dipeptide molecules further self-assemble into chains
that grow along nonsymmetry directions of the surface, with the self-assembly

di-L- and di-D-phenyalanine/Cu(110)

(b) (c) ‘oot e

Figure 6.12 D-Phe-D-Phe and L-Phe-L-Phe chains; (d) STM images (8.3 nm X 6.4 nm) of
adsorption on Cu(110) showing: (a) schematic individual di-phenylalanine molecules showing
diagrams of L-Phe-L-Phe (left) and D-Phe-D-Phe that the two enantiomers are mutual mirror
(right); (b) Ball model of Cu(110) surface; reflections with respect to the plane

(€) STM image (36 x 34 nm) of self-assembled perpendicular to the surface through the [1-10]
chains of L-Phe-L-Phe (left) and D-Phe-D-Phe  axis. (Reprinted from reference [43] with

from a racemic mixture on Cu(110). The arrows permission from Wiley-VCH).

indicate the growth directions of the homochiral
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process incurring a further rotation of the dipetide molecular axis that now lies 74°
clockwise from the [110] substrate direction for L-Phe-L-Phe and 74° counter
clockwise for D-Phe-D-Phe. When a racemic mixture is adsorbed, dynamic chiral
self-recognition processes are recorded in time-lapse STM images, with only homo-
chiral chains being formed, while heterochiral assemblies do not lead to stable
structures. DFT calculations show that individual dipeptide molecules bind to the
surface through the nitrogen of the amino group, one oxygen atom of the carboxyl
group and the oxygen atom of the carbonyl group, with the carboxylic and amino
groups located on the same side of the main molecular axis. However, when the
dipeptide is assembled into chains, the conformation of the molecules changes and
the carboxylic and amino groups now point in opposite directions, which allows head-
to-tail bonding. In addition, the bonding oxygen atoms change their relative positions
with respect to the [110] direction. The main intermolecular interaction is now a
strong hydrogen bond between the carboxyl group of one molecule and the amino
group of an adjacent molecule, with proton transfer occurring to give a chain of
zwitterionic molecules. Thus, the chiral recognition process leading to the formation
of these supramolecular homochiral chains is shown to be highly dynamic and does
not just result from a static “lock-and-key” fit of the molecules.

For prochiral molecules that have become chiral upon adsorption at surfaces, it is
sometimes possible to flip chirality in the adsorbed phase. Figure 6.13 shows such a
molecule that can, depending on the rotation around the C-C bonds, create LR/RL,
RR and LL stereoisomers at a Au(l11) surface [44], that is, the chirality of the
adsorbed species is now a dynamic property. This flexibility makes the molecule
highly receptive to the chirality of its surrounding and plays an important part in
accommodation of molecules within an enantiopure chiral array. This effect is
illustrated when LL and SS enantiomers self-organize into homochiral windmill
structures containing four molecules, which then undergo further assembly to create
a highly organized 2D chiral array. Time-dependent STM data show that the
expansion of this domain often involves chiral switching by arriving molecules in
order to conform to domain chirality. As an example, Figure 6.13, shows super-
imposed time-lapse STM images showing a RL isomer at the edge of a RR extended
domain, undergoing conformational switching to attain RR chirality in order to be
accommodated within the 2D array. This chiral recognition and dynamical switching
events offer interesting opportunities to steer overall system chirality into desired
directions.

6.4.2
Diastereomeric Chiral Recognition

6.4.2.1 Diastereomeric Chiral Recognition by Homochiral Structures

Homochiral recognition events of the type discussed in the previous section are now
becoming well documented. However, chiral recognition between dissimilar mole-
cules is far less investigated. Here, the creation of diastereoisomeric interactions is
central to the chiral discrimination. The first example of such recognition at surfaces
was provided by the adenine/Cu(110) system [23] discussed in Section 6.2, where
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Figure 6.13 Dynamical switching of molecular homochiral arrays; (c) Overlay of two STM
chirality at surfaces: (a) Schematic of molecule; images separated by 19's, showing

(b) Rotation around C—C bonds enabling LR/RL, transformation of an RL conformer into a RR
RR and LL isomers to be created at the Au(111) conformer at a domain boundary in order to be
surface; (c) Detail of STM image to show accommodated into the domain (Adapted from
homochiral windmill structures that further reference [44] with permission from Macmillan
assemble to give (d) large coexisting 2D Publishers Ltd.
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S-Phenylglycine/Adenine/Cu(110) R-Phenylglycine/Adenine/Cu(110)

Figure 6.14 Chiral recognition by dissimilar Coadsorbed (R)-Phenylglycine with adenine on
species. (Left) Coadsorbed (S)-phenylglycine  Cu(110) is found to only decorate adenine
with adenine on Cu(110) showing adsorption chains of the mirror chirality growing in the
only next to 1D adenine chains growing in the —19.5° (=1, 2) direction. From reference [23]
+19.5° (1,2) direction, with adenine chains of with permission from Macmillan Publishers Ltd.
the opposite chirality remaining bare. (Right)

homochiral 1D chains of both surface enantiomers are observed. When this system is
subsequently exposed to phenylglycine, the covalently bound amino acid was found
to show high chiral selectivity in adsorption, with enantiopure (S)-phenylglycine
coadsorbing only next to 1D adenine chains growing in the + 19.5° (1,2) direction,
with adenine chains of the opposite chirality remaining bare, Figure 6.14. Conversely,
when (R)-phenylglycine is introduced, it is found to only decorate adenine chains of
the mirror chirality growing in the —19.5° (—1, 2) direction. Interestingly, the chiral
selection occurs over a 20 A distance. Recent DFT calculations [45] suggest that this
chiral recognition process is governed by surface-mediated Coulomb repulsion
between the phenylglycine amino group and the DNA base rather than any direct
intermolecular interactions.

6.4.2.2 Diastereomeric Chiral Recognition by Heterochiral Structures

Chiral recognition abilities are generally associated with homochiral superstruc-
tures. However, recently, the first STM observation of chiral recognition within a
two-dimensional heterochiral racemic assembly of succinic acid (SU) molecules on
Cu(110) was reported [46], which leads to highly enantiospecific substitution of
individual tartaric acid (TA) guest molecules. This process represents an impor-
tant stepping-stone towards “mirror-symmetry breaking” in intrinsically racemic
architectures at solid surfaces, and detailed insights into its nature have been
obtained by STM, LEED, RAIRS and periodic DFT [46].

When SU is adsorbed on Cu(110) at a coverage of 0.25 monolayer, it creates a
heterochiral p(4 x 2) structure, in which the doubly dehydrogenated bisuccinate
species adopts a chiral motif that can exist in two distinct mirror orientations,
L-SU and D-SU, aligned along asymmetric directions of the substrate, Figure 6.15.
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Figure 6.15 A, B 80 x 80 A STM topographic  rectangle in A; D Schematic of the adsorption
images of (R,R) and (S,S)-TA substitutioninthe p sites occupied by (5,S)-TA (S in the figure) in
(4 x 2) SU/Cu(110) structure, respectively, The the area defined by the dashed rectangle in B;
angle of the long axis of TA with respect to [001] (E) DFT structural model of (R,R)-TA substituted
direction is denoted in the close-up images, at an L site compared with (F) (S,5)-TA

16 x 16 A, for (R,R)-TA. C Schematic of the substituted at an L site, which is energetically
adsorption sites occupied by (R,R)-TA (R in the unstable by 48 k) mol™'. (Reprinted from
figure) in the area defined by the dashed reference [46] with permission from Wiley-VCH.)

When enantiopure chiral guest molecules of (R,R)-tartaric acid are coadsorbed
with SU molecules, STM images show that the doubly dehydrogenated bitartarte,
(R,R)-TA, is incorporated within the structure at highly specific sites. In contrast
to the oval shape imaged SU, the TA molecules are resolved as much thinner
“slots,” which pinpoints their exact locations from the STM image. What clearly
emerges from the STM image in Figure 6.15a is that (R,R)-TA is only substituted
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in sites originally occupied by L-SU. When the opposite enantiomer (S,S)-TA is
coadsorbed, it only substitutes at the D-SU sites, as shown in Figure 6.15b. The
structures of the mixed overlayers, which are effectively quasiracemates, can be
mapped directly from the STM data, and are shown in Figures 6.15c and 15D.
Theoretical DFT modelling, using detailed information from the RAIRS, LEED
and STM data, shows that the enantiospecificity of site substitution is essentially
dictated by the architecture of the vacancy created within the heterochiral
structure, which leads to significant enantiospecific differences in inter- and
intramolecular hydrogen-bonding interactions and molecular backbone distor-
tion costs, Figures 6.15e and f. This combination leads to a large enantiospecific
preference of some 48 k] mol™?, with the major contributor to the enantiospecific
preference being the backbone distortion penalty that arises when the guest
molecule is forced into the wrong site. Significantly, this work signals that
ordered heterochiral assemblies at solid surfaces can be efficiently desymme-
trized via enantiospecific insertion of enantiopure guests within homochiral
chains in the structure, leading to stochastic creation of a range of diasteroi-
somers. Such processes, leading to departures from the racemic state, have been
suggested [11] as important stepping stones in the creation of biological
homochirality.

