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Preface

Dye chemistry was one of the initial topics of chemical research in the academic
as well as industrial field. At the early stage of dye research, in the last decades of
the 19th and the beginning of the 20th century, the focus was on the elucidation
of structures of natural dyes aiming at the development of their chemical
syntheses and to establish theoretical concepts for the understanding of the
color-constitution relationship as a prerequisite for the design of new artificial
colorants. The major outcome of these pioneering efforts for mankind was that
color is no more a privilege of nature and, hence, multi-colored paints entered
our everyday life and textiles of any desirable shade became accessible.

Nowadays most colorants have the purpose to satisfy our aesthetical needs
and, thus, thousands of dyes and pigments are produced on industrial scales.
Nevertheless, nearly periodically new demands arise for so-called “functional
dyes” whose m-conjugated systems exhibit novel functionalities beyond aes-
thetical purposes. Optical brighteners or near-infrared absorbers are examples
where even transparency in the visible spectrum is desired and dyes for non-
linear optics, holographic optical data storage and two photon absorption
are further examples where the color properties of “dyes” are insignificantly
related to the functional demands.

Whereas most of these applications can still be addressed by appropriate
design of the molecular properties of the -conjugated backbone, i.e. the chro-
mophore, nature has developed other types of functional dyes which obtain
their functionality only by proper organization of dye molecules in space,
typically within a protein matrix. Moreover, in most cases not a particular
dye, rather a multichromophoric entity imparts the desired functionality. For
example, regulation of oxygen transport requires oligomeric protein assem-
blies containing iron porphyrins (hemoglobin) and the photoinduced electron
transfer cascade in the reaction center of photosynthesis needs a set of func-
tional dyes arranged across the photosynthetic membrane in proper geometry.
Most intriguing, to enable highly efficient conversion of sunlight into chemi-
cal energy, nature has developed light-harvesting systems which incorporate
hundreds of dye molecules in well-defined spatial proximity to efficiently feed
the reaction centers of photosynthesis with excitation energy.

Exploration of the structure-function relationship of such complex nat-
ural assemblies with the aim to develop efficient artificial photoactive de-
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vices constitutes, indeed, a major goal of current interdisciplinary research
in the field of functional dye systems. Supramolecular chemistry contributes
to this field by offering the toolbox for the synthesis of the desired archi-
tectures and their structural characterization. Time resolved spectroscopic
characterization of photophysical properties of these structures allows to
compare their functionality with those of the natural counterparts and to
evaluate the prospects for various technical applications. It is very encour-
aging in this respect that in the last few years rationally designed dye as-
semblies proved to be successful in the fields of organic electronics and
photonics where dye-dye interactions in the bulk state and at interfaces are
of crucial importance for the desired functionalities of charge and energy
transport.

This monograph is intended to provide coverage of a selection of different
aspects of supramolecular dye chemistry with special emphasis on the elabora-
tion of concepts for the realization of defined multichromophoric architectures
in solution and at interfaces. We regret that some interesting topics, e.g. photo-
switches and sensor materials, of this very rapidly growing research field could
not be considered and, even not all classes of dye assemblies are covered by
the given chapters. For example, the oldest class of dye assemblies, i.e. cyanine
dye aggregates, is not included because our principle of organization is based
on the respective noncovalent forces and not on the classes of dyes. Only in the
first chapter by T. S. Balaban, H. Tamiaki and A. R. Holzwarth insight is pro-
vided into the structural and functional peculiarities of a special dye system,
namely the chlorins, which combine hydrogen-bonding, metal-ligand coor-
dination and w-7 stacking in the most beneficial way to accomplish nature’s
most successful light-harvesting machinery. The following two chapters are or-
ganized from the supramolecular point of view with a comprehensive review
on metal-directed self-assembly by C.-C. You, R. Dobrawa, C. R. Saha-Moller
and F. Wiirthner (here porphyrins and perylene bisimides constitute the most
important classes of dyes) and an article dealing with hydrogen-bond directed
self-assembly by A. Ajayaghosh, S. J. Georgeand A. P. H.]. Schenning. Combining
these noncovalent interactions (hydrogen-bonding and metal-ligand coordi-
nation) with w-7 stacking is the method of choice to create more complex
materials like organogels which is the topic of the fourth chapter by T. Ishi-i
and S. Shinkai.

The concept behind the other three chapters is the interaction of dye
molecules with macromolecular scaffolds or surfaces. Thus, in chapter five
H. Ihmels and D. Otto highlight the field of dye-based DNA intercalators. Al-
though this field is traditionally not considered as a central topic of supramolec-
ular chemistry, it provides a bridge towards biomedicinal applications of con-
cepts emerging from supramolecular research. Likewise the last two chapters
by S. De Feyter and F. De Schryver and by V. Kriegisch and C. Lambert constitute
the interface to physics and nanotechnology covering important aspects of dye
organization at surfaces.
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The selection of subjects presented here is not aimed to offer a balanced
compilation of “hot topics” of supramolecular dye chemistry, rather it attempts
to identify concepts which hold promise for successful development of this field
with tremendous prospects. I cordially thank the authors of the chapters for
their efforts to provide high standard manuscripts and the publishers for giving
me the opportunity to edit this volume.

Wiirzburg, June 2005 Frank Wiirthner



Contents

Chlorins Programmed for Self-Assembly
T.S. Balaban - H. Tamiaki- A.R.Holzwarth . . . ... ... ... ....

Metallosupramolecular Dye Assemblies
C.-C. You - R. Dobrawa - C. R. Saha-Moller - E Wiirthner . ... .. ..

Hydrogen-Bonded Assemblies
of Dyes and Extended 7-Conjugated Systems
A. Ajayaghosh - S.]. George - A.P.H.]. Schenning . . . ... ......

Dye-Based Organogels: Stimuli-Responsive Soft Materials
Based on One-Dimensional Self-Assembling Aromatic Dyes
T.Ishi-i-S.Shinkai . . . . .. ... . . . o

Intercalation of Organic Dye Molecules into Double-Stranded DNA -
General Principles and Recent Developments

H.Thmels-D.Otto . . .. ... ... ... i
Two-Dimensional Dye Assemblies on Surfaces Studied

by Scanning Tunneling Microscopy

S.DeFeyter-EDeSchryver . . . ... ... ... ... ... ...

Self-Assembled Monolayers of Chromophores on Gold Surfaces
V. Kriegisch-C.Lambert . . . . . ... ...... .. ... .. .....

Author Index Volumes 251-258 . . . . . . . . . . . o

SubjectIndex . . . .. ..... ... ... o



Contents of Structure and Bonding, Vol. 108

Supramolecular Assembly via Hydrogen Bonds |

Volume Editor: D. M. P. Mingos
ISBN: 3-540-20084-3

Probing Hydrogen Bonding in Solids Using Solid State NMR Spectroscopy
A.E. Aliev - K. D. M. Harris

Crystal Engineering Using Multiple Hydrogen Bonds
A.D. Burrows

Molecular Containers: Design Approaches and Applications
D.R. Turner - A. Pastor - M. Alajarin - J. W. Steed

Contents of Structure and Bonding, Vol. 111

Supramolecular Assembly via Hydrogen Bonds i

Volume Editor: D. M. P. Mingos
ISBN: 3-540-20086-X

Hydrogen Bonding Interactions Between Ions:
A Powerful Tool in Molecular Crystal Engineering
D. Braga - L. Maini - M. Polito - F. Grepioni

Hydrogen-Bonded Supramolecular Chain and Sheet Formation
by Coordinated Guandine Derivatives
P. Hubberstey - U. Suksangpanya

Hydrogen-Bonding Templated Assemblies
R. Vilar

Hydrogen Bonded Network Structures Constructed From Molecular Hosts
M. ]J. Hardie



To(g) Curr Chem (2005) 258: 1-38
DOI 10.1007/b137480

© Springer-Verlag Berlin Heidelberg 2005
Published online: 8 August 2005

Chlorins Programmed for Self-Assembly

Teodor Silviu Balaban! (£x) - Hitoshi Tamiaki? - Alfred R. Holzwarth3

Unstitute for Nanotechnology, Forschungszentrum Karlsruhe, Postfach 3640,
76021 Karlsruhe, Germany
silviu.balaban@int.fzk.de

2Department of Bioscience and Biotechnology, Faculty of Science and Engineering,
Ritsumeikan University, Kusatsu, 525-8577 Shiga, Japan
tamiaki@se.ritsumei.ac.jp

3Max-Planck-Institut fiir Bioanorganische Chemie (Former Max-Planck-Institut fiir
Strahlenchemie), Stiftstr. 34-36, Postfach 101365, 45413 Miilheim a.d. Ruhr, Germany
holzwarth@mpi-muelheim.mpg.de

Introduction . . . .. ... .. ... ..
1.1 Chlorins as the Most Abundant Natural Photosynthetic Chromophores

2 Natural Chlorin-Protein Complexes . . . . . ... ... ... ........

2.1  Self-Assembly: a Program Encoded within the Structure of the Tectons

2.2 Supramolecular Chemistry of Chlorins by Metal Ligation . . . ... .. ..

2.3 Supramolecular Chemistry of Chlorins by Self-Assembly of Protomers
within Bacterial Light-Harvesting Systems . . . . .. ... ... ......

3 Natural Self-Assembling Chlorins: the Chlorosomal Bacteriochlorophylls .

4 Synthetic Self-Assembling Porphyrins and Chlorins . . . . ... ... ...
4.1  Supramolecular Chemistry by Hydrogen Bonding and w-m Interactions . .
4.2 Self-Assembly of Synthetic Chlorophylls Using Hydrogen Bonding,
Metal Coordination and w-7 Interactions as Light-Harvesting Antenna
Models of Photosynthetic Green Bacteria . . . .. ... ... ........
4.3 Synthetic Self-Assembling Chlorins and Porphyrins as Mimics

of the Chlorosomal Bacteriochlorophylls . . .. .. .............
5 Spectroscopic and Functional Properties of Chlorin Dye Self-Assemblies:

Excitonic Coupling and Optical Properties of Chlorosomal Aggregates . .
6 Conclusion . . . . .. .. ... ... e
References . . . .. ... .. ... ... . e

~N

11

13

18

18

20

28

32

34

35

Abstract The supramolecular chemistry of chlorins which are the most abundant photo-
synthetic pigments is reviewed. In chlorophyll-protein complexes, ligation of the central
magnesium atom can occur in two diastereomeric configurations. Light-harvesting com-

plexes of purple bacteria are formed by the self-assembly of short polypeptides whi
bind bacteriochlorophylls into circular structures. The light-harvesting organelle of gre

ch
en

photosynthetic bacteria, the so-called “chlorosome”, is the most efficient natural antenna
system and is formed by self-assembly of bacteriochlorophylls ¢, d or e without the help
of a protein scaffold. Semisynthetic and fully synthetic mimics of these self-assembling
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bacteriochlorophylls have been prepared and their self-assemblies have been studied in
detail in view of artificial light-harvesting systems. From a single crystal X-ray diffrac-
tion analysis, one could put into evidence hierarchic supramolecular interactions within
such self-assembling systems. Interestingly, hydrogen bonding which all present models
of bacteriochlorophyll self-assemblies contain as one of the important supramolecular
interactions is absent in the fully synthetic mimics.

Keywords Self-assembly, chlorophyll, bacteriochlorophyll, antenna complex, chlorosome,
biomimetic models, porphyrinoids.

1
Introduction

1.1
Chlorins as the Most Abundant Natural Photosynthetic Chromophores

Nature uses tetrapyrroles such as chlorophylls and bacteriochlorophylls as the
main chromophores for light-harvesting in photosynthetic organisms. While
porphyrins have a fully conjugated 26 7 electron system, in chlorins one of
the pyrrolic double bonds is reduced and in bacteriochlorins two such double
bonds are reduced (Fig. 1). In bacteriochlorins, the basic tetrapyrrole of the
chlorophyllous ancestors, the single bonds are in opposite and not adjacent
pyrrole rings. Corroles lack the 20-meso carbon atom while phthalocyanines
are very robust fully synthetic pigments which have benzo-annulated pyrrole
rings and nitrogen bridges instead of the four meso-methine units.
Chlorophylls (Chls) are chlorins which carry an additional five-membered
ring having thus a phorbin skeleton and are usually encountered in cyanobac-

3,5 7
2 8
)
20 10
18 18
15 17 . 17 _ _
Porphin Chlorin Bacteriochlorin
2
25 1 3 3,5
22 \\N ‘N\ 4 )
N Hy N 10
N N 19
\ D
N
’ 9 0
2 15
16 10 13231
Phthalocyanine Phorbin Corrole

Fig.1 Basic cyclic tetrapyrroles shown here with the usual numbering system
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teria, red algae, green algae, and higher plants. Bacteriochlorophylls (BChls)
occur in photosynthetic bacteria and also possess the annulated five-
membered ring. While BChls typically derive from the bacteriochlorin
structure (such as BChl a, Fig. 2) some “bacteriochlorophylls” actually have
a chlorin chemical and electronic structure (c.f. Fig.2). These chlorin-
based “bacteriochlorophylls”—due to the fact that they are present in some
photosynthetic bacteria—received their trivial name before their actual
chemical structure was known. This chapter focuses on the properties of
special (bacterio)-chlorins which have been endowed for supramolecular
self-organization. Supramolecular chemistry or the “chemistry beyond the
molecule” [1] is effected via non-covalent interactions such as metal-ligation,
hydrogen bonding, 7-stacking and hydrophobic or dispersive interactions.
All these can come into play with chlorins and often their combinations act
cooperatively.

In a supramolecular system the non-covalently bound assemblies have
properties that are often drastically different from those of their monomeric
constituents. Thus, ensemble characteristics are dominant and novel func-
tions emerge. Since a chlorin molecule with its peripheral substituents is
a little over 1 nm in diameter, the term functional nanostructure is appropri-
ate for their supramolecular assemblies.

Chls and BChls are typically found as light-harvesting pigments in the
membrane-bound antenna systems of photosynthetic organisms [2]. Besides
these cyclic tetrapyrroles, carotenoids are also encountered in most antenna
systems. Some special photosynthetic organisms contain, however, also extra-
membraneous antenna systems which make use of different chromophores.
These are the phycobilisomes of cyanobacteria and red algae which con-
tain open chain tetrapyrroles as pigments, the so-called phycobilins which
are covalently bound to proteins. The other notable exception are the so-
called “chlorosomes” of the green bacteria, which are extra-membraneous
antenna systems containing BChls ¢, d, or e. The photosynthetic antenna sys-
tems have been optimized by evolution during the past 2.6 billion years, after
cyanobacteria and eucaryotes evolved from the archaebacteria [3]. Cyanobac-
teria were the first organisms capable of oxygenic photosynthesis and they
evolved into the photosynthetic eukaryotes, a process which eventually led
to the development of the higher plant kingdom. Light and oxygen can be
extremely noxious to cells if the long-lived triplet excited states of chro-
mophores are allowed to generate singlet oxygen (O, Aé). This problem was
solved during evolution by the incorporation of carotenoids which are able
to efficiently quench both B(Chl) triplet states as well as singlet oxygen by
thermal deactivation. The association of carotenoids with Chls is also ben-
eficial for light-harvesting since carotenoids absorb well between 450 and
550 nm, in the so-called Chl absorption gap (c.f. spectra in Fig. 3). A third
role of carotenoids is probably structural: due to their extended and rigid con-
formation they help in the assembly of chlorophyll-protein complexes (CP)
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Fig.2 Natural chromophores involved in light-harvesting antennae. Phytol is the fatty alco-
hol exclusively esterifying the Chls in higher plants and other oxygen-evolving organisms
while farnesol is the most abundant for the BChls. Also encountered in BChls are stearol,
cetol, phytol, geranyl-geraniol, and other fatty alcohols. The BChls ¢, d, and e, of the so-
called “green bacteria” which are actually Chls according to their electronic structure, occur
usually as homolog mixtures with different side chains in the 7, 8, and 12 positions. The
R® substituent of BChls can be either methyl, ethyl, propyl or isobutyl while the R!? sub-
stituent can be methyl or ethyl. These BChls also contain an additional stereocentre in the
C3! position and usually appear in most green bacteria as a mixture of epimers
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Fig.3 Absorption spectra of some of the chromophores from Figs. 1 and 2. Upper part: some
natural chromophores. Pheo a stands for pheophytin a, the free base of Chl a after replace-
ment of the magnesium ion by two protons; Lower part: some synthetic chromophores: dark
green trace — nickel tetrasulfonated phthalocyanine (PcS4) dissolved in a water DMSO mix-
ture (note the shoulders at 640 and 600 nm due to dimers and H-aggregates, respectively);
magenta trace — meso-tetratolyl-porphyrin; cyan trace - zinc tetratolyl-porphyrin. Note the
sharp 420 nm (Soret) bands of the porphyrins and their very low visible absorptions (the
Q bands) in comparison to Chls and phthalocyanines.
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conferring rigidity and mechanical stability. Carotenoidless mutants often as-
semble more labile and photochemically unstable antenna systems.

Light-harvesting is the primary event in photosynthesis where special-
ized chromophores, typically organized as pigment-protein complexes, ab-
sorb parts of the solar radiation and become excited into their singlet ex-
cited states. Excitation energy is then rapidly transferred among such chro-
mophores on a time scale from hundreds of femtoseconds to tens of picosec-
onds in a partially directed random walk process and is eventually trapped
within the so-called reaction centres, where photoinduced charge separation
occurs. After several successive electron transfer steps, the hole and the elec-
tron become separated on opposite sides of the photosynthetic membrane.
This electrochemical potential is used to pump protons across the membrane,
which ultimately drive the synthesis of ATP. In oxygenic photosynthesis con-
comitantly the reductant NADPH is produced and these two compounds
serve the organisms as fuel and redox equivalents, respectively, allowing them
to perform endergonic biochemical transformations.

Apart from cellulose, Chls are among the most abundant organic com-
pounds in the biosphere and are being continuously synthesized, degraded and
recycled. Together with carotenoids the photosynthetic pigments account for
about 10% of the total biomass. A simple calculation shows that if all the Chls
and carotenoids produced during one year by the South American Continent
were shipped by 100 m-long oil tankers each presumed to carry 1000 tons of
pigments, then one would need a convoy whose length would span the Atlantic
ocean from the southern tip of Argentina to London (15000 km). This does not
even take into account the marine algae and cyanobacteria which, according to
remote sensing of chlorophyll fluorescence, can furnish over 10 mg Chl a/m?
of sea water down to a depth of up to 100 m.

2
Natural Chlorin-Protein Complexes

Due to their molecular architecture, chlorins in general, but especially the
naturally occurring (B)Chls ¢, d, and e can easily function as building blocks
for supramolecular interactions. A hierarchy of several non-covalent interac-
tions are used to arrange these building blocks into defined architectures. The
strongest such non-covalent bonding is metal ligation and metallo-chlorins,
as well as other metallated tetrapyrroles possess a very rich coordination
chemistry [4].

Hydrogen bonding is the next strongest supramolecular interaction in the
hierarchy. In cases where multiple hydrogen bonds come into play in a co-
operative manner in a supramolecular complex, very tight and directional
binding can be effected. All (B)Chls carry in the fifth ring the 13-carbonyl
group which can act as an acceptor group for hydrogen bonding and most
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B(Chls), except for BChl ¢, d, and e, also possess a methoxycarbonyl group in
the 132 position whose carbonyl group is often involved in hydrogen bond-
ing. In the ethyl chlorophyllide a dihydrate crystal structure [5, 6] one water
molecule coordinates the central magnesium atom while a second structural
water molecule is doubly hydrogen bonded between the first water and the
13%-methoxycarbonyl group. In BChl a or in Chl b additional carbonyl groups
in the 3! or 7! positions, respectively, can help in positioning these chlorins in
supramolecular complexes by engaging in hydrogen bonding.

The extended conjugated macrocycles of chlorins and porphyrins are also
ideal for forming w-7 interactions, another element in the hierarchy of the
supramolecular interactions. The resulting strong dipole-dipole interactions
are responsible for excitonic coupling between groups of chromophores (see
below) which for example plays an important role for engineering the “special
pairs” of (B)Chls which are at the core of the photosynthetic reaction centres.
Due to their special optical and redox properties these special pairs function
as electron donors. A simple but useful description for w-7 interactions has
been given by Hunter and Sanders [7].

Finally, another important interaction which can account for a high sta-
bility of chlorin-containing supramolecular complexes within photosynthetic
membranes is the hydrophobic interaction. Long chain fatty alcohols esterify
the 17-propionic acid residue of all (B)Chls. These large residues are highly
flexible and can thus adapt to occupy voids within hydrophobic pockets of
protein matrices, or may help to solvate (B)Chls in non-polar solvents.

An often ignored but highly important aspect for the self-organization
of chlorins and related macrocyclic compounds is the cooperativity of the
above-mentioned supramolecular interactions [8]. Positive cooperativity
leads to thermodynamic stabilization of the supramolecular assemblies be-
yond the mere sum of the individual non-covalent bonding contributions.

2.1
Self-Assembly: a Program Encoded within the Structure of the Tectons

When a molecule has functional groups which allow it to interact with part-
ner molecules which may be of the same kind or different, and when the
physical conditions which include temperature, medium polarity, absence of
inhibitors, etc. are such that non-covalent bonds can be formed, self-assembly
occurs. The algorithm which governs the process dictating the architecture
and thus ultimately the function of the final nanostructure is encoded within
the molecular structure of the “bricks” or tectons [1]!. Viruses or the cor-
rect positioning of nucleotides within nuclei acid strands are examples where
Nature uses with perfection self-assembly mechanisms. Misplaced compo-
nents usually have weaker binding constants such that under equilibrium

! tecton is derived from the Greek tektov meaning “builder”.
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conditions they may be expelled from the ordered structures. Thus a repair
mechanism operates which ensures that in the end a correctly performed as-
sembly process leads to the pre-programmed nanostructure. For this efficient
self-assembly to occur there must exist a very fine balance between the en-
tropy and enthalpy terms which is dictated by the reaction conditions. With
respect to the monomeric chromophores self-assembly is usually accompa-
nied by an entropy loss. However, this loss is over-compensated typically by
the desolvation of the tectons and the entropy gain of the solvent. Often the
entropy term is the controlling factor in the thermodynamics of formation of
the most stable nanostructure(s).

2.2
Supramolecular Chemistry of Chlorins by Metal Ligation

The central magnesium atom within chlorins provides an anchoring point
via metal ligation. Within Chl-protein complexes (CP), histidine residues are
by far the most common ligands to the central Mg of B(Chls) but other
amino acids like for example tyrosines, nitrogen atoms from glutamines or
asparagines or even sulphur atoms from methionines may also take up that
role. The second most frequent ligand is water. The respective Chls are typ-
ically bound within the protein matrix by additional weak interactions, like
for example by hydrogen bonding to the magnesium-bound water molecule,
hydrogen bonding to the 13-carbonyl group at ring V, or for Chl b in the
7-position.

One aspect which has been neglected so far in the biophysical/biochemical
community is the importance of the diastereotopic arrangement in which the
Chls are ligated within proteins [9-11]. Due to the presence of one or more
chiral carbon atoms in (B)Chls and the non-planarity of the macrocycle, there
exist two diastereotopic configurations when the magnesium atom is ligated,
thus becoming five-coordinated: one configuration has the ligand above the
tetrapyrrolic plane and the other below the macrocycle. The metal centre thus
becomes an additional stereocentre and the two diastereoisomers must have
different chemical and electronic properties, such as different absorption or
emission wavelengths, radiative lifetimes, circular dichroism, NMR spectra,
chromatographic retention times, etc. Figure 4 shows the formulae of these
diastereoisomers. Provided that the time scale of the observation method em-
ployed is shorter than the average ligation lifetime, the diastereomers appear
to be different.

In order to comply with current [IUPAC nomenclature rules for metallated
tetrapyrroles (as e.g. in hemes or Vitamin B;, derivatives), the configuration
having the fifth metal ligand below the tetrapyrrolic macrocycle, which is
numbered in a clockwise fashion is denoted as «, while the 8 configuration
has the fifth ligand above the macrocycle. This nomenclature complies also
with the one proposed by Sharpless for the direction of attack of an asym-



Chlorins Programmed for Self-Assembly 9

I COOCH,4

el

Fig.4 BChl a with chiral atoms indicated by asterisks. At right the IUPAC numbering is
given. Note that in the o configuration the ligand to the metal is on the opposite side of
the macrocycle to the 17 propionic acid residue, while in the 8 configuration they are on
the same side. As a mnemonic rule, the S-configuration can be derived by a left-hand rule
where the thumb points to the ligand when the fingers are pointing in a clockwise (or
nomenclature-wise) fashion

metric epoxidation reagent to an olefin plane [12,13]. Furthermore, as with
sugars or steroids, the a-substituent is below the molecular plane and the
B-substituent is above this plane.

When the metal ligand is a water molecule, or a group which binds only
weakly (activation energy within kT), or if the ligand is present in the solution
in relatively large concentrations, rapid interconversion may occur. When im-
idazole coordinates Chl a the interconversion is slow on the NMR time scale
and a splitting of signals is observed [14]. Within a protein matrix, the life-
time of a particular diastereomeric configuration can be considered infinite,
since a (B)Chl molecule cannot be de-ligated, rotated along the plane, and re-
ligated by the same ligand from the other side of the macrocycle. Figure 5
shows two Chl a molecules with histidine ligands within the Photosystem I
(PS I) core complex whose structure has been solved by X-ray analysis to
2.5 A resolution [15].

Sequence comparison showed that the diastereotopic nature of the binding
sites of (B)Chls within protein complexes have been strictly conserved during
evolution in the so far known antenna complexes [9]. Thus among related, but
even phyllogenetically quite distant organisms an a-bonded (B)Chl is never
turned into a B-ligated one or vice versa.

Both from statistics [9] and from semi-empirical calculations [10, 11] it
follows that the «-coordination is by about 1 kcal/mol more stable than the
B-coordination. In PS I out of the 96 Chl a molecules only 14 are 8. Most re-
markably, almost all are part of the inner circle of the core antenna system,
immediately surrounding the reaction centre. This might suggest that there
exists an energy funnel from the outer antenna Chls which are all o, to the 8
ones. Figure 6 shows this location of the 8-Chls in the PS I core antenna.
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Fig.5 Left: Example of a “normal” «-chl a; Right: a -Chl a as encountered in the core of
PSI[9,15]

Fig.6 Location of the 8 chlorophylls (shown with thicker lines) around the electron trans-
fer chain chlorophylls (shown with thick cyan bonds) of the reaction centre. All the other
chlorophylls shown with thinner lines are a-coordinated. Adapted with permission from
Elsevier ([9])

In PS I there are two $8,8-dimers (indicated by arrows in Fig. 6) positioned
symmetrically around the special pair P700 absorbing around 700 nm. It has
been speculated that these dimers form the so-called “red Chls” which act as
energy-trapping sites in the antenna, about 1.8 nm away from P700 [16].
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One feature which makes these 8,8-dimers “special” is that both the lig-
and and the 17-propionic acid residue, which carries the long phytol chain,
are on the «-side of the macrocycle. This enables the B-sides to interact
quite closely, allowing in principle efficient excitonic coupling to create a red-
shifted absorption in comparison to the monomeric Chls (which absorb
around 670 nm).

Very recently, the crystal structure of the major light-harvesting complex
LHC II of spinach has been solved [17]. This complex is the most abundant
chlorophyll protein on Earth and occurs as a trimeric supramolecular unit in
vivo. Within a monomer there are eight Chl a molecules of which only two are
B-coordinated and six Chl b molecules of which only one is g [18, 19]. Again
the higher stability of the «-ligation is thus confirmed. The functional role of
the special B-Chls a has been assigned from mutagenesis studies as being the
most red-shifted Chls [20, 21]. Furthermore, decreasing the Chl a/b ratio in
reconstituted LHC II has structural and functional consequences [22]. Thus,
the diastereotopic magnesium ligation is another structural element for en-
gineering function in supramolecular chlorin complexes. At present, however,
conclusive experimental evidence for the hypothesis that 8-ligation gives rise
to the red-shifted Chls is still lacking.

23
Supramolecular Chemistry of Chlorins by Self-Assembly of Protomers
within Bacterial Light-Harvesting Systems

One way in which purple bacteria have managed to economize the biosyn-
thetic and genetic effort required for building large antenna systems was to
assemble three BChl a and one carotenoid with two short «-helical polypep-
tides and then to self-assemble these so-called protomers into much larger
supramolecular structures [23].

In the light-harvesting complex 2 (LH2) of Rhodopseudomonas acidophila,
the first integral membrane-bound light-harvesting complex characterized by
X-ray crystallography to a resolution of 2 A [24,25], nine protomers combine
to form a circular structure, ideally suited for efficient exciton delocalization.
Two rings of BChl a molecules are positioned at different heights in the pho-
tosynthetic membrane: a ring of nine loosely coupled BChl a molecules ab-
sorbing light at 800 nm (thus termed the B800 ring?) is closer to the cytoplas-
mic side. A second ring of eighteen BChl a is located closer to the periplasmic
side. The nine -8 special dimers (vide supra) formed are strongly exciton-
ically coupled and yield a red-shifted absorption at 850 nm (the B850 ring).
The carotenoids are oriented almost perpendicularly to the ring plane and are
in close contact with BChls from both rings, thus increasing the electronic
coupling among the BChls. At the same time the carotenoids are optimally

2 B stands for “bulk” (B)Chl
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positioned for quenching the BChl triplet states. The protomer self-assembly
leads to the circular arrangement where the nine-fold symmetry is actually
not functionally stringent.

Thus, in the related LH2 complex of the purple bacterium Rhodospirillum
molischianum, an eight-fold symmetry is found with nearly identical opti-
cal properties and kinetics of energy transfer [26]. The BChls of the B800
ring show Forster energy transfer [27] across the 2.1 nm distance (Mg-Mg
distances) with hopping times of ~ 700 fs [28,29]. From the B800 ring en-
ergy is transferred “down-hill” to the B850 ring within about 1 ps. Although
the Mg-Mg distance within a protomer between a B800 and B850 BChl is
somewhat smaller (1.8 nm), due to a rather unfavourable Forster orientation
factor, the inter-ring excitation energy transfer (EET) is actually slower than
the intra-ring EET. Owing to the strongly coupled B850 BChls with partially
overlapping orbitals (9.1 A distance within a protomer and 8.9 A between
protomers), delocalized excitonic states determine the optical and dynamic
excited states properties. The energy migrations occur via hopping of small
excitons, being delocalized over 2-4 BChls, depending on temperature etc.
The exciton dynamics are controlled by both Anderson localization and spa-
tial inhomogeneities [29]. Very recently a generalized Forster theory has been
devised in order to account for the very rapid excitation energy transfer times
in multichromophoric systems which are in a confined medium [30].

The crystal structure of the combined LH1/RC complex of the related
purple bacterium Rhodopseudomonas palustris has been solved at 4.8 A reso-
lution [31]. This amazing arrangement proves the validity of the phrase that
“many wheels make light work” [32] in bacterial photosynthesis. The crystal
structure proved correct previous molecular modelling studies [33] assum-
ing that the RC is snugly engulfed by the LH1 complex. Fifteen protomers
are assembled in a slightly ovoid structure which shows an unexpected small
opening within a ring of thirty tightly coupled BChls. This ring is positioned
at the same height in the photosynthetic membrane as the smaller B850 rings
of the LH2 complex. Thus EET can occur from one of several peripheral sur-
rounding LH2 complexes to the central LH1 (on a ~ 3 ps timescale) and from
there, finally, to the special pair within the RC on a ~ 25 ps timescale [28, 34].
As the o- and B-polypeptides within the LH2 and LH1 protomers have a high
degree of homology, one may speculate that the LH1 annulus is made out of
similar -8 “special dimers” (vide supra) as the LH2. Presently, the struc-
tural resolution of the LH1-RC complex is too low to allow any detailed
stereochemical features of the BChls to be assigned. Under very low light illu-
mination conditions, purple bacteria such as Rhodopseudomonas acidophila
express an additional peripheral smaller LH3 complex, which has also been
characterized by X-ray crystallography [35], allowing a detailed understand-
ing of how energy is sequentially funnelled to the RC. The LH3 has a nine-fold
symmetry similar to the LH2 and a BChl a ring absorbing at 800 nm. Unlike
the B850 ring of LH2, the absorption of LH3 is blue-shifted to 820 nm (B820).



Chlorins Programmed for Self-Assembly 13

This shift may be due to a tilting of the 3-acetyl group out of conjugation with
the BChl plane. Single-molecule fluorescence studies do indeed confirm that
it is not the delocalization energy which is altered in the B820 ring as com-
pared to the B850 ring in LH2, but rather the site energy of the monomeric
BChls [36]. This is but one example where the protein matrix, by a slight ge-
ometrical alteration, drastically modifies the optical properties of CPs. There
exists ample evidence illustrating the principle that the protein matrix finely
tunes the absorption and emission properties of bound (B)Chls, on top of
the diastereotopic Mg ligation. From both experimental and theoretical stud-
ies on porphyrins it is known that not only the absorption and fluorescence
spectra but also the excited state lifetimes can be substantially altered by the
surrounding protein, e.g. by ruffling the tetrapyrrolic macrocycle [37].

3
Natural Self-Assembling Chlorins: the Chlorosomal Bacteriochlorophylis

Green photosynthetic bacteria have evolved a special organelle for light-
harvesting under extremely low light illumination conditions, the so-called
“chlorosome” (c.f. Fig. 7). This efficient light-harvesting unit enables these
organisms to live at depths over 50 m under the water surface where light
is extremely scarce. The light-harvesting complexes of purple bacteria or of
higher plants are all pigment-protein complexes. In contrast the chlorosomes
BChls ¢, d and e (see Fig. 1 for structure formulae), which are present as

Lipid monolayer with proteins

Aggr;agates of
bacteriochlorophyll

Cytoplasmic

membrane /

Reaction centre -

Fig.7 Schematic view of a model of a chlorosome from Chlorobium tepidum sitting on top
of the FMO-complex (yellow) which attaches the chlorosomes to the cytoplasmic mem-
brane containing the reaction centres (blue). Green: Rod elements (ca. 10 nm diameter, ca.
400-600 nm length) containing supramolecular aggregates of BChl ¢ (c.f. Figs. 8 and 9).
The chlorosome is surrounded by a lipid monolayer. This model follows the early electron
microscopy picture of Staehelin et al. [59, 60]. See text for the discussion of an alterna-
tive model for the long range arrangement of the supramolecular BChl aggregates. Figure
adapted from [2] with permission
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a mixture of homologs, self-assemble to yield supramolecular structures only
controlled and determined by pigment-pigment interactions [38,39]. A few
small proteins are only present in the envelope of the chlorosomes but do
not take part in the chromophore organization or orientation. Consequently
this very simple architectural principle for building the supramolecular orga-
nization can be reproduced or mimicked by completely synthetic molecules
programmed for self assembly (see next section).

Although initially debated very controversially, it is now generally ac-
cepted that BChl self-assembly without protein interaction is the structural
principle governing the chlorosome architecture. Such self-assembly occurs
in the micelle-like hydrophobic environment in the interior of the chloro-
somes which are surrounded by a lipid monolayer. Several groups, includ-
ing the present authors, have provided biochemical [40,41] and detailed
spectroscopic evidence supporting this principle [42-54]. The spectroscopic
evidence includes Resonance Raman [43,44], circular dichroism [45], FT-
IR [46], and especially solid state NMR data [47-53]. More recently molecular
biology has provided the proof that proteins play at best only a marginal
role for the chromophore organization in the hydrophobic interior of chloro-
somes [54]. Since the finding that deletion of nine out of the ten small
chlorosomal polypeptides, all located in the chlorosomal envelope, did not
prevent native chromophore organization and development of functional
chlorosomes, the self-assembly theory has gained general acceptance. Sev-
eral structural models have been proposed for the self-assembly of BChls in
the chlorosomes and the earlier ones have been reviewed [38, 42, 55]. Com-
mon for all the proposed models is a cooperative interaction between the
central magnesium atom, i.e. a metal coordination by the 3!-hydroxy group
of one chlorin with hydrogen bonding of the activated O — H group to the
13-keto group of a third chlorin. Additionally 7-7 interactions between the
chlorin macrocycles and also favourable electrostatic interactions are possible
(c.f. Fig. 8). This general interaction picture is now well accepted. However,
within this basic interaction unit consisting of three adjacent chlorins many
different short and long-range arrangements of supramolecular chlorin ar-
chitectures are in principle possible. Thus, the details of the supramolecular
arrangement in chlorosomes are still debated in the absence of definite crys-
tallographic proof which may be difficult to obtain. A parallel stacking of
the macrocycles with the monomer as the building block (c.f. Fig. 8b), as
initially proposed by Holzwarth and Schaffner [56], appears to be the only
one that is consistent with the data from solid-state MAS C!>-NMR on both
intact chlorosomes and artificial aggregates of BChl ¢ [47,51-53]. Interest-
ingly, this arrangement is in principle very similar to the one in the water
aggregates of Chl a [48] and in the crystal structure of ethyl chlorophyllide a
dihydrate [5, 6], except that external water molecules now take over the role
of the intramolecular hydroxy group present only in BChls ¢, d, and e. This
stacking arrangement differs markedly from the antiparallel models advo-
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cated by Nozawa and Wang [57]. Very recently, PSencik et al. have performed
small angle X-ray scattering (SAXS) spectra and transmission electron mi-
croscopy (TEM) on natural chlorosomes and have found a sharp reflex at
~ 2nm. [58] This has led the authors to propose a novel lamellar model
where the 2nm spacing represents the Mg-Mg distance between adjacent
stacks of BChls which is depicted in Figs. 8d and 8e. In that work also an an-

Fig.8 a Set of possible chlorin-chlorin interactions. After one of the 3'-OH groups
ligates a magnesium atom it can also function as a hydrogen bond donor group (ar-
rows) while the 13!-C = O groups may function as a hydrogen bonding acceptor group.
b Stack of parallel oriented BChl ¢ with the long fatty alcohol chain replaced by
a methyl group. ¢ Cooperative multiple hydrogen bonds between two such parallel ori-
ented stacks. d Antiparallel oriented closed dimers which are concomitantly hydrogen
bonded. e Lamellar Model of stacked BChl’s as described in [58]. Thicker lines indicate
BChl molecules from four dimers which are closer to the viewer. In the perpendicular
direction the dimers are proposed to be bonded as shown in d
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Fig.8 (continued)

tiparallel stacking was proposed which seems to be in contrast to the results
from solid-state NMR data. Thus, at present there exists a controversy mainly
on the long-range order and arrangement of chlorins in the chlorosomes.
While the parallel stacking model supported by solid-state NMR yields a nice
agreement with the original proposal of rod elements as the long-range ar-
rangement in the chlorosomes [59, 60], the recent work of Psencik et al. [58]
favours a lamellar structure rather than the tubular arrangement assumed so
far on the basis of the early electron microscopy pictures of isolated chloro-
somes. It should be noted that the methods employed by PSencik et al. are
not sensitive to the short range arrangement but rather to the long-range
order. Thus, these experiments in fact do not yield any conclusive informa-
tion against or in favour of the parallel stacking arrangement. In contrast, the
solid-state NMR experiments do not by themselves yield any information on
the long-range order. Rather, this additional information has been provided
by molecular modelling based on the information from the early electron mi-
croscopy data. The refined rod model resulting from these studies is shown
in Fig. 9. While we believe that at present all the available information on the
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e)

~2 nm

Fig.8 (continued)

short-range arrangement of the chlorins in chlorosomes is strongly in favour
of the parallel stacking model, the long-range order is still an open question
and a matter of debate as the data of PSencik et al. also falls short of provid-
ing conclusive evidence in that regard. Furthermore, there exists substantial
spectroscopic evidence in favour of the parallel stacking arrangement and the
rod structure in chlorosomes (see below for a discussion of the optical prop-
erties). The rod structures can be built easily from parallel stacks (Fig. 8b)
by a network of hydrogen bonds for each adjacent chlorin pair in the two
stacks. Additional stacks can be added in the same manner. Due to the geo-
metric requirements for the formation of the hydrogen bonding network each
stack is rotated by a small angle around the long axis relative to the adjacent

10 nm

Fig.9 Refined rod model on the basis of solid state NMR data and molecular modelling.
Reprinted with permission from ACS ([51])
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one (Fig. 8c). Thus finally a rod structure with a diameter of 5-10 nm can
be produced (Fig. 9). The diameter depends on the rotation angle, which in
turn is a function of the side groups attached to the chlorin ring [56]. A large
diameter can form double-layer tubes while the smaller diameter rods (5 nm
diameter) can not. In contrast, the anti-parallel stack structures (Figs. 8d, 8e)
are based on a different type of basic building block, that is the closed dimer
unit. The possibility of the green bacterial BChls to indeed form rod struc-
tures has been proven recently by Wiirthner and his coworkers using atomic
force microscopy [61]. A Zn-bacteriochlorin d with a modified ester side-
chain, which prevents higher aggregation to multi-rod structures, has been
shown to form single rods with a diameter of about 5.8 nm diameter and
a length of several hundred nm [61].

4
Synthetic Self-Assembling Porphyrins and Chlorins

Over the recent years, in particular the groups of Tamiaki in Japan and Bala-
ban in Germany, after their studies with Holzwarth and Schaffner, have taken
a biomimetic approach for synthesizing artificial chromophores which self-
assemble in vitro in a similar manner as the chlorosomal BChls. These efforts
have been rewarding from two points of view. Firstly, it is now possible to pro-
gram a BChl-like self-assembly to fully synthetic chromophores which may
well have applications for building artificial light-harvesting [39, 62-64] and
other nanostructured materials. Secondly, because in some cases these ar-
tificial self-assemblies could be crystallized, the architectural details of the
natural system might become unravelled more easily. These systems will be
reviewed in the following section.