6.5
Summary

A wide range of rigorous surface science and theoretical techniques have now been
deployed to capture the nucleation, expression and transfer of chirality at the
nanoscale level. These first mapping have enabled the first molecular and atomic
level models of chiral induction at surfaces to be constructed, and this review has
highlighted some of the ways in which chirality is created at surfaces by the
adsorption of organic molecules. Examples of structures ranging in size from 1D
chains, to small 2D clusters and, finally, to large 2D chiral arrays are presented. The
phenomenon of chiral recognition, inherent in any kind of chiral assembly or
separation at surfaces, is also discussed. These pioneering studies will, undoubtedly,
form the foundation from which more sophisticated chiral phenomena can be
studied and, more importantly, exploited to create sophisticated functions at surfaces
and interfaces. There is also little doubt that the insights garnered by such surface-
science studies will illuminate chiral phenomena in liquid, gel and solid media.

Glossary of Terms Used

(STM) Scanning Tunnelling Microscopy

(LEED)  Low-Energy Electron Diffraction

(RAIRS) Reflection Absorption Infrared Spectroscopy
(DFT) Density Functional Theory
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Coverage at the surface is given in terms of fractional monolayers (ML), quoted
with respect to the number density of surface metal atoms.

The adlayer unit meshes are given in standard matrix notation as follows and
quoted in the text as (G11G12, G21G2)):

a' . G11 G12 a
b/ \GuGn/\b

where @/, b’ are the overlayer net vectors and the underlying metal surface mesh is
defined by a and b, using standard conventions.
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7
Expression of Chirality in Physisorbed Monolayers Observed
by Scanning Tunneling Microscopy

Steven De Feyter, Patrizia lavicoli, and Hong Xu

7.1
Introduction

Chirality abounds in natural and synthetic systems [1-3], and also it is therefore not
surprising that it is manifested in self-assembled monolayers at the liquid/solid inter-
face, although observingitdirectlyhas been virtuallyimpossible until relatively recently.
As we will show, it is actually hard not to induce chirality on surfaces by adsorp- tion of
molecules, even for achiral molecules. Chirality on surfaces is both expressed at the
level of the molecular organization and at the relation of this molecular organization
with respectto the symmetry of the substrate underneath (when the latter is crystalline).

Why bother with a dedicated chapter on chirality of physisorbed self-assembled
monolayers at the liquid/solid interface? What is different with respect to those
studies carried out for chemisorbed systems? Is there a difference at all? For sure,
there are many similarities: the arguments to discuss chirality in monolayers formed
under UHYV conditions or at the liquid/solid interface are the same [4-7]. There are
some important differences though, which on the one hand relate to technical
aspects, and on the other hand to some more fundamental issues.

Under both conditions, scanning tunneling microscopy (STM) [8, 9] is one of the
preferred techniques to investigate the ordering and properties of these self-assem-
bled layers. In STM, a metallic tip is brought very close to a conductive substrate and
by applying a voltage between the conductive media, a tunneling current through a
classically impenetrable barrier results between the two electrodes. The direction of
the tunneling depends on the bias polarity. The exponential distance dependence of
the tunneling current leads to excellent control of the distance between the probe
and the surface and very high resolution (atomic) on atomically flat conductive
substrates can be achieved. For imaging purposes, the tip and substrate are scanned
precisely relative to one another and the current is accurately monitored as a function
of the lateral position. The contrast in STM images reflects both topography and
electronic effects. In the constant height mode, the absolute vertical position of the
probe remains constant during raster scanning and the tunneling current is plotted
as a function of the lateral position. In the more popular constant current mode, the

Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and more. Edited by David B. Amabilino
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7.1 Top left: Schematic representation of STM at the
liquid/solid interface. Bottom left: STM image of highly oriented
pyrolytic graphite. Right: Molecules at the liquid/solid interface.

absolute vertical position of the probe (or sample) changes, and these changes are
plotted as a function of the lateral position.

The way molecules are brought onto the surface is different. Under UHV
conditions, molecules are “evaporated” onto the substrate with a superior control
on the surface coverage. To induce adsorption of molecules and order at the liquid/
solid interface (Figure 7.1), a drop of the solution with the compound of interest is
deposited on top of the substrate [10-12]. A major difference between the UHV
conditions and the liquid/solid interface is ... indeed the solvent. The choice of
solvent can be tuned as a function of the particular solute and/or substrate. Typically,
the solvent has a low vapor pressure, is nonconductive (electrochemically inert), and
shows a lower affinity for the substrate than the solute. On the one hand, the dynamic
exchange of molecules adsorbed on the surface and in the liquid phase promotes
repair of defects in the self-assembled layers. On the other hand, these solvent-
mediated dynamics, in combination with the fact that the temperature window at the
liquid/solid interface is much smaller than under UHV conditions, typically leads to
the visualization of monolayers, rather than submonolayers or clusters that can be
easily probed at low temperature under UHV conditions or in chemisorbed systems
where equilibria are slow [13]. Despite the fact that the effect of solvent has not been
probed in a systematically way yet, its role is anticipated to become crucial in directing
the expression of chirality at the liquid/solid interface. So far, a number of studies
have focused on the effect of solvent (polarity, viscosity, hydrogen bonding, etc.) on
monolayer formation [14, 15] but comprehensive studies on its role in directing/
tuning chirality at the liquid/solid interface are still awaited [16].

In this chapter, rather than giving an exhaustive overview of the many chirality
studies at the liquid/solid interface, selected examples will highlight the different
aspects of chiral self-assembly at the liquid/solid interface.
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7.2
How to Recognize Chirality at the Liquid/Solid Interface

7.2.1
Chirality at the Level of the Monolayer Symmetry

Basically, chirality is expressed at two different levels in self-assembled monolayers.
The first level is the molecular ordering or packing itself. The second level is the
orientation of the monolayer with respect to the substrate underneath. Let us first
focus on the symmetry aspects of the molecular ordering. In two dimensions,
molecules can self-assemble in 17 plane groups, 5 of which are chiral: p1, p2, p3,
p4, and p6. Matzger et al. made a tremendous effort to evaluate the data of all known
systems that self-assemble in 2D patterns at the liquid/solid interface so far [17]. More
specifically, they have compiled those data in what they call a two-dimensional
structural database (2DSD). This compilation is a 2D analogue of the 3D crystal
structure databases. They described the 2DSD as “providing the unified view of
interfacial self-assembly essential for investigation of 2D crystallization and comparison
with bulk crystals to uncover the basic similarities underlying all forms of self-assembly and
the differences due to the presence of an interface.” 876 monolayers are included in this
database. For each entry in the 2DSD, a structural description that matched the STM
image was developed including the plane group, the number of molecules in the
asymmetric unit, and the symmetry element on which the molecules reside.
Figure 7.2 is a schematic representation of the 17 plane groups used to describe
monolayer symmetry [17]. What is striking is the preference of a few plane group
symmetries out of the numerous possibilities and it resembles the space-group
preference apparent in the crystal structures of organic and metallo-organic com-
pounds. 5 of the 230 space groups describe more than 75% of all crystal struc-
tures [17]. These space groups have in common that they allow the densest packing
and maximize intermolecular interactions. In 2D, the plane groups p1, p2, pg, and
p2gg are predicted to enable objects of any shape to contact the largest number of
neighboring objects [17]. And indeed, these space groups are favored. Together p2
(58%), p1 (17%) and p2gg (10%) represent 85% of these structures. Therefore, it is
safe to conclude that the structures are in general influenced by the tendency toward
minimization of empty space. This has important implications for chirality. In three
dimensions, inversion centers are the most favored symmetry elements because they
generate the least amount of surrounding empty space and, furthermore, they limit
the like-like interactions that interfere with close packing [18]. In 3D, this leads to a
preference for centrosymmeric space groups. As a major consequence, achiral
molecules crystallize generally in achiral space groups and unit cells of racemic
mixtures contain both enantiomers. Crystals that contain both enantiomers in the
unit cell tend to be denser [19] and more stable than those composed of the pure
enantiomers [20]. In contrast, inversion centers are normally incompatible with the
surface-confined monolayers because of the noncentrosymmetricity at interfaces. In
two dimensions, twofold rotations provide the closest packing, while mirror planes
hinder close packings. Therefore, the propensity of twofold rotations in packing

217



218 | 7 Expression of Chirality in Physisorbed Monolayers Observed by Scanning Tunneling Microscopy

* * * *
t I “ I . Yt }:‘ﬁ% <
J g}
A N e U 5 A
] D0 F R

p1 pg p2gg p
17% 42% 9.7% none 1.4% 2.2%

* (. L. 7{" <~u) 4,)
JZC 1_
fl RES ? X ‘”
p2 3,{::311??‘5 JLmefn
58% none none
" L, i) L &JD Qr‘%
0 Ot
i) Qg
NS X J0a7 0
" Y (s 1)K el
p2mm pamm mm
none none none

Figure 7.2 Schematic representation of the 17 plane groups used
to describe monolayer symmetry for entries in the 2DSD, and their
abundances. The chiral plane groups are indicated by a star.
Reprinted with permission from [17].

motifs on a surface, lacking mirror planes, leads to a preference for 2D chiral crystal
formation. Indeed, p2 and p1 are the most abundant space groups and they are chiral:
mirror-related, nonsuperimposable domains can be formed on the surface. 79% of
the structures in the 2DSD are chiral, despite the fact that most of the molecules
investigated are achiral. Indeed, most molecules, chiral and achiral, and even racemic
mixtures form enantiomerically pure domains (see also Section 7.6). This propensity
for forming chiral 2D patterns cannot be explained by a change in the percentage of
chiral symmetry groups in two and three dimensions. It is due to the fact that close
packing in two dimensions is most commonly satisfied in chiral plane groups p1 and
p2. An important practical consequence is that such chiral 2D layers can be used to
induce formation of enantioenriched oligomers [21] and produce crystals that vary in
orientation with respect to the interface by inducing face-selective nucleation [22]. So,
in those cases where STM imaging is of sufficient quality, the formation and
observation of chiral patterns is often obvious, just by evaluating the symmetry of
the unit cell.

As we will stress later, though both achiral and chiral molecules form chiral
patterns, there is a distinct difference between both. While achiral molecules form
mirror-related domains at achiral surfaces, pure enantiomeric samples typically
form enantiomorphous domains: the patterns of “left-handed” and “right-handed”
molecules are mirror-related, but an enantiomerically pure compound, being “left-
handed” or “right-handed” does not form both mirror-related domains. This is the
general observation (rule) that will be discussed further in Section 7.3.
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7.2.2
Chirality at the Level of the Monolayer — Substrate Orientation

Monolayer chirality though is also (often) expressed at a different level, namely at the
orientation of the monolayer with respect to the substrate underneath. Let us discuss
this issue for graphite, which is the most popular surface studied so far at the liquid/
solid interface. Figure 7.3 is the structure of the upper carbon layer of the graphite
substrate, forming a honeycomb motif. The symmetry directions, according to the
Weber notation, are also indicated. Those along the equivalent <~12-10> directions
(indicated by thick solid arrows) are often called the “major symmetry directions.”
The set of equivalent <-1100> directions (indicated by dashed arrows) are running
perpendicular to the corresponding “major symmetry directions.” Let us take a
simple example, for instance molecules that stack in rows. Often it is observed that
these rows do not match the direction of the main symmetry axes or those running
normal to them (see for instance the thin solid arrow). A straightforward description
of the orientation of a monolayer, or a domain there of, with respect to the graphite
substrate underneath is by evaluating the orientation of a unit-cell vector with respect
to a symmetry axis of the substrate, that is, the angle between both. For practical
reasons, often that particular symmetry axis is selected (a major symmetry axis or a
“normal”) that makes the smallest angle with the unit-cell vector. Therefore, for those
systems where the unit-cell vector does not run parallel with respect to one of the
substrate symmetry axes, the selected unit-cell vector can be rotated clockwise
(positive angle) or anticlockwise (negative angle) with respect to the reference axis.
As we will illustrate later, achiral systems form both positive (unit-cell vector rotated

) [2110] .
[1070] [1100]

[1100] v [1010]
[2770]

Figure 7.3 Upper honeycomb lattice of highly  equivalent <—12—10> directions) and a
oriented pyrolytic graphite. The “main symmetry “normal” (belonging to the set of equivalent
directions” are indicated by thick solid arrows; <—1100> directions. The thin solid arrow
those running perpendicular to them are illustrates the orientation of a unit-cell vector of
indicated by dashed arrows. The direction of the the monolayer which typically deviates in
vectors is indicated using the Weber notation (in orientation from the symmetry directions of
grey). The two in black highlight a “main graphite.
symmetry direction” (belonging to the set of
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clockwise) and negative (unit-cell vector rotated anticlockwise) domains, while an
enantiomeric pure molecule typically self-assembles in one of both types of domains.

Obviously, the kind of analysis stated above only makes sense if the orientation of
the monolayers with respect to the substrate underneath is not random. Many of the
molecules, both alkylated and nonalkylated, investigated at the liquid/solid interface
often show a nonrandom orientation with respect to the graphite substrate. Mole-
cule—substrate interactions that for organic molecules on graphite are of the van der
Waals type are weak but non-negligible. Take, for example, alkylated molecules. Most
of the molecules investigated at the liquid/graphite interface carry alkyl chains. This
is because of the very good match between the structural parameters of the alkyl
chains (the distance between next-neighbor methylene groups measures 2.51 A) and
the distance between adjacent hexagons in the graphite lattice (2.46 A) [9, 23]. The
correspondence between the zigzag alternation of methylene groups and the distance
between the honeycomb centers of graphite leads to a stabilization energy of about
6.2Kk] mol ™~ per methylene group [24]. As aresult, alkyl chains run typically parallel to
one of the major symmetry axes of graphite, and this effect is the more pronounced
the longer the alkyl chains. Note that alkanes themselves do not form a chiral pattern
on graphite. They are stacked in a row: the long axes of the alkanes run parallel to a
main symmetry axis, while the row axis runs parallel to the corresponding normal. In
many cases though, rows formed of substituted alkanes will not run parallel to a
graphite’s symmetry axis. Any substitution that induces a lateral offset of the alkyl
chains will lead to a chiral pattern (see, for instance, Section 7.3).

7.2.3
Determination Absolute Configuration

With STV, itis occasionally possible to determine the absolute chirality of molecules,
for instance of individual adsorbed molecules (but not always by any means). The
geometric configuration (cis or trans) of several simple alkenes chemisorbed on the
silicon (100) surface has been determined under UHV conditions, through the ability
of the STM to identify individual methyl groups [25].

The direct determination of the absolute configuration has also been demonstrated
for a larger organic molecule with a single stereogenic center, that is, (R)/(S)-2-
bromohexadecanoic acid (CH3(CH;);3CHBrCOOH), which forms 2D crystals at the
liquid/solid interface [26]. In the high-resolution images of the monolayers formed by
this compound, the relative position of the bromine atom (bright) and the carboxyl
group (dark) canbe discerned and as such, the orientation of the rest of the alkyl chain is
alsodetermined (Figure 7.4). The long alkyl chain of the molecule mustlie down on the
opposite site of the bromine atom from the carboxyl group. So, it is assumed that the
“bulky” Br groupis facing away from the substrate. Given that three of the four groups
attached to the chiral carbon atom have been directly determined, the fourth, whichisa
hydrogen atom, is right beneath the bromine atom. Therefore, the atomic resolution
enables to determine the absolute configuration of a single organic molecule directly.
Note, however, that molecular dynamics calculations (see Section 7.6.1) indicate that
the interpretation of the STM data might not be that straightforward.
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(@) (b)

Figure 7.4 Schematic of the molecular structure of (R)-2-
bromohexadecanoic acid physisorbed on graphite. Detailed
assignment of individual atoms on a zoom of an STM image of a
chiral pair of (R)-2-bromohexadecanoic acid molecules. The
numbers 1-14 point to the positions of 14 hydrogen atoms on the
14 methylene groups. Reprinted with permission from [26].

Though the absolute chirality was determined in both cases discussed here, the
systems differ significantly. In the first example, individual molecules are chemi-
sorbed, while in the last case, physisorbed molecules are forming a 2D crystal.
Chemisorption can strongly affect the nature of the adsorbed molecule, for instance
by creating chiral centers as a result of a change in the hybridization state of the
carbon atoms. In contrast, physisorption does not affect the molecular properties
(such as valence) substantially upon adsorption, only the conformation is expected
to by influenced to some extent upon physisorption of flexible molecules to a
surface.