4.1
Supramolecular Chemistry by Hydrogen Bonding and -7 Interactions

When the central metal atom is absent, the tetrapyrrolic core can engage in
hydrogen bonding with two of its nitrogen atoms. This interesting binding
mode was first observed in the crystal structure of a porphyrin having two
long alkyl chains (undecyl) and two 4-hydroxymethylenephenyl groups [65].
Thus a hydrogen bonding network is formed where each porphyrin molecule
interacts with four different neighbouring molecules (Fig. 10). The hydroxy-
methylene groups are the hydrogen bonding donors while the two iminic
pyrrolic nitrogens function as hydrogen bond acceptors. One hydroxymethy-
lene group is located above the plane of the central porphyrin, while the other
one binds from the opposite side of the plane.



Chlorins Programmed for Self-Assembly 19

Fig. 10 Hydrogen bonding network in the crystal of 5,15-bis(4-hydroxymethylenephenyl)-
10,20-diundecyl-21H,23H porphine. The view is along the a crystallographic axis.
Reprinted with permission Wiley-VCH ([65])

Fig.11 n-7 Interactions in the crystal of 5,15-bis(4-hydroxymethylenephenyl)-10,20-
diundecyl-21H,23H porphine. The view is perpendicular to the porphyrin planes and
hydrogen atoms bonded to carbon have been omitted for clarity. Reprinted with permis-
sion from Wiley-VCH ([65])

At the same time w-7 interactions are formed as shown in Fig. 11. The
plane to plane distance is about 3.5 A. Note the offset with which two neigh-
bouring porphyrins overlap. This arrangement simultaneously allows for
interdigitation of the long and well-ordered undecyl groups. This parallel
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Fig.12 Absorption spectra of the crystal of the self-assembled porphyrin shown in Figs. 7
and 8 (full trace) and after dissolution in dichloromethane (dotted trace). Note that in the
crystal the Soret band is split and that intense absorptions are present over almost the
entire visible range of the spectrum, a fact beneficial for light-harvesting. Adapted with
permission from Wiley-VCH ([65])

but offsetted orientation of the porphyrin rings relative to each other deter-
mines the excitonic coupling. In the crystal the Soret bands are considerably
broadened and split (1960 cm™") (Fig. 12). The exciton coupling also leads to
a redistribution of transition moment to the low-lying electronic state, which
is beneficial for light-harvesting since in monomeric porphyrins the low en-
ergy transition(s) have only a quite low transition moment, in contrast to
(B)Chls.

Hydrogen bonding to the inner pyrrolic nitrogen atoms similar to that
shown in Fig. 10 and extended m-m interactions have been observed also
in crystal structures of 5,15-meso-disubstituted-diarylporphyrins by Sanders
and co-workers [66, 67]. It is noteworthy that in solutions of even weakly po-
lar solvents (such as dichloromethane, chloroform) this association is not
observable at room temperature, the solvated species being monomeric. Sim-
ilarly, in ethyl chlorophyllide a, upon dissolution of the crystals the hydro-
gen bond network is disrupted, and the absorption spectrum becomes blue
shifted, typical of monomeric Chl a.

4.2

Self-Assembly of Synthetic Chlorophylls Using Hydrogen Bonding,

Metal Coordination and 77— Interactions as Light-Harvesting Antenna Models
of Photosynthetic Green Bacteria

Water-locked complexes of bis(chlorophyll)s 1 have been proposed to be
a model for the special pair of B(Chl)s in the photosynthetic reaction cen-
tres [68,69]. These structures (c.f. Fig. 13) were determined by I'H NMR
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OCHZ—I ) 1

Fig. 13 Water-locked complexes of bis(chlorophyll)s 1 (E = H or COOCH3)

spectroscopy. In the supramolecule a water molecule is coordinated to the
central magnesium atom which in turn is hydrogen-bonded to the 13-keto
carbonyl group. Additionally, w-7 interactions between the two chlorin moi-
eties occur. However, these structures were not confirmed to be present in
natural reaction centres.

As mentioned before, the Mg- - -O —H- - -O = C bonding and 7-x interac-
tions similar to those in the above systems were reported in ethyl chlorophyl-
lide a dihydrate within the crystal structures [5, 6] of a Chl-a oligomer where
the phytyl residue had been replaced by an ethyl group [70]. From the UV-
Vis and infrared analyses these particular intermolecular interactions were
proposed to give a characteristic spectroscopic fingerprint.

In this section the in-vitro self-assembly models are briefly described,
based upon semi-synthetic chromophores.

In order to mimic the natural systems and to test the relevant factor
governing the self-organization, the self-assembly of synthetic model chro-
mophores has been studied extensively in non-polar organic solvents and
in micro-heterogeneous media, like for example aqueous micellar solutions.
Chlorosomes give characteristically broad and red-shifted Q, absorption
bands which stem from the longest wavelength absorption band of (B)Chls.
BChl ¢ is monomeric and shows a sharp Q, absorption maximum around
650 nm in polar solvents such as THF or methanol which can coordinate the
magnesium atom (c.f. Fig. 14). In contrast, within the chlorosome and upon
self-assembly this maximum is strongly red-shifted to 740-760 nm [71, 72].
This large red-shift is a good indicator for the presence of chlorosomal self-
assemblies. Therefore, the red-shifted aggregate Q, peak position (Amax) and
the difference value (A) between monomeric and oligomeric forms were ana-
lyzed from the visible spectra of various synthetic chromophores.

The chlorosomal BChls-c, d and e are characterized by the presence of
the 3'-hydroxy group and the absence of the 132-methoxycarbonyl group as
compared to Chl a. Metal complexes of 3!-hydroxy-13'-oxo-chlorins lack-
ing the 132-COOCH; group were synthesized as model compounds [73].
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Fig. 14 Comparison of the absorption spectra of 3'R-[Et,Et]-BChl ¢ in various sol-
vents and in the natural chlorosomes. Green trace—solution in dichloromethane; red
trace—same solution after addition of suprastoichiometric amounts of methanol; blue
trace—dichloromethane solution diluted into a large excess of n-hexane; black trace—
natural chlorosomes isolated from Chlorobium tepidum

Zinc as a central metal is favoured due to an increased chemical stability in
comparison with magnesium and cadmium chlorins which are very easily
demetallated in the presence of traces of acids.

The interaction of the 3'-hydroxy and the 13-carbonyl groups on the one
hand, and the central metal atom of a third chlorin on the other hand, plays
the key role for the chlorosomal-type self-assembly [74]. In natural chloro-
somal BChls, these three connecting groups are aligned along the Q, axis
(N21-N23 in Fig. 1) which makes the interactions particularly favourable. The
first models were synthesized with this aggregation principle in mind. One
of these models, zinc chlorin 2 (Fig. 15) was synthesized by modifying Chl-
a such that the three interaction groups were designed to be located also
along the Q axis [73,75]. In THE 2 is monomeric and shows a narrow Q,
absorption band with a maximum at 646 nm. This monomeric solution was
diluted with a 99-fold excess of n-hexane. A 740-nm absorbing species, as-
cribed to large oligomers with optical properties very similar to the chloroso-
mal self-assemblies is formed under these conditions. The red-shift (A) upon
self-assembly was 1970 cm™! (see Table 1). Vibrational analysis including FT-
IR and Resonance Raman (RR) spectra clearly indicated that oligomeric 2 was
formed by Zn---O—H---O = C interactions. These aggregates show strong
bands at vyax = 1655 in the IR and ca. 1650 cm™! in resonance Raman [44, 75]
which is characteristic of the chlorosomal aggregation.

Several modifications of the chlorin side chain pattern were synthetically
tested in order to gain more insight into the factors governing efficient self-
organization and yielding stable aggregates. In one approach, the hydroxy
group was moved from the 3!- to the 8!-position to yield 3 [76]. The max-
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7-R : X=CHg, Y=OH, Z=H
7-S : X=CHg, Y=H, Z=OH

8-R : X=Z=H, Y=0OH
8-S : X=Y=H, Z=OH
9-R : X=Y=CHg3, Z=OH

9-S : X=Z=CHg, Y=OH

2:E1=E2=4
14: E'=co0CH,, E?=H
15: E'=H, E2=COOCH,

23

2: x1=x2=H
6-S: X1=H, X?=CH,

o 2_
10: X'=C,gHy7, X2=H
11: X1=x2=CH,

Fig. 15 Molecular structures of self-assembling semi-synthetic zinc hydroxy-oxo-chlorins

2-15 which are mimics of BChl ¢

Table1 Q, absorption peaks (Amax/nm) of zinc hydroxymethyl-oxo-chlorins and their
red-shift values (A/cm™) by self-assembly [= {1/Amax (monomer) - 1/Amax (aggregates)}

x107]

)\max
Compound Monomer®  Oligomer® A
2 (3'-0H/13-C=0/172-COOCH3) 646 740 1970
3 (8'-OH/13-C=0/17>-COOCH3) 642 ~ 655 310
4 (8!1-OH/3-C=0/17?>-COOCH3) 636 636 0
5 (7'-0H/13-C=0/172-COO-phytyl) 651 712¢ 1320
2 In THE;

b In 1% (v/v) THF /hexane;
¢ In 1% (v/v) dichloromethane/hexane
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ima in the Q, peaks of 3 are 642 in THF and ca. 655 nm in 1% (v/v) THF
and hexane. This much smaller red-shift (310 cm™") indicated that 3 did not
form favourable self-assemblies in the non-polar medium. Displacement of
the keto carbonyl to the 3- from 13-position of 3 completely suppressed the
self-organization and gave only monomeric 4 even in 1% (v/v) THF and
hexane with a Amax of 636 nm. Zinc 7!-hydroxy-13!-oxo-chlorin 5 was syn-
thesized by modifying Chl b and it shows a monomeric Q, absorption peak
at 651 nm in THF and an oligomeric peak at 712 nm upon self-assembly in
1% (v/v) dichloromethane/hexane [77]. The red-shift value (A = 1320 cm™)
is smaller than that for the C3-analog 2 (1940 cm™) but larger than for the
C8-analog 3 (310 cm™). Interestingly, the 3!-R and S diastereomers of 6 give
slightly different A-values, indicating that the self-assembly process must be
diastereoselective [78]. From these results it can be concluded that a linear ar-
rangement of the O — H, Zn and C = O groups is also a necessary condition
for efficient and stable chlorosomal-type self-assembly of the semi-synthetic
model chromophores.

To further investigate the requirements for the relative arrangement of
the metal, hydroxy and carbonyl groups, an exchange of the 3'-OH with
13— C = O groups was examined [79-81]. When the central metal atom is
missing in that chlorin (i.e. as in the corresponding chlorin free bases), no
self-assembly occurs. The same observation is made when the keto group
is protected or missing [79]. In contrast zinc 3!(R)-hydroxy-13!-oxo-chlorin
6-R self-assembled in 1% (v/v) dichloromethane and hexane to give a red-
shifted 703-nm absorbing peak as compared to the monomeric 648-nm
absorption peak in dichloromethane (A =1210 cm™!, see Table2) [78].
The inverse-type zinc 13!(S)-hydroxy-3!-oxo-chlorin 7-S also self-assembled
upon dilution of the dichloromethane solution with 99-fold hexane to induce
a large red-shift from 643 to 708 nm (A = 1430 cm™!) [81]. Again the diastere-

Table2 Q) absorption peaks (Amax/nm) of zinc hydroxy-oxo-chlorins and their red-shift
values (A/cm™) by self-assembly [= {1/Amax (monomer) — 1/Amax (aggregates)} x 107]

)hmax
Compound Monomer?  Oligomer? A
6 (3'-OH(R)/13-C=0) 648 703 1210
7 (3-COCH3/13!-0H(S)) 643 708 1430
8 (3-CHO/13!-0OH(S)) 653¢ 678
709 1210
9 (3-COCH3/13'-OH,CH3(S)) 643 643 0

@ In dichloromethane;
b In 1% (v/v) dichloromethane/hexane;
¢ In dichloromethane/methanol/hexane (1:5:94)
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oselectivity of the self-assembly process was confirmed as the 3!-demethyl
form 8 of 7 self-assembled with a red-shift from 653 nm to 678 or 709 nm,
depending on the stereochemistry at the 13!-position which was determined
from NOE experiments [79]. Thus, the linear arrangement of the three inter-
acting groups in the model compounds appears to be a prerequisite for their
self-assembly as is the case for the chlorosomal BChls. It is noteworthy that
addition of a methyl group to 7 at the 13!-position fully suppressed the self-
organization and thus 9 was monomeric even in 0.1% (v/v) dichloromethane
and hexane (Ayax = 643 nm) [81].

The above-mentioned results provided a strong indication that any small
steric hindrance or strain around the three main interacting groups prevent
good interactions and may severely perturb the self-assembly process. Con-
sequently, these steric factors were examined in more detail [82-85]. The
influence of (de)methylation at the 3!-position on the self-assembly could
be inferred from the fact that the self-assemblies of 6 were known to show
a 703-nm Q, absorption peak (vide supra) [77]. Demethylation of 6 at the
31_position for example induced a pronounced red-shift in the oligomeric
Q) peak of 2 [Amax =646 in THF shifted to 740 nm in 1% (v/v) THF/n-
hexane corresponding to A = 1970 cm™!]. As steric hindrance around the
31-OH group is decreased by 3'-demethylation, the intermolecular interac-
tion strengthened to result in a larger, more stable and more tightly packed
oligomer (see Fig. 16). However, substitution of the heptadecyl group at the
32-position of 6 blue-shifted the Q, oligomeric peak of 10 at 681 nm yield-
ing a A value of only 750 cm™! (see Table 3) [83]. Thus, a long alkyl chain as
for example the C1gHs; group around the interactive 3'-OH group interferes

Fig.16  Proposed binding model for the semi-synthetic BChl ¢ mimics (R* =
CH,CH,COOR)
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Table3 Q, absorption peaks (Amax/nm) of zinc 3'-hydroxy-13'-oxo-chlorins and their
red-shift values (A/cm™) by self-assembly [= {1/Amay (monomer) — 1/Amax (aggregates)}
x107]

)\max
Compound Monomer®  Oligomer? A
2 (3-CH,0H) 646° 7404 1970
6 (3-CH(CH3)OH(R)) 648 703 1210
10 (3-CH(C13H37)OH(R)) 648 681 750
11 (3-C(CH3),0H) 648 704 1230

% In dichloromethane;

b In 1% (v/v) dichloromethane/hexane;
¢ In THF;

4 In 1% (v/v) THF/hexane

with the self-assembly process and results in a less red-shifted spectrum. In
contrast, the addition of a second methyl group at the 3!-position of 6 did not
affect the Q, maximum of the aggregate; A in 11 was 1230 cm™ (648 nm for
the monomer and 704 nm in the aggregates) which is almost the same A value
asin 6 (1210 cm™!) [81]. The additional 3!-methyl group (thus changing from
secondary to tertiary alcohol) did not further affect the supramolecular struc-
tures formed upon self-assembly, as judged by the absorption spectra of the
aggregates.

In the natural chlorosomal chlorophylls the hydroxy group is connected
with the chlorin r-system through only one carbon atom at the 3-position.
Its reactivity is of the benzylic type. The effect of an aliphatic spacer between
this hydroxy group and the chlorin chromophore was examined as well [84].
The parent compound 2 with a hydroxy-methylene group self-assembled in
1% (v/v) THF/n-hexane to give almost exclusively an aggregate Q, band at
around 700 nm (vide supra). Insertion of a second methylene group within
the 3 —3! bond of 2 partially suppressed the self-assembly of 12 possessing
3-CH,CH,O0H (see Table 4). In 1% (v/v) THF/hexane of 12, 20% monomeric
species still remained beside 80% oligomeric species (Amax = 701 nm). One
more methylene group insertion to 12 diminished further the self-assembly in
13 which carries a 3-CH,CH,;CH,OH substituent. Exclusively monomeric 13
was observed in 1% (v/v) THF and hexane and its aggregation Q, absorption
band was observed at 702 nm in an even less non-polar medium like 0.1%
(v/v) THF and hexane. Thus, the increase of the spacer length between the
hydroxy group and the C3-position from 2 to 12 to 13 gradually decreased the
self-assembly tendency.

Finally, the influence of steric factors around the 13!-oxo group has been
investigated as well [85]. As described above, 2 is monomeric in THF (Amax =
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Table4 Q, absorption peaks (Amax/nm) of zinc 3"-hydroxy-13!-oxo-chlorins and their
red-shift values (A/cm™) by self-assembly [= {1/Amax (monomer) — 1/Amax (aggregates)}
x107]

)\max
Compound Monomer®  Oligomer? A
2 (3-CH,0H) 646 740 1970
12 (3-CH,CH,0H) 644 701 1260
13 (3-CH,CH,CH,0H) 644 644 0
702°¢ 1280

% In THF;
b In 1% (v/v) THF/hexane;
¢In 0.1% (v/v) THF/hexane

646 nm) and self-assembles in an aqueous 0.02% (v/v ) Triton X-100 solution
to give a 741-nm absorption Q, peak yielding A = 1430 cm™ (see Table 5). In-
sertion of a methoxy-carbonyl group at the 132-position of 2 blue-shifted the
Q) peak due to increased steric hindrance around the interacting 13-C =0
group which yields unfavourable chlorin-chlorin interactions. An oligomeric
Qy peak of 14 was found at 703 nm (A = 1230 cm™!), while that of the 132-
epimer 15 had a more red-shifted Q, peak at 719 nm (A = 1530 cm™). Again,
diastereotopic control of the self-assembly process might be invoked to ex-
plained the difference in the steric effects of the 132-R/S-COOCH; group
in a supramolecular assembly due to the five-coordination ability of the Mg
through axial ligation to the 3!-OH group.

Table5 Q, absorption peaks (Amax/nm) of zinc 3-hydroxymethyl-13!-oxo-chlorins and
their red-shift values (A /cm™) by self-assembly [= {1/Amax (monomer) — 1/Amayx (aggreg-
ates)} x107]

)Lmax
Compound Monomer®  Oligomer? A
2 (132-H,) 646 741 1970
14 (132-COOCH;,H(R)) 647 703 1230
15 (132-COOCH;,H(S)) 648 719 1530

% In THF;
b In 0.02% (v/v) Triton X-100/water
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4.3
Synthetic Self-Assembling Chlorins and Porphyrins as Mimics
of the Chlorosomal Bacteriochlorophylls

While the above discussed examples of self-organization are for semi-
synthetic building blocks, deriving either from Chl g, Chl b or from the nat-
ural BChls, Balaban and coworkers expanded the range of investigated com-
pounds to fully synthetic porphyrins carrying the same recognition groups
that are responsible for the self-assembly of the chlorosomal BChls [86, 87].

The synthetic concept consisted of starting from basic porphyrins, which
can be easily prepared in gram quantities, and then placing various func-
tional side groups at positions crucial for self-assembly. Using partially novel
synthetic methods, several substituted porphyrins and chlorins were syn-
thesized and studied for their self-assembly properties [86,87]. In order to
increase the solubility, which is sometimes a problem with porphyrins, two
meso 3,5-di-tert-butylphenyl groups were added, a feature which also facil-
itates purification by chromatographic methods. A further benefit of these
bulky groups is that they direct electrophilic substitutions to the remote
B-pyrrolic positions, thus allowing regioselective transformations.

Tamiaki and coworkers developed novel synthetic methods which al-
lowed transformations of octa-alkyl porphyrins, in particular of octaethyl-
porphyrin [88]. Figure 17 shows the structure of the fully synthetic BChl
mimics that were synthesized using these methods by Balaban and coworkers
(16-22) [86, 87] while compounds 23 and 24 were synthesized by Tamiaki’s
group [88].

As for the semi-synthetic mimics discussed in the preceding section, all
these compounds carry a hydroxy substituent, a carbonyl group, and a central
zinc metal atom. Self-assembly occurs upon dilution with a non-polar solvent
such as n-hexane, n-heptane or cyclohexane from a concentrated solution in
a more polar solvent such as dry dichloromethane, chloroform or THF. A very
intriguing observation was that compound 23 (R = H, CH3) gave a red-shifted
and broadened chlorosomal type absorption maximum typical for aggrega-
tion while compound 24 did not show signs of aggregation. It has thus been
concluded initially that for self-assembly to occur a strict colinearity of the
three important substituents has to be obeyed, as was found initially for the
semi-synthetic chlorins [88] (see above). Interestingly, this is however not the
case for it is di-tert-butylphenyl-substituted compounds 16, 21 and 22 which
do not obey this principle but have an angular arrangement of these three
groups. All of them do self-assemble in non-polar solvents to various extents.
However, for compound 22 the self-assembly is not evident directly from ab-
sorption spectra, but dynamic light scattering and circular dichroism (CD)
spectra do indicate that supramolecular species are indeed formed. It seems
that in this case only a very limited amount of overlap of the chromophoric
systems occurs.
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Fig.17 Synthetic self-assembling porphyrins and chlorins which mimic the chlorosomal
BChls. Adapted with permission from Wiley-VCH ([87])

Compound 16 could be resolved into the two enantiomers. Upon self-
assembly they show very intense and mirror imaged CD signals (Fig. 18).
The first eluted enantiomer, which gives also a positive long wavelength Cot-
ton effect in the aggregates, must arise from a P (plus) type helical structure
according to the exciton chirality method [89]. By using two different comple-
mentary methods, the stereochemistry of the first eluting compound has been
assigned recently to have a 3!-R stereochemistry [90].
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Fig.18 Circular dichroism spectra of the separated enantiomers of 16. After addition
of traces of methanol, complete disassembly occurs leading to the dashed traces almost
superimposing the 0 line. Adapted with permission from Wiley-VCH ([87])

Chlorin 17 deserves a special mention. It was expected that by modifying
the chromophore from a porphyrin to a chlorin an increase in the extinction
coefficients, especially for the Q bands, should be observed as is typical for
chlorins. Actually a drastic (almost threefold) decrease of the Soret band oc-
curs in the chlorin in comparison to the analogous porphyrins. However, no
Qy band increase was observed. This effect has been ascribed in the past as
an increase of the Q to Soret band relative ratios of transition moments. After
self-assembly, broad bands in the visible region with about the same intensity
are obtained from both the chlorin and the porphyrins. As chlorins are less
readily accessible (in the case of 17 a protective group strategy had to be em-
ployed which considerably increased the number of required synthetic steps)
this allows us to state that for applications where large absorption coefficients
are needed, the use of simple chlorins is not warranted and the cheaper por-
phyrins can be used instead.

Compound 19 where the interacting groups are arranged collinearly has
been crystallized into two different crystal modifications and the crystal
structures were solved [91]. Due to the small size of the crystals, in one case
a synchrotron X-ray source was needed to obtain measurable diffraction pat-
terns. In both crystal modifications stacks of porphyrins are encountered
with the zinc atom coordinated strongly by the hydroxy oxygen group of
a second porphyrin and weakly by a carbonyl of a third porphyrin as shown
in Fig. 19. The Zn atom is displaced out of the tetrapyrrolic plane towards the
hydroxy group.

The stacks are disordered in such a way that both upward and downward
oriented stacks are present in the lattice. Further disorder was encountered
due to use of the racemate of 19. It is very surprising that the acetyl group
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Fig.19 Stack of 19 as encountered in both crystal modifications shown here in an upward
orientation (i.e. the short Zn — O ligation is above the porphyrin plane). Reproduced with
permission from Wiley-VCH ([91])

prefers to twist out of conjugation with the macrocycle and coordinates the
Zn atom weakly from the opposite side. This weak coordination (indicated
by the dotted lines in Fig. 19) accounts for the fact that there is no hydrogen
bonding within either crystal modification of 19. Due to the Zn-ligation, the
carbonyl group is no longer available for being a hydrogen bond acceptor.

The five-membered ring in the natural chlorosomal BChls prevents a twist-
ing of the carbonyl group and forces a different orientation to the metal [87].
This probably hinders metal-carbonyl ligation and could render the 13!-
carbonyl group more favourable for hydrogen bonding. In contrast, in com-
pound 19 the acetyl group can be rotated out of the plane and become a weak
ligand to the metal. However, the present structural data [91] on compounds
16-22 which include several SAXS spectra showing a pronounced 2.0 nm re-
flex, AFM and TEM images, all prove a striking similarity to the natural
chlorosomes [91].
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5
Spectroscopic and Functional Properties of Chlorin Dye Self-Assemblies:
Excitonic Coupling and Optical Properties of Chlorosomal Aggregates

Typically short distances between chromophores (below ca. 15 A), depending
on the relative arrangement of their transition moments, give rise to excitonic
coupling. The responsible interaction is the dipole-dipole interaction of the
transition moments. Excitonic coupling leads to a modification of the opti-
cal properties like absorption, CD, and fluorescence, and to a modification of
the dynamic properties of the excited states (see ref. [2] for a short descrip-
tion on the relevance of excitonic interactions for light-harvesting systems
and ref. [92] for a comprehensive treatment on excitons in photosynthetic
systems). The effects can be particularly pronounced when a large number
of chromophores interact, as is the case in the supramolecular arrangements
present in natural chlorosomes and artificial self-assembled systems. The
most obvious and immediately detectable effects are the modified absorption
and CD spectra. In chlorosomes and artificial chlorosomal type aggregates
of chlorins and porphyrins the optical properties are primarily determined
by the excitonic interactions. The earliest effects observed were the unusually
large red-shift of the long-wavelength absorption band by up to 2500 cm™ in
the aggregates (c.f. Fig. 14) relative to the monomers. Likewise the relatively
weak CD effects which are characteristic of monomeric (B)Chls are replaced
by quite strong Cotton effects in the supramolecular aggregates. Thus the
aggregation red-shift, the CD spectra and the linear polarization have been
used early on to characterize the optical properties of chlorosomes and arti-
ficial aggregates [93-96]. However, only a few systematic theoretical studies
of the optical properties of self-assembled supramolecular chlorin systems
have been performed with the aim to link structure to the spectral infor-
mation [97-99] and even less work in this direction was performed based
on experimental structure information [100, 101]. Holzwarth and coworkers
were able to show that the structure of chlorosomal aggregates based on mo-
lecular modelling [56] and solid state NMR [47, 49, 51] allows us to predict
the correct optical properties like for example absorption, CD, and LD spectra
of chlorosomes on the basis of exciton theory [100, 101]. The LD is polarized
almost exclusively parallel to the long axis of the chlorosome [102] and this
experimental result is reproduced in exciton calculations [100] which provide
a strong argument in favour of tubular parallel stack arrangement within the
chlorosomes [56]. Furthermore the parallel anti-(«)- and/or syn-(8)-stacking
of BChls seems to be the only arrangement that is consistent with the MAS
solid-state 1>C-NMR data [47, 49]. This arrangement has also been confirmed
for aggregates of semi-synthetic chlorins [53, 103]. It has not been tested so
far by detailed exciton calculations whether the recently proposed alterna-
tive structure—implying an anti-parallel arrangement of closed dimers as
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building blocks for the chlorosomal aggregates [58] would also yield spec-
tral properties in agreement with experiment. It would be very surprising if
largely different arrangements of chromophores, as is the case between the
two structural models [56, 58], would indeed yield similar predictions for the
excitonically determined optical properties.

An intriguing observation in natural chlorosome preparations has been
the varying CD spectra, including even sign changes, for seemingly identi-
cal preparations of chlorosomes from the same organisms. In general the CD
spectrum is a critical parameter characteristic for the arrangement and in-
teractions of assemblies of chromophores. In this case varying CD spectra
of similar chlorosome preparations thus seemed to indicate different chro-
mophore arrangements. This long-standing problem has been solved recently
by exciton calculations [100, 104]. In the cylindrical rod-like aggregates of
chlorosomal structures (c.f. Fig. 9), which can be envisaged to be formed by
intertwined helices in a superhelical arrangement [51, 56, 100], the CD spec-
trum is determined by two different contributions. Firstly, a primary CD
contribution is controlled by the excitonic interactions of neighbouring chlo-
rins. Secondly, superimposed on this basic excitonic CD is a macroscopic
CD effect which derives from the superhelical arrangement. The latter con-
tribution requires functional rod lengths which reach or exceed at least one
helix turn. Thus the CD spectra, without any major influence on the other
optical properties, display a marked rod length dependence. Holzwarth and
coworkers have proposed that the curious observations of widely differing CD
spectra for seemingly identical chromophore arrangements in chlorosomes
are due to functional length variations in the excitonically coupled system
of the rods caused by different growth conditions or other factors. The large
aggregate sizes and strong exciton coupling allow in principle for a delo-
calization of the exciton states over many monomers. In practice disorder
effects and dephasing of the excited states limit the delocalization lengths in
most molecular aggregates to a few monomers, in particular at room tem-
perature where dephasing can occur very rapidly. Notable exceptions are the
aggregates of many cyanine dyes, the so-called J-aggregates [105], which show
substantial delocalization lengths of up to 10-15 monomers [106-109]. It has
thus been a surprise when time-resolved fluorescence experiments indicated
the formation of superradiant states with a lower limit of 15 BChls for the de-
localization lengths [110, 111]. Recent femtosecond transient absorption data
actually indicate even larger delocalization lengths, that is up to at least 100
BChl monomers existing for times up to several picoseconds at room tem-
perature (Holzwarth and coworkers, unpublished data). These are extreme
delocalization lengths for molecular dye aggregates at room temperature.
The data indicate very special properties of their electron phonon coupling
strengths which allow the existence of such delocalized exciton states over
substantial time periods. This phenomenon certainly deserves further study.
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6
Conclusion

The chlorosomes of green bacteria employing self-assembly from relatively
simple building blocks as their organizational principle represent the most ef-
ficient natural light-harvesting system. The present authors, over many years,
have been involved in studies to explore the principles that govern the natu-
ral self-assembly process and in mimicking this process with semi-synthetic
and fully synthetic chromophores. Novel and optimized access routes were
developed for these tectons. It is now within reach that such self-assembling
chromophores can be used for designing self-assembled artificial photonic and
other nano-devices. The first successful attempts have been made in this di-
rection both for devices in solution [62-64, 73] and on solid surfaces. Novel
approaches were to self-assemble BChl ¢ on carbon or mica surfaces [112] or
chromophores of the type 16-22 onto nanocrystalline titania [113]. Thus it is
possible to not only arrange the BChls in supramolecular three-dimensional
structures (vide supra) but also in highly ordered one- or two-dimensional
arrays (c.f. Fig. 20) which may gain importance in solar energy conversion
or charge-conducting devices. Zinc chlorins of type 2 were self-assembled
also onto carbon pastes [114]. Hybrid solar cells or other photoactivated
devices could in principle thus be assembled where a nanocrystalline semi-
conductor having a large interpenetrating network is photosensitized with
a self-assembling organic antenna system. Long-term photostability and high
incident photon to current conversion efficiencies are important parameters
which have to be optimized. There are many reasons to believe that—based
upon these studies—it will be possible in the future to combine the current
emerging nanotechnologies with knowledge on how nature uses self-assembly
for light-harvesting. Efficient solutions for an environmentally clean and sus-
tainable energy source may thus be reached following research in this direction.
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Fig.20 Self-assembled BChl ¢ on a graphite surface [112]
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Abstract Metallosupramolecular assemblies of dyes are of increasing interest as model
systems for natural light harvesting and photosynthetic complexes as well as for potential
applications in solar energy conversion, photonics and molecular electronics. Consid-
erable efforts have been made in the past years to design novel metallosupramolecular
dye architectures for such applications. Often in combination with other noncovalent
interactions like hydrogen-bonding and r-m-stacking, metal-ion coordination has been
utilized to achieve self-organization of dye building blocks into elaborate architectures
with interesting optical and photophysical properties. Diverse metallosupramolecular dye
assemblies - macrocycles, polyhedra, polymers and dendrimers - have been constructed
in recent years by the metal-coordination approach. Here we review the recent advances
in metallosupramolecular dye assemblies with particular attention to their thermody-
namic stability and photophysical functionality. Emphasis is given to metal-ion mediated
self-organization of porphyrin, metalloporphyrin and perylene bisimide dyes.

Keywords Self-assembly - Coordination interaction - Supramolecular architecture -
Light-harvesting system - Dyes/pigments
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Abbreviations

CSI-MS cold spray ionization mass spectrometry
DABCO 1,4-diazabicyclo[2,2,2]octane

DFWM degenerate four-wave mixing

dppp  1,3-bis(diphenylphosphano)propane
GPC gel permeation chromatography

LH light-harvesting

MLCT metal-to-ligand charge transfer

NBI naphthalene bisimide

PBI perylene bisimide

PGSE  pulsed gradient spin echo

PPBI  phenoxy-substituted perylene bisimide
PyP meso-(4-pyridyl)-porphyrin

SANS  small-angle neutron scattering

TPP meso-tetraphenylporphyrin

tpy 2,2":6/,2"-terpyridine

VPO vapor pressure osmometry

1
Introduction

1.1
General Aspects

Supramolecular chemistry deals with different aspects of molecular archi-
tecture, organization, self-assembly and recognition. Self-assembly is gen-
erally defined as “the spontaneous assembly of molecules into structured
and noncovalently bound aggregates” [1]. Accordingly, metallosupramolec-
ular dye assemblies, the topic of this chapter, can be considered as highly
organized metal-containing dye architectures created through coordination
of dye ligands to metal ions. Metallosupramolecular dye assemblies have
been known for a long time to exist in nature. For instance, the natural LH
complexes of photosynthetic organisms comprise numerous chlorophyll and
carotenoid dyes that are bound to proteins by noncovalent interactions such
as hydrogen-bonding, w-m-stacking and N- and O- ligand coordination to
the chlorophyll Mg?* ion [2,3]. In such pigment-protein complexes, most
chlorophylls serve as light-harvesting antennae, which collect the solar light
and transport electronic excitation towards the reaction centers [2]. The dis-
covery of pivotal functions of dye assemblies in the photosynthetic machinery
has paved the way for the development of diverse artificial systems based on
functional dyes mimicking the basic light-harvesting processes. On the other
hand, the driving force for the continuing intense research activities on dye
assembly is the excellent opportunity to develop novel photonic/electronic
materials and devices for application in modern technology. Indeed, ag-
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gregates of metal-free and metal-containing dyes have been employed as
photoconductors in electrophotography [4], highly sensitive biosensors [5],
field effect transistors [6, 7], organic light-emitting diodes [8], organic solar
cells [9, 10], light-harvesting systems [11, 12], and molecular wires [13].

Dye assemblies can be created through various noncovalent weak forces,
including hydrophobic, electrostatic, hydrogen-bonding, w-mw-stacking as
well as coordinative interactions. Among them, hydrogen-bonding and coor-
dinative interactions are more attractive due to their features of directionality
and complementarity which enable the topology of the assemblies to be pre-
dictable and controllable. The hydrogen bond directed dye assemblies are
treated separately in this volume, therefore, they are not considered here. This
review focuses primarily on the recent development of dye assemblies medi-
ated by metal-ion coordination with particular attention to their thermody-
namic stability. We consider here only self-assembled systems generated by
metal-mediated reversible processes, and kinetically inert covalent dye-metal
complexes are completely excluded.

As generally known, coordinative interactions can attain quite high
strengths (with bond energies ranging from 40 to 120kJ mol™! per inter-
action) compared with other weak interactions such as hydrogen-bonding
and m-m-stacking. At the upper limit, almost the strength of covalent bonds
can be achieved by coordinative interactions. This characteristic endows
the resulting entities with considerable stability favoring the production of
discrete or infinite supramolecular species often in a quantitative manner.
Similar assembly approaches are also known to occur in a number of nat-
ural self-assembled systems where the high binding strength emerges from
large complementary surfaces, i.e. multiple interacting binding sites. Due to
this unique combination of directionality and binding strength, the method-
ology of metal coordination directed self-assembly has become one of the
most widely employed techniques to construct superstructures of abundant
geometries [14-17]. However, high binding strength which is related to large
negative AG? is quite often accompanied by high AG7 values which un-
dermine the reversibility and, hence, may lead to the formation of kinetic
products. As a consequence some typical advantages of self-assembled ma-
terials such as quantitative formation of the thermodynamically most stable
species and error correction in the self-assembly process are not always ful-
filled for metallosupramolecular materials.

For the most general approach to construct supramolecular dye assem-
blies through metal coordination, dye molecules must possess appropriate
Lewis basic coordination sites, which are, however, usually scarce in parent
dye molecules. Therefore, aromatic aza ligands, especially pyridyl, bipyridyl
and terpyridyl groups, are often introduced into dye molecules by established
organic synthetic routes to enable metal-aza ligand interactions for the con-
struction of dye assemblies of diverse structures and properties. Surprisingly,
few classes of dyes have been subjected so far to produce supramolecular
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assemblies from such functionalized dyes by addition of metal ions. In con-
trast, for the majority of existing metallosupramolecular dye assemblies the
respective metal-ion containing dyes are applied. For this purpose porphyrins
are particularly attractive, and also the most intensively studied dyes to date,
primarily due to their favorable photochemical properties, ease of chemical
modification and, in particular, the possibility to introduce various metal ions
into the center of the porphyrin macrocycle. Thus, it is not surprising that the
assemblies of free base porphyrins and metalloporphyrins occupy the major
part of this review article. Another class of functional dyes, namely perylene
bisimides (PBIs), have attracted much attention in the past years as versatile
building blocks for supramolecular self-assembly [18]. Therefore, we empha-
size here also on coordination assemblies of perylene bisimides. It is the
purpose of this article to discuss the recent development of metal-mediated
self-assembly of functional dyes into macrocyclic and polymeric structures,
and to highlight the potential application of these materials in photonics and
electronics.

1.2
Optical, Redox and Binding Properties of Some Representative Dyes

In this review, we restrict ourselves to metal-mediated assemblies of func-
tional 7-systems, which absorb light in the visible region (i.e. A >400 nm).
Thus, materials whose color arises from metal ions or metal-ligand charge
transfer (MLCT) are not included here. Self-assemblies derived from free
base porphyrins, metalloporphyrins and perylene bisimide dyes have shown
promising applications in artificial LH systems. Therefore, some funda-
mental properties of a few representative chromophores, namely meso-
tetraphenylporphyrin (TPP), zinc tetraphenylporphyrin (ZnTPP), tetra-
phenoxy-substituted perylene bisimide (PPBI) and bay area unsubstituted
perylene bisimide (PBI), are briefly summarized herein. These properties
are essential for the understanding of the photophysical and photochemical
behavior of assemblies derived from such dyes.

As shown in Table 1 and Fig. 1, the free base porphyrin TPP exhibits an
intense absorption maximum at around 420 nm and four weak absorption
maxima in the region 500 to 650 nm in chloroform. The strong absorption
band (the Soret or B band) is due to the transition to the second excited
state (So — S3), while the weak absorption bands in the visible region (the Q
bands) are owing to the transition to the first excited state (S — S1). Both the
Soret and the Q bands arise from w-7* transitions, but porphyrins are the
only systems known to provide a distinct pattern of split Q-bands. Because
of the small oscillator strength for the So — S; transition, the fluorescence
of porphyrins from S; takes place with low quantum yields. Compared with
free base TPP, metalated ZnTPP shows a slight red-shift of the Soret band,
implying a more electron-rich w-conjugated system. Zinc porphyrin inter-
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Table 1 Optical properties of TPP, ZnTPP, and PBI, PPBI in CHCl3*

Aabs (nm) (¢/10° M~ cm™) Aem (nm) Si(eV)® @ (%) ¢ (ns)
TPP 418 (473), 515 (18.7), 551 (7.7), 650,715 1.91 9 10.9¢
591 (5.4), 647 (4.8)
ZnTPP 424 (500), 553 (18.2), 594 (4.9) 601, 652 2.08 6° 2.0¢
PPBI 585 (50.5) 614 2.07 9% 6.5
PBI 526 (94.9) 531 2.34 100 34

2 The data presented here were measured in our laboratory and they are in accord with
those reported in the literature for TPP [19,20] and ZnTPP [20,21] as well as PPBI [22]
and PBI [23] containing other imide substituents.

b Calculated from the intersection of the normalized absorption and fluorescence spectra.
¢ In toluene.
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Fig.1 UV /vis absorption (solid lines) and fluorescence (dashed lines) spectra of TPP,
ZnTPP, PPBI, and PBI in CHCI;

acts readily with electron donors such as the aza ligand and the zinc(II) ion
becomes penta-coordinated, which is the maximal coordination number ac-
cessible in this system due to the displacement of the zinc(II) ion out of the
porphyrin plane. The coordination usually causes a red shift of both the Soret
band and Q band of porphyrin, thus, this process can be monitored conve-
niently by UV /vis spectrometry.
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In contrast to porphyrins, perylene bisimides exhibit their main intense
absorption band above 500 nm due to a strongly allowed Syp — S; transi-
tion. Electron-donating substituents at the bay area of perylene bisimides
shift the absorption maximum to a longer wavelength. Thus, at bay pos-
itions tetraphenoxy-substituted perylene bisimide PPBI exhibits an absorp-
tion maximum at 585 nm, while the unsubstituted derivative PBI shows ab-
sorption at 526 nm. Notably, the electronically excited perylene bisimides
decay to the ground state almost exclusively by fluorescence emission. Thus,
high fluorescence quantum yields are often observed which make perylene
bisimide dyes superior to porphyrins for the fabrication of highly lumines-
cent assemblies. It is interesting to note that ZnTPP and PPBI possess almost
identical Sy — S excitation energy (Table 1).

The dyes TPP, ZnTPP and perylene bisimides (PPBI, PBI) also show well-
defined redox waves in cyclic voltammograms (Table 2). Both TPP and ZnTPP
possess two reversible oxidation and two reversible reduction waves. As the
data in Table 2 reveal, ZnTPP is somewhat easier to oxidize than TPP. Com-
pared with TPP and ZnTPP, PBI and also the tetraphenoxy-substituted PPBI
are electron-deficient chromophores, thus, they can successively accept two
electrons to afford radical anionic and dianionic species, respectively, at read-
ily accessible potentials. By contrast, the oxidation waves of PBI and PPBI
appear at relatively high potentials.