73
Chirality in Monolayers Composed of Enantiopure Molecules

Walba et al. were the first to report on the ordering of chiral molecules and the
expression of 2D chirality observed by STM [27, 28]. They highlighted the direct
observation of enantiomorphous monolayer crystals at the interphase between
HOPG and liquid-crystalline (smectic A phase) enantiomers at room temperature.
The images of monolayer crystals grown from both enantiomers exhibited
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well-defined rows of tilted, rod-shaped bright regions, but with the bright rods tilted
in opposite directions for the enantiomers. Since then, many reports have appeared
on the self-assembly of enantiopure molecules, especially at the liquid/solid inter-
face. Examples include terephthalic acid derivatives [29] carboxylic acid deriva-
tives [30], dihydroxyalkanes [31], 4-phenylene-vinylene oligomers [32-35], and many
others. In all these systems, the enantiomers form enantiomorphous monolayers.

As representative examples, Figures 7.5A and B show STM images of physisorbed
monolayer structures of, respectively, the (S)-enantiomer and (R)-enantiomer of a
chiral terephthalic acid derivative, 2,5-bis[10-(2-methylbutoxy)decyloxy]-terephthalic
acid (TTA) with two identical stereogenic centers [29]. The aromatic terephthalic acid
groups appear as the larger bright spots. The monolayers are characterized by two
different spacings between adjacent rows of (R,R)-TTA or (S,S)-TTA terephthalic
acid groups. For both enantiomers, the width of the broader lamellae (AL; =2.54 +
0.05nm) corresponds to the dimension of fully extended alkoxy chains, which are
lying flat on the graphite surface and almost parallel to a main graphite axis.
The width of the narrow lamellae (AL, =1.9 0.1 nm) indicates that the terminal
2-methylbutoxy groups are bent away from the surface, while the decyloxy groups are
lying flat on the graphite surface adopting an all anti conformation. For this system,
monolayer chirality is expressed in several ways. In regions of the monolayer where
the alkoxy chains are fully extended, the unit cells for the (S,S)- and (R, R)-enantiomer
are clearly chiral (plane group p2). Moreover, the STM images exhibit a clear
modulation of the contrast along the lamellae. This superstructure (Moiré pattern)
is attributed to the incommensurability of the monolayer with the underlying
graphite lattice. The unit cells of this contrast modulation, indicated in red, are
mirror images for both enantiomers, which means that each enantiomer forms its
characteristic enantiomorphous monolayer structure. This enantiomorphism is also
expressed by the orientation of the lamella axes with respect to the graphite lattice: the
angle 8 between a lamella axis (any line parallel to a row formed by terephthalic acid
groups) and a graphite reference axis (i.e. one of the symmetry-equivalent <-1100>
directions), which is (nearly) perpendicular to the alkoxy chains, takes a value
of —3.7°40.3° and + 3.7°40.3° for the (S,S)-enantiomer and (R,R)-enantiomer,
respectively. In addition to the effect of chirality on the 2D ordering of these
monolayers outlined above, monolayer images reveal elongated discontinuous
features (arrows), both in narrow and wide lamellae. In the narrow lamellae, the
position of those features can be assigned to the location of 2-methylbutoxy groups,
which are pointing away from the graphite surface. The discontinuous fuzzy
character of the observed features is due to the mobility of the nonadsorbed chain
ends and the interaction with the STM tip during the scanning process. However,
these streaky features are also observed in the wide lamellae, and are attributed to the
interaction between the scanning tip and the protruding methyl unit on the chiral
carbon atom, which allows the visualization of the location of stereogenic centers in a
direct way. Further support for this hypothesis was provided by the observation that
an increase of the bias voltage that results in a slight retraction of the tip only leads to
the disappearance of the spots correlated with the stereogenic centers, while the spots
related to the 2-methylbutoxy groups are still visible.
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Figure 7.5 STM images at the solid(HOPG)/
liquid interface and model of (A,C) S, S-TTA and
(B,D) R, R-TTA. Both enantiomers form mirror-
image-type patterns. Bottom: alkyl chains are not
always extended: the 2-methylbutoxy group is
often raised up from the HOPG surface (ALy).

The monolayer unit cell (for the fully extended
alkyl chains (AL,)) is indicated in yellow. The cell
parameters a, b, and Y measure 0.96 +£0.01 nm,
2.6 £0.1nm and 73 £3°. The red unit cell refers
to the epitaxy with the HOPG surface. Reprinted
with permission from [29].
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N
N4
N

Figure 7.6 STM images and chemical structures graphite interface. Image size: 18.4 x 18.4 nm”.
of (A) 1 (n=4) at the 1,2,4-trichlorobenzene/  Hydrogen bonding has a strong effect on the
graphite interface. Image size: 10.7 x 10.7 nm”. supramolecular architecture.The white ovals
(B) 2 (n=2) at the 1,2,4-trichlorobenzene/ indicate a conjugated backbone. Reprinted with
graphite interface. Image size: 12.1x 12.1 nm? permission from [32-34].

and (C) 3b (n=2) at the 1-phenyloctane/

Among the many enantiomerically pure systems that have been investigated,
some contain multiple chiral centers, such as the oligo-p-phenylene vinylenes
(Figure 7.6) [32-35]. They all carry (S)-2-methyl butoxy groups along the backbone.
In the first type, oligo-para-phenylene vinylenes that are functionalized at both
termini with three dodecyl chains (1, Figure 7.6A), self-assemble in highly organized
2D crystals on graphite by spontaneous self-assembly. The molecules form stacks as
shown by the STM images of the monolayers in which the bright features correspond
to the conjugated backbones, of which one is indicated by a white oval in the figure.
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Alkyl chains are interdigitated [32]. In the second and the third type, molecules are
functionalized by hydrogen-bonding groups such as ureido-s-triazine (type 2) (2,
Figure 7.6B) [33] or 2,5-diamino-triazine groups (type 3) (3, Figure 7.6C) [34, 35]. The
ureido-s-triazine derivatized oligo-para-phenylene vinylenes show linear dimerization
via self-complementary hydrogen bonding, as expected for this supramolecular
synthon. The molecules are stacked in parallel, though not equidistant rows. The
fact that the conjugated backbones forming a dimer are slightly shifted is in line with
the hydrogen-bonding pattern formed. In contrast, the 2,5-diamino-triazine deriva-
tized oligo-para-phenylene vinylenes show cyclic hexamer formation. Both 1 and 2
self-assemble according to the p2 symmetry group, while 3 according to the p6 plane
group. The domains formed by these compounds are again enantiomorphous too:
mirror-image related patterns were never observed, except of course for their mirror-
image enantiomers (not shown).

Within these series of oligo-para-phenylene vinylene derivatives, compound 3a
and 3b take a special place. For both molecules, the arrangement of the molecules in
individual rosettes is unidirectional but different for the two oligomers discussed.
The 3a rosettes appear exclusively to rotate clockwise (CW) while in 3b rosettes, the
molecules are exclusively arranged in a counterclockwise (CCW) fashion. No rosettes
of opposite chirality were found. Molecular chirality is transferred to the rosette
structures that in turn form chiral 2D crystalline patterns. Intuitively, one would
expect that the rosettes formed would show the same “rotation” direction, indepen-
dent of the number of stereogenic centers or conjugated oligomer length. The
difference in the virtual rotation direction of the 3a and 3b rosettes can be explained
by balanced molecule-molecule and molecule-substrate interactions. Molecules
tend on the one hand to minimize the free surface area (favored by a CCW rotation)
but in order to minimize steric interactions a less dense packing might be more
favorable (CW rotation). The final 2D pattern is the result of a delicate balance
between hydrogen bonding, van der Waals interactions between the alkyl chains and
between the stereogenic centers and the substrate, and the free surface area, which is
to a large extent affected by the ratio between the length of the conjugated backbone
and the alkyl chains.