In addition to the photo- and electrochemical properties of the repre-
sentative dyes, we also present the binding constants of some metal-ligand
interactions (Table 3) which are of relevance for the coordinative bond for-
mation in the dye assemblies discussed in this review. The binding constants
reflect the stability of the assemblies formed and are critically dependent on
many factors, including ligands, metals, temperature, and solvents as well. In
order to get assemblies of considerable stability, the various factors need to
be adjusted properly. The binding constant of pyridine (frequently used as

Table2 Redox properties of TPP, ZnTPP, and PPBI, PBI in CH,Cl,? (in V vs. cp,Fe)

Reduction Oxidation
I 1I I 1I
TPP -2.03 -1.71 +0.53 +0.87
ZnTPP -2.21 -1.85 +0.42 +0.70
PPBI -1.35 -1.15 +0.86
PBI -1.24 -1.01 +1.29

2 For the purpose of unambiguous comparison, we have re-measured all values against the
same reference electrode in CH,Cl, with NBuyPF¢ as the supporting electrolyte. The re-
dox potentials of TPP and ZnTPP against SCE are reported in reference [24], for the redox
potentials of similar PPBI and PBI derivatives see references [25, 26]
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the ligand in functional dyes for metal-mediated self-assembly) and ZnTPP in
chloroform is in the order of 10> M. In less polar cyclohexane, an increase
of the binding constant by more than one order of magnitude is noted [27],
which is not as pronounced as for hydrogen bonding [28]. Thus, slightly po-
lar solvents are effective for improving the stability of assemblies but still
quite high concentrations (> 1 mM) are required to effect pyridine-ZnTPP
self-assembly. By introducing additional binding sites into the ligands the
stability of the resultant entities can be enhanced. This may be achieved by
employing either chelating ligands, such as bi- and terpyridine, or multi-
ple monotopic functions. Indeed, an assembly simultaneously involving two
pyridine-ZnTPP interactions may have a stability constant as high as 10® M~
in CDCls, despite there being no cooperative effect present. Furthermore, the
appropriate selection of the metal ion is crucial for the stability of the coordi-
native assemblies as the data in Table 3 reveal.

Table3 Selected binding constants (Ks) and corresponding Gibbs free energy changes
(- AG% of the complexation between different ligand donors and ligand acceptors at
298 K

Ligand donor Ligand acceptor/ Solvent Ks (M)  -AGY Ref.
metal ion kJ mol™!
Pyridine ZnTPP CDCl; 9.2 x 10? 16.6 [29]
Pyridine ZnTPP Cyclohexane 2.5 % 10* 25.1 [27]
Pyridine (dppp)Pd or Pt CHCl3 ~10° ~ 34 [18]
Terpyridine FeCl, CHCl;/CH30H 1.2 x 107 40.4 [30]
(1:1)
Terpyridine  Zn(OTf), CH3CN > 108 >45 [31]

For instance, the binding constant between pyridine and dppp chelated Pd
or Pt is in the order of 10° M~! in CHCI3, which is significantly higher than
the pyridine-ZnTPP interaction. When rhenium or ruthenium metal ions are
employed, extremely stable and inert assemblies could be obtained as evi-
denced by the irreversibility of Re(II)-N and Ru(II)-N bonds under ambient
conditions. Finally, it should be emphasized that only the binding constants
having the same dimensions should be compared in the evaluation of as-
sembly stability [32] or the so-called “critical self-assembly” concentration at
which 50% of the self-assembled species formed. Since optical spectroscopy
is typically carried out with dilute solutions (c < 10~ M), high binding con-
stants (K > 10° M™!) are required to study the photophysical properties of
dye assemblies by these techniques.
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2
Macrocyclic Dye Assemblies

2.1
Assemblies Mediated by External Metal Centers

One of the essential impetuses to cyclic dye architectures is the development
of artificial model systems of the light-harvesting complexes in purple bacte-
ria, where cyclic arrays of chromophores provide the fundamental structural
feature for their functionality [2]. On the other hand, cavities of variable sizes
and shapes are accessible upon the formation of macrocycles. The assem-
blies of this kind, thus, possess also potentials in substrate binding, molecular
recognition, matter transportation and even supramolecular catalysis.

An efficient approach to the construction of macrocyclic dye assemblies
is the coordination of dye ligands to appropriate external metal-ion media-
tors. Because of the directional feature of coordinative bonding, the desired
product may be obtained through the spontaneous reaction between properly
predesigned ligands and metal ion units. It could be envisioned that triangu-
lar, square and hexagon assemblies might be produced by the stoichiometric
reaction of linear ditopic ligands and metal corner units with 60°, 90° and
120° separation, respectively [14]. However, only square dye assemblies and
a few triangular dye assemblies have been reported so far, mostly owing to the
abundance of 90° metal corners and, on the other hand, the poor availability
of other angular building blocks.

Drain and Lehn reported the first square porphyrin arrays such as 1 and 2
by employing the concept of metal coordination directed self-assembly [33].
The equimolar combination of ditopic porphyrin ligands of 90° angle sep-
aration (5,10-PyP) and trans-PdCl;(NCPh), or, alternatively, linear ligands
(5,15-PyP) and cis-PtCl,(NCPh), preferentially afforded structurally well-
defined and constraint-free square tetramers 1 and 2, respectively. However,
multimers were concomitantly formed as assessed by 'H NMR spectroscopy.
Unfortunately, these very first porphyrin metallosquares have been charac-
terized only by NMR spectroscopy. More recent investigations with mix-
tures of three different porphyrin derivatives, namely 5,15-PyP, 5,10,15-PyP
and 5,10,15,20-PyP with trans-PdCl,(NCPh),, afforded even more complex
supramolecular tessellation of nine porphyrins (see Sect. 3.2) [34].

Based on the concept of Drain and Lehn, structurally more reliable pal-
ladium and platinum-mediated square assemblies of porphyrins such as 3
could be prepared by Stang and coworkers [35-37]. The reaction of linear
or right-angle ditopic porphyrin ligands with dppp chelated Pd(II) or Pt(II)
complexes at room temperature afforded the respective metallosquares in
essentially quantitative yields. The square structures were unambiguously
confirmed by 'H and 3!P NMR, elemental analysis, and in some cases even by
electrospray and FAB mass spectrometry. Because of the high bond strength
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(M =2H or Zn)

(M =2H or Zn)
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of Pd-N and Pt-N, these assemblies were found to be stable in a wide concen-
tration range from 10~ to 1072 M and, therefore, suitable for spectroscopic
studies under highly dilute conditions. Chirality has also been successfully
introduced into the porphyrin-based molecular squares by employing metal
corner units with chiral groups [37].

Since 90° metallocorners are readily available from transition metal
reagents with either square planar or octahedral coordination geome-
tries through appropriate blocking of some coordinative sites, quite a few
porphyrin-based molecular squares with diverse metal corner units were con-
structed. Hupp and coworkers have prepared porphyrin-walled squares 4 by
the reaction of 5,15-PyP with Re(CO)5Cl at elevated temperature [38]. The
kinetically inert Re-N bond excludes the exchange of ligands in solution at
room temperature but at elevated temperature the square is formed appar-
ently through thermodynamic control. The tetrazinc(Il)-metalated square
4b showed strong binding affinities toward multitopic guest molecules with
suitable geometries. The corresponding host-guest complexes with man-
ganese porphyrins were used as epoxidation catalysts with enhanced catalyst
lifetime and substrate selectivity [39]. Some neutral octahedral Ru(II) cor-
nered porphyrin dimeric squares have recently been prepared by Alessio’s
group [40,41]. Due to the inertness of Ru-N bond, the desired assemblies
were not obtained in quantitative yields, but the assembled objects could
be purified by conventional column chromatography; noteworthy, this pu-
rification method is generally not applicable to supramolecular compounds
with reversible metal-ligand bonds. It was reported that trimeric and higher
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metallacycles were also generated in the self-assembly process of porphyrin
building blocks when RuCl,(CO), was employed as the corner unit [42].

The combination of 90° metal corners and linear ditopic ligands usually
favors the formation of square assembly, since this scaffold possesses the
minimized conformational strain. However, the macrocyclic assemblies of
different topologies may co-exist when further effects come into play. In this
context, we have prepared a series of tetraphenoxy-substituted diazadiben-
zoperylene ligands [43,44]. When these twisted dyes were used as bridging
ligands, complex dynamic equilibria between triangular assemblies 5 and
square assemblies 6 were observed, even though the perfectly preorganized
(dppp)Pd(II) and (dppp)Pt(II) served as corner units [45]. This behavior
originates from sterical strain of the twisted dyes and enthalpy and entropy
factors, since the former parameter favors the generation of squares while the
latter prefers the formation of triangular species. While the free diazadiben-
zoperylene ligands are highly fluorescent, drastic fluorescence quenching
took place upon the formation of metallosupramolecular assemblies 5 and 6.
Similar phenomena were also observed for the above-mentioned porphyrin
assemblies.

The undesired fluorescence quenching could be overcome in perylene
bisimide-based squares 7, which show fluorescence quantum yields of almost
unity in chloroform [46, 47]. The square assemblies were quantitatively ac-
cessible by mixing an equimolar amount of perylene bispyridyl imide ligands
and corresponding metal corner units in dichloromethane at room tempera-
ture. Because the pyridyl moieties are located at the imide positions of the
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perylene bisimide core, where nodes exist in the HOMO and LUMO orbitals,
the excellent luminescent properties of free perylene bisimide chromophores
remained unchanged in the metal-assembled form. This observation implies
that the binding sites of dye ligands should be decoupled (i.e. not conjugated)
from the chromophore to preserve their inherent fluorescence upon binding
to transition metals.

The same perylene bisimide scaffold was used to construct multichro-
mophoric squares 8, which contain 16 additional antenna dye units teth-
ered to the tetrameric perylene-based square (Fig. 2) [48-50]. Such metallo-
supramolecular architectures are reminiscent of the cyclic dye assemblies of
light harvesting bacteria, where energy transfer from outer antenna dyes to
the central reaction center is essential for efficient capture of solar light. In-
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deed, for the assemblies 8a,b an energy transfer was observed from the outer
antenna dyes to the inner perylene bisimide dyes upon photoexcitation. In
both assemblies competitive photoinduced electron-transfer processes take
place which are, however, much more efficient for 8a than for 8b [49].

In a similar fashion, four-fold ferrocenyl-functionalized perylene bipyridyl
imide dyes were assembled to square array 8c [50]. The assemblies contain
in total 20 redox active units, including 4 perylene bisimide and 16 ferrocene
moieties. Due to the twisted perylene backbone, the ferrocenyl units are di-
vided into two groups from the viewpoint of their spatial location referred to
the square cavity (cf. model in Fig. 2). Indeed, the redox behavior of the fer-
rocenyl units depends on their spatial arrangement as established by cyclic
voltammetric investigation [50].

Besides the above-mentioned porphyrin and perylene bisimide dyes, also
a few dyes of other types were organized to cyclic assemblies using simi-
lar strategies. For example, diazapyrene [51], terpyridyl ruthenium com-
plexes [52], (salen)zinc complexes [53], and 4,4’-azopyridine [54] have been
used as bridging ligands to construct square assemblies with different 90°
metal corners. The assemblies of 4,4’-azopyridine with Pd(II) ions are of
particular interest since they undergo efficient reversible photoisomeriza-
tion. The detailed investigations revealed that the square tetramer consist-
ing of trans-azopyridine was transformed to the dimeric assembly of cis-
azopyridine upon irradiation. Inversely, heating of the dimeric assembly re-
generates the tetrameric square assembly [54].

1,2-Dithienylethene derivatives possess interesting applications in opti-
cal devices and switches due to their advantageous photochromic proper-
ties. Recently, a few photochromic bridging ligands derived from these dyes
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Fig.2 Multichromophoric molecular squares 8a-c and molecular model of perylene-
walled light-harvesting molecular square 8a. In model the phosphane ligand is replaced
by an ethylenediamine chelate ligand for simplicity. In squares 8a-c a p-carbonyl-
oxyphenoxy unit is used as the spacer between the perylene core and antenna dye linkage
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have been subjected to supramolecular assembly with metal ions [55, 56].
Representatively, the assembly 9 was produced by the equimolar reaction
of chiral 1,2-dithienylethene ligand and copper(I) triflate in deoxygenated
dichloroethane [55]. Its structure was confirmed by mass spectrometry and
X-ray analysis. It is noteworthy that while the photocyclization of free 1,2-
dithienylethene ligands inevitably yields racemates, highly stereoselective
ring-closure takes place in the metal-coordinated state.

In a recent study, Hirao and coworkers have used the redox-active m-
conjugated ligand N,N’-bis(4-dimethylaminophenyl)-1,4-benzoquinonedi-
imine and palladium(II) complexes to build up oligomeric assemblies [57].
The conjugated trimetallic macrocycle 10 was obtained quantitatively by
treating the ligand with an equimolar amount of [Pd(NO3);(en)] in acetoni-
trile. The electronic spectrum of 10 in methanol exhibited a strong, broad
absorption band around 800 nm, assignable to a low-energy charge-transfer
transition with significant contribution from palladium. X-ray analysis con-
firmed a trimetallic macrocyclic skeleton with an open three-dimensional
cavity, which is reminiscent of the cone conformation of calixarenes. These
redox-active supramolecular complexes are potentially important for appli-
cation as catalysts and electronic materials [57].
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2.2
Self-Cyclization of Metalloporphyrins

If the dye ligands contain their own metal centers, they are able to offer
both electron lone pairs and Lewis acidic sites for the self-assembly pro-
cess. Once the orientation between the ligand and the metal is appropriate,
the intermolecular complementary coordination in a head-to-tail manner
might lead to macrocyclic architectures. Indeed, quite a few supramolecular
macrocycles were produced from metalloporphyrin derivatives through the
metal-directed self-cyclization approach.

The simplest and the smallest macrocycles accessible by this strategy
are the cofacially coordinated porphyrin dimers. For example, once two N-
methylimidazolyl substituents were introduced into the facing meso positions
of tetraethyltetramethylporphyrin, its zinc porphyrin derivative was self-
organized into the dimeric assembly 11 through coordination to imidazolyl
ligands [58]. In contrast to the relatively low stability of simple pyridine-
zinc porphyrin interaction (K &~ 10°> M!), dimer 11 is stable at concentration
as low as 107° M (for a related dimer, Kp = 3.3 x 10" M~! was determined
by competitive UV /vis titration experiments [12]). Apparently, coordinative
as well as w-m-stacking interactions contribute to the stability of this self-
assembly. Dimeric porphyrin assemblies of a cofacial topology have also been
constructed from ortho-pyridyl [59] or ortho-aniline [60] substituted zinc
porphyrins and ortho-pyridyl substituted ruthenium porphyrins [61].

Hunter and Sarson have designed a zinc-porphyrin system, which bears
a pyridyl function perpendicular to the porphyrin plane. This dye affords
self-cyclized assembly 12 at 10~ to 1072 M concentrations in dichloromethane
(Kp ~ 108 M) [62]. Because this assembly has a pseudo-cavity with inner
hydrogen-bonding sites, it can encapsulate amide guests of suitable size and
shape to form host-guest complexes through the hydrogen-bonding interac-
tion.

Through proper orientation of the pyridyl group relative to the zinc-
porphyrin plane, macrocyclic assemblies of variant topologies are accessible.
For example, favorable formation of the trimeric macrocycle 13 was achieved

11
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(R = 4-C4Hg-Ph)

by increasing the angle between the porphyrin plane and the orientation of
the pyridine ligand to 150°, while the square tetramer 14 was formed pre-
dominantly when this angle was 180° [63]. Concentration-dependent studies
revealed that the assemblies 13 and 14 may exist only within a certain concen-
tration range, while open linear oligomers/polymers grow up as preferable
species at high concentrations (e.g. > 1 M).

Diverse ligand units and metal centers have been employed to achieve
self-cyclized porphyrin assemblies. In the formation of trimeric macrocy-
cle 15, both coordinative and hydrogen-bonding forces operate coopera-
tively [64]. Consequently, the stability constant of the resultant assembly in
dichloromethane is as high as 10!> M~2. For comparison, the stability con-
stant for a reference trimer system without hydrogen-bonding sites is only
around 108 M2, Recently, Imamura and coworkers have designed and pre-
pared rhodium(III) pyridylporphyrin tetramer 16 [65]. While the rhodium
porphyrin units in the tetramer framework are equivalent in CDCl3 solution,
the tetramer in the solid state deviates seriously from an ideal Cy; symmetric

(R = 4-n-C5H,;Ph)
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structure. By contrast, a square assembly of perfect symmetry was obtained
by Osuka and coworkers from the self-cyclization of tetrameric zinc pyridyl-
porphyrin [66].

The novel metal-mediated self-cyclization approach is extendable to much
larger porphyrin macrocyclic architectures. Hunter’s group has designed
a cobalt porphyrin system, which is equipped with two different but geomet-
rically complementary pyridine ligands. This cobalt porphyrin chromophore
self-assembles to the unusually persistent complex 17 with 12 porphyrin
monomers arranged in a macrocyclic array [67]. Although most of the com-
monly used techniques such as mass spectrometry, VPO, and 'H NMR spec-
troscopy are not applicable for the analysis of this system, the GPC and
molecular modeling results substantiated the formation of the proposed giant
macrocycle over the concentration range of 5-500 uM. When the concen-
tration was increased further, higher molecular weight polymers began to
emerge. A serious drawback of this system is that cobalt quenches effectively
the porphyrin fluorescence which prevents investigations of the energy trans-
fer properties of this synthetic model system of bacterial light-harvesting
complexes. It is a pity that no spectroscopically innocent metal ion (like
penta-coordinating Zn?*, Mg?") is available which enables the required coor-
dination of pyridine ligands at both axial sites (i.e. hexacoordination).

In photosynthetic bacteria, the key functional unit is composed of
a bacteriochlorophyll-a dimer in a slipped-cofacial orientation rendered
by coordination of imidazolyl residue to the central magnesium ion. In-
spired by this topology, dimer 11 was synthesized by Kobuke and Miyaji
already in 1994 [58]. Recently, two imidazolyl-functionalized zinc porpyrins
have been connected by a meta-phenylene bridge to obtain the supramolec-
ular assembly 18, which incorporates 12 porphyrin dyes [68]. Although
several oligomeric species of large molecular weight were formed initially

(Ar = 4-CHgPh)
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upon self-assembly, the macrocyclic hexamer 18 was evolved as the dom-
inant supramolecule after reorganization under high-dilution conditions,
as confirmed by GPC results. Small-angle X-ray scattering measurements
showed that 18 possesses diameters of 42.36 and 40.26 A according to sphere
and cylinder approximations, respectively. These values agree well with
the estimation of ca. 41 A for the outer diameter of cyclic hexamer from
the molecular mechanics calculation. More recently, porphyrin macrocy-
cles composed of five and six units of meta-phenylene-bridged imidazolyl-
porphyrinatozinc(II) dimers have been synthesized by self-assembly followed
by ring-closing metathesis. By this means it was possible to permanently fix
the macrocyclic array by covalent bond and to enable spectroscopic stud-
ies at any concentration and in diverse solvents [69]. This has been taken
as an additional proof for the supramolecular macrocyclization of the so-

17
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called m-gable porphyrins to structure 18. As the Zn ion does not quench
the photoluminescence of porphyrins, these assemblies seem to be excellent
model systems for the cyclic light harvesting arrays of purple bacteria. With
the binding strength provided by two nitrogen-zinc interactions, binding site
investigations of dilute solution of about 107° M should be easily possible
whereas the covalently fixed system might be useful even for single molecule
spectroscopy in the femtomolar regime. The successful construction of the
artificial system 18 represents an encouraging step toward the mimic of nat-
urally occurring LH complexes in photosynthetic bacteria. It convincingly
demonstrates the high effectiveness of the self-assembly approach compared
to conventional organic chemistry.



58 C.-C. You et al.

3
Metallosupramolecular Polymers

3.1
General Aspects

The term “coordination polymer” or “metallosupramolecular polymer” is de-
fined in the literature quite diversely. In this article, we consider a coordina-
tion polymer as a multicomponent entity that is held together by metal-ligand
coordination bonds, which are strong enough to ensure polymer character
not only in the solid state but also in solution. This premise demands a proper
balance of binding strength of the metal-ligand interaction to achieve co-
ordination polymerization through reversible processes. For supramolecular
polymers, the degree of polymerization N depends on the binding constant K
and the concentration of monomers [M] [70,71]:

N ~ (K[M])/? (1)

According to this relationship, a high degree of polymerization can be
achieved at high monomer concentrations by involving interactions of pro-
found binding constants or by using systems with multiple binding sites as
well as chelating ligands (for a graphical representation on the relationship
between the degree of polymerization and concentration see the Chapter by
Ajayaghosh, George and Schenning).

3.2
Oligomers and Polymers based on Metal lon-Pyridine Ligation

The first examples of porphyrin coordination polymers that have been char-
acterized according to our definition in Sect. 3.1 were reported in 1991 by
Fleischer and Shachter [72]. Upon metalation of 5-pyridyl-10,15,20-triphenyl-
porphyrin with a Zn?* ion, a self-complementary building block was ob-
tained which readily assembles to polymer 19 as confirmed by concentration
dependent UV /vis spectroscopy and 'H NMR studies. The structure of the
polymer 19 in the solid state was established by X-ray analysis. Recent rein-
vestigations of this system suggest that in solution tetrameric squares prevail,
and polymer formation may take place at higher concentration (>1M) as
predicted by computer simulation [12].

A structurally related system was reported by Burrell et al. with the dif-
ference that the pyridine ligand is attached to one of the pyrrole rings and
bridged by an ethene group which offers cis/trans isomers [73]. While the
cis isomer forms a defined dimer, the trans isomer self-assembles to a co-
ordination polymer. Both structures were confirmed by single crystal X-ray
analysis. UV irradiation (400 nm) of the coordination polymer in the trans
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form, which shows dynamic behavior in solution, leads to the formation of
dimers of cis isomer by photoisomerization of the double bond.

Higher binding constants are achievable using the same strategies as dis-
cussed earlier for the macrocyclization. While the macrocyclic array 17 (in
Sect. 2.2) was obtained by attaching two pyridine ligands with spacers of
different lengths to the porphyrin scaffold and thereby providing an angle
suited for macrocyclization, Michelsen and Hunter [70] showed that the anal-
ogous polymer 20 can easily be obtained by choosing an equal length for both
pyridine arms. Evidence for the polymeric structure of this assembly was
provided by PGSE (pulsed gradient spin echo) NMR studies revealing a sig-
nificantly smaller diffusion coefficient for polymeric assembly than the dimer
reference compound. Furthermore, support for the polymeric structure was
obtained by GPC measurements, since the addition of a chain terminator
drastically reduced the length of the polymers to short oligomers. The GPC
data also confirmed the previously mentioned relationship (see Sect. 3.1) for
the present system, thus, an average chain length of N = 95 was obtained at
a concentration of 7000 uM, while a drastic drop to N = 12 was observed at
55 uM.

As is the case for macrocyclic array 17, the favorable fluorescence prop-
erties of the tetrapyrrole dye for polymer 20 are diminished by the para-
magnetic cobalt ion. Thus, the very elegant supramolecular construction
principle (i.e. two pyridine ligands attached to the meso-positions and a cen-
tral metal ion with two axial coordination sites) could not provide an array
with desirable functionality for artificial light harvesting. This problem could
be solved again by Kobuke’s approach of connecting two zinc porphyrin-
imidazole receptor pairs by a covalent bond. Ogawa and Kobuke [74] have
shown that the coordination polymer 21 can be obtained by self-assembly
of linearly connected imidazolylporphyrinatozinc(II) dimer, while the m-
phenylene-bridged derivate leads to the respective macrocyclic array 18
(see Sect.2.2). These examples demonstrate convincingly that the aggrega-
tion mode (macrocyclization versus polymerization) of porphyrin derivatives
through self-assembly can be controlled in a rational way by the geometry
of the building blocks. For the characterization of the polymeric assembly
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21, GPC proved to be the method of choice and an average length of 150
units was calculated. This linear polymer is soluble in chloroform and no
fragmentation was observed when a chain-terminating compound was added
indicating high stability of the polymer in this solvent. However, drastic de-
crease in the polymer chain length was observed when polymeric assembly
21 and a chain terminator were dissolved in a methanol/chloroform (1:1)
mixture as assessed by GPC analysis. These results suggest that methanol acts
as a competitive ligand allowing faster kinetics for the redistribution of the
system. The optical properties of this coordination polymer (21) are indeed
quite interesting since it shows all desired features of J-type aggregation as
found in natural light-harvesting chlorophyll dye arrays (cp. the Chapter by
Balaban et al.). In particular, the fluorescence of the porphyrin chromophore
is not quenched in the polymer system. It exhibits a quantum yield of 0.053
in chloroform which is even higher than that of a comparable dimer complex
(0.043 in chloroform) and monomeric ZnTPP (0.03 in chloroform). For struc-
turally related oligomeric compounds large third-order optical nonlinearity
was reported by Kobuke and coworkers [75].

Two more examples of coordination polymers have recently been intro-
duced by this group applying Co®>* and Ga®* metal ions in a porphyrin
framework analogous to the dimer 11. In both examples the porphyrin units
are strongly aggregated which makes these systems potentially interesting for
electronic and optoelectronic applications [13, 76].

Twyman and King [77] constructed a (AA — BB),-type coordination poly-
mer from a rigid bis(zinc porphyrin) unit 22 and a flexible ditopic pyridine
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ligand 23. By choosing the combination of a rigid building block and a flexi-
ble second component, the undesired formation of cyclic assemblies, instead
of polymers, could be prevented. Furthermore, the employed flexible di-
topic pyridine ligand is not long enough to form a bimolecular complex. As
the binding constant of pyridine to zinc porphyrin is relatively low (about
3000 M~! in chloroform), high concentrations are required for the forma-
tion of oligomers and polymers from these components, thus, in the case of
(22 - 23), polymerization could be achieved only at a concentration of 1072 M.

A noteworthy difference between this (AA — BB),-type polymer and the
self-complementary ((AB),-type) systems discussed before is that in the for-
mer case the polymer length is not only a function of the monomer concen-
tration, but also depends crucially on the ratio of the building blocks A and B.
Therefore, long chain polymers can only be obtained by employing an exact
1: 1 stoichiometry of both components which is not always easy to realize in
small-scale reactions.

A further example of a functional dye that is capable of forming coordina-
tion polymers was introduced by our group [43]. NMR studies revealed that
the highly soluble tetraphenoxy-diazadibenzo-perylene ligand 24 forms com-
plexes with a Ag* ion. Distinct signal broadening together with an increased
solvent viscosity indicated the production of polymeric species at a 1: 1 ratio.
Recently, we have shown [78] that the bidentate ligand 24 coordinates with
perylene-bridged diporphyrinatozinc(Il) triads (PDP) to afford rigid zigzag
oligomeric assemblies (PDP - 24),, similar to (22 - 23),. To our knowledge, this
is a rare example of a metallosupramolecular polymer in which three different
dye molecules are self-assembled. However, owing to the low binding strength
also in this case short chains prevail in dilute solution. An interesting feature
of this system is entailed by the energetic proximity of the S; states of ZnTPP
and tetraphenoxy perylene bisimide dyes (see Sect. 1.2) which afforded emis-
sion from both dyes to variable extents.

— N “““““““““
R = n-Hexyl n

(22-23),
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An alternative approach to the previously discussed self-assembly of
metal-containing porphyrin dyes for the construction of supramolecular
polymers is the coordinative interaction of suitable external metals with aza
ligands such as pyridyl groups attached at the periphery of the porphyrin
ring. Drain and coworkers [34] have applied this approach to obtain mix-
tures of discrete linear tapes by reacting equimolar amounts of middle and
end groups with geometrically suitable [PtCl,(NCPh);] or [PdCl;(NCPh),]
complex. While the treatment of Pd?* species with a linearly coordinating
dipyridyl-substituted porphyrin and endgroups containing one pyridine unit
resulted in the linearly connected dimer, trimer and tetramer of type 25, the
reaction of Pt** ions with the respective tetrapyridyl-substituted porphyrin
and a ditopic angular endgroup yielded tape-like trimer, tetramer and pen-
tamer of type 26.

Three-dimensional, linear polymers 27 composed of linked cages were re-
ported by Shinkai and coworkers [79]. Eight pyridine ligands attached to four
phenyl groups of the zinc tetraphenylporphyrin are bridged by either chiral
or achiral Pd** complexes to form polymers with linearly aligned hollow cap-
sules. The stoichiometry of the system was determined by UV/vis titration
of the free ligand with the Pd?* complex which shows an inflection point of
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the titration curve at a metal/ligand ratio of 4: 1 indicating the formation
of a polymeric complex. Dynamic light scattering analysis and NMR stud-
ies further substantiated polymer formation and the SEM image (not shown
here) revealed the formation of fibrous structures of 20-40 nm in diameter.
CD spectroscopy confirmed the formation of helical polymers when a chiral
Pd** complex was used. As these assemblies contain free metalloporphyrin
coordination sites, the open pores might be promising for catalysis.

Coordination polymers of the so-called “shish-kebab” structure (28)
are accessible by connecting metalloporphyrin or metallophthalocyanine
dyes through coordinative interaction. Hanack and coworkers prepared the
supramolecular coordination polymers 28 by self-assembly of metalloph-
thalocyanines with various ditopic nitrogen ligands such as DABCO, pyrazine
and tetrazine [80]. However, for these ligands only metal ions of appropriate
size and octahedral coordination, for example Fe?*, Co?*, Ru?*, and Os** can
be used. Charge carrier mobility studies of these polymers in the solid state
revealed values between 1071° S and 3x1072 S strongly depending on the metal
center and the nature of the bridging units [80].

Anderson and coworkers [81] have extended this approach of metal-ligand
mediated self-assembly of dyes to construct double-stranded, conjugated lad-
ders 30 through cofacial bridging of metalloporphyrins. The zinc porphyrin
polymer 29, which is soluble in chloroform even in aggregated form, is trans-
formed into the ladder complex by the addition of the ditopic ligand 4,4’
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bipyridine. At high concentrations of bipyridine the duplex dissociates to
the single-stranded species 31 with only one pyridine subunit of the bipyri-
dine bound to the zinc center. The complexes 30 and 31 were characterized
by UV /vis titration, NMR, GPC, and SANS (small-angle neutron scattering).
Interestingly, DFWM (degenerate four-wave mixing) measurements revealed
drastic enhancement of nonlinear properties of the ladder complex com-
pared to the uncomplexed polymer. This effect was explained in terms of
coordination-induced planarization of the 7-conjugated polymers which in-
creases the effective conjugation length.

M 7N\ N /N
M = Fe, Co, Ru, Os N = N N
N\ \—/ =N —
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3.3
Dye Polymers Constructed from Chelating Pyridine Ligands

As mentioned above, the most general approach toward high binding con-
stants is the use of chelating ligands such as bipyridine, terpyridine or
phenanthroline in combination with free metal ions. Several research groups
have studied the optical and photophysical properties of linear rod-type met-
allosupramolecular polymers constructed from Ru?* and Os®* complexes
of the afore-mentioned ligands connected through a great variety of spac-
ers [82-84]. Although these supramolecular systems are photoactive, they are
in most cases built from not photoactive ligands. As their interesting proper-
ties arise only from the metal ion or its electronic interaction with the ligand,
these systems are not discussed in detail here. In addition, complexation of
Ru?* and Os?* leads to kinetically inert complexes that do not fulfil our cri-
teria of self-assembly. However, there are a few examples of supramolecular
coordination polymers which are obtained from dye building blocks con-
taining such chelating ligands upon coordination to less strongly interacting
metal ions.

The 2,2:6/,2"-terpyridine (tpy) ligand is ideally suited for the formation of
coordination polymers due to its favorable structural properties. In contrast
to the 2,2’-bipyridine ligand, octahedral tpy complexes can not form A and
A isomers, and as the 4'-position can be easily functionalized it allows the
alignment of two residues in an exact 180° angle [82].

A red fluorescent coordination polymer (32) was obtained by our research
group from a tpy-functionalized perylene bisimide chromophore by com-
plexation with zinc triflate [85]. The polymer 32, which is readily soluble
in chloroform/methanol mixtures and DMF, retains the excellent fluores-
cence properties of the free ligand and shows reversible binding, thus, the
chain length decreases upon addition of an excess amount of Zn**. The poly-
meric structure was established by !H NMR using a dimer model compound
as reference as well as by DOSY NMR, UV /vis spectroscopy, fluorescence
anisotropy measurements, and AFM [86]. Further superstructures were ob-
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tained by hierarchical self-organization utilizing the polyelectrolyte character
of these coordination polymers [87]. By alternating adsorption of the polyan-
ionic polystyrene sulfonate and the polycationic polymer 32, multilayers were
built-up on quartz substrates and monitored by UV /vis spectroscopy. The
multilayers retained the characteristic fluorescence properties of the perylene
bisimide fluorophore, but now with a significantly decreased quantum yield.

This concept was extended by Che et al. for a series of terpyridine contain-
ing chromophores [88]. The respective zinc coordination polymers obtained
thereby were investigated by optical spectroscopy, NMR and viscosimetry.
These coordination polymers exhibit fluorescence ranging from violet to yel-
low and two such polymeric compounds could be successfully incorporated
into an electroluminescent device. Whereas in polymer 33 the green fluores-
cence originates from the fluorene unit located between the tpy ligands, the
blue fluorescence in polymer 34 stems from the 4’-phenyl-substituted tpy lig-
and itself, so that in the latter case tpy acts as both the structural and the
functional unit.

In a similar approach two tpy units attached to an oligo(phenylene viny-
lene) unit could be polymerized with Fe** by Meijer and coworkers [30].
Formation of polymer 35 could easily be characterized by UV /vis titration

] 2nPFg

7] 2nPFg
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with FeCl, in a chloroform/methanol mixture based on the characteristic
MLCT absorption of the Fe(tpy), unit. The binding constant was determined
to be K = 10" M~! which convincingly establishes the drastic increase of bind-
ing strength in the case of chelating ligands.

Another interesting example of metallosupramolecular dye polymers has
been recently published by Groves and coworker [89]. They have constructed
the polymer 36 by zinc complexation of two 9-carboxy-1,10-phenanthrolines
that are connected to porphyrin. 'H NMR and spectrophotometric monitor-
ing of the complexation reaction revealed that upon addition of zinc ions the
phenanthroline complex was formed in the first step prior to the metalation
of porphyrin in the second step. In all experiments, an excess amount of zinc
salt was used.

3.4
Azo Dye Coordination Polymers

Metal complexes of azo and azomethine dyes are an important class of indus-
trially relevant pigments. Such pigments possess more advantageous prop-
erties compared to their parent chromophore including bathochromic shift
of absorption, better weather- and lightfastness and enhanced solvent resis-
tance [90].

Coordination polymers of azo dyes were introduced by Suh and cowork-
ers. They have employed 0,0’ -dihydroxyazobenzene and its derivatives as
dye building blocks to produce coordination polymers of the basic structure
37 with various metal ions. The polymeric material obtained from the par-
ent dihydroxy-azobenzene and iron metal showed semiconducting proper-
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ties [91]. Substitution of the 0,0’-dihydroxyazobenzene dye with hydrophilic
or hydrophobic groups provided soluble materials for bilayer membranes,
which could be stabilized by metal complexation. These metallo-crosslinked
bilayer membranes were explored as model systems for metalloproteins [92].
Functionalization of the parent dye with a carboxylic acid group and subse-
quent complexation with Ni** ions produced water-soluble polymers [93].

4
Miscellaneous Dye Assemblies

4.1
Porphyrin-based Capsules and Cages

Self-assembled capsules and cages possess three-dimensional cavities and are
able to reversibly encapsulate guest molecules of appropriate size and shape.
Therefore, such self-assembled entities have received much attention in
supramolecular chemistry [94]. Particularly, functionalized calixarenes have
been widely used for supramolecular capsules mediated by either hydrogen-
bonding or coordinative interaction which is not a subject of this review
article since it deals with assemblies of functional dyes. Nevertheless, during
the past few years some capsules and cages derived from porphyrin dyes have
been prepared through the metal-coordination strategy. Similarly, as in the
case of macrocyclic porphyrin arrays, porphyrin capsules and cages can be
constructed by coordination with external metals/ligands or by complemen-
tary self-assembly of metalloporphyrins.

Porphyrin-based molecular capsules 38 were obtained from two moles
of respective tetra-pyridylporphyrin derivatives and four moles of cis-Pd(II)
dppp complexes through pyridine-Pd(II) coordinative interaction [95]. The
structures of 38 were confirmed by !H NMR and CSI-MS. 'H NMR studies
revealed that the capsules 38 have a highly symmetrical Dy, structure with
a large vacant cavity. The zinc porphyrin assemblies are able to accommo-
date large dipyridine guests such as 4,4'-trimethylenedipyridine with high
affinity (Ks = 2.6 x 10° M™") by a two-point simultaneous pyridine-zinc(II)
interaction.
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M = 2H or Zn, R' = OCHg, R? = OCgH,;

During the last decade, extensive studies were pursued by Sanders and
coworkers on macrocyclic porphyrin scaffolds as templates that catalyze
reactions between bound molecules [96]. Their recent work focuses on
the selection and amplification properties of mixed-metal porphyrin cages
through a dynamic combinatorial approach [97] by utilizing different coordi-
native bonds, whose strength has been evaluated by systematic investigation
on the self-assembly of phosphorus and nitrogen ligands with metallopor-
phyrins [98]. A cage structure like 39 was created from two bisphosphine-
substituted zinc(II) porphyrins as ligand donors and two rhodium(III) or
ruthenium(II) porphyrins as ligand acceptors through metal-phosphorus co-
ordination. Ditopic ligand 4,4'-bipyridine, 3,3'-dimethyl-4,4’-bipyridine or
2,7-diazapyrene serves as the template in this self-assembly process. It was
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found that the template plays a crucial role in the cage formation since rup-
ture of cages takes place upon removal of the template. On the other hand, the
cages with sterically demanding porphyrins can be only formed with smaller
templates, while in the case of very bulky tert-butyl-substituted tetraphenyl-
porphyrin, no cage formation was observed. An extension to mixed dynamic
combinatorial libraries showed that only some amplification and limited se-
lectivity were displayed by the various templates due to the formation of
mixed cages. In a successive work, the research group of Sanders has con-
vincingly accomplished the quantitative selection and amplification of diverse
disulfide-linked cyclic porphyrin oligomers from a dynamic combinatorial
library using bisthiol-substituted zinc(II) porphyrin units with appropriate
amine donor templates [99].

Box-shaped porphyrin assemblies 40 of high thermodynamic stabil-
ity were constructed by Osuka and coworkers [66] from meso-pyridyl-
substituted meso-meso-linked zinc(II) diporphyrin in which the porphyrin
moieties are arranged essentially in a perpendicular orientation. It is note-
worthy that the binding sites applied in these examples are comparable
to building blocks employed by Hunter and Kobuke (see assemblies 18
and 21 in Sect. 2.2 and 3.2). Only by means of their spatial organization
are such diverse architectures accessible. The assemblies 40 were identi-
fied by 'H NMR, GPC and CSI-MS, and a cavity of approximately 10 x
10 x 8 A was estimated. Because of the remarkable synergistic effect in the
self-assembly process, the supramolecular assembly has an association con-
stant of at least 102> M= in chloroform and remains intact even under
extremely dilute conditions (1.6 x 10 M). Interestingly, the complex 40
possesses two enantiomers owing to the different meso substituents, and
both isomers are present in equal abundance in solution (racemic mix-
ture). This box-shaped assembly exhibits interesting photophysical proper-
ties as detailed spectrophotometric investigation revealed [100]. Johnston’s
group has successfully applied the self-complementary concept to synthesize
a porphyrin-based capsule through dimerization of V-shaped bisporphyrin
derivatives [101].

Porphyrin-based supramolecular capsules and cages are accessible not
only by self-complementary building blocks but also by coordinative bonding
of metalloporphyrins with appropriate external ligands. For instance, Reek
et al. reported the formation of a molecular capsule based on metal-to-ligand
interaction of two dizinc(II) bisporphyrins with a tetraamine ligand [102].
In this entity (structure not shown here), the dendritic tetraamine ligand is
encapsulated into the self-assembled spherical superstructure. Furthermore,
molecular cages were prepared by apical coordination of the terminal bases
of a series of tris(2-aminoethyl)amine derivatives to a trisporphyrin deriva-
tive [103]. Baldini et al. have recently reported some calix[4]arenes equipped
with two and four zinc porphyrins on the upper rim [104]. Self-assembly
of calix-bisporphyrinatozinc(II) with the bidentate ligand DABCO formed
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a cage with large cavity that has the potential to function as the supramolec-
ular host [104].

4.2
Other Porphyrin-based Dye Assemblies for Energy/Electron Transfer Studies

Through metal coordination, dyes can be assembled into various topologies
such as catenanes [105], rotaxanes [106-108], and nanostructured materi-
als [109-111]. Among them the electron- and energy-transfer systems are
of particular interest since they may serve as the simplest models for the
photosynthetic machinery of bacteria. Although quite a number of cova-
lently joined systems have been thoroughly investigated in the past years, the
noncovalently associated assemblies have drawn significant attention mostly
owing to their synthetic simplicity. Compared with the covalent compounds,
the assemblies sewed up through noncovalent forces are more readily acces-
sible but they are of lower structural stability leading to fragmentation upon
dilution. As outlined in the previous sections of this review, only recently dye
assemblies of sufficient stability became available for photophysical studies at
suitable concentrations < 107° M.

Lindsey and coworkers have designed the self-assembled light-harvesting
array 41 that contains six zinc-porphyrin units and one free base por-
phyrin [112]. Due to the cooperative binding of two cofacial zinc porphyrins
through the ditipic ligand, more than 90% of the assembly kept intact at the
concentration of 10~/ M. Because zinc porphyrins can serve as energy donors
and the free base porphyrin as an acceptor, photoinduced energy transfer
in the array could be demonstrated by using steady-state fluorescence spec-
troscopy. The results revealed that the energy transfer from the coordinated
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zinc porphyrins to the guest free base porphyrin follows a Forster through-
space process, but the efficiency is only about 40%. By contrast, in array 41
the energy transfer occurs essentially quantitatively from uncoordinated zinc
porphyrins to pyridyl-coordinated ZnTPPs which exhibit the lowest S; state
among the porphyrin units in this system (cp. Sect. 1.2) [112].