The champion as far as the number of stereogenic centers is concerned is
compound 4 [36]. Typical STM images (Figure 7.7) show six-armed stars. The
unit-cell vectors a and b are identical in length (5.56 £0.07 nm) and the angle
between both unit-cell vectors measures 61+£2°. Though at a first glance it may
be not that obvious, but the STM images are two-dimensionally chiral. Consider, for
instance, the orientation of the longer dashed and shorter solid white lines that
connect the terminal phenyl groups of similarly oriented OPV units along unit-cell
vector b in Figure 7.7C. Note that these dashed and solid marker lines are not
collinear. Their relative orientation can be described as dashed-up and solid-down. 4
self-assembles into a chiral pattern in accordance with the plane group p6. The
surface pattern formed by this covalent star shows many similarities with 3b.
The similarities as far as the expression of molecular chirality on the level of the
monolayer structure and symmetry are concerned indicate that the chiral substi-
tuents play the same role in both systems.
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Figure 7.7 (A) and (B) Small-scale STM images Large-scale image. The unit cell is indicated.

of 4 at the TCB/graphite interface. The bright ~ The longer dashed and shorter solid white lines
rods are the OPV-units. Alkyl chains can clearly connect the terminal phenyl groups of similarly
be identified as the gray stripes between the OPV- oriented OPV units along unit-cell vector b.
rods of adjacent molecules. Inset: the orientation Reprinted with permission from [36].

of the main symmetry axes of graphite. (C)

So far, the question why do enantiopure molecules not form both mirror-image
related patterns was not discussed. The chiral organization of a chiral enantiopure
tetra meso-amidophenyl-substituted porphyrin containing long hydrophobic tails (5)
at the periphery of the conjugated m-electron system has been studied with the aim of
exploring the influence of stereogenic centers on the self-assembly in two dimen-
sions [37]. STM images of the compound at the graphite/heptanol interface reveal a
chiral arrangement of the molecules with the porphyrin rows tilted by 12.0° with
respect to the normal to the graphite axes (Figure 7.8). The porphyrin molecules
self-assemble into an interdigitated structure where the alkyl chains align along one of
the main symmetry axes of graphite and the porphyrin cores are slightly shifted with
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(d)

Figure 7.8 (A) Chemical structure of 5. (B, C)  indicated in red. The inset shows an STM image
STM images of 5 physisorbed at the interface  of graphite (not to scale). (C) Image of a domain
between graphite and 1-heptanol. The black lines boundary. Each inset relates to the domain

in the insets indicate the direction of the major underneath. (D) Side view of a model of
symmetry axes of graphite. The red dashed line, porphyrin 5 adsorbed on graphite. Note that the
running perpendicular to one of the main methyl group on the chiral center is directed
symmetry axes, is a reference axis selected to  towards the substrate. Reprinted with

evaluate the orientation of the monolayer with  permission from [37].

respect to the substrate. (B) The unit cell is

respect to one another. The direction of this shift, which defines the chirality of the
monolayer, is set by the chirality of the stereogenic centers. Importantly, molecular
modeling shows that the methyl groups of the stereogenic center point toward the
graphite surface. Note that this type of arrangement arises from the peculiar architec-
ture of the system studied here, namely the presence of the chiral center close to the
porphyrin core. Another conformation where the methyl group is pointing out of the
surface has been reported in a molecular dynamics study for a chiral mesogen
containing a 1-methylheptyloxy chain [38]. Experimental evidence also led to the
conclusion that the methyl group s pointing away from the surface for self-assemblies
of chiral terephtalic acid derivatives where the chiral center on the terminal 2-
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methylbutoxy group is far away from the aromatic core [29]. In fact, it is counterintui-
tive to expect that a “bulky” methyl group will face the graphite substrate, unless it is
merely there to fill space. The difference with the other systems where the methyl
groupis pointing out of the surface, is the specificlocation of the chiral centerin 5 (next
toanamide functionality) and the fact that the phenyl group close to the chiral center is
tilted, favoring therefore the interaction of the methyl group with the graphite surface.

Because of the presence of a “bulky” group on the stereogenic center, at the level of
the monolayer, it will matter if these “bulky” groups point up or down. Whatever the
preferred orientation, the other one, obtained by a C2 orientation along an axis
parallel to the substrate, would lead to a decrease in stability of the interface layer
because of nonoptimized interactions with the substrate. Therefore, enantiomeric
pure compounds show only one pattern and not the mirror-image one (ignoring the
absolute chirality of the molecules).

7.4
Polymorphism

Polymorphismisa phenomenon thatis quite normalin 3D crystals butis less explored
in self-assembled monolayers. Physisorbed monolayer films of a chiral terephthalic
acid (6) derivative have been imaged on graphite (HOPG) at the solution/substrate
interface using STM [39]. The molecule comprises a nonchiral aromatic moiety and a
chiralhandle. Itisfound to form several 2D polymorphs, all corresponding to the plane
group p2 (Figure 7.9). The STM images are characterized by rather large bright spots
corresponding to the location of aromatic terephthalic acid groups, which are aligned
in rows and define the lamella axis. The rows of smaller spots perpendicular to the
lamella axis reflect the orientation of the extended eicosyloxy groups. The 2-octyloxy
groups at the other side of the terephthalic acid row appear with a different contrast,
indicating a nonoptimal packing and increased dynamics on the STM timescale. They
are slightly clockwise rotated with respect to the long axis of the eicosyloxy groups. A
simplified model is indicated in yellow. This molecule self-assembles in polymor-
phous patterns (see STM image). As the eicosyloxy groups are oriented parallel to a
main graphite axis the lamella structure can be characterized unequivocally in terms of
its relation to the underlying graphite substrate. These data are summarized for both
enantiomers in the histograms in Figure 7.9. The angle between the terephthalic acid
rows and the appropriate substrate symmetryaxis has been determined foralldomains
composed of (S)-1 and the characteristic angles are approximately —3° and —12°
and +3°. Similarly, for (R)-1theimages were analyzed in the same way and depending
on the domain, this angle takes the values —3°, +3° or 412°. In agreement with
symmetry considerations, the similar absolute value of the row to graphite symmetry
axis angle for both positive and negative domains must be fortuitous and for the same
enantiomer, domains with positive and negative values cannot be truly enantiomor-
phous. Such domains that form apparently mirror images are diastereomeric and are
different 2D polymorphs. Polymorphism and quasi-enantiomorphism have also been
reported for some liquid-crystalline compounds at their interface with graphite [28].
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Figure 7.9 Top: Chemical structure of 6. Center: and are characterized by different values for the

Histograms reflecting the number of angle between a row of terephthalic acid groups
observations as a function of the value of the  and the substrate’s appropriate symmetry axis.
angle between a row of terephthalic acid groups The value of this angle in the domains |, 1, I1l and

and the substrate’s appropriate symmetry axis IV is +3.5°, —3.5°, +4.5° and —11°,
(reference axis). Left: (S)-enantiomer. Right: (R)- respectively. The orientation of the 2-octyloxy
enantiomer. Bottom: STM image containing groups can only be distinguished in the upper
several domain boundaries of (S)-6 physisorbed two domains. They appear to be rotated a few
at the 1-phenyloctane/graphite interface. degrees clockwise with respect to the normal
20 x 20 nm?. The white lines define the several on the lamella axis. Reprinted with permission
domain areas. These domains are polymorphous  from [39].
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7.5
Is Chirality Always Expressed?

In all these cases where chiral molecules are adsorbed on the surface the chiral
groups feel or interact with the surface. However, what is the fate of those systems
where the chiral groups do not touch the surface as a result of conformational or
packing constraints? We have already indicated that in case of the terephthtalic acid
derivatives with one or two chiral handles, chirality is expressed even if the chiral
handle itself is desorbed from the surface, which was attributed to the fact that there
are no domains where all chiral handles are adsorbed. In other words, the chirality of
the monolayer is directed by those molecules that have their chiral groups in contact
with the substrate.

Modeling studies indicated that for compound 7 (Figure 7.10) the combination of a
diacetylene and 2-methylbutoxy group can cause strain in the monolayer packing
upon interdigitation of the alkyl chains. Only in 1-octanol spontaneous monolayer
formation was observed. In other solvents — such as 1-phenyloctane, tetradecane, and
1-octanoic acid — no monolayer formation could be observed at all [40]. Figure 7.10
reveals a 2D arrangement of molecules in an image with submolecular resolution.
The aromatic isophthalic acid groups appear as bright spots and the distance between
these aromatic groups along a lamella axis is 0.96 £0.03 nm. Two different spacings

(a) H

—(CHL')B:_E_(CHZ){'O\/J\/

Figure 7.10 (A) Chemical structure of 7. width of a lamella built up by 1-octanol molecules.
(B) STM image of an ordered monolayer of (S)-7 (C) Tentative molecular model for the 2D packing
formed by physisorption at the 1-octanol/graphite of (S)-7 molecules in the area shown in B. Inset:
interface. The image size is 14 x 14nm?. Histogram of the angle between a row of
Iset=0.56 nA, and Vpias = —0.744 V. AL, indicates isophthalic acid groups and the substrate’s

a lamella formed by (S)-7. AL, corresponds to the relevant symmetry axis.
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are found between adjacent rows of (S)-7 head groups. The smaller spacing (AL2
1.09 £0.07 nm) corresponds to the dimension of coadsorbed 1-octanol solvent
molecules. For this particular molecule, coadsorption of the 1-octanol molecules is
essential for monolayer formation that indicates that the typical lamella-type struc-
ture for alkylated isophthalic acid derivatives involving interdigitation of alkyl chains,
is not a stable configuration for this system. No diacetylene groups could be
visualized. The width of the larger (S)-7 lamellae: (AL1 =2.39 £0.07 nm) is much
smaller than the dimension of interdigitating (S)-7 molecules with fully extended
alkyl chains (3.05nm). However, the experimentally obtained value is in good
agreement with the distance between the isophthalic acid group and the oxygen
atom in the alkoxy chain (2.43 nm). This is a strong indication that part of the chain,
namely, the 2-methylbutoxy group is bent away from the surface, while the other part
of the molecule is lying flat on the graphite surface, adopting an extended
conformation.

The chiral center in the 2-methylbutoxy groups may still influence the 2D packing
of the molecules, even though this part of the chain is bent away from the substrate’s
surface. However, the angle between a row of isophthtalic acid groups and the
substrate’s relevant symmetry axis is symmetrically distributed around 8 =0. The
chiral nature of the molecules is not expressed by the ordering of the molecules
on the surface, which is most probably due to the fact that all the 2-methylbutoxy
groups are bent away from the surface, pointing up into the liquid phase.

7.6
Racemic Mixtures: Spontaneous Resolution?

An interesting case of surface stereochemistry is that of the fate of a solution of a
racemate on a substrate. Based upon symmetry considerations, it should be easier to
induce racemic conglomerate — each domain contains only one of the two enantio-
mers — formation rationally at surfaces than in three-dimensional (3D) systems [41].
Most studies reported so far for self-assembled monolayers on graphite — the case that
is pertinent here — demonstrate racemic conglomerate formation, while in 3D
crystals, for instance, racemic compound — in which the two enantiomers are present
in equal proportions in the unit cell — formation is dominant. The reasons for the
preferred formation of racemic conglomerates in 2D were already discussed in
Section 7.2.1. We will limit ourselves here to present some systems, always at the
liquid/solid interface.

7.6.1
Chiral Molecules

As stated before, most of the reports of molecules self-assembled by physisorption at
the liquid/solid interface indicate racemic conglomerate formation [2], including a
study by Flynn et al. on the self-assembly of (R)/(S)-2-bromohexadecanoic acid
(CH;3(CH,)13CHBrCOOH), which forms 2D crystals at the liquid/graphite interface
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and allowed the determination of the absolute configuration of the molecules [26].
Recent molecular-dynamics simulation studies carried out in “UHV” conditions,
neglecting solvent effects and image-charge interactions suggest, however, that
racemic (R)/(S)-2-bromohexadecanoic acid on graphite is likely to form enantio-
mixed domains though, and highlight the subtleties that can lead to the formation of
enantiomixed rather than enantiopure domains [42]. In particular, the calculations
indicate that the difference in height between bromine atoms in a hydrogen-bonded
racemic or heterochiral dimer between (R)-2-bromohexadecanoic acid (bromine
atom facing down) and (S)-2-bromohexadecanoic acid (bromine atom facing up) is
quite small (only 0.3 A), and is less than intuitively anticipated.

Only in a few cases has pseudoracemate formation been reported. In the STM
images of PB, physisorbed at the 1-phenoloctane or 1-heptanol/graphite interface
(Figure 7.11), the phenyl benzoate moieties show up as the bright structures
corresponding to high tunneling current through the aromatic groups [43, 44]. The
alkyl chains are located in between the rows of the phenyl benzoate groups, and
sometimes their orientation can be discerned. The location and orientation of a
number of phenyl benzoate groups are indicated by sticks. The molecules form
chains thatin turn form dimers. The X-ray data of their 3D crystals indicate hydrogen-
bonding interactions along the chains and between them through the formamide
groups. The molecular chirality of the pure enantiomers of PB is expressed at the
1-heptanol/graphite interface at two different levels: (1) at the level of the monolayer
structure as expressed by the orientation of the phenyl benzoate moieties (or) with
respect to the lamella normal and (2) at the level of the orientation of the adlayer with
respect to the underlying graphite lattice as expressed by the direction of the lamella
axis of the monolayer with respect to the symmetry axes of graphite (8) (Figures 7.11B
and C). The histograms in Figure 7.11D represent the number of domains for which
the lamella axis is rotated a given angle 6 with respect to the graphite’s reference
axis and they reflect this second level of expression of chirality for (R)-PB, (S)-PB and
(rac)-PB, respectively. Despite the considerable spread, in none of the three cases is
the orientation of the lamella axis with respect to the substrate’s symmetry completely
random. (R)-PB has a strong tendency to form domains with 6>0 (Figure 7.11Da)
while (S)-PB forms preferentially domains with 6 <0 (Figure 7.11Db). In addition,
both enantiomers form a substantial fraction of domains for which the angle 0 is
close to zero (Figures 7.11Da and b). In contrast to the enantiopure forms, the
racemate forms exclusively domains with the angle 6, close to zero (Figure 7.11Dc).
So, the patterns formed by the racemate are not a mere reflection of the adsorbate
layers formed by the pure enantiomers. Therefore no racemic conglomerate forma-
tion takes place. The exclusive formation of 6 = 0 domains for the racemate suggests
that there is a preferred interaction between both enantiomers, as opposed to the
formation of homochiral domains.

Another example of nonconglomerate formation is the self-assembly of a racemic
mixture of (9R,10R)-9,10-diiodooctadecan-1-ol and (95,10S)-9,10-diiodooctadecan-1-ol
[45]. These are relatively flat molecules and when they approach the surface, they could
expose two different faces. In these molecules, the two iodine atoms are on the same
side of the backbone chain. As a consequence, upon adsorption, the two iodine atoms
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Figure 7.11 (A) STM image of (R)-PB at the 1- represents a lamella axis. 8: angle between the
heptanol/graphite interface. Image size: reference axis and the lamella axis. o angle
11.0 x 11.0nm?. Two phenyl benzoate groups  between the normal on the lamella axis and the
are indicated by a white bar. (B, C) Schematic  (R)-PB dimer. (D) Histograms of the angle 6
representations of the orientation of “dimers” of observed for physisorbed monolayers of (a)

PB on graphite. The vertical line indicates the  (R)-PB (b) (S)-PB and (c) (rac)-PB. Reprinted
reference axis of graphite. The dashed line with permission from [44].

are facing up, above the alkyl chain, or they are facing down, buried underneath the
alkane chain (Figure 7.12). Due to the presence of the chiral centers, for a given
enantiomer, the interaction of one of the faces with the substrate will be favored. The
molecules assemble in rows and each row is composed of only one type of optical
isomer. Molecules in adjacent rows are the opposite optical isomers. Despite the fact
that (R)- and (S)-rows appear in an alternating fashion, adjacent rows don’t form mirror
images because for one enantiomer, both iodine atoms are facing up while in the
adjacent row for the other optical enantiomer, both iodine atoms are facing down. The
entire domain, although composed of both the S and R enantiomer, is chiral.
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(b)
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Figure 7.12 Models of (a) (9S,10S)-9,10-diiodooctadecan-1-ol
and (b) (9R,10R)-9,19-diiodooctadecan-1-ol, showing

different faces of the two molecules. Reprinted with permission
from [45].

In contrast to studies in UHV [46], only few examples of nonracemic mixtures have
been investigated and no firm conclusions concerning the possibility of “majority
rules” effects could be drawn [44].

7.6.2
Achiral Molecules

Certain molecules that are achiral in the gas phase or solution phase can be described
as prochiral — one desymmetrizing step away from chirality — if they become
asymmetric when they are constrained to a surface because of the nonequivalence
of the two faces. Others remain achiral upon deposition on the surfaces but,
nevertheless, form chiral structures. Why do achiral molecules form chiral 2D
structures, at least locally, even if they are nonprochiral? The event of forming a
chiral 2D pattern is not a consequence of (just) molecular asymmetry. It is the result
of intermolecular and molecule—substrate interactions [47]. Asymmetry is easily
introduced in the 2D packing motif.

Consider for instance 4’-alkyl-4-cyanobiphenyl derivatives [48]. Though these
molecules are achiral in solution, upon adsorption on an atomically flat substrate,
the alkyl chains make an angle with the biphenyl axis, breaking the symmetry of the
molecule. As a result, 2D chiral patterns are formed (Figure 7.13).