Through coordination motif, a tetra-pyrazinyl porphyrin-based assembly
with four dimeric [meso-tetrakis(2-carboxy-4-nonylphenyl)porphyrinato]-
zinc(II) as the antenna moiety was constructed by Kuroda et al. [113]. The
efficiency of energy transfer from the zinc porphyrin-pyrazine complex to
the free base porphyrin has been determined to be 82%. Also for this sys-
tem, the observed efficiency of energy transfer is not so high compared
with those reported for covalently linked multi-porphyrin systems [114].
Hunter’s group has designed a pentameric porphyrin array, which was built
up by the complementary coordination of a tetra-pyridyl porphyrin and two
zinc-porphyrin dimers [115]. Steady-state and time-resolved fluorescence
spectroscopic studies revealed that the energy transfer efficiency of this array
is around 70%.

Besides genuine metal-coordination, the cooperative effect of several weak
forces has been utilized to create similar functional assemblies. Weiss and
coworker have recently designed the noncovalent couple 42 by utilizing the
unique recognition properties of phenanthroline-strapped zinc porphyrin
towards N-unsubstituted imidazoles [116]. Metal coordination and hydrogen-
bonding interaction simultaneously drive the formation of the assembly and
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42

endow 42 with a high stability in CH,Cl,. Although the strength of the hydro-
gen bond is quite weak, it is important to establish a well-defined geometry of
complex 42. As in the case of the above-mentioned cyclic array 41, the energy
transfer from the zinc porphyrin donor to the free base porphyrin acceptor is
inefficient.

Imahori et al. have reported the electron transfer assemblies 43, in which
a zinc porphyrin dimer acts as the electron donor and benzoquinone or py-
romellitimide serves as the electron acceptor [117, 118]. Because of the two-
sites binding of the electron acceptors with high stabilities, the assemblies
43a and 43b may form exclusively even at low concentrations typically used
for spectroscopic studies. The electron transfer rate constants were found to
be 1.6 x 101%s7! for 43a [117] and 2.1 x 10'° 57! for 43b [118]. These nearly
identical values suggest similar barriers for electron transfer at a comparable
distance between chromophore and quencher. As the shortest through-space
and through-bond pathways between the chromophore and the quencher in
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43 are similar, it is not possible to distinguish whether the electron transfer
in these systems is occurring through space or through bond.

Such ambiguity can be resolved in the porphyrin-naphthalene bisimide as-
sembly 44 designed by Hunter and Hyde [119]. As in the previous case, the
bifunctional ligand bridges the two zinc centers of the porphyrin dimer with
a high association constant of about 3 x 108 M~! resulting in a close spatial
approach of the free-base porphyrin chromophore and naphthalene bisimide
quencher. The through-space separation of the components is less than 10 A,
whereas the through-bond distance around the ring is about 35 A. Upon ex-
citation, the excited state of the free base porphyrin is quenched by 70% via
electron transfer to the naphthalene bisimide moieties. This process has been
ascertained to operate through space [119].

Electron-transfer processes have also been investigated in porphyrin-
containing [2]-rotaxanes [106, 120]. In these systems, two Zn(II)-porphyrin
(ZnP) electron donors were attached as stoppers on the rod, while a macrocy-
cle attached to a Au(1II)-porphyrin (AuP™) acceptor was threaded on the rod.
By selective excitation of either porphyrin unit, electron transfer could be in-
duced from ZnP to the AuP* unit that generated the same charge-transfer
state irrespective of which porphyrin was excited. Additional metal ions like
Ag* and Cu* were introduced into the system by coordination of phenan-
throlines as shown in structure 45. When Zn(II)-porphyrin was excited, no
effect of Ag* or Cu* on the electron-transfer process was observed. How-
ever, the excitation of Au(III)-porphyrin enhanced the electron-transfer rate
in the presence of Ag* as well as Cu*. These results show that it is possible to
tune the rate of electron transfer between noncovalently linked reactants by
appropriate modification of the link.
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(R =CgHy3, M = Ag or Cu)

4.3
Metal lon-Mediated Supramolecular Dye Dendrimers

Supramolecular dendrimers that contain photo- and/or redox-active func-
tions have attracted a great deal of interest due to their potential applica-
tions in molecular recognition, catalysis and light harvesting [121-123]. Dye
molecules are assembled into dendritic superstructures through metal-ligand
mediated coordination for serving as photoactive materials.

Porphyrins have been introduced into dendritic arrays as either the core or
the peripheral chromophores through the coordination motif. The group of
Reinhoudt and van Veggel synthesized several metallodendrimers containing
PyP on the surface by means of noncovalent synthesis [124]. The trinuclear
palladium-chloride complex was reacted first with AgBF, followed by the
addition of cyano palladium chloride to produce the first generation met-
allodendrimer, the latter was reacted further with PyP to afford dendrimer
46. In a similar manner, a dendrimer containing 12 porphyrins on the pe-
riphery was assembled divergently. Porphyrin-containing Pd-Cl complexes
were also successfully employed to construct porphyrin-cored metalloden-
drimers [124].

Recently, spherical porphyrin arrays were assembled through coordina-
tive interaction between a dendrimer bearing 16 pyridyl-terminated units
and zinc porphyrins [125]. Detailed investigation revealed that this pyridyl
dendrimer is unable to form stable assemblies with simple zinc tetraphenyl-
porphyrin, while a globular macromolecular assembly containing 12 terminal
porphyrins is supposed to be formed by the coordination with a porphyrin
trimer.
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5
Summary and Outlook

In this review article, we have tried to give a representative collection of met-
allosupramolecular architectures that incorporate dye molecules. Looking at
these examples - and taking also into account examples given in this book for
other dye assemblies like hydrogen-bonded ones — we can draw the following
conclusions:

(1) Most work on metallosupramolecular dye architectures has focused
on porphyrin systems. This choice was reasonable for two reasons: First,
porphyrins are structurally closely related to natural chlorin dyes which
give their assemblies the appeal to be “biomimetic”. Second, porphyrins are
tetradentate ligands which easily complex various metal ions in their center.
As most metal ions are able to coordinate a fifth or even a sixth ligand, met-
alloporphyrins are Lewis-acidic building blocks which can be organized by
appropriate ligands to establish otherwise not easily accessible supramolecu-
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lar architectures. In particular, coordination of porphyrin-appended ligands
like hydroxy or imidazole groups to the central metal ions leads to J-type ag-
gregation to afford highly mobile excitons as demonstrated by the natural
chlorin dye assemblies (see the Chapter by Balaban).

(2) Metal-ion directed self-assembly has enabled the design of the struc-
turally most appealing examples of supramolecular dye architectures so
far. This is in particular demonstrated by the well-defined cyclic arrays of
porphyrin dyes 17 and 18 synthesized by the groups of Hunter [67] and
Kobuke [68] and the box-shaped arrays 40 of Osuka [66]. These examples
contain significant numbers of chromophores positioned at exact locations
in space. To realize such architectures it was of major importance that the
applied metal-ligand bonds are highly directional and exhibit just the right
Gibbs interaction energy required to direct the reversible self-assembly at rea-
sonable concentrations.

(3) There are only two strategies which enable the formation of supramolec-
ular assemblies in highly dilute solution which are a necessity for most
spectroscopic studies. Thus fluorescence spectroscopy is typically done at mi-
cromolar concentration and single molecule spectroscopy even at femtomolar
concentration. The first approach relies on receptors with multiple nonco-
valent interaction sites or large complementary van der Waals surfaces as
found in many biological systems but which are difficult to design in artificial
substrate-receptor pairs. The second approach relies on a single highly direc-
tional bond of sufficient binding strength. Such bonding is only realized for
the metal-ligand coordinative bonds. The zinc(II) ion-terpyridine interaction
was introduced recently as a particularly promising unit for supramolecu-
lar dye chemistry as it combines a high binding strength with kinetic lability
(which enables formation of thermodynamic structures under equilibrium)
without quenching the fluorescence of appended dyes [85-87]. Thus it can be
considered as a strong supramolecular “glue” similar to the extended com-
plementary surfaces of proteins in nature. In addition, like proteins Zn ions
do not affect the electronic functionality of the dye assembly.

After these positive statements on the achievements in the field of metal-
losupramolecular dye assemblies we may, however, now raise some critical
points which will draw ones eyes towards challenges for the future:

(4) From the examples shown it became clear that most studies have been
motivated so far from the structural point of view. As a typical example, light-
harvesting chlorophyll dye assemblies motivated researchers to design por-
phyrinoid model systems. For synthetic reasons chlorin dyes were substituted
by porphyrin dyes and the magnesium ion was substituted for other metals
like cobalt (e.g. Hunters cyclic array 17). As a consequence even though the
metal-assembled structures look quite related to the natural counterparts,
the properties are so different that photophysical studies on these assemblies
have not even been initiated (because cobalt totally quenches the fluores-
cence of the porphyrins). This example clearly points towards our future goal
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of directing our scientific attention towards the realization of supramolecu-
lar functionalities and applications of metallosupramolecular dye assemblies
in sensing, solar energy conversion, electronics and photonics. Chances are
quite promising if we consider the wide applications of, for example, metal-
lophthalocyanines as pigments [90], photoconductors [4] or n-type semicon-
ductors [7] or ruthenium, iridium or osmium pyridine complexes as photo-
and electroluminescent materials [126, 127]. Therefore, application of met-
allosupramolecular strategies to these building blocks might enable exciting
new functional properties on the nano- and mesoscopic scale.

(5) The field of supramolecular photochemistry has focused quite strongly
on multichromophoric structures that are formed by purely covalent bonds
or strong and inert coordinative bonds. In part this might be for historic rea-
sons due to the very inspiring work by Balzani, Scandola and others already
done in the late 1980s and early 1990s [128]. Other reasons are given by the
fact that the investigation of covalent systems is less demanding as the once
characterized compound at millimolar concentration (using the NMR tech-
nique) prevails to exist also under more dilute conditions where the optical
properties are investigated. Nevertheless, highly interesting properties arising
from m-m-aggregation of dyes, which are meanwhile recognized to be of ut-
most importance for the functional properties of natural light-harvesting dye
assemblies as well as organic electronics, cannot be realized by covalent or
inert coordinative bonds.

(6) If metal coordinative bonds are taken as a primary noncovalent inter-
action of sufficient strength the incorporation of additional weaker nonco-
valent interactions like hydrogen-bonding and 7 -m-stacking might be useful
to fine-tune desired functional properties like excitonic interactions. This
approach is clearly outlined by the chlorin dye assemblies found in green bac-
teria and is discussed in the Chapter of Balaban et al. In these dye assemblies
the advanced functionality of highly mobile excitons is provided by the most
beautiful arrangement of chlorin dyes as J-type aggregates in highly ordered
tubules [129, 130].

Moreover, the major advantage of metallosupramolecular chemistry has
not yet been systematically developed, neither in the field of dye assemblies
nor in general. This major advantage is given by the fact that combinations
of metal ions and ligands can be found with any desirable binding strength
(thermodynamic property), exchange rate (kinetic property) as well as op-
tical and electronic functionalities. Thus, metallosupramolecular chemistry
offers the tools to synthesize large well-defined architectures by self-assembly
under proper thermodynamic control in quantitative yield at elevated tem-
perature (and if necessary in special solvents). After isolation the obtained
structures may be fully inert and can be easily handled as long as the tem-
perature remains low enough (or the particular solvent is avoided). No other
single noncovalent interaction is able to provide such useful possibilities for
materials science!
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Based on such a multitude of new avenues we are convinced that the field
of metallosupramolecular dye assemblies can evolve significantly during the
coming years and enable novel functional and materials properties. Never-
theless, it is important that future research goals are defined by functional
demands, whereas over the last decade research was more driven by the need
to develop the methodology for gaining control of supramolecular structure.
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Abstract Recent developments in the area of hydrogen-bonded supramolecular assem-
blies of functional dyes and extended w-conjugated systems are described. Emphasis is
given to the hydrogen-bonded assemblies of dyes such as porphyrins, perylene bisimides,
cyanines and azo compounds. In addition, a state-of-the-art summary of the recent devel-
opments in the design and properties of hydrogen-bonded supramolecular architectures
of extended m-conjugated systems, that is oligomers and polymers, is presented. Finally,
the current status of the design and studies of hydrogen-bonded 7-conjugated gel systems
and their application is described.
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-Conjugated oligomers - Organogels - Phenylenevinylene



84 A. Ajayaghosh et al.

1
Introduction

Dyes are molecules with fascinating colors, and are traditionally used in
staining a manifold of different materials [1]. Recently, dyes have been ex-
tensively used in advanced applications such as ink-jet printing, imaging and
in electronics. For these uses, functional dyes are required which are able to
form organized supramolecular assemblies, the properties of which can be
controlled as a function of the self-assembly process. Supramolecular control
over dye arrangement is important for the improved performance of exist-
ing devices and to create new dye-based materials with tunable optical and
electronic properties. With these views, considerable efforts are being focused
toward the modification of the structure of organic dyes to program the self-
organization. These studies have generated a wealth of knowledge concerning
the design of a variety of materials with intriguing properties.

Hydrogen bonds are the ideal noncovalent interactions to construct
supramolecular architectures since they are highly selective and direc-
tional [2,3]. In nature, beautiful examples of these properties are present
in DNA and proteins. Hydrogen bonds are formed when a donor with an
available acidic hydrogen atom interacts with an acceptor carrying avail-
able nonbonding electron lone pairs. The strength depends mainly on the
solvent and the number and sequence of the hydrogen-bond donors and
acceptors [4]. In order to construct a significant number of desired hydrogen-
bonded assemblies, high association constants are required (Fig. 1). In many
cases, however, relatively weak hydrogen-bond interactions are used, so that
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Fig.1 Theoretical plot of the relation between the association constant K, and the degree
of polymerization as function of concentration
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additional supramolecular interactions are required to obtain stable dye as-
semblies.

This review will focus on the most significant developments in the last
5 years until the end of 2004 in the field of hydrogen-bond-directed self-
assembly of dyes and extended m-conjugated systems. We will discuss the
most common dyes and chromophoric systems, such as porphyrins, pery-
lene bisimides, cyanines and -conjugated oligomers and polymers. Though
hydrogen-bonded metal complexes have recently been reported in solu-
tion [5], which can also be regarded as dye assemblies, this subject is beyond
the scope of this survey. For the recent results on self-assembled dyes by other
supramolecular interactions, the reader is referred to other chapters in this
issue.

2
Hydrogen-Bonded Porphyrin Assemblies

Porphyrins represent an important class of dyes with promising application
in many areas, such as optoelectronics, chemosensors and catalysis [6,7].
These dyes exhibit strong absorption and emission in the visible region and
show electrochemical activity. The self-assembly of porphyrins is mainly in-
spired by the photosynthetic systems in nature and is not only important for a
better understanding of natural processes, but is also valuable for applications
in optoelectronic devices.

In nature, large numbers of porphyrins, that is chlorophyll dyes, are orga-
nized in light-harvesting photosynthetic systems of different shape and sym-
metry. In the case of purple bacteria, the photosynthetic complexes comprise
ringlike structures of chlorophyll molecules and the continuously overlapping
pigments inside these rings serve as light-harvesting antennae, ensuring high
absorption of sunlight. Coherent transfer then funnels the absorbed energy
to a reaction center, around which another ring of bacteriochlorophylls is or-
ganized, having redshifted absorption. This transfer pathway eventually leads
to a charge-separated state inside the reaction center. Green bacteria con-
tain chlorosomes that have several thousand bacteriochlorophylls arranged
in rodlike aggregates held together by hydrogen bonding and coordination
bonds [8,9] (Fig. 2). Recently, the ability to characterize these complex sys-
tems was greatly enhanced by the construction of artificial systems [10], and
the the implementation of powerful NMR [11] and time-resolved fluorescence
techniques [12].

Porphyrins have been used as artificial receptors for the recognition of
a variety of (chiral) guest molecules by hydrogen-bond interactions [13, 14].
Also energy- or electron-acceptor molecules have been complexed to por-
phyrin dyes in order to study photoinduced electron and energy transfer
reactions. In a pioneering work, Tecilla et al. [15] designed porphyrin-
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Fig.2 The high degree of organization, partly as a result of hydrogen bonding, in the
chlorosome organization in green bacteria. (Reprinted with permission from Refs. [8,9].
Copyright 2000/2001 American Chemical Society)

based multichromophoric hydrogen-bonded dyads and triads comprised
of various fluorescent or redox-active naphthalene, ferrocene and dan-
syl chromophores and studied the energy and electron transfer processes
within these complexes. The self-complementary interactions were based on
the hexa-hydrogen-bonding complementarity between barbiturate deriva-
tives and two 2,6-diaminopyridine units, linked through isophthalate units
(Ko = 1.1 x 10°°M™'). Some of the recent examples pertain to porphyrins
complexed with phenoxynaphthacenquinone [16] and naphthalenebisi-
mides [17,18]. In these cases, the supramolecular interactions are purely
based on relatively weak hydrogen bond interactions (K, < 300 M1).

Monopyrazolylporphyrins self-assemble to form dimers and tetramers (1)
by hydrogen bonding between the pyrazole units (Fig.3). The associ-
ation constant of both processes in chloroform, K, =39M™! and K, =
9.3 x 10> M3, respectively, is, however, low [19].

By increasing the number of the directional hydrogen-bonding interac-
tions, Drain et al. [20] could enhance the stability of the resulting supramolec-
ular porphyrin assemblies. The discrete squares 2 obtained by self-comple-
mentary hydrogen bonding between diacetamidopyridyl recognition groups
linked to the porphyrin dye showed a K, value of 7 x 10° M~ (Fig. 3).
Such squares could also be obtained upon using two sets of complemen-
tary porphyrin building blocks [21]. Supramolecular tapes are obtained if the
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R

Fig.3 Hydrogen-bonded tetramer (1) formed by monopyrazolylporphyrins and the self-
assembled porphyrin square (2) mediated by self-complementary quadruple hydrogen
bonds

hydrogen-bonding units at the dye core are substituted differently to form
linear arrays.

Clip molecules (3) have been complexed to porphyrin dyes (4) by
hydrogen-bond interactions (Fig.4) [22]. Four host molecules could be
bound to a porphyrin core and, interestingly, the resulting supramolecular
complex further self-assembles into dye arrays by additional w-7 interac-
tions. Addition of acetone to the porphyrin ensemble results in the dissoci-
ation of the arrays.

Formation of the dimeric hydrogen-bonded assembly between carboxylic
groups has been extensively used to construct supramolecular assemblies of
dye molecules. However, additional supramolecular interactions are required,
since the dimerization constant between carboxylic acids is low. Kuroda and
coworkers applied additional metal-ligand interactions to construct, in an el-

Fig.4 Molecular structures of porphyrin host (3) and clip guest molecule (4)
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egant way, nonameric [23] and heptadecameric [24] porphyrin assemblies.
Dimeric zinc porphyrins (5) are first obtained which bind to a free-base por-
phyrin focal core bearing four or eight pyrazine ligands at the periphery (6),
by metal-ligand interactions (Fig. 5). Energy transfer takes place from the
zinc porphyrins to the free-base porphyrin core in these antenna complexes.

Additional w-7 interactions with guest molecules can also be used to
strengthen the hydrogen bonding of carboxylic acids. Recently, supramolecu-
lar peapods have been constructed from hydrogen-bonded zinc porphyrins to
form nanotubes through fullerene-directed one-dimensional supramolecular
polymerization of the zinc porphyrins bearing six carboxylic acid functional-
ities (7, Fig. 6) [25]. The untangled peapods have a high aspect ratio and are
thermally stable.

Kobuke et al. [26] have used imidazole hydrogen-bond interactions to
self-assemble porphyrin dyes (8, Fig. 7). Though the hydrogen-bond interac-
tions were rather weak, stable aggregates could be obtained through hydrogen
bonds at multiple sites, combined with hydrophobic and 7-m interactions
between the porphyrin rings. Bis(imidazolyl)porphyrins were able to form
supramolecular stacks in various organic solvents and efficient energy and
electron transfer took place from the assemblies to a variety of external ac-
ceptors [27]. Upon metallation of the porphyrin core by zinc, the stacks could
be further stabilized by additional metal-imidazole interactions [28]. In wa-
ter, liposomes were observed in which the existence of hydrogen bonds is
unclear [29].

The groups of Ihara and Sagawa have prepared fibrous assemblies of por-
phyrin 9 and pyrene 10 substituted by L-glutamic acid (Fig. 8) [30]. By amide
hydrogen bonding, both chromophores self-assemble cofacially into chiral
fibers several micrometers in length which can be controlled by tempera-
ture. The porphyrins form a physical gel and optical studies confirmed the

Fig.5 Porphyrin assemblies constructed from 5 and 6 using hydrogen bonding and
metal-ligand interactions
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Fig.6 Zinc porphyrin 7 functionalized with six carboxylic acid groups

presence of highly ordered aggregates even below the critical gel-forming
concentration. Although the pyrene did not produce a gel state at room tem-
perature, it does form ordered aggregates in solution. Preliminary results
indicate energy transfer within mixed assemblies in solution from pyrene ex-
cimers to porphyrin traps. Moreover, the L-glutamic acid induces helicity into

Fig.7 Imidazole porphyrin derivatives that self-assemble via 7-7 interactions and hydro-
gen bonding
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Fig.8 Didodecyl L-glutamic acid substituted porphyrin 9 and pyrene 10 and the
porphyrin-guanidine conjugate 11

the fibers, as can be concluded from the observed Cotton effects for both the
porphyrin and pyrene systems.

Cationic porphyrins bearing one, two or four guanidines (11, Fig. 8) have
been self-assembled into highly oriented chiral assemblies using different an-
ions. The self-assembly occurs through hydrogen-bonding and Coulombic
interactions between peripheral guanidines and small anions, which are fur-
ther strengthened by w-7 interactions between the porphyrin dyes [31].

Fig.9 Schematic representation of the hydrogen-bonded structure between porphyrin
triazine derivatives (12) and barbituric acid at the air-water interface
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A cyclic hexaporphyrin rosette, composed of three triaminotriazine units
bearing two appended tetraphenyl porphyrins or their zinc complexes and
three complementary dialkylbarbituric acid derivatives, was reported by
Drain et al. [32], which closely resembles the chlorophyll architectures
present in the light-harvesting complexes of photosynthetic bacteria. When
two porphyrins are attached to a triaminotriazine head group (12), stable
Langmuir and Langmuir-Blodgett films can be constructed upon addition
of complementary barbituric acids (Fig. 9) wich showed enhanced fluores-
cence [33].

Recently, Shinkai et al. have reported one-dimensional self-assembly of
sugar-, urea- or amide-appended porphyrins leading to the gelation of sol-
vents, and this is discussed in detail by Ishi-i and Shinkai in one of the
chapters of this volume.

3
Hydrogen-Bonded Perylene Bisimide and Related Assemblies

Perylene bisimides are widely applied as red dyes for industrial purposes
owing to their favorable chemical, light and thermal stability. These dyes
are also used in electronic applications as n-type semiconductors or in elec-
trophotography. Self-assembled perylene bisimides are of great interest to
tailor defined materials with improved or novel optical and electronic prop-
erties [34].

Wang et al. [35] have used hydrogen bonding, in an elegant way, to con-
trol the stacking interactions between perylene bisimides by incorporating
them into the backbone of DNA. In the case of a chromophoric pentamer
system surrounded by DNA hairpin structures, the perylene bisimides are
stacked as a result of - interaction and the hydrogen bonding between the
self-complementary hairpin structures (Fig. 10). Upon addition of equimolar
amounts of the complementary strand to the hybrid polymer, the perylene
bisimide stacking was disrupted.

Related perylene bisimide based DNA conjugates have also been reported
in which the dye increased the stablization of a hairpin triplex [36] and in
which the DNA directed the dye assembly [37].

Wiirthner et al. [38] have explored the use of the imide units in perylene
bisimides (13) as a hydrogen-bonding entity in self-assembled systems. In an
initial study the binding constants of monotopic melamines with monotopic
perylene bisimides were determined. The association constants range from
K, =240 M! in chloroform to K, = 54000 M~! in methylcyclohexane, show-
ing that the binding constant increases upon going to a more apolar solvent.
As stated in the “Introduction”, for hydrogen-bonded supramolecular poly-
mers a high degree of association is required and the authors calculated that
for a supramolecular polymer of ten units a concentration of 0.75 mol/L is re-
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Fig.10 A perylene bisimide chromophoric pentamer surrounded by DNA hairpin struc-
tures that can be unfolded through binding to the complementary DNA

quired in chloroform, while only 0.003 mol/L is required in methylcyclohex-
ane. Therefore, in an apolar solvent, hydrogen-bonded polymers are formed
between ditopic perylene bisimides and dialkylmelamines (14) that further
self-assemble by additional - interactions into an intertwined network of
nanostrands (Fig. 11) [39]. By using optically pure melamine derivatives chi-
ral assemblies could be obtained as was concluded from circular dichroism
(CD) experiments [40].

Recently, hydrogen-bonded perylene bisimide rows have been observed on
a Ag/Si(111) surface by scanning tunneling microscopy (STM). Upon depo-
sition using ultrahigh vacuum conditions rows were formed in which two
hydrogen bonds exist between adjacent perylene bisimides. Upon addition
of melamine a two-dimensional honeycomb network was formed in which
Ceo clusters could be bound in the pores [41].

Li et al. [42] attached fullerene derivatives bearing a diacylaminopyridine
unit (15) to perylene bisimides (16) by hydrogen-bond interactions (Fig. 12).
A fluorescence experiment indicated electron transfer between the perylene
bisimide and the fullerene electron acceptor. Perylene bisimides contain-
ing diacylaminopyridine units (17) were also synthesized and complexed to
complementary perylene bisimides (16) yielding well-defined long fibers via
hydrogen-bond and 7-7 interactions (Fig. 12) [43]. Based on similar type of
interactions bisurea perylene bisimides also gave rodlike structures having
a uniform distribution [44].

Related napthalene bisimides have been attached to a self-complementary
quadruple hydrogen-bonding unit, that is a 2-ureido-4[1H]-pyrimidinone
(UPy), yielding hydrogen-bonded dimers (18, Fig. 13) [45]. Selective forma-
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R = Ph, p-t-BuPh, p-t-OcPh
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Fig.11 Hydrogen-bond interactions between perylene bisimide and dialkylmelamine
leading to supramolecular hydrogen-bonded polymers. Transmission electron micro-
graph of superstructures of an evaporated methylcyclohexane solution of a perylene
bisimide/dialkylmelamine mixture. (Reprinted with permission from Ref. [38]. Copyright
1999 John Wiley & Sons)

tion of a heterodimer was achieved by mixing a crown ether equipped with
the same hydrogen-bonding motif. The heterodimer formation is the result
of donor-acceptor and intermolecular hydrogen-bond interactions. Remark-
ably, this heterodimer, with a high binding constant, can be dissociated by
a complementary naphthyridin derivative that competes strongly with the
self-complementary UPy units.

Hydrogen bonds can also be used to control the morphology of unsym-
metrically substituted naphthalene bisimides in organic field-effect transis-
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Fig. 12 Hydrogen-bond interactions between perylene bisimide 16 and diacylaminopyri-
dine derivatives 15 and 17
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Fig.13 A self-assembled heterodimer 18 containing a naphtalenebisimide

tors [46]. On the basis of X-ray and IR studies it was established that dimers
are formed through hydrogen bonding between the aminoimide groups,
which show that hydrogen bonding can be helpful in the design of high mo-
bility organic semiconductors

Supramolecular hydrogen-bonded systems could also be constructed
using ditopic diazabenzoperylenes (19), which are accessible from perylene
bisimides, and isophthalic acids (Fig. 14) [47]. Since the association con-
stant for hydrogen bonding is low (for benzoic acid K, = 140 M~!) [48] apolar
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Fig. 14 Ditopic diazabenzoperylenes that can form triads or polymer chains via hydrogen
bonds
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20
Fig.15 Perylene 20 that forms rod-shaped structures in dimethyl sulfoxide

solvents were used in order to obtain extended assemblies as a result of
additional w-m interactions. Upon addition of tridodecyloxybenzoic acids
a liquid-crystalline phase could be introduced [49].

Tetra-amino-substituted perylene can be reacted with acid chlorides to
yield tetra-N-substituted perylene 20 (Fig. 15), which form surprisingly rod-
shaped structures in dimethyl sulfoxide (DMSO) [50]. On the basis of X-ray
data of a related compound the organization is probably controlled by amide
hydrogen bonds between adjacent perylenes and the solvent.

4
Hydrogen-Bonded Merocyanine and Phthalocyanine Assemblies

Cyanine dyes often used as sensitizers and IR absorbers belong to the class of
polymethines and contain a conjugated chain of double bonds with an odd
number of carbon atoms between two terminal groups. The end groups af-
fect the absorption and fluorescence spectra and are typically part of a ring
system and are then called merocyanines. These cyanine dyes have recently
been applied in molecular recognition studies. Polycarboxylate, galactose and
glucosamine containing carbocyanine fluorescence probes have been synthe-
sized [51] and showed enhanced uptake of the proliferating tumor cells as
evidenced by preliminary in vivo studies [52]. These dyes are of interest as
near-IR probes in analyzing tissue samples.

Wiirthner et al. [53] explored the hydrogen-bond interactions between the
imide groups in several merocyanine dyes of the general structure of 21 and
melamine 14 (Fig. 16). Remarkably, despite the pronounced differences of the
charge transfer properties within the dyes studied minor variations were ob-
served in the binding constants ranging from K, = 120 M™! to K, = 170 M~! in
chloroform. Colloidal assemblies were formed in methylcyclohexane as a re-
sult of additional dipolar aggregation [54].

Thermotropic liquid-crystalline merocyanine dyes have also been con-
structed using the same hydrogen-bonding motif. Combined triple hydrogen-
bonding and m-m interactions between a trialkoxybenzene-functionalized
melamine and a merocyanine dye yielded a columnar mesophase [55].
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Fig. 16 Hydrogen-bond interactions between merocyanine dye 21 and melamine 14

Six merocyanine dyes (22) could be arranged together with three comple-
mentary calixarene-based dimelamine chiral building blocks (23) in a chi-
ral screw sense within a well-defined rosette supramolecular architecture
(Fig. 17) [56]. A strong Cotton effect could be observed as a result of excitonic
coupling between the chromophores.

A similar complementary hydrogen-bonding system has been used to
construct chiral supermolecules and supercoiled self-assemblies in chloro-
form [57]. The barbituric acid 24 and melamine derivative 14 first form
a hydrogen-bonded cyclic hexameric structure that further self-assembles
into both left- and right-handed super coils (Fig. 18). When using a dimeric

Fig.17 Schematic representation of the nine-component hydrogen-bonded assembly be-
tween a merocyanine dye (22) and a chiral melamine derivative (23). (Reprinted with
permission from Ref. [56]. Copyright 2001 National Academy of Sciences, USA)
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Fig. 18 Structures of the melamine and barbituric acid derivatives 14 and 24

equivalent of the barbituric derivative, tapes were formed on a variety of sub-
strates using dimethylformamide as a solvent [58].

Barbituric acid derivatives (25) have also been used to prepare Langmuir-
Blodgett layers [59] and self-assembled monolayers using hydrogen-bond
interactions (Fig. 19). Remarkably supramolecular chirality was observed
in Langmuir-Blodgett layers of achiral amphiphilic barbituric acid deriva-
tives as a result of hydrogen-bond and -7 interactions between neigh-
boring barbituric acid molecules [60]. Other work showed that mixed films
of barbituric acid and triaminopyrimidine derivatives can been constructed
at the air-water interface [61]. Monolayers containing receptors based on
bis(2,6-diaminopyridine)amide of isophthalic acid 26 were capable of binding
barbituric acid derivatives [62]. Such systems can be used as model systems
for the study of interfacial recognition events and for selective and specific
detection of compounds for drug screening processes.

In an interesting report by Kimura et al. [63] amphiphilic pthalocya-
nines were organized in fibrous assemblies via hydrogen-bonding and w-m
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Fig.19 Molecular recognition between barbituric acid derivatives (25) and a diamino-
pyridine-based receptor functionalized alkanethiol (26) on the surface of a self-assembled
thiolate monolayer on a gold film
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Fig.20 Molecular structures of Kimura’s chiral phthalocyanines

interactions. For this purpose the phthalocyanines were decorated with chi-
ral alkane diols (27, Fig. 20). In a water-DMSO mixture a CD effect was
observed indicative of a helical arrangement of the chromophores. X-ray
diffraction and transmission electron microscopy (TEM) showed the for-
mation of fibrous assemblies. Self-organization of hydrogen-bonded dimers
of Zn(II) phthalocyanines 28 (Fig. 20) equipped with six optically active
side chains and one chiral diol group results in two different supramolec-
ular structures, and is controlled by temperature [64]. At room tempera-
ture the hydrogen bonds among the diol groups allowed the construction
of a lamellar sheet. However, the cleavage of the hydrogen-bond network at
130 °C caused the structure to change to a hexagonal columnar phase, in
which zinc phthalocyanine molecules are arranged in a left-handed helical
manner.

5
Hydrogen-Bonded Azo Dyes

Azo dyes account for over 50% of all commercial dyes and have been
studied more than any other class of dyes [1]. Azo dyes contain at least
one azo group that can be in the trans or cis form and switching be-
tween these two isomeric form is possible with light. Remarkably, hydrogen-
bond interactions have been rarely applied in tuning the properties of these
dyes. Ammonium-derivatized azobenzene cyanuric acids (29) and glutamate-
derivatized melamines (30) have been organized in water [65, 66] and at the
air-water interface [67] by complementary hydrogen bonding (Fig. 21). In
water, helical superstructures were formed and the aggregation process could
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Fig.21 Schematic illustration of the hydrogen-bonded complexation and self-organization
of azobenzene cyanuric acid 29 and a melamine 30 in water
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Fig.22 Chemical structures of melamine derivative 31 and barbiturate 32

be controlled by photoisomerization of the azobenzene dye resulting in seg-
regation of the two components.

Recently, Yagai and coworkers [68, 69] reported the photoswitching prop-
erties of trans-azobenzene incorporated melamine 31 and barbiturate 32
hydrogen-bonded assemblies (Fig.22). Photoisomerization of azobenzene
units on melamine enhances the thermodynamic stability of the rosette as-
sembly in chloroform solution and suppress its transformation into insolu-
ble tapelike polymers. Interestingly, the resulting stable rosette supramolec-
ular structure could be retained in the solid state when the solvent was
removed.

In another report, carboxylic acids were used to self-assemble azo dyes,
which could be controlled by photoisomerization of the azobenzene dye [70].
The trans-azobenzene isomer 33 of this dye associates into hydrogen-bonded
linear tapes, while the cis-azobenzene 34 yields hydrogen-bonded self-
assembled tetramers that form rodlike aggregates by additional - stacking
interactions (Fig. 23).

Recently DNA-azo dye conjugates have been constructed by Asanuma et
al. [71], yielding aggregates that could be reversibly converted into a new
type of dye aggregate by hybridization with complementary DNA. Further-
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Fig.23 Control of organization of hydrogen-bonded azo dyes by photoirradiation
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Fig.24 Schematic illustration of the formation of dye heteroaggregates from modified
DNA-azo dye conjugates 35-37

more heteroaggregates in which two dyes are stacked alternately could be
constructed by interstrand stacking of two DNA-azo dye conjugates (35-37,
Fig. 24) [72].
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6
Hydrogen-Bonded Assemblies of Extended 7-Conjugated Systems

m-Conjugated molecules by virtue of their loosely bound 7 electrons possess
intriguing optical and electronic properties, such as strong absorption, emis-
sion, electron mobility and conductivity. These properties make them useful
in the design of a plethora of advanced materials, such as LEDs, field-effect
transistors, solar cells, nonlinear optics, sensors and switches. Therefore, con-
trol of the optical and electronic properties of conjugated systems is of utmost
importance in the domain of advanced materials research, particularly in
the area of molecular electronics and in the emerging area of supramolecu-
lar electronics. Reversible tuning of the electronic properties via the creation
of nanoscopic and mesoscopic supramolecular architectures is a challenging
task in the design of functional nanoscopic devices. As already illustrated,
among the different noncovalent interactions, hydrogen bonding is the most
crucial and powerful tool in the crafting of supramolecular assemblies. Com-
bining the advantages of extended m-conjugated systems and the power of
hydrogen-bond-directed supramolecular interactions could provide an ele-
gant way of creating functional nanoscopic as well as macroscopic assemblies
with desired properties.

Recently, Tew et al. [73] reported the synthesis and characterization of
triblock rod-coil molecules consisting of diblock coil segments of poly-
styrene and polyisoprene, and oligo(p-phenylenevinylene) (OPV) trimers
as rod segments. On the basis of TEM and X-ray diffraction data, these
molecules formed self-organized nanostructures, which in turn assemble
into monolayers. The same group has also synthesized dendron rod-coil
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Fig.25 Chemical structure of the dendron rod-coil molecules and the formation of
nanoribbons. (Reprinted with permission from Ref. [74]. Copyright 2004 American
Chemical Society)
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molecules that contain a conjugated segment of oligothiophene, OPV and
oligo(phenylene) (38, Fig.25). Despite the structural difference all three
molecules self-assemble into high-aspect-ratio ribbonlike nanostructures on
mica [74]. The authors proposed that the ribbons consist of two molecules
held together by hydrogen-bond interactions in the hydroxyl-rich dendrons
that further self-assemble in ribbons by -7 stacking of the conjugated seg-
ments. Interestingly, electric field alignment of the assemblies was possible,
creating arrays of self-assembled nanowires on a device substrate.

Inspired by nature, in a preliminary communication, peptide-oligothio-
phene conjugates, that is a silk-inspired peptide linked to an oligo(3-alkyl-
thiophene), have been reported with the aim to create S-sheets by multi-
hydrogen-bond interactions [75].

Meijer, Schenning and coworkers have made significant contributions in
the understanding of the supramolecular organization of OPVs. They have
designed a variety of OPV supramolecular assemblies based on the strong
dimerization of the self-complementary 2-ureido-4[1H]-ureidopyrimidinones
(39) or ureido-s-triazine (40), which are quadruple hydrogen-bonding units

Fig.27 Structures of ureidopyrimidinone functionalized oligo(p-phenylenevinylene)s
(OPVs)
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(Fig. 26). For example, the OPV derivatives functionalized with ureidopyrim-
idinone at one end, 41, 42 and 43 are shown to undergo dimerization in dilute
chloroform solution (approximately 10~ M), since the dimerization constant
(Kgim) of the ureidopyrimidinone group is as high as 6 x 107 M~! (Fig. 27).
However, in dodecane solution the OPV dimers further aggregate into larger
architectures, as evidenced from the optical and chiroptical properties [76].
Subsequently, El-ghayoury et al. [77] synthesized the bifunctional OPV 44
containing a ureidopyrimidinone group for the preparation of processable
m-conjugated supramolecular polymers.

Mono- and bifunctional OPVs contaning ureido-s-triazine units have
been shown to self-assemble in a distinctly different fashion [78]. The
monofunctional OPVs 45-47 form dimers in chloroform solution (Kgiy, =
2.1 x 10* M™!). In dodecane this compound is aggregated in helical columns,
as could be concluded from the absorption, emission and CD spectral
data. The absorption spectrum in dodecane showed an additional shoulder
at longer wavelength, whereas the emission is quenched by approximately
1 order of magnitude with a shift to the red. The CD spectra showed a strong
bisignated Cotton effect which is in agreement with the exciton model in
which the OPV dimers aggregate in a chiral supramolecular stack as shown in
Fig. 28 [79]. Interestingly, the absorption spectrum of the bifunctional OPV

o

Fig.28 Schematic representation of the hierarchical organization of OPVs 45-47 into
helical stacks in dodecane. (Reprinted with permission from Ref. [78]. Copyright 2001
American Chemical Society)
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Fig.29 Structure of OPV 48 and the schematic picture of its organization into frustrated
stacks in dodecane. (Reprinted with permission from Ref. [78]. Copyright 2001 American
Chemical Society)

48 is slightly redshifted in dodecane when compared with that in chloro-
form, which differs from the behavior of 47. The emission spectrum of 48
in dodecane did not show much difference from that in chloroform. Surpris-
ingly, in this case a weak Cotton effect was observed in the CD spectrum
even at higher concentrations in dodecane. From these studies it was con-
cluded that the aggregates of 48 are not as well organized as those of 47;
therefore, a supramolecular polymer in which the chromophores are present
as frustrated stacks is formed (Fig. 29). The important point here is that it is
possible to incorporate 47 as a chain stopper into the supramolecular poly-
mers formed by 48, thereby controlling the length and properties of these
supramolecular polymers.

Beckers et al. [80] observed the preferential formation of a functional
supramolecular heterodimer (49) between OPV 44 and a Cg containing the
two self-complementary ureidopyrimidinone moieties (Fig. 30). Formation of
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Fig.30 Quadruple hydrogen bonding in OPV-Cg hetrodimer

the heterodimer was confirmed by 'H NMR studies and by changes in the
emission spectra. During the mixing of the two components, the absorption
bands remained unchanged, indicating a weak electronic interaction in the
ground state. However, considerable quenching of the OPV emission could be
observed, indicating singlet energy transfer from the excited OPV to the Cgp.
Electron transfer between OPV and Cgo within the heterodimer is ruled out
owing to the unfavorable energy for the charge separation and the relatively
long distance between the chromophores [81].

An increase in the conjugation length of the OPV backbone has a consider-
able influence on the self-assembling behavior of the ureido triazine function-
alized OPVs 45-47 [82,83]. Small-angle neutron scattering (SANS) studies
show the hierarchical growth of rigid cylindrical objects, the length and
diameter of which vary as a function of the conjugation length. For example,
the stack of OPV 46 has a persistence length of 150 nm and a diameter of
6 nm, whereas OPV 45 forms cylindrical stacks of 60 nm in length and 5 nm
in diameter. Studies of the temperature-dependence and the concentration-
dependence revealed an increase in the stability of the self-assemblies with
an increase in conjugation length. Atomic force microscopy (AFM) studies
show that the transfer of the cylindrical objects to surfaces is specific to con-
centration and the nature of the solid surface. At higher concentrations, an
intertwined network is formed, whereas at low concentrations, ill-defined
globular objects are observed. Repulsive surfaces such as mica and glass in-
duce clustering of stacks, while attractive surfaces like gold destroy the stacks.
Transfer of a single fiber is successful only in the case of inert surfaces such as
graphite and silicon oxide.

Recently, Hoeben et al. [84] demonstrated ultrafast energy transfer in
mixed columnar aggregates of OPVs 45 and 46. Fast and efficient energy
transfer occurs from the short OPV 45 to the longer one 46 within the mixed
assemblies when the latter is doped with the former. Incorporation of 46
within the stacks of 45 ensures an effective pathway for the transfer of the
excitation energy, as illustrated by the loss of emission of the formers, above
the melting temperature of the stacks. The energy transfer process is char-
acterized by a very fast component in the rise of the acceptor luminescence,
which is absent when the stacks are dissociated at high temperatures. This
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component is directly correlated with the high degree of order inside the
OPV assemblies, which enables fast excitonic diffusion along the stacks be-
fore excitons are trapped inside the local potential minima. Coupling between
chromophores is weak at longer time scales and therefore a direct Foster-
type energy transfer to the guest molecules dominates. The authors of this
study demonstrated that control of nanoscale order provides a strategy for
tailoring macroscopic electronic properties of organic semiconductor sys-
tems. However, the main drawback of this system is that there is no possibility
of controlling the length of the supramolecular stacks. Though the persistence
length of the donor columns is approximately 60 nm, the system appears to be
dynamic. In addition, the exact control of the energy trap position is not pos-
sible, which leads to the undesired clustering of the guest molecules owing to
a phase separation between the donor and the acceptor molecules.

In a recent interesting report by Jonkheijm et al. [85] guidelines for pro-
gramming w-conjugated molecules into self-assembled tubular aggregates in
solution and in the solid surface are described. This is illustrated with the
help of the STM analysis of OPVs 50 and 51 bearing a diamino triazine moi-
ety. STM images showed chiral hexameric rosette structures lying flat on
the surface with the diamino triazine moieties pointing to the center, form-
ing a hydrogen-bonded cavity (Fig. 31). The rosettes are ordered in rows,
which form a hexagonal two-dimensional crystal lattice with alkyl chains in-
terdigitating with adjacent rosettes. The cavity of the rosette has an estimated
diameter of approximately 0.7 nm. These cyclic hexameric rosettes are not
fully planar, resulting in a propeller arrangement. SANS and AFM studies re-
vealed the formation of tubules of 7 nm in diameter and 180 nm in length.

Fig.31 Structures of OPVs functionalized with triazine units that form hexameric
rosettes. a, b Scanning tunneling microscope images of 50 and 51 monolayers at the
solid-liquid interface using graphite as the substrate and 1-phenyloctane as the solvent.
¢, d Close-up images of the 50 and 51 rosettes. Arrows indicate the rotation direction of
the rosettes. (Reprinted with permission from Ref. [85]. Copyright 2004 John Wiley &
Sons)
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Fig.32 Schematic representation of the complexation of OPV chromophores to a dendritic
scaffold via hydrogen-bond and ionic interactions

An interesting observation with respect to the supramolecular organization of
50 and 51 is the difference in the CD spectra in heptane solution. The bisig-
nated CD spectrum of OPV 50 is opposite to that of 51 in sign and shape.
However, in the case of 51 an inversion of the Cotton effect is observed with
time (within 80 min), which is accompanied by a shift in the zero-crossing.
The sign reversal of 51 shows first-order kinetics with a rate constant of
k=5.6x10"*s7!. The initially formed helix may be kinetically controlled,
whereas the finally formed helix may be the thermodynamically stable form.
Thus a variety of nanoarchitectures of different shape, size and properties
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Fig.33 OPV-functionalized liquid-crystalline poly(propylene imine) dendrimers
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could be achieved from functionalized OPVs by the rational supramolecular
approach, taking advantage of the directional hydrogen-bonding interaction
of ureidopyrimidinones, diaminotriazine and ureidotriazine moieties.

Dendrimers have been used as a spherical scaffold in which OPV chro-
mophores (52) could be complexed via ionic and hydrogen-bond interactions,
yeilding highly emissive amorphous films (Fig. 32) [86]. The m-oligomers are
less aggregated in these assemblies because of the shielding effect of the bulky
adamantyl units present in the dendritic host. Liquid-crystalline OPV car-
boxylic acid derivatives that dimerize via hydrogen bonds [87] and more
exotic hydrogen-bonded liquid-crystalline OPV systems have been reported
including different generations of poly(propylene imine) dendrimers modi-
fied peripherically with OPVs in which strong hydrogen bonds exist between
the urea linkages (53, Fig. 33) [88].

6.1
Miscellaneous 7-Conjugated Assemblies

Organized chromophore assemblies are crucial in biological electron and
energy transfer processes. For example, hydrogen-bonded donor-acceptor
dyads as well as complex architectures have been constructed in several cases
to shed light on the biological light-harvesting phenomenon [89]. Such as-
semblies are not only important for addressing fundamental questions in
chemical biology but are also of great interest in the design of photovoltaic
devices. With this objective, Schenning, Wurthner et al. [90,91] designed
a hydrogen-bonded OPV-perylene bisimide chiral assembly 54 (Fig. 34). This

e /_( 1225
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Fig.34 Perylene bisimide-OPV hydrogen-bonded triad (54) and dyad (55)
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Fig.35 a Possible helical arrangement of 54 and b tapping mode atomic force microscope
(AFM) image of the helical fibers of 54 upon spin-coating from methylcyclohexane so-
lution. (Reprinted with permission from Ref. [90]. Copyright 2002 American Chemical
Society)

is an example for a donor-acceptor-donor assembly where the acceptor
perylene dye is placed between two OPV donors through the complemen-
tary triple hydrogen-bond interaction of diaminotriazine and imide moieties.
UV-vis studies revealed the formation of J-type aggregates where the pery-
lene bisimide units of the hydrogen-bonded triad pack tightly within the
aggregates. Significant quenching of the perylene bisimide fluorescence is
noticed, suggesting electron transfer from OPV to perylene bisimide. In add-
ition, a strong negative Cotton effect was observed corresponding to the
perylene absorption, indicating that the chirality of the OPV side chains is ex-
pressed in the perylene chromophore. Further insight into the self-assembly
process was obtained from the temperature- and concentration-dependent
optical and chiroptical properties. The large bathochromic shift of the pery-
lene absorption and the strong negative CD of the dye assembly is rational-
ized on the basis of the winding of the complex in a chiral screw sense as
shown in Fig. 35a. This is confirmed by the AFM images, which showed the
formation of helical rodlike aggregates (Fig. 35b). Femtosecond pump-pulse
spectroscopy measurements showed the presence of the OPV radical cation at
1450 nm, which is evidence for the electron transfer to the perylene moiety.
In another example, singlet energy transfer has been demonstrated between
the perylene-OPV hydrogen-bonded dyad 55 (Fig. 34) [92]. Owing to the high
association constants of the quadruple hydrogen-bonded system used in this
study, a mixture of heterodimers and homodimers is present even in dilute
solutions. This feature allowed the authors to follow the temporal evolution of
the singlet energy transfer process using subpicosecond transient absorption
spectroscopy in the heterodimers on short time scales.

Interestingly perylene bisimides and a hydrogen-bonded OPV (p-type)
derivative can also orthogonally self-assemble into separate nano-sized p-and
n-type stacks in methylcyclohexane. In contrast, in toluene only molecu-
larly dissolved species are present. In films deposited from methylcyclohex-
ane as well as from toluene photoinduced electron transfer takes place from
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Fig.36 Hydrogen-bonding interaction between polyphenylenevinylene (56) and fuller-
ene (57) derivatives functionalized with uracil and diaminopyridine units, respectively

the p-type material to the n-type material. As a result of the orthogonal
self-assembly process, in films from methylcyclohexane an ordered network
of fibers was formed, whereas in films from toluene no ordering was ob-
served [93].

Emge and Béuerle [94] also reported the functionalization of oligothio-
phenes and the corresponding polythiophenes with uracil units. Both thio-
phenes show a modification in the cyclic voltammogram in the presence of
a complementary adenine hydrogen-bonding motive, indicating hydrogen-
bond interactions. Polyphenylenvinylenes have also been functionalized with
uracil units (56, Fig. 36), and are capable of forming hydrogen-bond inter-
actions with a fullerene derivative equipped with a diaminopyridine unit
(57) [95]. Fluorescence studies gave strong evidence of photoinduced electron
transfer from the polymer backbone to the fullerene acceptor moiety.

6.2
Organogels of Oligo(p-phenylenevinylene)s
and Related 77-Conjugated Systems

Gelation is an interesting phenomenon shown by certain molecules in aque-
ous or organic solvents as a result of weak noncovalent interactions, leading
to the formation of supramolecular structures of nanometer to microme-
ter dimensions [96-98]. The formation of H-bonded assemblies between
molecules and the subsequent gelation is usually supported by other weak
interactions such as w-m stacking, van der Waals forces and electrostatic
associations. Formation of one-dimensional stacks and their growth to three-
dimensionally entangled architectures are responsible for the entrapment of
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large volumes of solvents within such self-assemblies. Though a variety of
molecules are known to form gels, only a few examples are available for gels
derived from dyes, and these are discussed in detail by Shinkai and cowork-
ers in one of the chapters of this volume. Therefore, we will discuss briefly
organogels based on extended m-conjugated systems, highlighting our con-
tributions, for a continuity of the present review. Despite having intriguing
optical and electronic properties, gels based on hydrogen-bonded conjugated
systems are surprisingly few in number. Gelation has been observed in the
case of certain w-conjugated polymers as a result of unwanted crosslinking
and chain-branching reactions [99].

Ajayaghosh et al. [100] demonstrated the gelation of OPV units (58) when
appropriately functionalized with hydrogen-bonding motifs and hydrocar-
bon side chains as a result of the cooperative hydrogen-bonding, 7-stacking
and van der Waals interactions. A number of OPVs with different functional
groups have been prepared and have been shown to form gels of varying
strength and morphology. Variable-temperature 'H NMR studies in benzene-
ds revealed strong chromophore interaction owing to the self-assembly and
gelation. X-ray diffraction patterns of the dried gel showed intense peaks in
the small-angle region, which correspond to the lamellar packing distance
of the side chains as well as the length of the molecules. In the wide-angle
region, reflections corresponding to the m-stacking distance was predom-
inant. The optical polarizing microscopy pictures of the gels obtained by
cooling the isotropic solutions showed the presence of birefringent textures,
the morphology of which was significantly influenced by the structure of the
gelator as well as the rate of cooling. SEM analysis indicated the formation
of entangled structures of 50-200 nm in width and several micrometers in
length (Fig. 37a). TEM pictures of the film of the gelators from dilute solutions
showed the presence of twisted tapes of 50 nm in width and several microme-
ters in length (Fig. 37b). The morphology of the gels obtained from AFM was
in agreement with that obtained from the SEM analysis.

Optical properties of OPVs are useful tools for probing the self-assembly-
induced gelation process. The absorption and emission spectra of the OPV

R = CyHys CigHag

Fig.37 Structure of OPV organogelator 58 and the scanning electron microscope (SEM)
(a) and transmission electron microscope (b) images of the resulting toluene organogels.
(Reprinted with permission from Ref. [100]. Copyright 2001 American Chemical Society)
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gelators in chloroform indicated that the molecules are in the unassembled
state. In apolar solvents such as hexane, cyclohexane, decane and dodecane,
an additional shoulder band is formed at the long-wavelength region. The
emission spectra in these solvents were significantly quenched and new long-
wavelength emission peaks were formed. These changes were reversible with
respect to concentration and temperature, indicating the formation of non-
covalent assemblies in apolar solvents. The stability of the self-assemblies
could be determined from the plots of the fraction of the self-assembled
species, which is obtained from the temperature-dependent changes in the
absorption and emission spectra. The results obtained were in agreement
with those obtained from the differential scanning colorimetric analysis of
the gels. OPVs (59) bearing chiral side chains provided gels with helical
morphology (Fig. 38). Detailed field-emission SEM and AFM analyses showed
the hierarchical growth of helical nanotapes and coiled-coil ropes of approxi-
mately 90 nm in width and several micrometers in length [101] (Fig. 38).
Temperature- and concentration-dependent CD spectra of 59 showed in-
teresting changes during the gelation process. At low concentrations weak
bisignated signals were observed which changed to intense bisignated signals
at higher concentrations. Similar observations could be seen when the tem-

Fig.38 a SEM image of the left-handed helical fibers b filed-emission SEM image of
the formation of coiled-coil ropes and ¢ AFM image of the coiled-coil gel fibers of 59
in dodecane. (Reprinted with permission from Ref. [101]. Copyright 2004 John Wiley &
Sons)
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Fig.39 Schematic representation of the light-harvesting OPV gel network doped with
rhodamine B (ellipsoids)

perature was increased from 10 to 35 °C. The complementary nature of the
concentration- and temperature-dependent transitions of the CD signals in-
dicates the involvement of similar chiral intermediates during the formation
and breakdown of the supramolecular assembly.

Gelation-induced modulation of optical properties allows the use of OPV
gels as a scaffold for fluorescence resonance energy transfer (FRET) selec-
tively from the excited gel phase to a suitable acceptor as illustrated in
Fig. 39 [102]. For this purpose, rhodamine B is a good acceptor since the
emission of the self-assembled OPVs overlaps with the absorption of rho-
damine B. When the OPV is excited at 380 nm in the presence of a slight
excess of the dye, selective quenching of the emission of the self-assembled
species and the concomitant emission of the dye could be observed. This
experiment shows that in the present case FRET is not possible directly
from the unassembled OPVs to the dye, which highlights the importance of
chromophore orientation in excitation energy transfer processes. The weak
emission of an optically matching dye solution when compared with that in
the presence of OPV is a clear indication of the light harvesting. However,
the main disadvantage of the system is the incompatibility between the hy-
drophobic gel and the cationic dye in apolar solvents. This could be solved
to some extent in the case of rhodamine B doped xerogel film. In this case
the FRET efficiency is significantly increased even in the presence of low dye
concentrations.

Bisurea-appended oligo(thiophene)s (60) have also been prepared and in
tetralin and 1,2-dichloroethane these compounds self-assemble into elon-
gated fibers, resulting in the formation of organogels [103]. It was shown that
the good electronic overlap between the thiophene rings due to the hydrogen-
bond-assisted m-stacking of adjacent oligomers results in high charge car-
rier mobility. Lin and Tour [104] reported that the well-known m-stacking
forces between the shape-persistent cyclophanes could be enhanced through
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Fig.40 Molecular structure of oligo(thiophene) (60) and cyclophane (61) based organo-
gelators

hydrogen-bonding interactions by incorporating multiple hydrogen-bonding
sites at the periphery of the cyclophane ring. The hydrogen-bond-assisted
enhanced stacking interaction in 61 results in the formation of cyclophane
dimers and gels at moderate concentrations in solvents such as CH,Cl, and
CHCI; (Fig. 40).

Survey of the current literature reveals that very little has been done with
respect to hydrogen-bonded self-assembly induced gelation of 7-conjugated
molecules though significant changes can be expected to the optical and elec-
tronic properties of such systems. Hopefully in coming years we may witness
more and more exciting results in this area.

7
Conclusions and Outlook

Hydrogen-bonded self-assembly offers an attractive tool to construct well-
organized dye assemblies. The two most popular hydrogen-bonding motifs
are the melamine-barbituric acid couple and the carboxylic dimer. The asso-
ciation constant for both couples is low and therefore additional secondary
interactions are required to obtain stable assemblies. As can be deduced
from this review, it is not only possible to study material properties at the
supramolecular level, but also to tune the macroscopic properties to some ex-
tent. These tailor-made supramolecular assemblies will enormously influence
the macroscopic properties. The combination of a supramolecular architec-
ture with a dye molecule will not only give rise to emerging opportunities in
materials science, but, in addition, will significantly contribute to bridging the
gap between natural and artificial systems, in an effort to fully understand
the guidelines used to assemble natural units in the different hierarchies of
organization. However, there are still a number of very appealing targets
that should be reached before these tailored supramolecular architectures are
used. The lack of control to exactly position chromophores with nanometer
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precision and the difficulty in controlling the dimensions of supramolecu-
lar nanostructures will be the challenges. Another issue is the robustness
of hydrogen-bond interactions, which are often temperature- and solvent-
sensitive.

From the view point of advanced applications, it is a prerequisite to in-
terface the disciplines of chemistry and materials where synthetic chemistry,
functional dyes, chromophores, supramolecular chemistry and nanoscience
all become important. Thus, traditional dye chemistry takes a new role in
the design of advanced functional materials, when joined with supramolecu-
lar chemistry, where noncovalent interactions such as hydrogen-bonding are
crucial. Taking into account the recent progress in obtaining full control over
large three-dimensional dye architectures, we can safely conclude that in the
near future a new generation of functional dye assemblies, with tailor-made
properties, will be used as advanced materials in functional devices.
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Abstract In this review, low molecular-weight organogel based on aromatic dye molecules
and its stimuli-responsiveness were summarized. Aromatic dyes from small and medium
aromatics such as azobenzene, pyrene, bithiophene, tropone, and merocyanine to large
aromatics such as porphyrin, phthalocyanine, fullerene, triphenylene, hexaazatripheny-
lene, and phenylenevinylene, are self-assembled and self-organized in organogel systems
to afford a new class of dye-based supramolecular assemblies. In certain solvents, aro-
matic dye molecules are stacked one-dimensionally to form the elongated columnar-
type fibrous aggregates, which are entangled into three-dimensional network structures
to prevent the solvents from flowing, leading to viscoelastic fluid “organogel”. 7w-7
stacking forces among core aromatic moieties and secondary noncovalent interactions
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such as hydrogen-bonding and van der Waals interactions cooperatively stabilize the
supramolecular structures constructed in the organogel. The noncovalent assembling
in the organogel organization is reflected in their reversible sol-gel phase transition
controlled by physical or chemical stimuli such as thermo-, photo-, chemo-, metal-,
proton-, and mechano-stimuli. By utilizing the columnar-type fibrous structure and the
stimuli-responsiveness, the organogels can be engineered to show novel functions such as
guest-recognizing, light-harvesting, carrier-transporting, and memory storage properties
in soft materials.

Keywords Organogels - Supramolecular assemblies - Functional 7z-systems -
Light-harvesting - Sol-gel transition

1
Introduction

In the 21st century, the self-organization of small molecules is one of the
most important aims, because it is a fundamental concept of the bottom-
up technique in nanotechnology to form well-defined supramolecular nano-
structures. In supramolecular assembly systems, intermolecular noncova-
lent interactions such as hydrogen-bonding interactions, w-7 interactions,
donor-acceptor interactions, van der Waals interactions, etc. are intensi-
fied so that they can control the supramolecular structures both in solid
and liquid phases [1]. Recently, this concept has also been extended to low
molecular-weight organogel systems, which is a useful strategy to create fi-
brous supramolecular structures in various organic solvents [2]. In the early
stage, the discovery of low molecular-weight organogel depended largely on
serendipity. In most cases, a viscoelastic fluid accidentally found during a re-
crystallization attempt did not attract the attention of many chemists, and
such useful materials were probably discarded without any characterization.
On the other hand, in the last decade, supramolecular design of the organogel
has been proposed and demonstrated, although some aspects of the gelation
mechanism are still unclear. The first step of the gelation is one-dimensional
aggregation of the low molecular-weight organic molecules to form elongated
strands. Subsequently, the strands assemble into fibers, which are entangled
to form three-dimensional network structures. The solvent molecules are en-
trapped into the three-dimensional network to prevent their flowing, leading
to the formation of viscoelastic fluid organogel. In the gelation process, a bal-
ance between gelator-gelator interaction and gelator-solvent interaction is
important to control solubility and to prevent crystallization [3].

The low molecular-weight organogel has two fascinating properties. One
is a physical gel property, which is attributed to the noncovalent interactions
to maintain the organogel supramolecular structure. The physical organogel
is responsive to external stimuli such as thermo-, photo-, chemo-, metal-,
proton-, mechano-, by which the aggregate structure is stabilized or desta-
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bilized. In the stabilization process, the organogel structure is changed to
a more ordered aggregation mode. On the other hand, in the destabilization
process, the aggregate is dissociated to reversibly form a fluid liquid, indi-
cating the gel-to-sol phase transition. The reversible system can be applied
to a drug delivery system and a supramolecular switch system with memory
function, etc. [4].

Another interesting property is their ambiguous supramolecular struc-
ture having contradictory flexibility and rigidity, because the organogel is
regarded as a metastable state obtained during the crystallization process
performed in solution. Morphologically, interconversion of organogel three-
dimensional network structure is frozen to create rigid supramolecular struc-
ture even in solution state. On the other hand, the network structure main-
tained by noncovalent interactions is responsive to external stimuli such
as additive, as described above, to permit the network interconversion. In
one case of guest binding, for example, the binding functionalities in the
organogel system can be efficiently frozen under the specific conditions of
limited solvent diffusion in the three-dimensional network. The binding
functionalities can interact flexibly with the guest molecule as assisted by an
acceptable conformational change arising from soft noncovalent interactions.
The facile interconversion between flexible and frozen supramolecular sys-
tems affords attractive specific media for molecular recognition, reaction, and
energy- and electron-transfer fields, which cannot be created with the other
supramolecular systems both in the solid and liquid phases. Combination
of these flexibly-frozen organogel structures with the reversible organization
phenomena will lead to the exploitation of very attractive nano-sized soft
materials.

A number of organogels have been reported such as cholesterol [5-17],
saccharide [18-20], and aliphatic amide and urea derivatives [21,22]. The
aromatic dye-based organogel is one of the new candidates for such soft mate-
rials because of its specific -electron accumulated structure in the 7-stacked
fibrous aggregate and of the reversible change in the optical and electrochem-
ical properties by external stimuli. In particular, large aromatic dye molecules
are attractive self-assembling components due to their extended w-electron
systems. The dye-based fibrous superstructures can be characterized by elec-
tron microscopy as well as UV /Vis absorption, fluorescence, and CD (circular
dichroism) spectroscopy. The later spectroscopic methods afford useful in-
formation on how the dye molecules are assembled and how the organogel
is formed. In this review, we first focus on the organogels based on self-
assembling aromatic dye molecules, in particular large aromatics such as
porphyrin, phthalocyanine, fullerene, triphenylene, phenylenevinylene, etc.
Secondly, noteworthy topics related to the reversible functionality based on
stimuli-responsiveness of the dye-based organogels are summarized.
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2
Aromatic Dye-Based Gelators

2.1
Porphyrin-Based Gelators

2.1.1
Porphyrin-Appended Cholesterol Gelators

Cholesterol-based gelators have been extensively studied by Weiss’s
group [5-9], Terech’s group [10, 11], Shinkai’s group [12-15], and Whitten’s
group [16,17]. A number of aromatic dyes such as anthracene [5-7,10],
anthraquinone [6-9,11], azobenzene [12-14], nucleobase [15], and stil-
bene [16, 17], covalently-appended at 3-position of the cholesterol moiety are
arranged in a highly-ordered manner in the organogel systems. When the
cholesterol moieties constitute one-dimensional helical columnar stacking,
the appended aromatic groups can enjoy the face-to-face type interaction and

n O
NHHNHJ\O

2a:n=2
2b:n=3
2c:n=4
2d:n=5

Fig.1 Porphyrin-appended cholesterol gelators
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Fig.2 One-dimensional aggregate models of 2 (a) in the absence and (b) in the presence
of [60]fullerene in the gel phase

stabilize the aggregate. The one-dimensional aggregate structure has been
elucidated by UV /Vis and CD spectroscopy [13], electron-micrographic ob-
servation [13], XRD (X-ray diffraction) [8], AFM (atomic force microscopy)
observation [17], and synchrotron small angle X-ray scattering [10, 11, 14].

Porphyrin-appended cholesterol gelators 1 and 2 were designed and pre-
pared by Shinkai’s group [23]. The first examples are la with a natural
(S)-configuration at 3-position and 1b with an inverted (R)-configuration at
3-position (Fig. 1). Gelator 1a can gelate cyclohexane and methylcyclohexane,
whereas 1b is soluble in these solvents. In the aggregate state, the porphyrin
moieties in 1a with (S)-configuration can interact with each other to stabi-
lize the one-dimensional cholesterol columnar packing (Fig. 2a). On the other
hand, such a packing mode is difficult in 1b due to steric reasons arising from
the inverted (R)-configuration [13]. The fact that the porphyrin rings in the
gel phase are stacked according to the J-aggregation is confirmed by UV /Vis
and CD spectroscopy [24].

According to a similar strategy as shown in 1a, Zn(II) porphyrin-appended
cholesterol gelators 2a-d were designed and prepared (Fig. 1) [25, 26]. Inter-
estingly, the gelation ability of 2a-d is highly affected by odd or even carbon
numbers in the spacer (CH;), group connecting the Zn(II) porphyrin moi-
ety and the cholesterol moiety [26]. Gelators 2a and 2c with an even carbon
number (2 and 4) in the spacer moiety gelated aromatic hydrocarbons such
as benzene, toluene, and p-xylene. In contrast, 2b and 2d with an odd carbon
number (3 and 5) could not gelate these solvents. As shown in Fig. 2a, when
cholesterol-based gelators are packed into a one-dimensional helical column
via the cholesterol-cholesterol interaction, the Zn(II) porphyrin moieties can
interact with each other to stabilize the aggregate. The hydrogen-bonding in-
teractions between amide and carbamate groups scarcely contribute to the
construction of the helical column. The novel aggregate structure is very sen-
sitive to the carbon number in the spacer (CH;), moiety in 2. Only the even
(CH;), spacer can arrange both the cholesterol and the Zn(II) porphyrin
moieties cooperatively to generate the cholesterol-cholesterol interaction and
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the Zn(II) porphyrin-Zn(II) porphyrin interaction, leading to the construc-
tion of the one-dimensional helical column.

2.1.2
Porphyrin Gelators with Peripheral Hydrogen-Bonding Functionalities

Hydrogen-bonding interaction has been used as a powerful driving force
for the formation of organogel structures. Amide- and urea-based gelators

R o)
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-
R
R 4 o}
_C},—NH—(CHZ)HCHS
=
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R 5b:n=3
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OH 6b:n=3
R=
R= _Q_Ng_ @
NH o)
O, (CHaCHo }NH-(CHZ),,CH@
7a:n=11
hi
N\
Ci2HasNH™ (CHp)2 O
CiaHasNH NH JOL C
o] Ci2H2sNH™ (CHa)2 O O O
C1aHasNH NH O
Y
C12H25NH)KrNH o} 9
Ci2HosNH__(CHy)» O
bl
o) 8

Fig.3 Porphyrin-based gelators having hydrogen-bonding functionalities
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have been developed by Hanabusa’s group [21], and Feringa and van Esch’s
group [22], independently. A natural library of carbohydrates has provided
building blocks in hydrogen-bonded gelators [18-20]. These findings have
offered a new idea that the porphyrin-based organogel would be further
reinforced by the hydrogen-bonding interactions among urea and saccha-
ride groups covalently-appended to the central porphyrin column. Thus,
porphyrins with four B-p-galactopyranoside moieties 3 and with four urea
groups 4 were designed and prepared as new porphyrin-based gelators
(Fig. 3).

Gelator 3 resulted in gels in DMF mixed solvents with methanol, ethanol,
i-propyl alcohol, and benzyl alcohol [27]. In this organogel structure, the 7-
7 stacking interaction among porphyrin moieties and the hydrogen-bonding
interaction among the saccharide moieties cooperatively stabilized the one-
dimensional aggregate structure, as indicated by UV/Vis and CD spectro-
scopic studies and electron-micrographic observations. In addition to the two
different types of interactions, saccharide-solvent hydrogen-bonding interac-
tions in the DMF/alcohol mixed solvents play an important role to control
subtle balance in the gel formation.

Another porphyrin-based organogel was formed in anisole and diphenyl
ether solutions of 4, in which porphyrin-porphyrin w-7 stacking and urea-
urea hydrogen-bonding interactions acted as driving forces for the formation
of the one-dimensional aggregates [28]. Interestingly, the organogel struc-
ture was reinforced by addition of chiral urea “(R)- and (S)-enantiomers of
N-(1-phenylethyl)-N’-dodecyl urea”, which interacted with the urea groups
in 4. In the absence of the chiral additives, the porphyrin moieties in the
aggregated 4 assemble into a one-dimensional aggregate in a face-to-face
manner (Fig. 4). In contrast, the chiral additives twisted the one-dimensional
porphyrin column in a chiral manner (Fig. 5). The formation of the chiral
aggregate was reflected in an exciton-coupling Soret band found in the CD
spectral observation.

Fig.4 Energy-minimized structures of 4: (a) top view, (b) side view
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Fig.5 Energy-minimized structures of 4: N,N’-dimethyl urea =2:4 complex; (a) top
view, (b) side view (to simplify the computational process, N,N’-dimethyl urea was used
as additive instead of N-(1-phenylethyl)-N’-dodecyl urea). (c) The structures of N-(1-
phenylethyl)-N’-dodecyl urea and N,N’-dimethyl urea used as additives

A systematic study of porphyrin-based gelators with peripheral hydrogen-
bonding functionalities was performed in 5a, 6a, and 7a with amide groups
(Fig. 3) [29]. Gelators 6a with the amide groups at the 4 position of the meso-
phenyl groups acted as a versatile gelator. In contrast, gelators 5a and 7a with
the amide groups at the 3,5-positions and 3-position, respectively, acted as
poor gelators (Table 1). The difference in the gelation ability is explained by
the aggregation mode. In the Soret band of UV/Vis spectral observations,
the blue shift observed for 6a indicates the H-aggregation mode of the por-
phyrin moieties, whereas the red shifts observed for 5a and 7a indicate the
J-aggregation mode.

The ] versus H-aggregation mode is supported by X-ray analysis of the sin-
gle crystals in the model compounds 5b and 6b with terminal n-butyl groups.
In 6b, porphyrin rings form a one-dimensional stacking column with the
H-aggregation mode, and the four columns are connected by amide-amide
hydrogen-bonding interactions. The porphyrin-porphyrin stacking interac-
tion and the amide-amide hydrogen-bonding interaction stabilize coopera-
tively the columnar superstructure, as found in 3 and 4. On the other hand,
in 5b the porphyrin moieties are arranged two-dimensionally to form a layer
structure coplanar to the porphyrin rings, and the amide groups are used
to connect them within the layer. In each layer, the amide-amide hydrogen-
bonding force plays a decisive role in determining the structure. SEM ob-
servations are also supportive of the H versus ] aggregation mode, in which
the one-dimensional fibrillar structure in 6a is ascribed to the H-aggregate,
whereas the two-dimensional sheet-like structure in 5a to the J-aggregation
(Fig. 6).

Microfibrous self-aggregation of porphyrins substituted by didodecyl
L-glutamic acid 8 was investigated by Sagawa and Thara’s group (Fig. 3). The
aggregation occurred even at a low concentration below the critical gel con-
centration. In the mixed system with the corresponding pyrene derivative
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Table 1 Organic solvents tested for gelation by 5a, 6a, 7a, 5b, and 6b®

Solvent 5a 6a 7a 5b 6b
benzene P P S G G
toluene P P S G G
p-xylene G P S P G
pyridine S S S S S
diphenyl ether P G S G G
anisole P P S P G
tetralin G S S P G
cyclohexane G G G I I
methylcyclohexane G G G I p
hexane P P P I I
octane G G G I P
1-octanol S P S G G
1-butanol S P S S G
2-propanol S G S S G
1-propanol S G S S G
ethanol S G S S G
methanol P G P S P
acetonitrile P P P S P
ethyl acetate P P S S G
acetone P G S S G
THF S S S S S
dioxane S S S S S
carbon tetrachloride G G S I G

2 [gelator] = 10-50 gdm™; G = gel, S = solution, P = precipitation, I = insoluble

Fig.6 SEM images of (a) 5a and (b) 6a xerogels prepared from cyclohexane

9, a singlet-singlet energy-transfer from the pyrene to the porphyrin chro-
mophore was detected, which suggests an advantage of the gel system as
a medium for energy transfer [30]. Zn(II) porphyrin with a carboxyl group
and three hexadecyloxycarbonyl groups 10 formed rod-like aggregates in the
cyclohexane gel phase (Fig.3). Small-angle neutron scattering and small-
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angle X-ray scattering experiments indicate that the aggregates are molecular
threads with only one molecular per cross section [31].

Porphyrin-based gelator 11 with four chiral brucine pendants can ag-
gregate in methanol and methanol/DMSO mixed solvents, leading to a ro-
bust dark red-brown transparent organogel with a highly ordered chiral
supramolecular structure (Fig. 3) [32]. The w-m stacking force among por-
phyrin moieties seems to be responsible for the chiral superstructure forma-
tion and indispensable for the organogel formation. The polar brucine units
have crucial influence on the gelation abilities, although the details are not
clear. The organogel of 11 was investigated by vibrational circular dichroism
spectroscopy for the first time in the organogel system, which opens a new
characterization method for the chiral organogels.

213
Porphyrin-Fullerene Interactions Working in Organogel Systems

Recently, porphyrin-fullerene conjugate systems have been of much concern
as new, potential architectural photosynthetic models [33]. Because of the ex-
perimental convenience, the electronic interactions have so far been studied
in covalently linked porphyrin-fullerene intramolecular systems. In contrast,
the intermolecular system, in which fullerenes are used without chemical
modification, has never been reported except only in special cases which
found inclusion of [60]fullerene in cyclic porphyrin dimers [34] and acyclic
porphyrin dimers having dendritic wedges [35]. The finding implies that,
although the intermolecular porphyrin-fullerene interaction is considerably
weaker, it becomes detectable by preorganization of porphyrin-based host
molecules. As described in Sects. 2.1.1 and 2.1.2, even porphyrins can be as-
sembled into fibrous aggregates in organogel systems. It thus occurred that
added fullerenes would be intermolecularly bound to the aggregated por-
phyrin stacks due to the multipoint interaction and that such an interaction
would reinforce the gel structure. The organogel supramolecular structures
of porphyrin-based gelators can be reinforced by intermolecular porphyrin-
fullerene interactions [25, 26, 36].

Firstly, the influence of added [60]fullerene on the gelation ability was
studied in Zn(II) porphyrin-appended cholesterols 2a and 2c¢, which can
gelate aromatic hydrocarbons [25,26]. The gel-to-sol phase transition tem-
perature of 2a and 2c significantly increased with increasing the equivalent
of added [60]fullerene, indicating that the reinforcement of the organogel
structure occurred by the intermolecular Zn(II) porphyrin-[60]fullerene in-
teraction (Table 2). The interaction is detected with UV /Vis spectra, in which
the porphyrin Soret absorption band shifts to a longer wavelength region. In
the aggregate of 2a and 2c, the Zn(II) porphyrin moieties oriented outside
the one-dimensional cholesterol stacking are preorganized to precisely inter-
act with the [60]fullerene molecule (Fig. 2a). In the presence of [60]fullerene,
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Table 2 Influence of the added [60]fullerene on the sol-gel phase transition temperatures
(Tge1) of 2a/toluene and 2c/toluene gels*

[60]fullerene/2a,c Tga(°C)

(mol/mol) 2a 2c
0.0 29 <5
0.1 36 <5
0.2 51 <5
0.3 64 <20
0.4 72 35
0.5 78 49
0.6 78 49

2[2a,c] = 0.20 mol dm™

the two Zn(II) porphyrin moieties interact with one [60]fullerene molecule
to form the 2:1 Zn(II) porphyrin/fullerene sandwich complex (Fig. 2b). The
helicity of the one-dimensional column is controlled to be an anti-clockwise
mode as indicated by the Cotton effects found in the porphyrin Soret absorp-
tion band.

As described in section Sect. 2.1.2, 5a takes a two-dimensional sheet struc-
ture in the organogel aggregate system but not a one-dimensional colum-
nar one arising from the strong amide-amide hydrogen-bonding interac-
tions (Fig. 7) [29]. Interestingly, the two-dimensional aggregate structure is
transformed into a one-dimensional one by the intermolecular porphyrin-
fullerene interaction (Fig. 7) [36]. The transformation can be visualized by
SEM and TEM observation (Fig. 8). The striking morphological change is
ascribed to the formation of 1:2 [60]fullerene/5a complex and a circular
hydrogen-bonding array among two sets of four amide groups. In the newly
generated structure, four amide groups in the [60]fullerene-including side
form straight hydrogen-bonding bridges with those in another porphyrin,
whereas four amide groups on the opposite side form bent hydrogen-bonding
bridges with those in the next porphyrin (Fig. 7). The one-dimensional ag-
gregate of 5a thus provides cavities large enough to entrap [60]fullerene and
cavities too small to accept it.

The intermolecular porphyrin-fullerene interaction found in the organogel
system of 2a,c and 5a is very rare and valuable, because in the isotropic so-
lution state the intermolecular interaction of porphyrin with fullerene has
never been reported except only in special cases as described above [34,
35]. The supramolecular organogel system can provide a specific guest-
recognition medium, which cannot be created in an isotropic solution
system.
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Fig.7 Aggregation mode of 5a in the presence and the absence of [60]fullerene

Fig.8 SEM images of the xerogels prepared from (a) 5a, (b) 5a with 0.1 equiv. of [60]ful-
lerene, and (c¢) 5a with 0.5 equiv. of [60]fullerene

2.1.4
Transcription of Organogel Structure into Silica Materials

Recently, Shinkai’s group has found that organogel supramolecular struc-
tures can be elaborately transcribed into inorganic silica materials by uti-
lizing the template-silanol interaction [37, 38]. Sol-gel polycondensation of
tetraethoxysilane (TEOS) proceeds along the organogel aggregate used as
a template fiber, leading to various types of hollow silica.

This concept called “sol-gel transcription” can be applied to a porphyrin-
based organogel system of 3 [39]. The slow speed of the bundle formation
of 3 in DMF/alcohol provided a greater chance to transcribe nano-sized
incipient fibers into silica. Gelator 3 aggregates unimolecularly into a one-
dimensional stack, along which sol-gel polycondensation of TEOS proceeds
in the gel phase. The formed hollow fiber silica has a nearly monodispersed
hollow size with 4-5nm inner diameters, which is comparable to the mo-
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Fig.9 TEM images of the silica structure prepared by transcription of unimolecular
aggregate of 3 as a template

lecular length of 3 (Fig. 9). This is a rare example of a unimolecular stack
immobilized in an inorganic material.

2.2
Fullerene-Based Gelators

It is well known that [60]fullerene and its homologues tend to form three-
dimensional aggregates without any specific orientation mode. In spite of this
disadvantage, ordered fullerene assemblies have been successfully formed in
some specific fields, e.g. (i) monolayers of fullerene and its derivatives with
hydrophilic groups at the air-water interface [40-42]; (ii) rods and vesicles of
fullerenes with hydrophilic groups [43]; (iii) encapsulated fullerenes in spher-
ical aggregates of block copolymers [44]; and (iv) self-assembled monolayers
of thiol-containing fullerenes on gold [40]. In general, however, the design
of highly ordered aggregates from [60]fullerene has been considered to be
difficult in solution.

An example of ordered [60]fullerene assembly in solution is found in an
organogel system of [60]fullerene-containing amphiphile 12 [45]. A methanol
solution of 12 was totally transformed into an organogel after prolonged
standing for a few days (Fig. 10). SEM and XRD observations indicate that
a molecular orientation change in 12 from the less ordered structure to the
more ordered structure induces a morphological change from globular aggre-
gates to fibrous aggregates.

[60]fullerene-based organogel was created on the basis of a similar
strategy using a cholesterol unit [46]. Cholesterol-appended [60]fullerene
gelator 13 can gelate dichloromethane leading to the formation of chi-
rally ordered [60]fullerene aggregates (Fig. 10). In the gel state of 13, the
cholesterol-cholesterol interaction and the fullerene-fullerene cohesive force
cooperatively act to construct the chiral assembly, as found in precedent
cholesterol-based gelators [13]. The columnar one-dimensional packing of
the cholesterol moieties constitutes the helical structure where the [60]fuller-
ene moieties are chirally oriented outside the helical column (Fig. 2a). This



132 T. Ishi-i - S. Shinkai

O‘CO‘(CH2)10‘N+(CH3)3 Br

0O-CO-(CHz)10"N*(CH3)3 Br

less-ordered organogel
globular aggrgates fibrous aggregates

MeOH prolonged standing

chirally-ordered
[60]fullerene aggrgates

dichloromethane

Fig. 10 Fullerene-based gelators

is the first example for chirally ordered fullerene assemblies. Thus, the uti-
lization of characteristic organogel supramolecular structures opens a new
possibility to create ordered fullerene assemblies in solution.

23
Phenylenevinylene-Based Gelators

Phenylenevinylene derivatives have been of much concern because of
their potential use in photovoltaic and light-emitting devices. Reports on
phenylenevinylene-based aggregated structures were limited only to a few
liquid crystal, solid state packing, and self-assembly systems. The first ex-
ample on phenylenevinylene-based organogel supramolecular structure was
reported by Ajayaghosh’s group [47]. Phenylenevinylene 14a,b with terminal
two hydroxyl groups can gelate hexane, cyclohexane, benzene, and toluene
(Fig. 11). Compared to 14a,b, gelation by 15a,b without the terminal hy-
droxyl groups occurred at a temperature below 0 °C as well as at much higher
concentration. The results indicate that in addition to m-stacking forces of
the phenylenevinylene backbone, hydrogen bonding interactions among the
hydroxyl groups in 14a,b play a crucial role in stabilizing the organogel struc-
tures. The XRD pattern and FT-IR spectrum of 14b show a rr-stacked lamellar
packing structure assisted with hydrogen bonding interactions.

When chiral substituents were introduced in the phenylenevinylene-based
gelator 14c, a hierarchical self-organization into coiled-coil aggregates of
nanometer dimensions was achieved [48]. AFM analysis of 14c gel from do-
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14a: R=(CH2)11CH3 14c: R:(CH2)11CH3
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Fig. 11 Phenylenevinylene-based gelators

decane showed the formation of entangled left-handed helical coiled-coil
fibers of 50-100 nm in diameter. The morphology of a left-handed coiled-coil
rope is approximately 90 nm in width and 1.1 nm in height, in which the pitch
of each helix has an angle of about 40° with respect to the main fiber axis.
Concentration- and temperature-dependent changes in UV/Vis and CD spec-
troscopic measurements of 14c provided insight into the hierarchical helical
self-assembly with two-stage transition. In the initial stage, the molecules
of 14c organize to form a left-handed chiral aggregate. Then, the chiral as-
semblies grow further into helical fibers and coiled-coil ropes.