Also, molecules with threefold symmetry often undergo symmetry breaking upon
adsorption [49]. For instance, alkoxylated triphenylene derivatives (Tn) with short
alkoxy chains (n=15) (T5) assemble in nonchiral hexagonal lattices (symmetry p6m)
(Figure 7.14) [50, 51]. Upon increasing the alkyl chain length (n=11) (T12), the
substrate—alkyl chain and alkyl chain—alkyl chain interactions start to dominate the
packing and the arrangement of the alkyl chains is locally chiral (symmetry p6).
Further increasing the alkyl chain length (T16) often leads to molecules organizing in
(chiral) dimer rows, again the result of increasing alkyl chain — alkyl chain and alkyl
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Figure 7.13 Top: STM images of a 4’-alkyl-4-cyanobiphenyl
derivative (10CB) adsorbed on HOPG. Tentative model of the
ordering of the two-possible, mirror-image related, orientations of
4'-alkyl-4-cyanobiphenyl compound on a surface. Reprinted with
permission from [48].

chain—substrate interactions (symmetry p2) [52]. In addition, the substrate plays an
important role in mediating the molecule—substrate interactions. While for T11 a
monolayer of p6 symmetry is obtained, upon adsorption on graphite, a p2 lattice is
formed on Au (111) [53].

Similar to chiral molecules, most achiral systems that become 2D chiral upon
adsorption on a surface show conglomerate formation: packing of one (2D) stereo-
isomer with copies of itself is thermodynamically more favorable (or faster kineti-
cally) than packing with other molecules [54, 55].

An elegant system has been presented where the stereochemical morphology of
monolayers formed from alkylated prochiral molecules on HOPG switches from a
2D racemate to a 2D conglomerate by the addition of a single methylene unit to each
side chain [56]. The two anthracene derivatives (1,5-bis-(3'-thiaalkyl) anthracenes)
contain linear alkyl chains at the anthracene 1 and 5 positions, the alkyl chains of the
longer analogue contain one additional CH, unit. (Figure 7.15) A striking difference
is observed between both compounds. For the smaller compound (n=11), the
orientation of the anthracene moieties alternates from row to row, leading to a
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Figure 7.14 (A) STM image of T12 on HOPG and

(B) corresponding molecular model. (C) Chemical structure of
alkoxylated triphenylene Tn. (D) STM image of T16 on graphite.
Reprinted with permission from [52].

EeZ A

racemic monolayer with pg plane group symmetry, while for the longer analogue
(n=12), the orientation of the anthracene units remains constant within a given
domain, reflecting the formation of a 2D conglomerate monolayer with p2 plane
group symmetry. Isolated mirror image 2D enantiomers have identical energy, while

Hanst cn‘s (a) (b)‘

(L

s conglomerate racemate

St n=12 n=11
Figure 7.15 (A) Structures of the anthracene derivatives.

(B) STM-image (11 x 11 nm?) of the longer alkyl chain compound

(n=12) adsorbed on HOPG. From row to row, the anthracene

units are parallel. A 2D conglomerate is formed. (C) STM-image

(12 x 12 nm?) of the shorter alkyl chain compound (n=11)

adsorbed onto HOPG. From row to row, the anthracene units

(indicated by arrows) are twisted. A 2D racemate is formed.

Reprinted with permission from [56].
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pairs of interacting 2D isomers are diastereomeric and have distinct energies. For
both compounds, the lowest-energy row contains molecules of identical 2D chirality.
However, the difference between both compounds is a result of the relative orienta-
tion of adjacent rows. What determines this difference? The monolayer structure is
determined both by molecule-molecule and molecule-substrate interactions. Alkyl
chains tend to align along one of the main symmetry axes of graphite and methylene
groups of adjacent chains align in registry so as to maximize intermolecular van der
Waals interactions. The different stereomorphologies arise from the different relative
orientation of the CH,-CHj; and the C-aryl-C1’ bonds within the same side chain (see
Figure 7.15). For the shorter compound, both bonds are parallel, while for the longer
compound, these bonds make an angle of about 110° within the same chain.
Optimizing the interchain van der Waals interactions, in combination with the
all-trans conformation of the alkyl chains, leads to the difference between interrow
orientations of the anthracenes.

Interestingly, by using crystal-engineering principles, the controlled formation of
2D conglomerates and racemates was extended, by using alkylated anthracene
derivatives with one or two oxygen atoms in each alkyl chain. The placement and
orientation of the ether dipoles in the alkyl chains determine the monolayer
morphology and overrule the odd-even effect [57].

7.7
Multicomponent Structures

A number of studies deal with the self-assembly of multicomponent structures, where
achiral and chiral molecules are mixed. In a first example the components are very
similar. A 1: 1 mixture of hexadecanoic acid with racemic 2-bromohexadecanoic acid
physisorbed onto a graphite surface. These compounds coadsorb onto the surface, and
the mixed monolayer film resolves into domains of hexadecanoic acid with either (R)-
or (S)-2-bromohexadecanoic acid [58]. As observed for other fatty-acid molecules with
an even number of carbon atoms, achiral hexadecanoic acid forms domains exhibiting
nonsuperimposable mirror-image domains — enantiomorphous domains. The mo-
lecular axis is oriented perpendicular to the lamella axis. As demonstrated by the
random appearance of bright spots in the images, which are assigned to bromine
atoms, the 2-bromohexadecanoic acid molecules sporadically appear in the monolayer.
The relative orientation of the bromine atoms to the carboxylic groups remains
consistent throughout the STM images of a single domain that is mainly composed of
achiral hexadecanoic acid molecules. In a given domain, all of the bromine atoms lie
either above and to the left of the carboxyl group or below and to the right of the
carboxyl group. This means that racemic 2-bromohexadecanoic acid coadsorbed with
hexadecanoic acid segregates into separate chiral domains (Figure 7.16). The forma-
tion of enantiomorphous domains by hexadecanoic acid and the segregation of
2-bromohexadecanoic acid in hexadecanoic acid domains was explained in the
following way. As in hexadecanoic acid the two-dimensional self-assembly is con-
trolled by hydrogen bonding, the hexadecanoic acid molecules appear as homochiral
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(@)

Figure 7.16 (A) Top and side view of a possible
model for a domain consisting of both (R)- and
(S)-2-bromomhexadecanoic acid mixed with
hexadecanoic acid molecules physisorbed on
graphite. In A (B), the conformer on the left-hand
side indicated with a star is an (R)-enantiomer
((S)-enantiomer)), the one on the right-hand side
is an (S)-enantiomer ((R)-enantiomer). In A (B),

the (R)-enantiomer ((S)-enantiomer) has a
bromine protruding up and away from the
graphite substrate, while the (S)-enantiomer
((R)-enantiomer) has the bromine pushing into
the surface. This last configuration is
energetically unfavorable and therefore is
rejected as a model for the mixed monolayer.
Reprinted with permission from [58].

pairs on the substrate. As a consequence, the domains composed of these chiral pairs
are also chiral. Assuming that the most stable interaction of a 2-bromohexadecanoic
has the bromine groups directed to the liquid phase instead of the substrate, (R)-2-
bromohexadecanoic acid fits only in an “A” domain (Figure 7.16A) and (S)-2-
bromohexadecanoic acid coadsorbs in an “B” domain (Figure 7.16B).

To investigate the presence of an odd/even effect, similar experiments have been
carried out but now in the presence of heptadecanoic acid [59]. Determination of the
absolute configuration of the racemic 2-bromohexadecanoic acid molecules coad-
sorbed in the heptadecanoic acid matrix suggests that each lamella is composed of
alternating coadsorbed (R)- and (S)-2-bromo-hexadecanoic acid molecules. These
experiments indicate a clear odd-even effect: even-numbered acids induce domains
of high enantiomeric purity, while odd-numbered acids cause coadsorption of both
enantiomers within the domains.

Few other examples of multicomponent structures have been reported.
Figures 7.17A and B represent STM images of a monolayer of the (S)-enantiomer
(S)-ISA) and the (R)-enantiomer (R)-ISA), respectively, of a chiral isophthalic acid
derivative (5-[10-(2-methylbutoxy)decyloxylisophthalic acid) (ISA) physisorbed from
1-heptanol [60]. As far as the packing of the isophthalic acid molecules is concerned,
each enantiomer forms its characteristic enantiomorphous lamella structure. The
orientation of both enantiomers with respect to the graphite surface is shown in
Figures 7.17C and D. The orientation of the coadsorbed 1-heptanol molecules
depends on the enantiomeric character of the domain in which those molecules
are coadsorbed. For (S)-ISA, the alcohol molecules are rotated clockwise with respect
to the normal on the isophthalic acid lamellae while for (R)-ISA monolayers,
this rotation is counterclockwise. As such, the orientation of achiral coadsorbed
molecules is influenced by the chiral character of the domains. Coadsorption of
aliphatic alcohols (1-heptanol, 1-octanol, 1-undecanol) is a typical phenomenon in the



7.7 Multicomponent Structures

Figure7.17 Monolayer image and model of (S)-ISA (A and C) and
(R)-ISA (B and D). ALy and AL, indicate lamellae composed of ISA
and 1-octanol molecules, respectively. 0 is the angle between the
lamella axis and the graphite reference axis. ¢ is the angle between
the 1-octanol axis and the normal on the lamella axis of ISA.
Reprinted with permission from [60].

presence of 5-alkyl(oxy)-isophthalic acid derivatives [61]. The investigation of the
racemic solution indicates conglomerate formation.