An interesting light-harvesting phenomenon was found in 14b-based
organogel containing Rhodamine B dye 16 [49]. The dye molecules are
trapped in the m-stacked lamellar packing structure. After irradiation of
phenylenevinylene chromophore in 14b, energy-transfer occurred to a sig-
nificant level from 14b to 16 to generate emission of 16 selectively. The
emission from dye 16 was several times more intense than that resulting
from the direct excitation of the dye, indicating the realization of an efficient
light-harvesting system in this phenylenevinylene-dye organogel. The energy
transfer preferably occurs to the gel-trapped dye molecules, which seem to be
present within Forster radii.

2.4
Phthalocyanine-Based Gelators

Aggregation of phthalocyanine molecules in an organogel system was re-
ported by Nolte’s group [50, 51]. Phthalocyanine 17 with four crown ether
rings and eight alkyl tails self-assembles in chloroform solution to form
an organogel (Fig. 12) [50]. In the UV/Vis spectra, a blue shift of Q-bands
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Fig.12 Phthalocyanine-based gelators

and a broadening of the signals were observed, which are characteristic
of aggregated phthalocyanine species. TEM observation shows that in the
three-dimensional network gel structure each fiber is built up of parallel ag-
gregation of unimolecularly stacked strands. The aggregated fibers can be
considered to be a multiwired molecular cable containing a central wire of
stacked phthalocyanines as an electron channel, four molecular channels
built up from stacked crown ether rings as ion channels, and a surrounding
hydrocarbon mantle.

Phthalocyanine 18 with eight chiral tails also forms organogel having
an aggregation mode similar to that found in 17 [51]. Interestingly, in the
organogel system, the (S)-chiral centers in the tails induce a clockwise orien-
tation of the molecular disks which leads to the formation of fibers with
right-handed helicity (Fig. 12). The fibers, in turn, self-assemble to form
coiled-coil aggregates with left-handed helicity.

25
Triphenylene- and Hexaazatriphenylene-Based Gelators

Triphenylene has attracted increasing attention because of its possible appli-
cation to the materials science field arising from the high hole-transporting
ability [52]. In this section, new organogels based on triphenylene and its
hexaaza-analogue hexaazatriphenylene are introduced.

Triphenylene 19, which has six long alkyl chains as tail groups and six
amide groups as hydrogen-bonding sites, gelated some hydrocarbon solvents
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Fig. 13 Triphenylene-based gelators and their fluorescent images in gel and sol state

such as n-hexane, n-octane, cyclohexane, and p-xylene [53]. In contrast, 20
with short alkyl chains was not able to gelate such hydrocarbon solvents
except cyclohexane (Fig. 13). Interestingly, in the gel phase of 19, tripheny-
lene moieties adopt an unusual eclipsed overlap to yield excimer emission
(Fig. 13). In the gel phase of 20 which did not show such excimer emission,
the triphenylene moieties adopt a staggered or helical overlap as found in
triphenylene-based liquid crystal phases reported so far (Fig. 13) [52]. The
hydrogen-bonding interaction among the amide moieties as well as the van
der Waals interaction among the long alkyl chains in 19 would play im-
portant roles in constructing the unique but unusual eclipsed overlap of
triphenylenes moieties in the supramolecular assembly.

n-Type semiconducting hexaazatriphenylene, which acted as an electron-
transporting material [54], can be developed as an organogel. Ishi-i’s
group reported that hexaazatriphenylene derivative 2la can gelate 1,2-
dichloroethane and aromatic hydrocarbons such as benzene, toluene, p-
xylene, aniline, and nitrobenzene (Fig. 14) [55]. Interestingly, 21a composed
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Fig. 14 Hexaazatriphenylene-based gelators
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Table 3 Organic solvents tested for gelation by 21a-c*

Solvent 21a 21b 21c¢
hexane I I I
cyclohexane I I I
toluene PG S R
p-xylene PG N R
nitrobenzene S (G)P S S
aniline G S R
dichloromethane S S R
chloroform S S S
1,2-dichloroethane PG S R
ethanol I I I
ether I I I
THF S S R
ethyl acetate I I I
N-methylpyrrolidone R S S

2[21a—c] = 1.0 x 1072 M; at 20°C, G = gel, pG = partial gel, R = recrystallization, S = so-
lution, I = insoluble.
YThe data in parenthesis is at 5°C

of an aromatic hexaazatriphenylene core and flexible aromatic side chains
acts as a gelator in spite of lacking alkyl side chains. In contrast to 21a, no
organogel phase could be formed from 21b with a phenylene spacer, and
21c without terminal diarylamino groups (Table 3). It can be concluded that
in 21a the flexibility of the terminal groups and the length of the bipheny-
lene spacer are crucial for the formation of the organogel supramolecular
structure. The aromatic side chains with terminal flexible groups make up
a soft region, which cooperatively stabilize the supramolecular structure to-
gether with the hard region of the hexaazatriphenylene core. The created
supramolecular aggregate would be considered as an attractive functional
material because of its semiconducting property as well as high w-electron
density and the presence of photochemically and electrochemically active
aromatic side chains.

2.6
Azobenzene-Based Gelators

Azobenzene-based gelators have been studied extensively, because spectro-
scopic properties of the azobenzene moiety afford useful information on how
the molecules are assembled and how the gel is formed. A typical sample
was azobenzene-appended cholesterol gelators 22a-e, in which azobenzene
m-m stacking and cholesterol-cholesterol interaction cooperatively stabilize
the organogel structure as described in Sect. 2.1.1 (Fig. 15) [12,13]. Hydro-
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gen bond-assisted azobenzene gelators 23a,b were created by introducing two
urea functional groups to an azobenzene core (Fig. 15) [56]. Azobenzene gela-
tor 24 containing a cyclic syn-carbonate moiety was self-assembled through
the dipole-dipole interaction of the carbonate group to form a ribbon-like
helical aggregate (Fig. 15) [57]. A hydrogel was obtained from azobenzene-
based dye 25 containing two trifluoromethyl groups [58]. In the lower concen-
tration region, the dye dimmer is formed, whereas the polyaggregates with
several types of aggregation are formed in the higher concentration to afford
a hydrogel (Fig. 15).

An interesting class of azobenzene-based gelators with two saccharide
moieties was reported by Shinkai’s group (Fig.15) [59]. Bolaamphiphilic
azobenzene derivative with two S-p-glucopyranoside moieties 26a formed
a gel in water even at concentrations as low as 0.05wt% (0.65mM). In
a water-DMSO mixture the gelation ability of 26a decreased with an increas-
ing portion of DMSO (Table 4), showing that 7-m stacking of the azobenzene
moieties is most probably the principal driving force for the gelation in water.
In the hydrogel structure, the azobenzene moieties adopt an H-aggregation
mode, as indicated by the blue shift of the UV /Vis absorption spectra. SEM
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22b: R = OMe JU /7 N\ N J
22c: R = O(CH2)3CH3 HosC1o—NH  NH-—~_ W —2_NH NH-Ci-H
22d: R = O(CH,)gCHs N@ Craftes
22e: R = NMe»

23a: p,p-

23b: 0,0-
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N : v :

HO
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=@
24 FaC -
- SOsNa
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26a: R = B-D-glucopyranoside
26b: R = o-D-glucopyranoside
26¢: R = o-D-galactopyranoside
26d: R = a-D-mannopyranoside

Fig.15 Azobenzene-based gelators
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Table 4 Gelation Test for 26a-d in DMSO-water mixtures®

DMSO:water (v/v) 26a 26b 26¢ 26d
0:100 G P I I
20:80 G P
40:60 G G
50:50 G G P P
60:40 G G
80:20 S G
100:0 S S P P

2 [26a-d] = 3.0 (wt/v)%; G = gel, S = solution, P = precipitation, I = insoluble

and TEM observation and CD spectroscopic studies indicate that in the H-
aggregation mode the azobenzene moieties are stacked in a clockwise direc-
tion with right-handed helicity (Fig. 16a). Thus, the chirality of the saccharide
moieties at the molecular level is reflected in the hydrogel supramolecular
level to form the unique helical aggregate. The aggregate structure of bo-
laamphiphilic azobenzene derivatives 26a-d is affected by the structure of the
terminal saccharide moieties (Figs. 15 and 16). a-D-Glucopyranoside deriva-
tive 26b formed a hydrogel, which is less stable than that of 26a (Table 4).
In contrast, ¢-D-galactopyranoside derivative 26¢ and «-p-mannopyranoside
derivative 26d did not form the hydrogel (Table 4) and tended to aggregate
into a two-dimensional lamellar structure (Fig. 16b). The difference is ra-
tionalized in terms of the difference in the absolute configuration in the
saccharide moieties. The axial OH groups in 26¢ and 26d facilitate the two-
dimensional aggregation (Fig. 16b), whereas the equatorial OH groups in 26a
and 26b facilitate the one-dimensional fibrous aggregation (Fig. 16a). The
foregoing studies indicate that in the bolaamphiphiles bearing two terminal

100 nm 2000 nm

Fig.16 TEM images of (a) 26b and (b) 26¢ in 1: 1 (v/v) DMSO-water mixtures. The TEM
images of 26a and 26d (not shown here) were basically similar to those of 26b and 26c,
respectively
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saccharide moieties and one central azobenzene segment, excellent gelators
can be found by combinatorial screening of the appropriate saccharide moi-
eties from a carbohydrate family.

2.7
Other Aromatic Dye-Based Gelators

Other aromatic dye-based gelators 27-31 were designed and prepared utiliz-
ing the concept of hydrogen-bonding functionality (Fig. 17). In the organogel
phase thiophene-bisurea 27a and bithiophene-bisurea 27b form a lamellar
structure, which is stabilized by w-m interactions among the thiophene rings
and hydrogen-bonding chains among the urea functional groups [60]. The
thiophene moieties adopt a closely packed arrangement with a face-to-face
stacking along the same direction of the infinite hydrogen-bonded chains
(Fig. 17). Feringa and van Esch’s group found that the extended aggregates of
the w-stacked thiophene moieties provide an efficient path for charge-carrier
transport within the organogel fibers. In a solid state, 27a and 27b indi-
cated conductivity of 1 x 103ecmVistand5x103cmV-1sl, respectively,
which are larger than that of their model compound [60].

A tropone-based gelator was reported by Mori’s group. Gelator 28 takes
a flat conformation arising from an intramolecular hydrogen-bonding inter-
action between the amide proton and the tropone carbonyl group (Fig. 17).
The flat 7r-system in turn gives rise to strong w-m interactions and provides
the good gelation ability [61]. Meijer’s group reported that C3;-symmetrical
trisamides 29a,b and trisureas 30a,b act as gelators by contribution of the
hydrogen-bonding and w- interactions (Fig. 17) [62]. In 29b and 30b with
chiral substituents, elongated helical stacks of the Cs3-symmetrical molecules
are formed, as indicated by their strong Cotton effects. The urea stacks in
30a,b are much more rigid than the corresponding amide ones in 29a,b.
Kinetic and thermodynamic stability of the organogel structures highly de-
pend on the difference of the hydrogen-bonding functionalities. The amide
disks 29a,b immediately reach their thermodynamic equilibrium, whereas
kinetic factors seem to govern the urea aggregation in 30a,b. Similarly, Cs-
symmetrical trisamide 31 containing three oxadiazole rings showed gelation
capabilities for THE, 1,4-dioxane, and chlorinated solvents (Fig. 17) [63]. In-
terestingly, at the monomer state 31 was nonfluorescent, while the aggregate
of 31 at the gel state emitted strong fluorescence. The nonradiative inter-
system crossing process is inhibited by the aggregation of the 31 molecules
through face-to-face intermolecular hydrogen-boding interactions among
amide groups. This phenomenon is a novel supramolecular version of the
aggregation-induced enhanced emission.

A similar aggregation-induced enhanced emission is reported by the same
group of Park and co-workers (Fig. 17). Trifluoromethyl-based cyanostilbene
32 acts as a gelator for 1,2-dichlormethane. The formed gel is strongly fluor-
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escent, while 32 itself is totally nonfluorescent in the 1,2-dichloromethan
solution [64]. The gelation capability of 32 is attributed to the cooperative ef-
fect of the strong w-m stacking interactions exerted by rigid rodlike aromatic
segments in 32 and the supplementary intermolecular interactions induced
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by four trifluoromethyl groups. The gelator 32 is a unique and interesting
example of a new class of gelators without long alkyl chains or steroidal
substituents as found in hexaazatriphenylene-based gelator 21a [55]. The tri-
fluoromethyl group seems to acts as an important structural part for the
effective gelation process [58].

Merocyanine dye has a highly dipolar structure with a large dipolar mo-
ment, by which the dye molecules can be self-assembled through electro-
static interactions to form tightly bound aggregates [65]. A merocyanine-
based organogel was reported by Wiirthner’s group [66]. Self-assembling of
bis(merocyanine) dye 33 in nonpolar solvents such as cyclohexane results in
a supramolecular polymer through the electrostatic interactions among the
highly dipolar dye moieties (Fig. 18). The aggregation proceeds through hier-
archical organization. The 33 molecules aggregated in a circular fashion to
give rod-shaped fibers with ca. 5 nm and several micron length, in which six
helically preorganized strands of the supramolecular polymer intertwine. At
higher concentration, further association of the rod-shaped fibers takes place
to form hexagonal columnar ordering by entanglement of the peripheral alkyl
groups, leading to a significant increasing of viscosity and gelation.

Perylene diimide and its derivatives are well-known as photofunctional
dyes with unique optical and electrochemical properties. They have excel-
lent light fastness, high chemical stability, high photoluminescence yield, and
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Fig. 18 Bis(merocyanine)-based gelator and its supramolecular polymerization process
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a wide range of colors that are tunable by various substituents at the bay
position [67]. Perylene diimide-based gelators 34a-d, in which a perylene
diimide core and two cholesterol moieties are connected with urethane link-
ages, were designed and prepared by Shinkai’s group for the first time [68]. In
addition to -7 stacking among perylene diimide moieties, the gel-forming
ability of the cholesterol moieties is useful to tune the structure of the one-
dimensional aggregate (Fig. 19). The aggregate network structure in 34a can
be visualized by SEM and AFM as well as confocal laser scanning microscopy
(CLSM) (Fig. 19). In a mixture system where the perylene diimide moiety of
the guest 34b-d is intercalated into the gel fibrils of the host 34a, an efficient
energy-transfer can take place from the host 34a to the guest 34b-d, by which
the fluorescence emitted from the host is quenched significantly whereas the
strong fluorescence is emitted from the guest perylene diimide (Fig. 20). One
can regard, therefore, that this is a new visible-light-harvesting system utiliz-
ing a supramolecular structure created in a fluorescent-dye-based organogel
medium.

Anthracene- and anthraquinone-based gelators were extensively studied
by Weiss’s group as one of the pioneer works in the organogel field [5-9]. The
dye moiety is appended to a steroid moiety such as cholesterol to show gela-
tion ability. Other anthracene- [69] and anthraquinone-based gelators [70]
were created by the Desvergne and Bouas-Laurent groups. Two long alkoxy
chains were introduced to the 2 and 3 positions on the dye moiety to con-

CLSM SEM AFM

Fig.19 Perylene diimide-based gelators 34a-d, and CLSM (ex 488 nm), SEM, and AFM
images of a 34a gel in p-xylene/1-propanol
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Fig.20 Fluorescence spectra and fluorescent images of the mixtures of perylene diimides
34a-d ([34a] = 0.5 wt/vol % in p-xylene/1-propanol [3: 1, (v/v)]: (a) 34a, (b) 34a/34b (10:
3, mol/mol), (¢) 34a/34c (10:3, mol/mol), (d) 34a/34d (10 : 3, mol/mol), (e) 34a/34b/34c
(10:3: 3, mol/mol/mol), and (f) 34a/34b/34c/34d (10:3: 3 : 3, mol/mol/mol/mol)

trol solubility and to prevent crystallization, leading to the formation of
organogels [69-71]. The alkoxy-chain-containing anthracene gelator can be
applied to functional materials such as aerogel created from an organogel-
supercritical fluid system [72], porous silica created by using the organogel as
a template [73], and organogel electrolyte [74]. Terech’s group analyzed the
organogel structures of cholesterol-based and alkoxy-chain-containing gela-
tors by using small angle X-ray scattering [10, 11, 75].

3
Stimuli-Responsive Organogels

3.1
Chemo-Responsive Organogels

As described in Sects. 2.1.2 and 2.1.3, dye-based organogels are respon-
sive to added guest molecules to reinforce the organogel structure or to
enforce the morphological change by intermolecular host-guest interac-
tions [25,26,28,36]. The organogel is formed only in a specific organic
medium, so that the superstructure is maintained by a subtle balance between
the gelator-gelator interaction and the gelator-solvent interaction. Thus, the
subsequent guest-induced morphological change can be induced by a slight
shift of this balance in the flexible organogel structure organized by soft non-
covalent interactions. This section summarizes chemo-responsive dye-based
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organogels, which indicate either stabilization or destabilization of organogel
structures.

The first example of organogel formation induced by host-guest interac-
tion was reported by Maitra’s group [76]. Bile acid derivatives with a pyrene
unit 35 and 36, which did not show the gelation ability, gelated certain organic
solvents (alcohols and chloroform) in the presence of trinitrofluorenone 37
(Fig. 21). The main driving force is an intermolecular donor-acceptor inter-
action between the pyrene unit on 35/36 and the additive 37 with 1: 1 stoi-
chiometry, which was confirmed by the charge-transfer band in the UV /Vis
spectra.

In the simple system of alkyl-chain-appended pyrene derivatives 38
(Fig. 21), the organogel formation induced by the donor-acceptor inter-
action was studied systematically [77]. Compounds with ester, ether, or
alkyl linkages gelated a number of hydroxylic and hydrocarbon solvents
only in the presence of 37. This observation suggests that the formation of
organogel aggregates is efficiently driven by a charge-transfer interaction.
The long alkyl chain could play only a secondary role in modulating the
solubility/crystallinity balance of the molecule in the given solvents. Since
the stability of the 37/38 organogels was found to be at a maximum ata 1:1
molar ratio of the donor and the acceptor, the supramolecular aggregate
is likely to be an alternative stack of donor and acceptor surface to form
one-dimensional aggregates. On the other hand, pyrene derivatives 38 with
hydrogen-bonding functional linkages (amide, urethane, and urea) formed
organogels on their own in a variety of solvents by the cooperative action of
-7 stacking and hydrogen-bonding interactions. These compounds did not
gelate the solvents in the presence of 37 because of incompatible hydrogen-
bonding and donor-acceptor interaction geometries.

Kimizuka’s group reported that aqueous dispersion of cationic L-glutamate
derivatives 39 and 40 with two alkyl tails gives fibrous nanoassemblies with
the bilayer structure (Fig. 22). When anionic naphthalene dye 41 was added
to the aqueous bilayer of 40 with long undecyl tails, immediate precipita-
tion occurred. Apparently, formation of the hydrophobic ion-pair destabilizes
the long-chained ammonium bilayer of 40. On the other hand, 39 with short
octyl tails formed a transparent hydrogel in the presence of anionic dye 41
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(Fig. 22) [78]. As 39 has less amphiphilicity arising from the short octyl tails,
ion pairing with 41 must provide the moderate amphiphilicity to the com-
plex that is required for ordered self-assembly. AFM observation indicates
that the fibrous aggregate is comprised of bundles of bilayer membranes. In-
terestingly, when a small amount of anthracene chromophore 42 was added
to the 39/41 hydrogel system, energy-transfer from bound 41 to 42 is fa-
cilitated significantly compared to that occurring in the aqueous dispersion
system. It is considered, therefore, that in the hydrogel system, naphthalene
chromophores 41 are accumulated in the fibrous nanoassemblies to make
a light-harvesting supramolecular system.

It is known that 1,2-bis(ureido)cyclohexanes (R)-43 and (S)-43 act as
highly effective gelators, and contain two chiral centers which are expressed
in the formation of twisted fibers with a helicity that depends on the handed-
ness of 43 [22b]. In contrast, 1,2-bis(ureido)cyclohexane (R)-44 with azoben-
zene chromophores could not act as a gelator itself, however, it can be incor-
porated into the organogel aggregate structure composed of gelators (R)-43
and (S)-43, as reported by Feringa and van Esch’s group (Fig.23). Inter-
estingly, in the coaggregation systems, self-association among host 43 and
hetero-association between host 43 and guest (R)-44 are highly affected by
the chirality of the host and guest [79]. The association constant between
(5)-43 and (R)-44 is almost twice as large as that between (R)-43 and (R)-
44, which indicates that the incorporation of (R)-44 in aggregates of (S)-43
is preferred to the incorporation in aggregates of (R)-43. The difference in
the coaggregation between (R)-43/(R)-44 and (S)-43/(R)-44 results in the
difference in the hydrogen-bonded structure and strength. The difference is
reflected by the photochromic property of the azobenzene moiety in (R)-44.
After irradiation of (R)-44 in the (S5)-43 gel, thermal cis-to-trans isomeriza-
tion in the azobenzene moiety was found to be slower than that in the (R)-43



146 T. Ishi-i - S. Shinkai

(R)-44

Fig.23 Model for the incorporation of azobenzene-appended 1,2-bis(ureido)cyclohexane
(R)-44 in an aggregate of 1,2-bis(ureido)cyclohexane (R)-43 with the same configuration
and in an aggregate of 1,2-bis(ureido)cyclohexane (S)-43 with the opposite configuration

gel. It is considered, therefore, that the azobenzene moieties in (R)-44 are
more exposed to solvent in the (S)-43 gel than in the (R)-43 gel.

Kimura and Shirai’s group reported that a zinc porphyrin dimer (R)-45, in
which two porphyrin moieties were appended to a 1,2-bis(amide)cyclohexane
unit, is incorporated into fibers made of 1,2-bis(amide)cyclohexane (R)-46
organogels (Fig. 24) [80]. The photochemical properties of (R)-45 in a mixed
organogel system were investigated by fluorescence quenching measurements
using methyl viologen as an electron-transfer quenching agent. In the gel



Dye-Based Organogels 147

(0]
NG
N O,Ar
s o]
Y\/\/\/\/\/ SAr Arc --
O  (R4s

0 (R)-46

Fig.24 1,2-Bis(amide)cyclohexane gelators with and without porphyrin moieties

phase the fluorescence intensity of zinc porphyrin moieties in (R)-45 re-
mained even in the presence of the quenching agent, although in the sol phase
the fluorescent quenching by the quenching agent occurred easily. The col-
lision between the zinc porphyrin moiety and methyl viologen molecule is
depressed through incorporation into the organogel fibrous assemblies.

Similar incorporation was also examined in a cholesterol-based organogel.
Porphyrin-cholesterol 2a is incorporated into the gel fiber composed of
nucleobase-appended cholesterol gelator (Fig. 1) [15]. In the mixed gel sys-
tem, porphyrin moieties with large w-area are able to intercalate between the
nucleobase moieties oriented outside the one-dimensional column of choles-
terol stacking.

3.2
Photo-Responsive Organogels

As described in Sect. 2.6, azobenzene-appended cholesterol derivatives 22a-e
act as versatile gelators (Fig. 15). The sol-gel phase transition in 1-butanol
gel of 22b induced by trans-to-cis photoisomerization of the azobenzene
moiety was reported by Shinkai’s group (Fig. 25) [12,13]. Upon UV irradi-
ation (330 < A <380 nm) the gel turned into the sol. The formed cis-22b
cannot aggregate efficiently because of the bent structure. Thermal cis-to-
trans isomerization in the dark was very slow. On the other hand, cis-22b
was rapidly isomerized to trans-22b upon Vis irradiation (A > 460 nm),
and the gel was reformed by cooling (Fig. 25). The sol-gel phase intercon-
version could be repeated reversibly by photoirradiation. Another interest-
ing photo-induced isomerization of azobenzene chromophore was found in
a mixed organogel system 43/44 as shown in Sect. 3.1 [79]. 3,3-Diphenyl-
3H-naphtho[2,1-b]pyrans linked to sodium N-acyl-11-aminoundecanoate 47
showed a similar photo-responsive behavior [81]. Supramolecular gelating
assemblies of 47 can be disrupted by the photo-induced ring opening of the
chromene subunit (Fig. 26).
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Spiropyran-containing L-glutamic acid-based lipids SP-48 form transpar-
ent organogels in benzene (Fig. 27). Upon UV irradiation, the photochromic
spiropyran (SP) head group is converted to a zwitterionic merocyanine (MC)
form. The thermal MC-to-SP isomerization process depends on the disper-
sion state. The isomerization rate constant for MC-48 significantly decreased
around the sol-to-gel transition point. The kinetic analysis can be applied
to determine the critical gelation concentration [82]. Photochromic behav-
ior of spiropyran dye SP-49 with a succinyl ester functionality was studied
in a organogel medium from 4-tert-butyl-1-phenylcyclohexanol gelator 50
(Fig. 28). In the thermal MC-to-SP isomerization process, a significant retar-
dation of the decay rate was observed for MC-49 in the organogel. In the gel
phase, the succinyl functionality seems to interact with the gelator to retard
the thermal isomerization [83].
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A novel photo-responsive organogel in a liquid crystalline state was re-
ported by Kato’s group [84]. An azobenzene dimer 51, in which two azoben-
zene moieties were appended to a 1,2-bis(amide)cyclohexane unit, can gelate
liquid crystal 52 to form a nematic liquid crystalline gel (Fig. 29). Upon UV
irradiation of the nematic gel, trans-to-cis photoisomerization of the azoben-
zene moieties induces a transition to a cholesteric liquid crystalline phase.
cis-51 formed by UV irradiation is soluble in 52, leading to the dissociation
of its hydrogen bonding and the gel-to-sol phase transition is induced. When
the cholesteric liquid crystalline state is kept at room temperature or irradi-
ated with Vis light, cis-51 gradually isomerizes to trans-51, which shows the
gelation ability due to their hydrogen bond formation. The reaggregation of
trans-51 occurs along the fingerpoint structure of the cholesteric liquid crys-
tal to form a cholesteric liquid crystal gel. Once the cholesteric gel is heated
to an isotropic state and cooled to room temperature, the nematic liquid crys-
tal gel is reproduced (Fig. 29). The photo-responsive liquid crystal gel will be
applicable to new photon-mode re-writable information recording systems.

Another photo-responsive organogel in a liquid crystalline state was re-
ported by Zhao’s group [85]. A gelator 53 containing a photo-responsive
azobenzene moiety and amide groups was dissolved in a cholesteric liquid
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isotropic liquid ——— nematic gel
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heating (trans-cis isomerization)
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cholesteric gel cholesteric liquid crystal

or VIS irradiation
(cis-trans isomerization)
Fig.29 Photo-responsive liquid-crystalline physical gel based on azobenzene-containing
bis(amide)cyclohexane gelator

crystal host. When the mixture was filled in a nonrubbed and ITO-coated
electrooptic cell and rapidly cooled from 130 °C to room temperature, a li-
quid crystal gel was formed. Upon UV irradiation through photomask with
parallel transparent strips, a light-induced reorganization in the gel takes
place arising from the trans-to-cis photoisomerization of the azobenzene
moiety in 53, resulting in an apparent transport of the aggregates from the
irradiated area to the nonirradiated area and, consequently, the formation
of a grating (Fig. 30). The grating can be erased by heating the sample into
the isotropic liquid phase to redissolve the gelator molecules in the liquid
crystal, followed by cooling to ambient condition. The grating formed in the
self-assembled cholesteric liquid crystal gel displays electrically switchable
diffraction efficiency, which is determined by the response of the liquid crys-
tal to the electric field.

before irradiation during irradiation  after irradiation

ey v
@YN*ON/(CHQWCHS X_’X_’ % %
osafH Wgé XT&T /; %

Fig.30 Photo-responsive liquid-crystalline physical gel based on azobenzene-containing
bis(amide) gelator, and the schematic illustration of the mechanism for the light-induced
reorganization in the liquid crystal gels and the grating formation
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The examples of photo-induced trans-to-cis isomerization of azobenzene
dyes described above are very rare and valuable in supramolecular assem-
bled systems, because the difficulty of the photoisomerization of the azoben-
zene moiety has been recognized in micellar and monolayer supramolec-
ular systems [86,87]. In addition, other azobenzene-containing organogels,
in which the trans-azobenzene moieties are tightly packed in the organogel
supramolecular structure, did not show any photo-induced trans-to-cis iso-
merizations [59]. Presumably, in 22b and 44 there is sufficient room for the
isomerization around the azobenzene moiety. Thus, photo-induced isomer-
ization is very sensitive to the organogel structure.

Another photo-responsive organogel was designed on the basis of a flex-
ible binary system, as developed by Shinkai’s group. The binary gela-
tor 54 composed of alkylammonium and anthracene-9-carboxylate is not
covalently-linked to the structure-forming component in order to acquire the
more space necessary for isomerization [88]. In this binary organogel system,
the aggregation mode seems to be mainly governed by the alkylammonium
moiety and only partly by the anthracen-9-carboxylate moiety. Thus, the
anthracen-9-carboxylates are not so well-ordered and not so tightly packed.
They are just assembled as counteranions of the ordered alkylammonium as-
semblies. When the cyclohexane gel of 54 was photoirradiated (A > 300 nm),
absorption bands ascribed to monomeric anthracene-9-carboxylate disap-
peared and the physical state changed from the gel to the sol. The phase tran-
sition is ascribed to photo-induced dimerization of anthracene-9-carboxylate
moieties (Fig. 31). At 30 °C in the dark, the gel phase could not be regen-
erated directly from the sol phase but the precipitation of 54 resulted, even
though monomeric anthracene species were already regenerated. When the
sol was once heated at boiling point and then cooled to 15 °C, the gel was
in fact regenerated (Fig.31). The findings suggest that the photo-induced
monomer-to-dimer structural change eventually destroys the network gel su-
perstructure. The alignment of the alkylammonium moieties is not stable as
to suppress the structural change, because they are not linked by a covalent
bond but just assembled by the weak van der Waals interaction.

‘00C
NH3*-00C hv (>300 nm) NHg*
+ NH +-OOC
NH3"-60¢ heat and cool 3
stacked 54 dimerized 54

Fig.31 Photo and thermo-responsive phase changes in 54
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Fig.32 Photo-responsive diaryethene-bisamide gel having a chiral memory function

A novel photo-responsive organogel with a chiral memory function was
created by Feringa and van Esch’s group [89]. For design of gelator 55, two
urea groups are introduced into a diarylethene photochromic moiety to form
an extended hydrogen-bonding network (Fig. 32) [90]. Upon irradiation of
Vis light, the open form 55 photocyclizes to the closed-form 56. Upon heating
and subsequent cooling of an isotropic solution of the open form 55, a stable
gel 55 (P) is obtained, in which the aggregates exhibit supramolecular chi-
rality owing to locking of the P-helical conformation of the open form 55
(Fig. 32). Photocyclization of the stable gel 55 (P) results in the metastable
gel 56 (P) to preserve supramolecular chirality of P-helicity under a photo-
stationary state. Heating of the metastable gel 56 (P) leads to an isotropic
solution of 56, which upon cooling results in the stable gel 56 (M) to invert
supramolecular chirality to opposite M-helicity. Irradiation of the stable gel
56 (M) with Vis light results in the metastable gel 55 (M), which can be recon-
verted to the stable gel 56 (M) by UV irradiation. Finally, a heating-cooling
cycle results in the transformation of the metastable gel 55 (M) to the ori-
ginal stable gel 55 (P) via an isotropic solution of 55. In the photochemical
steps, supramolecular chirality is locked to be preserved. However, the pho-
tochemical ring-opening or ring-closure changes the rigidity and chirality of
the central unit and as a consequence the stability of the chiral aggregate.
Since a change in the steric bulkiness in a diarylethene moiety is smaller
than that in an azobenzene moiety, the photoinduced interconversion may be
induced more easily.
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33
Metal-Responsive Organogels

The first metal-responsive organogel through the metal-coordinating interac-
tion was reported by Shinkai’s group [12]. In the gel phase, Li*, Na*, K*, and
Rb* (M*(ClO4)™ and M*(SCN)~) complexed with a 18-crown-6 ether moiety
in azobenzene-cholesterol gelator 57, even though the metals themselves are
scarcely soluble in the gelation solvents of cyclohexane-benzene (Fig. 33). The
sol-gel phase transition temperature in the presence of the metals increased
with increasing metal concentration, indicating the gel stabilization stimu-
lated by metal ions. Similarly, pyridine-containing cholesterol gelator 58 is
responsive to metal ions to stabilize the gel structure through the pyridine-
metal interaction (Fig. 33) [91].

Transition metal-responsive organogel was first reported by Sohna and
Fages [92]. Trisbipyridine derivative 59 acts as a gelator using mainly the
hydrogen-bonding interaction among amide groups (Fig. 33). When water-
containing Fe(SO4)-7H,0 was deposited at the top of a 59 toluene gel, the
water phase turned a pink color due to the extraction of some 59 molecules
from the gel into the isotropic water phase derived by coordination of the
Fe(II) ion with the trisbipyridyl moiety. By heating the system, the complex-
ation was accelerated to extract 59 completely and collapse the gel structure
eventually. On the other hand, in the blank test without Fe(SO4)-7H,0], 59
was not extracted into water at all.

In contrast to 59, an organogel structure is reinforced by coordination with
transition metals in a saccharide-based organogel system [93]. The organogel
network structure of «-D-glucopyranose-based 60 with an amino function-
ality is constructed by mainly hydrogen-bonding interactions among the
saccharide moieties. In addition, the amino group is significantly involved in
the gel network formation. When CoCl; or CdCl, was added to the ethanol

o
N NJ\O 60 \Q
NHy

H 58

Fig.33 Metal-responsive organogels
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gel of 60, the system was markedly stabilized through amino-metal coordi-
nation (Fig. 33). SEM and TEM observation indicates that the added metal is
homogeneously dispersed into the gel fibers and coordinated with the amino
group without unfavorable destruction of the intermolecular aggregates. It
is considered that the amino group, which is involved in the gel network in
the absence of metal, interacts with the metal to form a better cross-linking
network among 60 molecules.

34
Proton-Responsive Organogels

Proton-sensitive organogels were reported by Pozzo’s group [94] and Shinkai’s
group [95]. A proton-sensitive organogel was formed from 2,3-bis(dodecyloxy)
phenazine 61 in acetonitrile solution [94]. The gelation ability of 61 can be
controlled by the reversible protonation of the phenazine moiety (Fig. 34).
By addition of trifluoroacetic acid (TFA), a mono-protonated yellow species
61-H" was formed and the organogel structure was reinforced through the
hydrogen bonding interactions between nitrogen atoms and ammonium cen-
ters. Bubbling ammonia through the reinforced organogel provoked fading of
the colored 61-H™ species and led to a transparent organogel.

A 1,10-phenanthroline-appended cholesterol 62 acts as a proton-sensitive
fluorescent gelator (Fig. 35) [95]. Most gels of 62 exhibited violet emissions

@ND:O(CHZ)IOCHB 61  _TFA 61 .
N O(CH,)1oCHs (colorless) (vellow)
61

62
(violet emission)

TFA

62+ H*
(yellow emission)

Fig.34 Proton-sensitive fluorescent gels based on 2,3-dialkoxyphenazine 61 and 1,9-
phenanthroline-appended cholesterol 62. The fluorescent images of 62 gels are shown in
the right side
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Fig.35 Metallo-supramolecular gel-like materials using a combination of lanthanoid and
transition metal ions mixed with monomer 63

at 396 nm arising from neutral 62. By the addition of TFA the intensity
of the violet emission decreased, whereas a yellow emission at 530 nm
is newly generated, which is attributed to a 7-7* transition of 62-H*
species (Fig.34). Only in the presence of 0.2 equiv. of TFA does the vi-
olet emission disappear completely even though a significant amount of
neutral 62 still remains. In contrast, the intensity of the newly generated
yellow emission subsequently increases up to 2.0 equiv. with increasing
TFA concentration. The findings suggest that energy-transfer from 62*
to 62-H" is taking place in the gel phase. The gel which is constructed
from densely w-m stacked 1,10-phenanthroline moieties thus becomes use-
ful for designing a proton-sensitive gel system and an energy-transfer
system.

3.5
Mechano-Responsive Organogels

Mechano-responsive organogels are reported by Beck and Rowan [96]. A so-
lution of bis(methylbenzimidazolyl)pyridine-dimer 63 in chloroform/aceto-
nitrile formed an organogel by coordination with either Co/La, Co/Eu,
Zn/La, or Zn/Eu, in which either Co(II) or Zn(II) ions act as linear chain
extension binding units, whereas either La(III) or Eu(III) ions act as cross-
linking components (Fig. 35). These materials are mechano-responsive, ex-
hibiting a thixotropic (shear-thinning) behavior. The reversible sol-gel forma-
tion by the mechanical shaking occurs for a short time of ca. 20 sec. Thus,
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63 can exhibit three different properties, i.e., thermo-, metal-, and mechano-
responses.

4
Conclusions

Low molecular-weight organogels have rapidly been developed from just con-
struction of new-type fibrous supramolecular aggregates to the design of
new-type self-organizing soft materials. Large aromatic dye molecules such as
porphyrin, fullerene, phthalocyanine, triphenylene, phenylenevinylene, etc.,
possess, a priori, a natural tendency to assemble into one-dimensional ag-
gregates due to the strong w-m interactions, which is very advantageous to
gel formation. In several special cases, the organogel supramolecular systems
have opened a new possibility to program unique and unusually ordered ag-
gregate structures. The typical example is a triphenylene-based organogel
with eclipsed stacking [53], which cannot be created in other supramolecular
systems in the solid and in the liquid phases.

The extended aggregates of the m-stacked aromatic moieties can pro-
vide an efficient path for charge-carrier transport within the organogel
fibers [50,51,53,55,60]. The organogel fibrous structures can be elabo-
rately transcribed into inorganic silica materials by utilizing template-silanol
interactions [39]. Rare guest molecules can be recognized in the special
binding sites preorganized in the organogel structure and induce mor-
phological changes to thermodynamically more favored organogel struc-
tures [25,26,36]. The efficient guest recognition is ascribed to the frozen
property characteristic of organogel under the limited solvent diffusion con-
ditions, whereas the subsequent guest-induced morphological change is as-
cribed to the flexible structure organized by noncovalent interactions. When
the guest molecule acts as an acceptor dopant, the doped organogel sys-
tem shows unique and efficient energy-transfer from the -stacked aggregate
host to the guest, leading to new-type light-harvesting supramolecular sys-
tems [30, 49, 68, 78, 95]. Thus, by utilizing the unique and unusual dye-based
self-assembling structures with both flexibility and rigidity, the organogels
can be engineered to show novel functions such as guest-recognizing and
organic-inorganic transcription properties in soft materials. Furthermore, in
the m-electron accumulated structures of the 7-stacked organogel aggregate,
the optical and electrochemical properties of the aromatic dyes are changed
and improved from the molecular level to the supramolecular level, leading
to the generation of unique and efficient functions such as charge-carrier-
transporting, light-harvesting, and energy-transfer properties.

The dye-based organogels also act as stimuli-responsive materials, because
they are physically formed by noncovalent interactions, and are responsive
to physical or chemical stimuli such as light, heat, proton, metal, shrinking,
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as well as guest molecules to induce reversible phase transition from a gel
state to a solution state. According to the phase transition, the reversible inter-
conversion in the optical and electrochemical properties of the aromatic dyes
between the molecular level and the organogel supramolecular level can be
realized by the external stimuli. It is expected that the reversible supramolec-
ular systems can be applied to drug delivery, switching with memory func-
tions, etc. [89]. The dye-based organogel has just started to be exploited in
new applications for molecular recognition, catalysis, nanomaterials, etc. In
this context, we believe that organogels will provide a broad foundation for
new materials science.
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Abstract Several aspects of the intercalation of organic dyes into DNA are presented. After
a description of general features of intercalation and the analytical evaluation of this
binding mode, recent applications of the intercalation process in chemistry, biology, phar-
macy, and medicine are described, with examples from representative dye classes, namely
acridines, anthraquinones, cyanines, and phenanthridinium dyes. Along with references
to classical work in this research field, examples are presented which demonstrate the in-
fluence of the substitution pattern of the intercalator on the selectivity and efficiency of
intercalation. In addition, a survey of the recent literature is given that covers significant
developments in the application of intercalating dyes as chemotherapeutic drugs, as probe
or sensor molecules in biophysical chemistry and molecular biology, as photosensitizers
in DNA-damage reactions, and as fluorescence stains.

Keywords Drug design - Fluorescence probes - Intercalation - Nucleic acids -
Organic dyes

Abbreviations

A Adenine

Ala Alanine

BER  Base Excision Repair
C Cytosine
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CD Circular dichroism

ct DNA Calf thymus DNA

dA Deoxyadenosinephosphate
dC Deoxycytidinephosphate
dG Deoxyguanosinephosphate
dsDNA Double-stranded DNA

dT Deoxythymidinephosphate

ET Electron transfer

Gln Glutamine

Gly Glycine

G Guanine

LD Linear dichroism

Lys Lysine

SASA  Solvent-accessible surface area
Ser Serine

ssDNA Single-stranded DNA

T Thymine

Trp Tryptophane
Tyr Tyrosine

Val Valine
1
Introduction

DNA is an important biomacromolecule [1, 2] that offers several binding sites
for a variety of guest molecules [3]. The binding interaction between external
molecules and nucleic acids often leads to a significant change in their struc-
tures and may have an important influence on their physiological functions.
Thus, DNA-binding reagents exhibit a high potential as chemotherapeutic
drugs which may suppress the gene replication or transcription in tumor
cells [4-9]. In addition, such a host-guest interaction may be used for the de-
tection of nucleic acids when the physical properties of the guest molecule
change upon binding and may be easily monitored. Especially useful along
these lines is DNA staining, which is based on the color change of a dye upon
binding to the macromolecule [9, 10]. Because of these important applications
of DNA binders, one of the most challenging goals in this area is the design
of molecules which bind to DNA with high selectivity and large association
constants. Thus, several classes of DNA-binding molecules have been estab-
lished and investigated in detail in recent years [3, 11, 12]. For example, oligo-
and polyamide [13] derivatives and oligosaccharides [14-16] are important
biomolecules whose interaction with DNA is a physiologically relevant pro-
cess; synthetic derivatives thereof also represent a promising lead structure
for functional DNA-binding drugs. Furthermore, organometallic complexes
have been shown to associate with DNA [17, 18] and been used to investi-
gate the charge transfer in DNA [19]. Moreover, numerous organic dyes have
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been found to bind to DNA; this complex formation and its application in
DNA visualization or intercalator-based drug design has been reviewed sev-
eral times [20-25].

In this review we will focus on representative classes of dyes which interca-
late into double-stranded DNA (dsDNA), namely acridines, anthraquinones,
cyanine dyes, and phenanthridinium ions. Although other important polynu-
cleotide structures, such as guanine quartets [26], RNA [27], and triplex
DNA [28] are known as host structures for dye molecules, these host-guest
interactions will not be covered in this review. We will try to cover the gen-
eral principles and novel aspects of the intercalation process on the basis of
the chosen well-studied representatives. In particular, we wish to focus on
new approaches and developments in biochemistry, biology, and medicine, in
which the particular dye properties have been used for analytical and thera-
peutic purposes. Please note that there also exist other important dye classes,
such as naphthylimides and naphthyldiimide [29-35], azine dyes such as
methylene blue [24, 36-42], perylenes [43-47], annelated quinolizinium ions
such as coralyne [48-50], and porphyrins [51-55], whose members also ex-
hibit pronounced intercalation properties and which are also important in
analytical biochemistry or medicine. We may have neglected to cover a par-
ticularly important dye, but the overwhelming number of DNA-binding dye
molecules explored and established during the past years in this field, along
with an intention to limit this review to a reasonable length, required a sub-
jective selection of representative examples.

2
Binding Modes

Prior to the presentation of DNA-binding dyes, a brief description of the pos-
sible binding modes will be given. In general, guest molecules may associate
to DNA by (a) minor or major groove-binding or (b) intercalation. In Fig. 1,
these binding modes are shown in a simplified illustration with representative
examples, i.e., ethidium bromide (intercalation) and Hoechst 33258 (groove-
binding). Additionally, a third binding mode, namely external binding by
attractive electrostatic interactions, should be considered. Although single
dye molecules usually bind by intercalation or, in fewer cases, by groove-
binding, most dye aggregates are too large to fit into the corresponding
binding pockets and bind to the phosphate backbone in a so-called outside-
stacking [11]. Recently, it has been observed that in a cooperative aggregation
reaction, selected cyanine dyes form helical aggregates in the minor groove
by using the DNA as a template [56]. In contrast to the outside-stacking,
which is mainly governed by electrostatic interactions, groove-binding and
intercalation result from a supramolecular assembly based on m-stacking,
hydrogen bonding, van der Waals, or hydrophobic interactions. Each bind-
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Fig.1 Intercalation and groove binding of organic dyes

ing interaction is usually initiated by a hydrophobic transfer of the lipophilic
DNA binder from the polar aqueous solution into the less polar environment
of the DNA. Recently, the change of DNA hydration upon intercalation or
groove-binding and its influence on the overall energy of the binding process
has been discussed [57]. The dynamics of the binding processes have been
monitored by time-resolved methods, and these experiments have revealed
a crucial role of the rearrangement of the hydration layer on the DNA surface
upon association of a DNA binder with respect to the enthalpic and entropic
interactions.

It should be noted that in many cases all three binding modes may take
place at the same time. Thus, it has been established that, for example,
cationic metalloporphyrins, especially derivatives of meso-tetra(N-methyl-
pyridinium-4-yl)porphyrin, bind to DNA by intercalation, groove-binding or
by association of -stacked aggregates with the DNA backbone [58]. In gen-
eral, a combination of coulombic, hydrophobic, and steric forces influence
the mode of binding which depends on the structure of the porphyrin as
well as on the DNA sequence. Thus, the peripheral pyridinium groups of the
porphyrin provide an electrostatic attraction to DNA, but increase the steric
repulsion as well. Thus, a delicate balance between these forces is required
to prevent mixed binding modes. Interestingly, the first porphyrin binding to
DNA exclusively by intercalation was reported only recently [59].

2.1
Groove-Binding

The DNA helix exhibits two grooves of different size, namely the minor and
the major grooves, which may serve as binding sites for guest molecules [60].
Whereas relatively large molecules such as proteins bind preferentially to the
major groove [12], the minor groove is the preferred binding site for smaller
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ligands [61]. Typically, groove binders show a binding selectivity towards
AT-rich areas [61], but some groove binders are known that bind preferen-
tially in GC-rich grooves [62, 63]. The binding pocket of a DNA groove may
be defined by two different regions, namely the “bottom”, formed by the
edges of the nucleic bases that face into the groove, and the “walls”, which
are formed from the deoxyribose-phosphate backbone of the DNA. Groove
binders usually consist of at least two aromatic or heteroaromatic rings whose
connection allows conformational flexibility such that a crescent-shaped con-
formation may be achieved and the molecule fits perfectly into the groove.
In addition, functional groups are required to form hydrogen bonds with the
nucleic bases at the bottom of the groove. Typical minor-groove binders are
polyamides [13], Hoechst 33258 (1) [64], netropsin (2) [61], and furamidines
such as 3 [65]. Many minor-groove binders exhibit a high potential as thera-
peutic reagents [66].

N
\>—< }\N
N H N ! )’\"\Hz
N
HsC < 1 H o HN ///EHZ
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HoN O (6] O NH, CH, © N
S, CHs
HN 3 NH

Scheme 1

2.2
Intercalation

In a DNA helix, the nucleic bases are located in an almost coplanar ar-
rangement, which allows planar polycylic aromatic molecules to intercalate
between two base pairs [67]. Important driving forces for this binding mode
are electrostatic factors [68], dipole-dipole interactions, dispersive interac-
tions and m-stacking [69] of the guest molecule with the aromatic nucleic
bases. The analysis of calorimetric data led to the conclusion that hydropho-
bic effects and van der Waals contacts within the intercalation site are most
important for efficient intercalation [70]. Extensive theoretical studies on the
complexes of DNA with several intercalators reveal that the dipole-dipole in-
teractions are not as important as the dispersion energy, which contributes
most to the overall energy of the intercalation complex [71]. Neverthe-
less, an external positive charge appears to be essential for intercalation of
small aromatic compounds such as benzene, naphthalene, quinoline, or even
N-alkylquinolinium, since these compounds only intercalate into dsDNA if
there are positive charges in a substituent side chain [72]. The delicate bal-
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ance between forces that govern the propensity of a compound to intercalate
in dsDNA is obvious, if one compares the latter results with the observa-
tion that additional benzo-annelation of naphthalene or quinolinium deriva-
tives results in strong intercalators that no longer require positively charged
substituents.

Other than groove-binding, intercalation has a significant influence on the
DNA structure, because the DNA needs to unwind so that the intercalator fits
between the two base pairs. This unwinding leads to a lengthening of the he-
lix by approximately 3.4 A, which causes a significant conformational change
of some involved deoxyribose moieties from C2’-endo to C3’-endo [73, 74].
In addition, the unwinding and lengthening of DNA increases the phosphate
spacing and decreases the charge density along the helix axis. This change in
the electrostatic potential of the DNA surface leads to a release of counteri-
ons from the grooves and provides an energetically favorable contribution to
the free energy of binding [75]. If the DNA binder carries a positive charge,
the association with DNA leads to a release of additional counter cations
from the DNA grooves, so that the association of cationic molecules is usually
more favorable than the one of uncharged compounds. On the other hand,
it has been observed that the binding of one intercalator between two base
pairs hinders the access of another intercalator to the binding site next to
the neighboring intercalation pocket (“neighbor exclusion principle”) [76].
Presumably, this principle is a result of the structural changes of the DNA
upon intercalation, which lead to limited access to the neighboring binding
pocket for steric reasons. Furthermore, the intercalation process may reduce
the negative electrostatic potential at the intercalation site, so that attractive
electrostatic interactions no longer take place close to this site.

Dye molecules may be intercalated with their long molecular axis parallel
or perpendicular to the binding pocket (Fig. 2), i.e., relative to the direction
of hydrogen bonds in the base pair. The latter binding mode has been ob-
served for anthracycline derivatives 4a [77], whereas derivatives of acridine
(5a) [78], methylene blue (6) [79], and cryptolepine (7) bind parallel to the
binding pocket, with cryptolepine being the first molecule to intercalate in
non-alternating binding sites [d(CpC)-d(GpG)] [80].

Typical binding constants for intercalation complexes between organic
dyes and DNA range from 10* to 10° M~! and are usually significantly smaller
than the binding constants of groove binders (10° to 10° M~!). Moreoever, the
rate of the association/dissociation of intercalators is high: for example, se-

- P

V a—— >

Fig.2 Schematic representation of intercalators with long molecular axis parallel (a) and
perpendicular (b) to the binding pocket. Grey Nucleic bases, black intercalator
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lected anthraquinone derivatives have been shown to have residence times
within the intercalation site of less than 1 ms [81]. This condition consti-
tutes a major drawback for the application of intercalators as drugs that are
supposed to suppress the proliferation of cells by the occupation of the bind-
ing sites of enzymes. To overcome this problem, derivatives were designed
that carry two or more intercalation functionalities in a single molecule.
It was early shown that the association constants of organic molecules to
DNA may be enhanced significantly when one molecule carries two or more
intercalating functionalities, as realized in bisintercalators, trisintercalators,
and tetrakisintercalators etc. The design of DNA bisintercalators on the ba-
sis of alkyl-linked acridine functionalities has been introduced by Le Pecq
et al. [82] and Cain et al. [83]. This strategy was subsequently established
with numerous bisacridine derivatives such as 8, in which the intercalating 9-
aminoacridine moieties are connected by alkyl linkers [84-86] and extended
to bisintercalators with other intercalating functionalities [87-97]. Notably,
only recently a sequence-selective bisintercalator, i.e., 9, was reported [98].
The structure of a complex between DNA and bisintercalators depends
on the linker length [86]. With a short connection between the intercalators
(< 9 A), solely monointercalation takes place (Fig. 3A). With a longer alkyl
chain between the intercalating parts, i.e., with a chain length of > 10.2 A, bis-
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A B Cc

Fig.3 Binding mode of bisintercalators depending on the length of the alkyl chain be-
tween the intercalating moieties (A: Monointercalation. B: Bisintercalation with violation
of neighbor-exclusion principle. C: Bisintercalation)

intercalation may be achieved without a violation of the neighbor-exclusion
principle (Fig. 3C). It has been proposed that the neighbor-exclusion princi-
ple may be violated by bisintercalators, whose intercalating parts are sepa-
rated by 9-10 A (Fig. 3B) [99]. In contrast, IH-NMR studies showed that such
compounds only monointercalate [100].

Theoretical considerations predict that in the absence of significant steric
and entropic factors, the binding constants of bisintercalators with DNA
should be the square of that of the corresponding monomer [101]. Neverthe-
less, the experimental data are usually much smaller than expected, presum-
ably due to an unfavorable geometric effect. Recently, the complex formation
between DNA and a naturally occuring bisintercalator, namely echinomycin
10, was evaluated on the basis of thermodynamic data from calorimetric
data (differential scanning calorimetry and UV thermal denaturation) [102].
These results revealed that at 20 °C the entropy contributes mostly to the
overall binding (TAS = —11.4kcal mol™'), whereas the enthalpic term is
slightly positive (AH = + 3.8 kcal mol™!). Moreover, the overall free energy
(AG = —7.6kcal mol™) was divided into different contributions, which re-
flect the different forces which may contribute to the overall binding and
whose energetic contribution was estimated and calculated, respectively.
Thus, AGeops (8 kcal mol™) considers the conformational changes of the DNA

Scheme 4
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and the drug upon complexation; AGe; (14.9 kcal mol™) is the contribu-
tion resulting from the suppressed translational and rotational freedom of
both components within the DNA-drug complex, AGpyq (—17.4 kcal mol ™)
is the free energy for the hydrophobic transfer of the echinomycin molecule
from solution to the DNA binding sites, AGpe (-1 kcal mol™) is the elec-
trostatic free energy contribution resulting from counterion release from the
DNA backbone, and AGp (—12kcalmol™) is the term which considers
weak non-covalent bonds including hydrogen bonds, van der Waals interac-
tions and other weak forces upon complex formation. These results suggest
that one major driving force for the association of echinomycin and DNA
is the hydrophobic effect, i.e., the transfer of the hydrophobic echinomycin
molecule from the hydrophilic solution into the hydrophobic intercalation
pocket. Moreover, the direct contacts (hydrogen bonding, van der Waals in-
teractions and base-stacking) between the echinomycin molecule and DNA
are another key feature of the complex structure and contribute significantly
to the overall free energy of binding. Most likely these contributions are
the result of the binding of the peptide chain within the DNA groove. This
interpretation is in agreement with results obtained for the minor-groove
binder, Hoechst 33258. The binding of this compound is also assisted by a fa-
vorable entropic effect [103]. In contrast, the entropic contribution to the
binding of classical intercalators such as ethidium bromide is unfavorable,
i.e., AS < 0kcal mol™! [104]. Unfortunately, calorimetric data for bisintercala-
tors with alkyl chains rather than peptide linkers are not available, so far.

23
Determination of the Binding Mode

Since the physical properties of DNA and the dye molecules change sig-
nificantly upon complex formation, the determination of these properties
is a useful tool for the qualitative and quantitative evaluation of the asso-
ciation process and to confirm the binding mode of a given DNA binder.
Among the properties that may be used for this purpose, are the viscosity
or the sedimentation coefficient, the melting temperature of the DNA, mass-
spectrometric data [105], the NMR shifts, and the absorption and emission
properties [106-108]. In the last case, variations are possible. For example,
the absorption of circularly or linearly polarized light may be used in cir-
cular dichroism (CD) and linear dichroism (LD) spectroscopy to deduce the
orientation of the dye molecule relative to the DNA [109, 110]. Also, steady-
state fluorescence polarization measurements [111] as well as fluorescence
energy transfer from the DNA bases to the bound dye have been used as
criteria to elucidate the binding mode; however, it has also been suggested
that this method should be used with caution [112]. Binding constants and
binding selectivities may also be obtained by the DNA footprinting experi-
ments [113,114], by the equilibrium dialysis method [115], or by a well-
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designed fluorescent-intercalator displacement assay [116]. X-ray diffraction
analyses of crystalline complexes between short double-stranded oligonu-
cleotides and dyes provide the most detailed data on the binding, but it is
often difficult to grow the required single crystals from the complexes.

In critical articles, it has been pointed out that the choice of the methods to
determine the binding mode must be made with caution and that only a com-
bination of selected methods provides sufficient information to determine the
binding mode [117-119]. Thus, for a detailed analysis of criteria for interca-
lation, Long and Barton divided the aforementioned experimental techniques
into three groups (Table 1) [118]:

(a) The evaluation of changes in the DNA helix by the determination of the
sedimentation coefficient, the solution viscosity, the electrophoretic mo-
bility of circular DNA, or the 3!P-NMR shift of phosphate phosphorous
atoms.

(b) Experiments that reflect the electronic interactions between intercalator
and the nucleic acid. Usually these changes are monitored by absorp-
tion spectroscopy, as the absorption maxima of intercalated molecules are
significantly red-shifted compared to those of the unbound molecule. In
addition, a hypsochromic effect is observed upon DNA addition. If the
intercalator is a fluorescent compound, fluorescence quenching or fluores-
cence enhancement may occur upon intercalation. Electronic interactions
may be observed by high-resolution 'H-NMR spectroscopy, especially
with the signals of aromatic protons in the binding pocket, which are
usually high-field-shifted due to anisotropic cones and the aromatic ring
current from the nucleic bases.

(c) The evaluation of molecular orientation or rigidity by CD spectroscopy
and linear-flow or electric LD spectroscopy. If the direction of the tran-
sition dipole moment of the DNA binder is known, these experiments
provide information on the relative orientation of the guest molecule. Flu-
orescence polarization techniques allow the determination of rotational
diffusion of fluorophores and may thus be used to monitor the immobi-
lization of molecules when bound to DNA.

In addition to these three groups, the particular structural features of each
molecule must be considered, especially when complex structures may give
rise to more than one binding geometry, or when the DNA binder may ap-
proach more than one binding site.

With these criteria in mind, the authors used the data of molecules whose
DNA-binding mode is known and checked which of these methods is suf-
ficient to deduce the corresponding binding mode [118]. Surprisingly, the
authors found that “the proposal or dismissal of an intercalative interaction
cannot be concluded on the basis of any of the above criteria”. For example,
it was observed that groove binders exhibit absorption spectra upon DNA
addition which are rather characteristic for intercalators. Based upon these
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results it was strongly suggested that experiments from all three above men-
tioned groups, (a)-(c), should be applied along with a detailed evaluation of
the molecular shape and structure of the DNA binder in order to deduce the
binding mode.

Suh and Chaires also conducted a study to evaluate the methods for the
determination of the binding mode with a known intercalator (ethidium bro-
mide) and a groove binder (Hoechst 33258) [119]. These studies revealed that
spectrophotometric and spectrofluorimetric titrations, or fluorescence polar-
ization measurements may be used to deduce a general binding interaction
between guest molecules and DNA, but they cannot be used for the unam-
biguous determination of the binding mode. Nevertheless, it was demon-
strated that a combination of viscosimetric titrations and the determination
of a fluorescence resonance energy transfer may serve as a reliable tool to de-
termine the binding mode [119]. In the latter experiments the energy transfer
from the excited DNA bases to a fluorescent ligand is monitored. Excitation
energy transfer exhibits a distance dependence of R where R is the distance
between the species involved in the transfer of energy. This distance depen-
dence, along with the relatively low fluorescence quantum yield of the DNA
bases results in a short Forster critical distance Ry (4-7 A) at which half of the
energy of the excited DNA bases is transferred to the bound molecule [120].
Intercalation of the molecule between stacked bases within the DNA host du-
plex is associated with small host-guest distances (about 2-4 A). Thus, the
observation of efficient energy transfer from a host DNA to a bound molecule
is consistent with an intercalative mode of binding. This energy transfer may
be determined by excitation spectra, i.e., when the emission wavelength is
fixed on the DNA-bound molecule, the observed excitation spectrum should
resemble the absorption bands of the nucleic bases (note that the excitation
spectrum needs to be normalized with respect to the fluorescence quantum
yield resulting from direct excitation of the intercalator). By contrast, bind-
ing of a molecule to the minor groove and/or drug-stacking along the surface
of the helix are associated with larger base-to-molecule distances and mini-
mal base-molecule stacking interactions. Consequently, such binding modes
usually suppress the energy transfer from the host DNA to a bound molecule.
Thus, it was shown that a fluorescence energy transfer between DNA-bound
ethidium bromide and the nucleic bases takes places, whereas with Hoechst
33258 this effect was not observed. However, it should be noted that in a re-
lated study fluorescence energy transfer has been observed between nucleic
bases and groove-bound molecules [112].

Although the sole detection of fluorescence energy transfer is not a suf-
ficient criterium for intercalation, it was claimed that additional viscosimet-
ric studies provide complementary information which allows unambiguous
determination of the binding mode [119]. As already demonstrated by Ler-
man [67] intercalation leads to a significant lengthening of the DNA, which in
turn has an influence on the colligative properties of solutions of the macro-
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molecule. The determination of the viscosity changes upon DNA association
of an intercalator turned out to be an especially useful tool to follow the
lengthening and unwinding of the nucleic acid. Thus, the relative specific vis-
cosity of ct DNA increased upon addition of ethidium bromide, whereas the
titration with Hoechst 33258 did not change the viscosity. Based upon these
results, it was proposed that the determination of the fluorescence energy
transfer in combination with the determination of viscosity changes may be
a useful combination to determine whether an external molecule intercalates
into DNA.

24
Energetics of the Intercalation Process

Recent articles on thermodynamic [115,121] and volumetric [122] analyis of
drug-DNA interactions are also available. Although numerous binding con-
stants are available, from which AG can be calculated, very few attempts have
been made to determine AH, AS, or the change of heat capacity Cp of the
intercalation reaction. Isothermal titration calorimetry was used to obtain re-
liable data for AC,, [70]. Thus, the change of heat capacity upon association of
ethidium bromide with DNA was estimated to be — 139430 cal mol! K! and
claimed to be more accurate than the data reported earlier [123, 124]. More-
over, it was demonstrated that the experimental data for ACy obtained for
ethidium bromide, propidium bromide, daunorubicin, adriamycin and acti-
nomycin D correlate very well with theoretically derived changes of solvent-
accessible surface areas (SASA) upon intercalation. Nevertheless, a recent
theoretical study on small-cluster hydrophobic interactions showed that the
evaluation of hydrophobic interactions with the help of SASA may not be
applied in general [125].

The free energy AG of the intercalation reaction may be obtained from the
binding constants (for a brief overview over relationships between thermo-
dynamic parameters see [126]) and attempts were made to parse the overall
free energy into contributions of different intermolecular interactions. As al-
ready mentioned in Sect. 2.2, a simplified additive contribution of at least
five different terms may be considered (Eq. 1). In the following the origins
and simplified approaches for the estimation of the energetic contributions of
these terms will be briefly discussed.

AGobs = AGeonf + AGter + AGhyd + AGpe + AGmol (1)

The DNA helix needs to undergo significant conformational changes in order
to accommodate an intercalator. Since in B-form DNA the nucleic bases are
in close contact due to w-stacking, they need to be separated from each other
before an aromatic compound may intercalate between these base pairs. In
general, the required space for a planar aromatic compound is approximately
3.4 A, which corresponds to the average thickness of aromatic molecules.
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Thus, the DNA needs to unwind for 3.4 A prior to complex formation; how-
ever, the net lengthening is often somewhat smaller due to additional bending
of the helix at the intercalation site. The lengthening of the nucleic acid is
accompanied by an unwinding of approximately 10-30° depending on the
nature of the intercalator and the DNA sequence. Several calculations re-
vealed that these structural changes are energetically unfavorable and repre-
sent an endergonic contribution to AGgps [104]. Moreover, detailed kinetic
studies on the dependence of the intercalation rate allowed an estimation
of AGeont ~ + 4 kcal mol™! [127]. It should be noted that this energy contri-
bution depends significantly on the bases which constitute the intercalation
pocket, and it may therefore be assumed that the sequence selectivities of
particular intercalators may be governed by this energetic factor.

When two molecules associate, three rotational and three translational de-
grees of freedom are lost, which usually leads to a loss of entropy; however,
some of this energetic loss is compensated for by six internal vibrational
modes [128]. Because of the impossibility of obtaining experimental data
along these lines, the magnitude of the loss of translational and rotational
entropy is still under debate [129-131]. Thus, only empirical and theoretical
data are available, all of which have particular advantages and disadvantages.
At present, the best estimate for the energetic contribution of AGy4t to the
overall free energy, AG, of bimolecular complex formation is presumably
AGryt ~ + 15 kcal mol™! [129].

The hydrophobic transfer, i.e., the energetically favorable change of the mi-
croenvironment of a hydrophobic guest molecule from hydrophilic hydrous
solution to the hydrophobic binding sites of the nucleic acids, is considered
to be one of the important driving forces for intercalation. It was reported
that the change of heat capacity upon intercalation correlates with the con-
tribution of the hydrophobic effect to the overall free energy of binding
(AGryq ~ 80 x ACp) [132]. With this correlation, a hydrophobic contribu-
tion to the overall free binding energy of ethidium was estimated to be
AGpyq = —11.2 kcal mol™! [70]. Unfortunately, rather few calorimetric data
are available for other intercalators, so that in these cases theoretical estimates
are necessary to obtain AGyyq. Thus, the change of the SASA, which may be
calculated by standard protocols, may be correlated with the free energy of
the hydrophobic transfer (AGpyg & —22(£5) x A SASA) [132,133].

The contribution of AGp. to the overall free energy may be experimen-
tally determined as the binding constant changes as a function of metal-ion
concentration [M*], most often sodium cations, according to Eq. 2 [75].

AGpe == RT(myr) In [M*] (2)

Thus, the number of counter ions released from the DNA backbone upon
binding of another charged molecule may be determined from the plot of
log K versus log [M*], where the slope equals m. The parameter m repre-
sents the charge of the binding molecule and v is the fraction of counter
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ions associated with each DNA phosphate moiety (i = 0.88 for the double-
stranded B-DNA) [134]. From the dependence of the binding constant on
the salt concentration, the polyelectrolyte contribution, AGye, arising from
coupled polyelectrolyte effects may be calculated according to Eq. 2. For ex-
ample, AGpe of ethidium bromide is approximately — 1.2 kcal/mol. This en-
ergy is mostly determined by the release of condensed counter ions from the
DNA helix upon binding of the charged ligand. It should be noted that AG.
may be negative even with uncharged intercalators, since the lengthening of
the DNA upon complex formation leads to a decrease of charge density along
the backbone and subsequently to a release of counter ions.

Noncovalent bonding interactions such as hydrogen bonding, 7-stacking,
and Lewis acid-base interactions are general features of most supramolec-
ular complexes, and in most cases the sum of the attractive interactions
contributes significantly to the overall binding. The energy of noncovalent
molecular interactions, AGp,), in a complex is difficult to quantify either
from experiments or from calculations [135]. The most efficient approach ap-
plies the variation of the substitution pattern of a known intercalator and the
performance of detailed binding studies. The results will give a structure-
property correlation that allows the determination of AGy. Since such
studies are tedious and time-consuming, few data for AGp, of intercalation
complexes are known at present. On the other hand, AGy,, may be esti-
mated if reasonable data exist for the other contributions to the overall energy
by simple subtraction of the latter from AG,ps. With this method, AGy,e of
ethidium binding to DNA was estimated to be approximately — 13 kcal mol™!.

3
Representative Dye Classes

3.1
Acridines

Acridine (5a) [136] and derivatives thereof [137] are a dye class whose in-
teractions with DNA have been extensively studied [138-142]. Acridines are
protonated at the nitrogen atom even under neutral conditions; and the

R’
5a: R'=R%=H
= ol . p2
5b: R' = 4'-(NH,)CgH4; R?= NH,
R2 N7 R2 5c: R'=H;R?=NH,

5d: R' = H; R = N(CHa)s
5a-e 5e: R'=NH,; R2=H

Scheme 5
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resulting cationic aromatic compounds represent a promising class of inter-
calators. Most notably, acridine derivatives exhibit a high potential for their
application in chemotherapy [143]. The first report on the use of acridines in
medicine goes back to the late nineteenth century, when it was observed that
anilinoacridine (5b) is a weakly active anti-malaria drug [144]. Later it was
shown that, for instance, proflavine (5¢) and derivatives thereof exhibited an-
tibacterial activity [145, 146]. Moreover, 9-aminoacridine (5e) has been used
clinically as an antiseptic drug, since its intercalation into DNA suppresses
DNA replication at the intercalation site [147,148]. Up to now, numerous
derivatives have been synthesized and evaluated with respect to their bio-
logical and potential clinical activities [149-152]. Among these derivatives,
the quinacrines (5f) [153-156], used clinically as antimalarial drugs, the an-
tileukemic amsacrine derivatives (5g) [157-159], and derivatives of acridine
carboxamides (5h) are especially promising lead structures. The cytotoxicity
of acridines has been evaluated by an assay that monitored the influence of
acridines on the luminol-dependent chemiluminescence of polymorphonu-
clear leucocytes during phagocytosis [160]. It has also been reported that
several acridine derivatives induce tacrine-like subcellular changes in hepa-
tocytes which subsequently cause mitochondrial dysfunction [161]. Recently,
it has been shown that 9-aminoacridine (5e) and its derivatives promote the
binding of the RecA protein to DNA [162]. The effect of the binding affinity of
the intercalator on cytotoxic potential has been discussed for acridine-based
drugs [138]: although one should expect that intercalators with high binding
constants have the highest cytotoxic potential, it has been pointed out that
this strong binding is counterproductive with respect to the diffusion of the
drug within the extravascular medium [163]. According to these studies, the
extravascular diffusion decreases with an increasing binding constant, which
significantly limits the distribution of the drug in the medium and, thus, its
cytotoxic potential. As a consequence, it has been proposed that an efficient
drug needs to exhibit binding affinities sufficiently large as to provide for in-
tercalation, but small enough to allow diffusion of the drug within the whole
volume of the target tissue (concept of the “minimal intercalator”) [138].

The cytotoxicity of most acridine-based drugs is founded on their abil-
ity to suppress topoisomerase activity. Topoisomerases are essential enzymes
which bind to DNA and, within this complex, initially induce a DNA-
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strand cleavage. Subsequently, both single strands are reorganized within the
enzyme-DNA complex and finally reconnected. The final result of this pro-
cess is the relaxation of the DNA structure [164, 165]. Topoisomerases induce
a single-strand break (topoisomerase I) or a double-strand break (topoiso-
merase II) of the double helix. The resulting change in DNA structure is
an important requirement for replication, transcription or recombination of
the genetic material. There exist two possibilities for an intercalator to in-
fluence the topoisomerase activity and therewith suppress the proliferation
of the cell [166]: (a) by the intercalation of a drug, the binding site of the
topoisomerase is occupied, and the complex formation between the enzyme
and the DNA is hindered; and on the other hand, (b) a ternary complex
between DNA, intercalator and topoisomerase may be formed which is sig-
nificantly more stable than the DNA-topoisomerase complex. The stability of
the ternary complex may lead to an enhanced lifetime of the cleaved DNA, i.e.,
the re-ligation of the strands cannot take place and the strand breaks remain
permanent. Thus, the topoisomerase acts as an endogeneous poison and may
induce apoptosis. Such a simultaneous formation of ternary complexes be-
tween DNA, intercalator and topoisomerase has been studied systematically
with benzimidazole derivatives [167].

Acridine rings are often used as the intercalating moiety in more complex
molecules. In most cases, the intercalation properties of the acridine are used
to bring particular functionalities, which do not bind to DNA themselves,
into the close vicinity of the nucleic acid. Also, the intercalation of an acri-
dine moiety may be used to enhance the binding constant and/or binding
selectivity when the other part of the molecule also binds to nucleic acids.
Thus, acridines have been connected to, for instance, polyamides [98, 168],
peptide nucleic acids (PNA) [169], purine derivatives [170-172], oligonucle-
otides [173, 174], cis-platin derivatives [175-177], bis-phenanthroline deriv-
atives [178], polyamines [179], viologens [180], curcurbituril [181], and por-
phyrins [97]. Acridines may also be connected to one or more other acridine
rings [182, 183] to give so-called bis-, tris-, or tetrakisintercalators such as 5i
and 5j [86, 139, 184].

These compounds exhibit significantly enhanced binding affinities towards
dsDNA [144]. Two acridine rings may also be connected in cylophane-type
macrocylces, e.g. 5k, which were found to exhibit large binding affinities to-
wards hairpins in ssDNA, G-quartets, and abasic sites [185-189].

Scheme 7
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Recently, particular interest has been focused on the interaction of nucleic
base-intercalator conjugates such as 51 with abasic sites, because the latter
play a crucial role in DNA damage and DNA repair mechanisms in the cell.
Abasic positions, i.e., sites in which the deoxyribose does not carry a nu-
cleic base, usually occur during enzymatic repair of alkylated or dimerized
nucleic bases. During this base-excission repair (BER) [190], the damaged
base and the corresponding deoxyribosephosphate are removed by an AP en-
donuclease, and with the help of DNA polymerase and DNA ligase the correct
nucleotide is replaced. Unfortunately, this repair mechanism also takes place
in tumor cells whose DNA bases are damaged by anti-tumor drugs, so that
the efficiency of the drug is limited. In one novel approach in chemother-
apy, the anti-tumor reagent is assisted by an intercalator which associates at
abasic sites with high selectivity [191]. Binding in abasic sites is usually es-
tablished in nucleic base-intercalator conjugates, mostly purine-intercalator
combinations, in which the purine binds in the abasic site and the intercalator
in a binding pocket nearby (Fig. 4). The linker between the intercalator and
the purine carries a secondary amine, which induces an elimination in the de-
oxyribose moiety, which finally leads to a DNA strand cleavage. Usually, the
latter cannot be repaired by BER.

The diamino-substituted acridine derivatives proflavine (5c) and acridine
orange (5d) are classical representatives of this dye class and their DNA in-
tercalating properties have been studied in detail. Both dyes were shown
early to intercalate into DNA [192-194], and in both cases the dye prop-
erties, i.e., absorption and emission in the UV /vis area, could be used to

: \/ A G nucleic . .\'/
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Fig.4 Association of a nucleic base-intercalator conjugate with an abasic site
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evaluate the binding by spectrophotometric and spectrofluorimetric titra-
tions [195]. In general, upon DNA binding the dye molecules are positioned
in an environment which is different from that of the uncomplexed molecule
in solution, because the interior of DNA is proposed to exhibit a low di-
electric constant [196], and the pH in the grooves is significantly lower than
that of the surrounding solution [197]. Also, the electron distribution of the
intercalator is distorted upon m-stacking with the bases. All these factors
contribute to significantly different dye absorption properties in the com-
plexed and uncomplexed forms. Thus, the addition of DNA to a solution of
an intercalator results in a characteristic shift of the absorption maximum
to longer wavelengths (bathochromic shift or red shift) and a decrease of
the absorbance (hypochromicity). Consequently, spectrophotometric titra-
tions of DNA to acridine orange and proflavine have been used to prove the
binding of the acridine dyes to the nucleic acid. In combination with equi-
librium dialysis and low-shear viscosimetry it has been demonstrated that
proflavine (5¢) and acridine orange (5d) are intercalating dyes; however, at ra-
tios between 0.2 and 0.3 mol of dye per 1 mol of DNA phosphate, a binding
mode other than intercalation takes place [193]. Acridine orange interca-
lates with its long molecular axis parallel to the binding pocket [198]. In the
case of proflavine, these observations have been verified by kinetic measure-
ments which revealed that, along with the intercalative binding mode, a so-
called “pre-intercalative binding” with an even larger binding constant takes
place [199, 200]. Detailed data for a complex of the intercalated acridine or-
ange [198,201] and proflavine [202-204] in double-stranded oligonucleotides
are also available from X-ray diffraction analyses. Notably, the intercalation
process of acridine orange may be reversed or inhibited in the presence of
xanthine derivatives, which exhibit a high propensity for complex formation
with acridine orange [205].

The intercalation of proflavine (5¢) and acridine (5d) into DNA also has
a significant influence on their emission properties. Thus, the emission of 5¢
is quenched upon DNA addition [206], which is mainly the result of a pho-
toinduced electron-transfer (ET) reaction between excited proflavine and the
nucleic bases [207]. This ET reaction is energetically more favorable with gua-
nine and adenine, which exhibit lower oxidation potentials than the pyrim-
idine bases [208, 209]. In contrast, the fluorescence of acridine orange (5d)
is enhanced upon DNA addition [210]. Most notably, the emission enhance-
ment takes place only at high DNA-to-dye ratios, whereas at low DNA-to-dye
ratios the emission is also quenched [211]. Because of this fluorescence en-
hancement upon DNA intercalation of acridine orange it is used as a DNA
stain, e.g., in gel electrophoresis or for the detection of cellular DNA [212].
Moreover, acridine orange exhibits metachromism [213], i.e., it is yellowish-
green fluorescent when intercalated in dsDNA (Aex = 488 nm), but when it is
associated with single-stranded DNA or RNA, it exhibits red fluorescence at
the same excitation wavelength [214]. This behavior is used in dual flow cy-
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tometry, for example, where the relative content of red and green fluorescence
is used for the simultaneous measurement of cellular nucleic acids, i.e., RNA
and DNA [215].

Acridine orange exhibits a pronounced Stokes shift which is dependent on
the solvent. Thus, the determination of the Stokes shift in several solvents at
different temperatures, subsequent calibration of the data towards the solvent
polarity and comparison with the Stokes shift of DNA-intercalated acridine
orange has been used to characterize the interior of the DNA helix [216].
These studies have revealed that the inside of DNA is highly polarizable, like
solvent cages in aromatic solvents such as aniline or acetophenone. Also,
temperature-dependent determination of the Stokes shift showed that the dif-
fusive and viscous dynamics inside the DNA helix are comparable to those of
fluid solutions rather than to solid-state dynamics.

3.2
Anthraquinones

The DNA-binding properties of anthraquinones have been studied inten-
sively over the past 25 years because of their clinical potential as anticancer
drugs. The anthraquinone system is often found in anti-tumor drugs such
as anthracyclines, mitoxantrone (11a), ametantrone (11b) and derivatives
thereof [217-220]. Mitoxantrone (11a) and ametantrone (11b) have attracted
much interest because of their lower risks of cardiotoxic effects compared
with the naturally occurring anthracyclines doxorubicine (adriamycin) (4b)
and daunorubicin [221].

The cytotoxic properties of anthraquinones result from their binding to
cellular DNA [222,223]. The planarity of the dye allows an intercalation be-
tween the DNA base pairs while its redox properties may be used for the for-
mation of reactive radical or radical-ion intermediates in biological systems.
The chemical and biological activity exhibited by anthraquinone derivatives
is significantly affected by the different substituents at the planar ring sys-
tem [224-227]. Thus, side chains usually carry one or two positive charges,
in order to establish an electrostatic interaction with the phosphate backbone

H
R 0 HN Non O OH 0
RO HN__~~_OH HsCO O OH O
11a:R=0H H ab o
11b:R=H NH,

HO

Scheme 9
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of the polynucleotide. It appears that the substitution pattern plays a major
role for the binding selectivity and also for the chemical interactions with the
physiological system. The substituent effects on the physical and biological
properties in anthraquinone diamides have been explored by several groups.
For example, the anthraquinone derivatives 12a-f, in which one or two pep-
tide chains are connected to amino functionalities at positions 1 and/or 4
by amide bond formation, have been synthesized and systematically investi-
gated [228]. The introduction of peptidyl side chains into the anthraquinone
structure has important effects on the physicochemical, DNA-binding and bi-
ological properties when compared to the anthraquinones 11a and 11b. The
binding constants of mono-, di-, and triglycyl derivatives are comparable to
those found for 11b, but 5-10 times lower than those reported for 11a [228].
On the other hand, compounds with glycyl-lysyl side chains, e.g. 12d, bind
DNA to the same extent as 11a (L-isomer) or even better (D-isomer).

The anthraquinones 1la and 11b as well as the derivatives with pep-
tidyl substituents 12 exhibit binding selectivities for alternating CG binding
sites, although to different extents. The bis-Gly-Lys-substituted derivatives,
e.g. 12d, are the least sensitive towards DNA base composition, which may
be due to the large unselective electrostatic interactions with the polynu-
cleotide backbone. As far as redox properties are concerned, all peptidyl-
substituted anthraquinones show a reduction potential which is very close
to that of ametantrone (11b) and 60-80 mV less negative than that of mi-
toxantrone (11a); hence, they may lead to free-radical-damaging species
with similar yields as the parent drugs. Other peptidyl-substituted an-
thraquinones 13a-f have been synthesized as potential transcription-factor
inhibitors [229]. These 1-[N-{2-succinamidylethyl}amino]-substituted pep-

13a: R = NH(CH5),NHC(O)(CH5)>-C(O)-Ala-Arg-Cys-Lys-Ala
13b: R = NH(CH5),NHC(O)(CH5)>-C(O)-Ala-Lys-Cys-Arg-Ala
13c: R = NH(CH5)oNHC(O)(CH5)oC(O)-Ala-Lys-Ser-Arg-Ala

d 13d: R = NH(CH5),NHC(O)(CH,)>C(O)-Ala-Lys-Cys-Arg-Asp-Ala

13a-d

Scheme 11
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tidyl anthraquinones 13a-d contain five to seven amino acid residues includ-
ing the lysine-cysteine-arginine motif (also named KCR motif), which is
important in AP-1 protein binding to DNA [230]. The anthraquinone-peptide
conjugates 13a-d intercalate into DNA and inhibit the association of AP-1
protein to its DNA consensus sequence [230].

Anthraquinone intercalators 14a-f, which are substituted with amine-
containing side chains at positions 2 and 6, are able to cleave plasmid DNA
at abasic sites (apurinic or apyrimidinic sites) [231]. It has been proposed
that the cleavage is induced by deprotonation in the « position to the alde-
hyde functionality of the open-ring glycoside of the abasic site followed by g
elimination of the 3'-phosphate. A following B-elimination leads to the loss
of the sugar from the 5'-phosphate as well [232-234]. Since the DNA cleav-
age is the result of an initial base-induced B-elimination on the deoxyribose
moiety, the position of the amino functionality with respect to the ribose
hydrogen atoms is crucial for the cleavage yield. Thus, the structure of the
amino side chain, especially the length of the alkyl chain between the amino
functionalities, determines the cleavage efficiency of the molecule. The yield
of strand breaks at abasic sites in plasmid DNA is higher with intercalators
containing two amino functionalities (14c-f) than for anthraquinone deriva-
tives with only one amino group at each substituent (14a). Side chains with
terminal tertiary amines (14e-f) are slightly more effective than those with
terminal primary amines (14b-d). Examples with a propylene bridge between
neighboring nitrogen atoms cleave more efficiently than those with more or
fewer methylene groups, presumably due to the most favorable conformation
for proton abstraction in this configuration. Comparison of the disubsti-
tuted anthraquinones (14a-f) with their monosubstituted analogues (14g-1)
have indicated that only one side chain is required for single-strand cleav-
age. Studies on DNA damage with the polyamines, which lack the substitution
with an intercalator, have shown that these compounds are less potent than
amino-substituted intercalators. Nevertheless, DNA cleavage with the simple
polyamines has also been observed at low concentrations [231].
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The DNA binding characteristics of a series of homologous 2,6-disubsti-
tuted anthraquinone intercalators 15a-d with varying ethylene glycol units in
their amino-linked side chains have also been studied [235]. The side chains
vary with respect to the polyethylene-glycol unit which allows a significant
increase of the side chain length with a relatively small change in the hy-
drophobicity of the molecule. The latter has been designed such that the
cationic charge (protonated secondary amine) is in a constant position in
the series. These 2,6-disubstituted anthraquinone intercalators 15 bind with
higher affinity to AT-rich hairpins than to GC-rich hairpins. The binding con-
stants decrease with the elongation of the side chain and are not influenced by
the decreasing hydrophobicity with increasing side chain length.