Self-assembled monolayers of stearic acid, (R,S)- and (S)-16-methyloctadecanoic
acid complexed with 4,4’-bipyridine in a 2 : 1 ratio have been observed at the liquid/
graphite interface too [62]. Of special interest is the fact that the pure enantiomers
self-assemble into a pattern that can hardly be called chiral. The alkyl chains run
perpendicular to the row director. It is even suggested that the chiral unit itself is
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desorbed from the substrate. However, upon adding bipyridine to the enantiomer, a
supramolecular complex is formed with a clear expression of enanotiomorphous 2D
chirality. Adding bipyridine to (R, S)-16-methyloctadecanoic acid creates an identical
pattern too, exhibiting the mirror-image-related organizations, indicating spontane-
ous resolution (Figure 7.18).

7.8
Physical Fields

Patrick et al. introduced a new method that allows the preparation of macroscopically
homochiral films with twisted but achiral inputs [63]. The chiral symmetry of the films
is systematically broken by the use of a liquid crystal (LC) solvent and a magnetic
field to induce a preferred inplane orientation of adsorbed molecules on an achiral
single-crystal substrate. The molecular packing can be selected and controlled so that
left-handed, right-handed, or a mixture of left- and right-handed molecular domains
can be prepared (Figure 7.19). Crystallization of an 4-cyano-4'-octylbiphenyl (8CB)
monolayer on graphite leads to racemic surfaces on a macroscopic scale. Figures 7.19b
and c show two possible packing arrangements. By applying a magnetic field (1.2 T)
parallel to the substrate as a droplet of 8CB was placed on the surface, the orientational
order in the bulk supernatant LC becomes imprinted on the monolayer, producing a
molecular film with macroscopic uniform in plane alignment. By rotating the
magnetic field direction one packing can be more favored while another one is less
favored. Thus, the symmetry between two molecular packings was broken, producing
a film with a net excess of one enantiomorph over the other.

7.9
Outlook

Chirality at the liquid/solid interface is without any doubt a fashionable topic. It is
fascinating to discover how molecules self-assemble on surfaces and how the
outcome of the self-assembly is directed by the presence or absence of chiral centers.
Attheliquid/solid interface, alot of progress has been made in evaluating the relation
between molecular structure and the 2D chirality of the formed patterns. However, is
that all there is to be done? Definitely not! What is needed are more and targeted
systematic studies to address specific aspects such as the role of the location of a
stereogenic center along an alkyl chain, the effect of the size of the stereogenic center,
the effect of the number of stereogenic centers. .. to name just a few.

The most popular substrate has been graphite — because of the ease of preparation
of the surface — and as a consequence the interaction between the molecules and the
substrate can be regarded to be physisorption in nature. The popularity of graphite
has, however, also limited the extent to which the effect of substrate—-molecule
interactions has been probed. There are only a few systematic studies of the effect of
substrate and clearly much more effort is needed.



Figure 7.18 (A) STM image of (R,S)-16-methyloctadecanoic acid
in the presence of 4,4'-bipyridine. (B) Structural drawing of

the mirror-image-related domains. Reprinted with permission
from [62].

7.9 Outlook
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Right- Left-
handed handed

-80 -60 -40 -20 0 20 40 60 80

%1100
Figure 7.19 Monolayers of 8CB on graphite: molecular headgroup orientations determined
(a) STM image of a right-handed domain by STM for samples prepared with three
(20 x 20nm?). (b) Model illustration of right-  representative field alignments with respect to
handed and (c) left-handed forms, which the arrow indicated in image (c): (d) field at

representtwo of the six possible arrangements of —19°; (e) field at 0°; and (f) field at +19°.
molecules in the monolayers; note that the two Reprinted with permission from [63].
are mirror images. (d)—(f) Histograms of

The great unknown so far is the role played by the solvent. It is well known that the
solvent can have a major effect on the outcome of the self-assembly process. In some
cases, the solvent is coadsorbed, that is, it is part of a complex 2D multicomponent
crystal, while for other systems, the 2D patterns formed depend on the nature of the
solvent though the solvent itself apparently is not incorporated in the 2D self-
assembled pattern. For chiral systems, the role of solvent has not been investigated
so far. Also, what about the role chiral solvents might play in directing the self-
assembly of achiral or chiral solutes at the liquid/solid interface?

One of the key topics will remain the investigation of how spontaneous resolution
can be achieved, controlled or templated at the liquid/solid interface, a major issue for
the pharmaceutical industry. Amplification of chirality effects, such as the “majority-
rules” effect and the “sergeants-and-soldiers” principle [64], at the liquid/solid
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interface also need to be explored. What is striking so far is the limited number of
theoretical studies addressing topics such as the interaction of chiral molecules on
surfaces and chiral separation in two-dimensional systems [38, 42, 47]. This should
not come as a surprise as such calculations require a lot of effort and time. However,
the ever increasing computer power will allow computational probing of the self-
assembly of at least relative simple systems at the liquid/solid interface. For sure,
there is still a lot to discover and to learn ahead of us.
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8
Structure and Function of Chiral Architectures of Amphiphilic
Molecules at the Air/Water Interface

Isabelle Weissbuch, Leslie Leiserowitz, and Meir Lahav

8.1
An introduction to Chiral Monolayers on Water Surface

Monolayers of self-assembled amphiphilic chiral molecules at the air/water interface
attract great interest since they can serve as useful models for biological membranes
and the design of surfaces in the material sciences. In particular, such systems, in
which polar head-groups are those that are directed towards the water phase, while
the hydrophobic groups (normally alkyl chains) are directed away from it, can provide
an important insight on the enantioselective interactions taking place between
molecules. The interactions include those between the hydrophobic tails of homo-
chiral and heterochiral molecules as well as those of their polar head-groups with
molecules present in the aqueous solution.

The first study on chiral monolayers was reported in the 1950s by Zeelen in his
Ph. D. thesis supervised by Professor Havinga [1]. Years later, the Swedish scientist
Monica Lundquist [2] reported comparative surface-pressure—area (IT-A) isotherm
studies as function of temperature on monomolecular films composed from either
enantiopure or racemic amphiphilic molecules deposited on water. She comple-
mented these studies by X-ray powder diffraction measurements on the highly
compressed films after their transfer on solid support. On the basis of these studies
she inferred that the amphiphilic molecules in the compressed state are packed in
crystalline arrays so that in some of these films the hydrocarbon tails are aligned
vertical on the water surface, whereas in others the chains are tilted. Additional IT-A
isotherm studies performed during the 1980s by Arnett and coworkers demonstrated
that certain racemic mixtures of amphiphilic molecules spread at the air/aqueous
interface undergo spontaneous resolution in two-dimensions. These early investiga-
tions were summarized in two comprehensive reviews by Arnett’s group [3, 4].

The advent of modern surface-sensitive analytical tools coupled with theoretical
computations on 2D films has recently revolutionized the surface sciences. In
particular, with the availability of intense, monochromatic and low-divergence syn-
chrotron X-rays, and the application of epifluorescence, Brewster angle and scanning
force microscopy methods, it became possible to determine the morphology, at near
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nanometer level, and the structure at near atomic level, of ordered 2D molecular self-
assemblies, directly on liquid surfaces. Of particular interest are the reports that
describe the dynamics of the structural changes that take place during phase separa-
tion in 2D nonracemic films or during their reactivity at the air/water interface.

Here, we present results on comparative structural and functional properties of
monolayers composed from self-assembled enantiopure and racemic amphiphilic
molecules. We focus on model systems that can shed light on the early stages of
crystal nucleation at the molecular level and on the role played by such architectures
as templates for epitaxial crystallization, as well as on the use of such architectures for
“mirror-symmetry breaking” and amplification of chirality in mother Nature. A
special issue in the journal of Current Opinions in Colloids and Interface Science
(2008, Volume 13) was dedicated to recent progress to this field.

8.2

Two-Dimensional Crystalline Self-Assembly of Enantiopure and Racemates

of Amphiphiles at the Air/Water Interface; Spontaneous Segregation of Racemates
into Enantiomorphous 2D Domains

Upon crystallization, racemates can form either (i) a racemic compound, in which the
two enantiomers — that are related by an inversion center and/or by glide symmetry —
pack in the same crystal, or (ii) u