DNA intercalating agents with DNA cross-linking potential are expected
to be ideal anticancer drugs and should exhibit improved selectivity in the
therapeutic process [236-238]. For example, mitomycin C (16) [239] and its
analogue, indoloquinone (17) [240] are the prototypes of compounds with
improved selectivity toward major solid tumors, with identified biochemi-
cal and functional differences. Mitomycin C (16) may serve as a bifunctional
alkylating agent that forms covalent bonds with two DNA strands with a re-
sulting cross-link of the two independent strands [241], but 16 is not able to
intercalate into dsDNA. Thus, a series of cyclopenta-annelated anthraquinone
derivatives, e.g. 18, with an additional aziridine moiety and a carbamate sub-
stituent has been synthesized. The anthraquinone moiety intercalates into
dsDNA and covalently crosslinks to the macromolecule after bioreductive
activation of the aziridine function. In fact, one of these derivatives, 18b, ex-
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hibits inhibitory activity against leukemic and solid tumor cell lines. A DNA-
unwinding assay has indicated that 18b is able to intercalate into dsDNA; and
it also exhibits topoisomerase II inhibitor activies [242].

The propensity of anthraquinone derivatives to intercalate and to generate
radical species upon irradiation in biological systems has been studied inten-
sively [243]. Two general mechanisms for the photoinduced DNA damage are
possible: (a) photoinduced electron transfer between electron-accepting an-
thraquinones and the nucleic bases to give the radical cations of the latter
(with guanine as the most easily oxidized base), and (b) hydrogen abstraction
from the sugar residues by groove-bound or non-associated anthraquinone
molecules.

The anthraquinone derivatives may oxidize DNA when they are randomly
bound to the DNA or attached to it covalently at particular locations. Radical
cations introduced in the DNA by the excited anthraquinone cause damage
both within the binding pocket and locally separated from the anthraquinone
binding site. A mechanism has been proposed for long-range charge trans-
port in DNA which depends on the spontaneous distortion of the DNA struc-
ture and which is called “phonon-assisted polaron hopping” [243-245].

Spectroscopic and thermodynamic studies of anthraquinone 19a strongly
suggest its binding to duplex DNA by intercalation with little or no base
sequence selectivity [81]. The interactions of derivatives 19a and 19b with
DNA are essentially identical. Irradiation (350 nm) of intercalated 19a leads
to base oxidation of DNA, as shown by the detection of single-strand breaks,
which only appear after piperidine treatment of the photolysate. The oxida-
tion occurs preferentially at the 5'-G part of GG steps [246]. The one-electron
oxidation of DNA is thermodynamically favored [247, 248], because guanine
has the lowest oxidation potential of the four common DNA bases [208, 209].
Kinetic factors resulting from sequence-dependent activation energies must
also be considered. More evidence for an electron transfer as the initial step
in DNA damage was provided by experiments with anthraquinone 19¢, which
also intercalates in DNA [249]. The structures of 19a and 19c differ in the
“orientation” of the amide that connects the anthraquinone and alkylammo-
nium groups. In derivative 19a, the anthraquinone is attached to the amide
carbonyl group, whereas in 19c, it is connected to the amide nitrogen atom.
This structural difference leads to a wz™* configuration of 19c in its lowest

19a: R = C(O)NH(CHa)oNHg*

0
CroO
o 19b: R = SO,N[(CHp)sNH3],2*

19a—c 19¢: R = NHC(O)(CHo),HNC(CH,CHg)
Scheme 15
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excited state, which is still capable of being involved in electron-transfer reac-
tions, but is no longer able to abstract hydrogen atoms. In contrast, the lowest
excited state of 19a has an nz™* configuration, from which hydrogen abstrac-
tion is possible. Nevertheless, the irradiation of intercalated anthraquinone
19¢ leads to DNA damage with the same selectivity and same efficiency
as 19a. These results indicate that both derivatives 19a and 19¢ react with the
nucleic bases by the same mechanism, i.e., photoinduced electron transfer.

Anthraquinones have been connected with transition metal complexes.
The resulting conjugates have been studied with respect to their intercala-
tion ability in dsDNA. A few combinations of anthraquinone with platinum
complexes of the type cis-PtLL'Cl, [L=AQ-NH(CH;),-NH, and L’ = NHj3 or
L’ =1] 20 in which the anthraquinone is linked to the diaminedichloroplat-
inum(II) moiety via positions 1 and 2 have been prepared [250]. Preliminary
in-vitro screening for antileukemic activity revealed an interesting structure-
activity relationship of these compounds and led to further detailed studies
to elucidate the DNA binding properties. The complexes 20 bind covalently
to ct DNA due to the reaction with the platinum moiety. Moreover, the an-
thraquinones with a substituent in position 2, i.e., 20b and 20c (K = 104 M1,
ct DNA) showed a significantly lower binding affinity towards DNA than
anthraquinones substituted in position 1, i.e., 20a (K = 10 M™!) [251]. The
antitumor activity, however, is more or less insensitive to these parameters
and depends only on the length of the linker between the anthraquinone and
the metal complex. The compounds with the shorter linker chains were as ac-
tive as the known cis-platin-complex [250, 252-258], while those with longer
chains were essentially inactive.

Furthermore 1- and 2-substituted copper-cyclam-anthraquinone con-
jugates 21 have been synthesized [259]. It was shown that the cyclam-
anthraquinone conjugates intercalate into plasmid DNA with a higher affinity
than anthraquinones without the macrocyclic ligand. Moreover, the equi-
librium constant for the binding of anthraquinone 2la to salmon sperm
DNA with complexed copper is 4.7 x 10> M~!, whereas the uncomplexed
anthraquinone—cyclam conjugate has a binding constant of 6.2 x 10° M.,
Also, the substances with longer side chains cause substantially more unwind-
ing of the plasmid.
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Recently, the synthesis of a series of zinc complex-intercalator conjugates
22 has been reported [260], whose structure includes a chelating cis-cis-
1,3,5-triaminocyclohexane subunit linked to an anthraquinone moiety via
alkyl spacers of different lengths. These compounds have been investigated
as hydrolytic cleaving agents for plasmid DNA. The conjugation of the metal
complex with the anthraquinone group leads to a 15-fold increase in the
cleavage efficiency compared with the anthraquinone not connected to a zinc-
triaminocyclohexane complex. Comparison of the reactivities of the different
complexes reveals a remarkable increase in DNA cleavage with the length of
the spacer. A significantly shorter spacer may decrease or even cancel the ad-
vantages owed to the increased DNA affinity. The spacer must be long enough
to fold unhindered into the groove to position the metal complex close to
a phosphate group.

33
Cyanine Dyes

The cyanine derivatives of the general structure 23 [261] and the correspond-
ing bis-cyanines 24 are particularly useful as fluorescent dyes. They exhibit
remarkably high affinity for association with nucleic acids along with a sig-
nificant change of photophysical properties upon DNA binding, which is
used for DNA detection and quantification in a variety of techniques such as
the polymerase chain reaction [262], DNA fragment sizing [263,264], DNA
staining [265], DNA damage detection [266, 267], flow cytometry [268], and
evaluation of biological activity [269, 270]. The asymmetric cyanine dyes ox-
azole yellow 23a (commonly named YO or YO-PRO-1) and the bis-oxazole
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24a (commonly named YOYO or YOYOL1) as well as its congeners thiazole
orange (23b) (commonly named TO), its derivative 23¢ (commonly named
TO-PRO1) and the corresponding bis-thiazole 24b (often named TOTO or
TOTO1) have ideal properties for different fluorescence applications. The un-
bound dyes show no fluorescence in solution but high emission quantum
yields when bound to DNA [271], presumably owing to the limited oppor-
tunity for photochemical deactivation by, e.g., cis—trans isomerization within
the interior of the DNA [272]. The high binding constants and the large mo-
lar extinction cefficients [273] result in a significant difference in fluorescence
intensity between the stained DNA molecules and the background.

The predominant binding mode for YO (23a) with DNA is monointercala-
tion, whereas YOYO (24a) is a typical bisintercalator with rather large binding
constants (K = 6.0 x 108 M phosphate buffer, pH 7.0, [NaCl] = 100 mM, ct
DNA [274]). Another interaction from 23a and 24a with DNA is the external
binding to the DNA helix that occurs, especially with YOYO (24a) at higher
dye-to-DNA ratios [275,276]. The extent and mode of association of YO and
YOYO to DNA is not only dependent on the concentration of dye and DNA,
but is also influenced by the counter cations present in the solution. In buffer
solutions with tetraalkylammonium cations, a stronger interaction has been
detected than with sodium cations. This observation is important for elec-
trophoresis applications in which the stabilization of the dye-DNA complex
influences the separation efficiency. In addition, studies with asymmetric
monomethine cyanine dyes with a varying number of cationic functionali-
ties have demonstrated the significant influence of the positive charge on the
binding properties of cyanine dyes [277, 278].

Another feature of these cyanine dyes is their tendency to photocleave
DNA. The irradiation of DNA in the presence of YO (23a) or YOYO (24a)
causes single-strand breaks as determined by a relaxation assay with super-
coiled plasmid DNA [279]. In both cases, single-strand breaks are observed
to such an extent that eventually double-strand cleavage takes place. With
the bisintercalated YOYO (24a), the yield of double-strand cleavage is 5 times
higher than for YO (23a) owing to accumulation effects and because of the
very slow dissociation of the bisintercalated dimer, which results in sev-



Intercalation of Organic Dyes 187

eral cleavage sites close to the binding pockets. Moreover the photocleavage
mechanism changes with the binding mode. Photocleavage by an externally
bound dye is oxygen-dependent, owing to photosensitized formation of sing-
let oxygen, which subsequently oxidizes DNA. In contrast, photocleavage by
an intercalated dye is essentially oxygen-independent and leads to a direct
cleavage of the phosphate backbone. In the presence of DNA, light-induced
photobleaching occurs by the reaction of the bound and free dyes with re-
active oxygen species generated, for example, by Fenton-generated hydroxyl
radicals (23a) or singlet oxygen (24a) [280].

Analogous to YO (23a) and YOYO (24a), TO (23b) monointercalates
and TOTO (24b) bisintercalates into DNA (24b: K = 1.1 x 10° M™! phos-
phate buffer, pH 7.0, [NaCl] = 100 mM, ct DNA [274]). The structure of
the bisintercalated complex with the self-complementary oligonucleotide
d(CGCTAGCG); has been established by NMR studies (Fig. 5) [281]. Bisinter-
calation of 24b occurs with the benzothiazole ring system stacked between
the nucleic base pairs. The N-methyl group of the benzothiazole is centered
in the major groove, and the linker between the two chromophores is posi-

Fig.5 Structure of the complex between bis-thiazole orange (TOTO) and d(CGCTAGCG),.
Left view into the minor groove, right view into the major groove. The TOTO molecule is
shown in red, the nucleic bases are in light blue, and the sugar-phosphate backbones are
in dark blue [Reprinted with permission from Spielmann HP, Wemmer DE, Jacobsen JP
(1995) Biochemistry 34:8542. Copyright (1995) American Chemical Society]
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tioned in the minor groove crossing from one side of the groove to the other.
Upon binding to dsDNA these dyes exhibit a large enhancement of fluores-
cence intensity, which leads to a fluorescence quantum yield which is about
3,000 times higher than that of the free dye in solution [281]. Thiazole or-
ange 23b has been proposed to bind with moderate affinity single-stranded
poly(dA) and poly(dG) [282]; however, fluorescence quantum yield meas-
urements suggest that 23b as well as 23a bind preferentially to GC-rich re-
gions in ct DNA [283]. Moreoever, similar binding constants are reported
for binding of TO (23b) and YO (23a) to several types of DNA with vary-
ing GC-to-AT ratios [284], which indicates that 23a and 23b exhibit DNA
sequence selectivity when binding to DNA. Recent results have shown that
the bisintercalator TOTO (24a) binds about 100 times more strongly to the
d(5-C™¢CIG-3'); site (M¢C is 5-methylcytosine, U is uracil and I is inosine)
than to other binding sites, which is in contrast to the proposed preference
for (5'-CTAG-3’) [281]. From detailed NMR studies, it has been also con-
cluded that the order of preference is ™*CG > CG > CI > TA for the flanking
base pair and ™¢CI > CI > TA > CG > UA for the central base pair (M¢C is
5-methylcytosine,U is uracil and I is inosine) [285]. Most likely, the major
contribution to the preferential binding in a particular binding site comes
from the associative interaction of the thiazole orange chromophore with the
DNA bases [285], because the linker does not influence the sequence-selective
binding despite its resemblance to spermidine or spermine [281,286-289].
The intercalation of several analogues of 24b with different linkers has been
studied by NMR spectroscopy, which revealed a significant influence of the
minor-groove-bound linker chain [290-292]. The site selectivity is not in-
fluenced by linker length, but with an enhanced linker length the dyes can
bisintercalate into two (5'-CpT-3):(5'-ApG-3') sites that are separated by one
or two base pairs [290-292].

The binding mode of TOTO (24b) and its derivatives TOTOBzI (24c) and
TOTOEt (24d) is similar to the parent molecule 24b, i.e., the chromophore
is sandwiched between two base pairs in a (5'-CpT-3"):(5-ApG-3') site. As in
complexes of TOTO with DNA, the linker spans over two base pairs in the mi-
nor groove, whereas the benzyl and the ethyl group are pointing out of the
major groove [290, 293].

The intercalating cyanine dyes 25a (commonly named BO) and 25b (com-
monly named PO) are structurally related to YO (23a) and TO (23b) and
also exhibit enhanced fluorescence intensity upon DNA binding; but they
show no sequence selectivity [294,295]. In contrast, picogreen [296-298],
a derivative of YO (23a), binds preferentially to dsDNA at alternating GC base
pairs. This site-selective intercalation has been explored by time-resolved
fluorescence spectroscopy, transient absorption spectroscopy and CD spec-
troscopy [299, 300].

Cyan 2 (26) is another representative cyanine dye, which intercalates into
dsDNA with high binding affinity for GC sequences. The DNA complexes with
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this dye are stable even in solutions with high ionic strength. LD spectro-
scopic studies have shown that 26 is intercalated almost perpendicularly to
the DNA helix axis [301].

Along with the “classical” theory of intercalation, another model for the
intercalation of cyanine dyes to dsDNA has been proposed, namely the
“half-intercalation model”. According to this model, the heterocycle with
higher positive charge is placed in the DNA groove, attracted by the negative
charge of the phosphate backbone, and the less positively charged part of the
dye is intercalated. For a systematic study of this model, the monomethine
pyrylium and pyridinium cyanine derivatives 25¢-j have been synthesized
along with corresponding derivatives with a 5,6-methylenedioxy-[d] ben-
zothiazole residue, e.g. 25k [302]. It has been shown that the fluorescence
properties of the DNA-bound dyes are influenced by sterically demanding
substituents at the peripheral sides of the dyes. Furthermore, a considerable
increase in the fluorescence intensity in the presence of DNA has been ob-
served for dyes with bulky phenyl groups, although these dyes do not fully
intercalate between the DNA bases.

The change of the Stokes shift upon DNA binding of cyanine dyes 25¢c-j
has been explained by the half-intercalation of these dyes. As the intercalation
pocket and the DNA groove represent two environments with signifanctly
different properties, the intercalated part of the dye is in an environment
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with different polarity to the groove-bound moiety. This positioning of the
two dye parts results in an overall electron distribution which differs from
that in aqueous solution. This distortion of the electron density upon half-
intercalation has been suggested to be the cause for the Stokes shift [303]. In
conclusion, according to the half-intercalation model, partial intercalation of
cyanine dyes is mainly controlled by steric interactions and by the electron
density distribution of the dye molecule.

Selected peptidyl-intercalator conjugates, e.g. 27a-g, have been synthe-
sized with the intention of using cyanine dyes as intercalating functionalities,
which deliver a peptide to a particular position of a nucleic acid [304]. These
conjugates are expected to exhibit photonuclease activity and to provide
model systems for amino-acid-promoted DNA damage. The peptide moi-
ety was connected to the dye at the quinoline nitrogen (27a,b) or at the
benzothiazole nitrogen atom (27c,d). All of these conjugates display fluores-
cence enhancement upon addition of DNA. Most interestingly, those deriva-
tives substituted at the benzothiazole nitrogen (27¢c, d) have higher Stern-
Volmer quenching rates, kq, when the DNA-cyanine complex is titrated with
a quencher such as Ru(NH3)2+, which indicates that in these cases the fluo-
rophore is more accessible to external molecules when the peptide moiety is
bound to the benzothiazole nitrogen. This is also consistent with the lower
quantum yield values of the derivatives 27a and 27b which suggest that the
binding mode thereof involves a conformation which allows less stacking and
less protection than observed for the conjugates 27c and 27d [304].

The photo-induced damage of supercoiled plasmid DNA with peptide-
intercalator conjugates has been investigated [305]. Upon irradiation of DNA
in the presence of 27f and 27g under aerobic conditions, frank strand breaks
are induced, while conjugates such as 27e, which do not carry an aromatic
amino acid, do not lead to significant DNA cleavage. Although the cyanine
dyes are known to photosensitize the formation of singlet oxygen, the lat-
ter intermediate is not a major factor in DNA damage, since it mainly leads
to base oxidations [306]. Thus, it has been proposed that the amino acid
residues react directly with singlet oxygen to produce the corresponding
peroxides [307]. Subsequent fragmentations of the peroxide lead to radical
intermediates, which finally induce the strand breaks.

A conjugate between thiazole orange and the zinc-finger moiety of glu-
cocorticoid receptor DNA-binding domain (GR-DBD) has been synthe-
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sized [308] that exhibits a remarkably large binding constant (K ~ 103 M~!).
Notably, the conjugate retains the sequence-selective binding properties of
the GR-DBD. Upon irradiation of the complexed peptide-dye conjugate,
the thiazole moiety has been shown to induce DNA damage. In a similar
approach, peptide-cyanine dye conjugates have been synthesized which com-
bine the sequence-selective binding properties of helix-turn-helix (HTH)
DNA binding motifs with intercalating cyanine dyes [309]. The HTH-motif
gets its name from a region of high secondary structure similarity, consist-
ing of a recognition helix, which spans the major groove and exhibits the
majority of sequence selective contacts. A second helix stabilizes the folded
structure by forming a hydrophobic pocket and often confers some additional
binding stabilization. These motifs recognize a wide range of short DNA
sequences [310]. The investigation of these conjugates showed that the fluo-
rescence of these substances is 1000-5000 fold enhanced upon intercalation.
Additional thermodynamic studies, on the effects of the sequence selectivity
and dye-labeling on the change in heat capacity and number of ions displaced
upon association of the peptide-cyanine conjugates, show that non-selective
interactions are stabilized by the formation of the contact ion pairs between
the phosphate groups of the DNA backbone and the basic amino acid side
chains of the protein. The selective binding of these complexes seems to be
related to hydrophobic effects, likely to the reduction of the water-accessible
nonpolar surface area [311].

34
Phenanthridinium lons

Ethidium bromide (28a) and its analogue propidium (28b) are probably the
best-known DNA-binding dyes in the phenanthridinium class and are consid-
ered to be the “standard intercalators” [312, 313]. At large dye-to-DNA ratios,
however, ethidium bromide (28a) also binds to secondary binding sites along
the DNA backbone, presumably by electrostatic association [314, 315] or via
hydrogen bonds [316]. It has been proposed that the latter binding takes
place preferentially in minor grooves with high GC content [317]. Whereas
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the intercalation may be regarded as “non-competitive” binding mode, the
backbone association is “competitive”, since it competes for the binding sites
with the metal cations, which are usually present in solution [318]. Thus,
in any study on interactions of phenanthridinium ions (and other cationic
dyes) these two binding modes with DNA need to be considered, unless the
metal ion concentration is significantly larger than the dye concentration. In
this particular case, the dye cannot compete for the backbone binding and
intercalation takes place almost exclusively. There is some inconsistency con-
cerning the binding constants for the complexes in the two binding sites.
In early work, it was stated that the binding constant for the backbone as-
sociation to ct DNA (mean value: 6 x 10> M!) is larger than that of the
intercalation complex with the same nucleic acid (mean value: 1 x 10* M)
due to an unfavorable entropic term in the latter case [318]. Nevertheless, in
more recent investigations it has been claimed that the fluorescent interca-
lation complex exhibits stronger binding (e.g. 8 x 10* M1, [NaCl] = 0.05 M,
DNA: Escherichia coli) than the backbone or groove-bound ethidium bromide
(e.g. 3 x 10> M1, [NaCl] = 0.05 M, DNA: E. Coli) 317, 319].

Detailed studies have been performed to elucidate the structure of the
DNA-ethidium complex by X-ray diffraction analysis [320,321] and NMR
spectroscopy [322-324]. It has been shown by molecular modeling studies
that the intercalation of 28a takes place from the minor-groove site and that
it changes the structure of B-DNA significantly, i.e., unwinding and subse-
quent lengthening the DNA (ca. 270 pm), displacement of the B-DNA helical
axis (ca. 100 pm), as well as twisting (10°) and tilting (8°) of neighboring
base pairs. Moreover, the neighbor-exclusion rule is followed, i.e., one bind-
ing site consists of four base pairs, which do not associate to neighboring
binding pockets. Besides intercalation of ethidium bromide (28a) in dsDNA,
it also binds strongly to G-quartets [325, 326], triplex DNA [327], and DNA
hairpins [328].

The addition of DNA to a solution of ethidium bromide (28a) results in
a bathochromic shift of the absorption maximum (ca. 40 nm) [106]. Ethid-
ium bromide exhibits very low emission quantum yields in water or alcoholic
solvents; however, in non-polar organic solvents the quantum yield increases
slightly [329]. Most notably, when ethidium is intercalated into dsDNA4, it is
highly fluorescent [330]. It has been proposed that an excited-state proton
transfer between ethidium and the solvent leads to a non-emissive deactiva-
tion of the excited state, which is suppressed within the hydrophobic interior
of the DNA [329]. Moreover, an increase in the energy gap between the ex-
cited singlet and triplet states upon intercalation has been suggested to be
the reason for emission enhancement [331]. This significant fluorescence en-
hancement upon DNA binding of the phenanthridinium ions 28a and 28b
is the reason for their extensive use in analytical biochemistry, biology and
medicine. Nevertheless, the use of emission enhancement as a quantitative
tool needs to be approached with care. As the emission of intercalated ethid-
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ium bromide may be quenched by non-intercalated dye molecules [332], the
amount of unbound ethidium bromide needs to be taken into considera-
tion prior to quantitative analysis. Interestingly, ethidium bromide is essen-
tially non-fluorescent when it is intercalated into binding sites that contain
7-deazaguanine as an artificial base [333]. Although a clear rationalization
of this effect is still missing, significant changes in the electronic structure
of ethidium bromide next to deazaguanine bases are indicated by absorption
spectroscopy and have been suggested to be responsible for the low emis-
sion quantum vyield. The fluorescence lifetime and intensity of intercalated
ethidium bromide are significantly enhanced in D,0 as a solvent [334].

DNA damage by ethidum bromide is widely used for analytical pur-
poses [10]. Thus, most assays for DNA analysis by gel electrophoresis use
ethidium bromide (28a) or propidium bromide (28b) to conveniently visu-
alize the correponding DNA fragments in the gel [335]. When using this
method, however, it should be noted that different binding constants to the
separated DNA fragments may lead to different emission intensities. The hy-
bridization and renaturation kinetics of complementary DNA strands may be
monitored by a continuous fluorescence technique which is also based on the
fluorescence enhancement in intercalated ethidium bromide [336]. The differ-
ent emission lifetimes of free and intercalated ethidium bromide have been
used to quantify cellular DNA and RNA by flow cytometry [337] or to detect
free and intercalated ethidium bromide at low concentrations in living cells by
time-resolved microspectrofluorimetry [338]. Also, the influence of external
factors such as solvents, counter ions, pH etc. on the lifetimes of DNA-bound
fluorophores is used in phase-sensitive flow cytometry, where the lifetime of
intercalated ethidium bromide could be monitored in subpopulations of cells
to distinguish apoptotic cells from non-apoptotic ones by their differences in
emission lifetimes [339].

The relative binding affinity of non-chromophoric intercalators may also
be determined with the help of ethidium bromide [340-342]. Thus, the abil-
ity of the intercalator under investigation to replace an ethidium bromide
molecule in an intercalation site is used as a relative measure for its binding
affinity, as the replacement of ethidium bromide in DNA is monitored by the
decrease of emission intensity (Aex = 546 nm, Aem = 595 nm). In an especially
useful variation of this assay, hairpin deoxyoligonucleotides are used as host
molecules. From the resulting complex with ethidium bromide the latter may
be displaced by another intercalator as monitored by emission spectroscopy,
which allows the determination of binding selectivity, stoichiometry, and
binding site size of intercalators [116]. A similar method is used for the de-
tection of DNA alkylation by fluorescence spectroscopy: methylated DNA has
fewer binding sites for ethidium bromide than the unaltered nucleic acid, so
that methylation of DNA, which is saturated with the intercalator, leads to
a decrease in emission intensity [343]. Note that both assays only work if
the ethidium bromide is the only absorbing species at the applied excitation
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wavelength. Recently, the kinetics of the RNA cleavage by deoxyribozymes
were investigated with the aid of ethidium bromide fluorescence [344]. Thus,
upon binding of the deoxyribozyme to the corresponding RNA strands, in-
tercalation of ethidium bromide into the newly formed double strand takes
place, along with an emission enhancement, whereas upon product forma-
tion the double strand collapses and the emission intensity decreases. This
method, however, can only be used if ethidium bromide does not suppress the
activity of the ribozyme.

Ethidium bromide (28a) and its derivatives also possess potential as drugs
due to their interaction with DNA [345-347]. Therefore, several phenanthri-
dinium derivatives have been synthesized and investigated with respect to
their interactions with nucleic acids. Among these are phenanthridinium-
nucleobase conjugates such as 29 [348,349], phenanthridinium cyclobis-
intercalands such as 30 [350], and bisphenanthridinium viologens such
as 31 [351]. The phenanthridinium-linked terbium complexes 32 may be
used as a DNA probe with a monitor wavelength at the terbium emis-
sion [352]. Whereas the unbound conjugate is essentially non-emissive due to
intramolecular quenching, the intercalation of the phenanthridinium moiety
into DNA suppresses this deactivation process, and terbium emission takes
place.

Ethidium bromide has been included into synthetic oligonucleotide
strands, e.g. in 33, to serve as an electron-accepting functionality to study
electron transfer processes within dsDNA [353,354]. Nevertheless, in these
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cases, the ethidium bromide molecule is positioned at the 5'-end of one sin-
gle strand and does not act as an intercalator. In another approach, a modified
DNA single strand has been synthesized with ethidium bromide in an internal
position (33). Notably, when this oligonucleotide is annealed with a com-
plementary DNA single strand, the ethidium bromide is intercalated in the
double strand and serves as an artificial base [355, 356].

Meanwhile a compilation of review articles has been published (Topics in
Current Chemistry: DNA Binders and Related Subjects, Volume Editors: War-
ing, M.]., Chaires, J.B., Vol. 253, 2005) wich also covers several aspects of the
association of organic molecules with nucleic acids.
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Abstract This chapter gives an overview of the ordering of dyes on atomically flat
conductive surfaces as revealed by scanning tunneling microscopy. Scanning tunneling
microscopy provides detailed insight into the arrangement of dyes on various surfaces
and unravels novel properties which arise as a result of the interaction of the dyes with
the substrate. These high-resolution studies have been motivated by the importance of in-
terfacial layers in view of material and device properties. Typical examples are provided
of popular dye systems, including conjugated oligomers and polymers. In addition, the
supramolecular ordering of mixtures of dyes and two-dimensional chirality is discussed.
Scanning tunneling microscopy goes beyond imaging and its ability to manipulate dye
molecules, both mechanically and chemically, is discussed. Finally, the use of scanning
tunneling microscopy as a spectroscopy tool for probing the electronic properties of dye
layers on surfaces is highlighted.

Keywords Dye - Monolayer - Supramolecular chemistry - Scanning tunneling microscopy

Abbreviations
C18I 1-Iodooctadecane
DC Decacyclene

EC-STM Electrochemical scanning tunneling microscopy
HBC Hexabenzocoronene

HOMO Highest occupied molecular orbital

HOPG Highly oriented pyrolytic graphite

I-v Current-voltage

LDOS Local density of states

LUMO Lowest unoccupied molecular orbital

NTCDI Naphthalene tetracarboxylic diimide

PAH Polyaromatic hydrocarbon

PTCDA 3,4,9,10-Perylene tetracarboxylic dianhydride
PTCDI 3,4,9,10-Perylene tetracarboxylic diimide
SAM Self-assembled monolayer

SCE Saturated calomel electrode
STM Scanning tunneling microscopy
STS Scanning tunneling spectroscopy

UHV  Ultrahigh vacuum
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1
Introduction

1.1
Organic Dyes and Surfaces

Organic dyes and molecules in general are rich in properties and are promis-
ing candidates to be components in devices such as light-emitting diodes and
field-effect transistors. “Dyes” is used here in a broad sense and includes typ-
ical compounds such as perylene-type dyes, porphyrins and phthalocyanines,
as well as conjugated oligomers and polymers. In many cases, well-structured
surfaces are required. Interfacial structures and their properties might differ
from those in the bulk and these interfacial structures affect device proper-
ties. For instance, the interfacial layer may control the charge transport prop-
erties between the layer and the substrate. It is therefore important to under-
stand the ordering of the molecules at the surface to control their properties.
Self-assembly, which is the spontaneous formation of highly organized func-
tional supramolecular architectures, will be of great value to achieve ordered
monolayer formation at interfaces both under ultrahigh vacuum (UHV) con-
ditions and ambient conditions, as well as at the liquid-solid interface.

1.2
Scanning Tunneling Microscopy

The invention of the scanning tunneling microscope in the early 1980s [1]
opened new ways to investigate surface phenomena on a truly atomic scale
thanks to the very localized nature of the probing. In scanning tunneling
microscopy (STM), a metallic tip is brought very close to a conductive sub-
strate and by applying a voltage between both conductive media, a tunneling
current through a classically impenetrable barrier may result between the
two electrodes. The direction of the tunneling depends on the bias polarity.
The exponential distance dependence of the tunneling current provides ex-
cellent means to control 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 topogra-
phy and electronic effects. There are mainly two modes of operation. In the
constant-height mode, the absolute vertical position of the probe remains
constant during raster-scanning. The tunneling current is plotted as a func-
tion of the lateral position. In the constant-current mode, the signal of the
probe is kept constant through readjusting the vertical position of the probe
(or the sample). The vertical position of the probe is plotted as a function of
the lateral position.
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The initial applications of STM dealt with imaging of semiconductor, in-
organic and metal surfaces and later the first experiments on molecules
adsorbed on surfaces were reported. The method requires atomically flat con-
ductive substrates and immobilization of the molecules on the time scale of
recording an image, and, owing to the distance dependence of the tunneling
process, only very thin layers—typically monomolecular—are probed.

As it turned out, STM is a very versatile technique. The first experi-
ments on molecular adlayers were carried out under UHV conditions on
atomically flat metal terraces [2]. Organic molecular beam epitaxy is the
method of choice to deposit molecules under UHV conditions [3]. Provided
that the molecule-substrate interaction is strong enough individual isolated
molecules can be immobilized and visualized. To overcome the problem of
a too high molecular mobility on a given substrate two approaches have been
followed: (1) controlling the temperature under UHV conditions and (2) in-
creasing the monolayer coverage. Successful STM imaging requires balanced
adsorbate-substrate interactions: a too strong interaction immobilizes the
molecules and may impede self-assembly into ordered 2D layers. A too weak
adsorbate-substrate interaction leads to a too high mobility and STM imag-
ing often becomes impossible.

The majority of studies on the ordering and properties of thin films of dyes
(monolayers) by STM have been performed under UHV conditions. Under
UHV conditions, both individual atoms as well as relatively large molecules
can be investigated with very high spatial resolution, under well-defined con-
ditions, on a large variety of substrates, over a wide temperature range, with
control of the surface coverage. However, not all species can be adapted to
UHY, such as those with relatively low thermal stability and/or high molecu-
lar weight (i.e., macromolecules).

UHV conditions are indeed not necessary to achieve high-quality STM
imaging. Under ambient conditions, liquid-crystalline compounds have been
visualized as well and a typical substrate is highly oriented pyrolytic graph-
ite (HOPG) [4, 5]: it is electrically conductive, atomically flat, inert and is easy
to clean. Also liquidlike organic compounds or isotropic organic solutions
allow STM imaging [6, 7]. Self-assembled monolayers (SAMs) form sponta-
neously by physisorption at the liquid-solid interface and stable imaging is
achieved if the molecules are laterally immobilized by adsorbate-adsorbate
and adsorbate-substrate interactions. In isotropic organic solutions, the typ-
ical organic solvents used have a low vapor pressure (experiments are typic-
ally not carried out in a closed container), are (electro)chemically inert and
show no or less affinity to form ordered monolayers on the surface than the
molecules of interest.

Spin-coating or drop-casting of diluted solutions followed by solvent evap-
oration allows imaging at the solid-air interface. Other approaches include
transfer of films at the water-air interface to the substrate by means of
the Langmuir-Blodgett technique (vertical dipping) or the horizontal lift-
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ing method. In contrast to the situation at the solid-air interface, at the
solid-liquid interface the adsorbed molecules are in equilibrium with those
dissolved in the solution, leading to adsorption-desorption dynamics.

The formation of monolayers at the solid-liquid interface can also be in-
duced under potential control in aqueous solutions [8]. The adsorption of
organic molecules at the electrode-electrolyte interface can be considered
as a very promising approach for the preparation of ordered adlayers [9].
Under electrochemical conditions, adsorbate-substrate interactions can be
modulated by the surface charge density. Electrochemical environments offer
therefore additional possibilities to control surface dynamics and monolayer
structure via the surface charge [10,11]. Typically, in situ electrochemical
STM (EC-STM) experiments are carried out in aqueous solutions and water-
soluble compounds are intuitively the first choice when it comes to inducing
ordering at the electrified surfaces. For a long time it has been difficult to
investigate large aromatic molecules. However, as recently shown (vide in-
fra), this technique is not limited to the use of water-soluble compounds. Also
compounds with extremely low solubility can be investigated at electrified
surfaces. A key step is preadsorbing the molecules from an organic solution.

Control of the mobility of molecules at room temperature really allows
advantage to be taken of the versatility of STM to operate at the interface be-
tween two media, one being an atomically flat conducting solid and the other
being a gas (air) or a liquid or a liquid crystalline material or a gel. For the
imaging process, the thickness of the film is, in principle, not that critical
since the tip penetrates through the excess insulating organic material. Typ-
ically, monolayers are imaged as the tip is very close to the substrate under
standard measuring conditions (tunneling bias approximately 1 V; tunneling
current less than 1 nA). However, for highly conductive systems, multilayers
have also been observed (vide infra). In some cases it is even possible to se-
lectively image the first or second layer, by changing the tip height which is
controlled by the tunneling current (vide infra).

Whatever the measuring conditions, the balance of molecule-molecule
and molecule-substrate interactions determines the result; therefore, it is
clear that the choice of the substrate plays an important role. In addition to
the substrate, one should also consider the importance of the solvent used (at
the liquid-solid interface). Though its role has not been investigated system-
atically, it plays an important role by, for instance, favoring one of the possible
2D polymorphous structures.

For sure, the thermodynamically stablest structures are not always formed
and imaged on the surface. Kinetics plays an important role. Under UHV con-
ditions, often annealing (increasing the temperature) is necessary before the
deposited molecules “find” each other and order in specific patterns. At the
liquid-solid interface, it is sometimes observed that during a measuring ses-
sion the degree of ordering increases. A well-documented phenomenon at
the liquid-solid interface is the observation that large domains grow at the
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expense of smaller domains (Ostwald ripening). In mixtures of different com-
pounds, one of them often adsorbs faster, and equilibrium sets in only after
a while.

STM provides in the first place an insight into the molecular ordering,
typically within monolayers and for a few cases also in thin multilayers at con-
ductive and atomically flat surfaces. However, making beautiful pictures in
real space of 2D patterns is not the only characteristic of STM. To a good ap-
proximation, STM probes the local density of states (LDOS) and is therefore
sensitive to the electronic structure of the substrate, the tip and the molecules
adsorbed on the substrate, which we will call adsorbates. By using STM as
a local spectroscopy tool by sweeping the bias voltage for a given current, giv-
ing rise to the so-called current-voltage or I-V curves, detailed information
can be obtained on the states involved in the tunneling process. In addition,
STM can also be used to manipulate matter on the nanoscale, by mechanically
moving molecules around or by using the tip as an electrochemically active
probe.

2
STM Imaging of Organic Dyes on Surfaces

A huge amount of research has been carried out on the self-assembly and
properties of dyes at surfaces, investigated by STM. This review will necessar-
ily only cover a selection of highlights on a variety of dyes. Smaller aromatic
compounds such as benzene, naphthalene and so on will not be covered [12].
A number of the systems presented here are covered in detail in excellent
reviews [13,14]. The focus is on ordering and imaging, as well as on spec-
troscopy and manipulation.

2.1
3,4,9,10-Perylene tetracarboxylic dianhydride
and 3,4,9,10-Perylene tetracarboxylic diimide

Organic epitaxy—that is the growth of molecular films with a commensu-
rate relationship to their crystalline substrates—relies on successful recog-
nition of preferred epitaxial sites. 3,4,9,10-Perylene tetracarboxylic dianhy-
dride (PTCDA) (Fig. 1, 1) is one of the most studied dyes on surfaces. It is
a commercially available dye which shows sufficient thermal stability to allow
purification by sublimation techniques and vapor deposition by molecular
beam epitaxy. PTCDA crystals are organic semiconductors with potential ap-
plication in molecular electronics. STM studies on various substrates such
as Au(111), Au(100), Ag(110), MoS, and HOPG revealed that PTCDA forms
well-defined monolayers [15-19]. In most cases, the layers of PTCDA grow
in the herringbone pattern that corresponds to the (102) plane of the bulk
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Fig.1 Perylene and naphthalene derivatives

crystal. This arrangement results from the minimization of the electrostatic
interaction energy originating in the quadrupolar field associated with the
molecule. Ordered monolayers of PTCDA different from those for the (102)
bulk plane have been observed for epitaxial growth on Ag(110) [19, 20], form-
ing almost a square unit cell, and Au(100) [21], where the (010)-bulk plane of
PTCDA is found to interface the substrate. PTCDA has also been grown on top
of a decanethiol monolayer by organic molecular beam deposition. Not only
is the growth of PTCDA influenced by the underlying decanethiol SAM, but
the deposition of PTCDA can also modify the decanethiol SAM [22]. One of
the most prominent examples of organic epitaxy is PTCDA on Ag(111). It is
an example of true commensurate epitaxy in contrast with most polyacenes
and their derivatives, which show so-called quasiepitaxy. Normally, molecules
which form layered van der Waals bonded crystals in their bulk states allow
quasiepitaxy on inorganic substrates owing to a very shallow minimum of the
interaction potential between the molecular layer and the substrate. PTCDA
on Ag(111) is one of the exceptions as it forms almost perfectly ordered com-
mensurate overlayers (Fig. 2). This form of site recognition is attributed to the
existence of a local molecular reaction center in the extended m-electron sys-
tem of the molecule. When deposition occurs at low temperature on Ag(111)
no ordering is observed: the site-recognition reaction is blocked by a lack of

Fig.2 Scanning tunneling microscopy (STM) image (left) and models (right) of 1 on
Ag(111). (Reproduced with permission from Ref. [23])
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Fig.3 STM image (left) and model (right) of single rows of 3 on Ag/Si(lll)—\/S x +/3R30°
reconstruction recorded under ultrahigh vacuum (UHV) conditions. (Reproduced with
permission from Ref. [25])

activation energy and the molecule is caught in a metastable chemisorption
precursor. In this state PTCDA floats on the metallic electron density instead
of reacting with it [23].

In contrast to PTCDA, 3,4,9,10-perylene tetracarboxylic diimide (PTCDI)
(Fig. 1, 2) forms 2D domains where the molecules are arranged in a row-
like structure, as well as on HOPG MoS; [18] and on hydrogen-terminated
Si(111) [24] caused by the formation of hydrogen bonds. A related molecule,
naphthalene tetracarboxylic diimide (NTCDI) (Fig. 1, 3), was shown to form
1D single rows on a Ag/Si(lll)—«/3 x +/3R30° reconstruction (Fig. 3) as the
substrate which was chosen because it allows the molecules to diffuse freely
(Fig. 2) [25]. The balance between intermolecular and molecule-substrate in-
teractions is believed to determine whether 1D or 2D growth occurs.

Alkylation of the N site makes hydrogen bonding impossible. Alkylated
PTCDIs (Fig. 1, 4) have been investigated at the liquid-solid (HOPG, MoS;)
interface. The length of the hydrocarbon tail on the molecules was varied
to observe the transition between surface structures driven by intermolecu-
lar core interactions and interactions between the hydrocarbon tails and the
substrate. Both rectangular, or herringbone-like structures, and row struc-
tures were observed. The lattice constants, and thus the area per molecule of
the rectangular structures, did not increase as expected when the alkyl chain
length was increased, indicating protrusion of the alkyl tails into the solvent
above the 2D layer. In the row structures, the alkyl chains were adsorbed [26].

2.2
Phthalocyanines and Porphyrins

Metal-substituted phthalocyanines (Fig. 4, 5) were among the first molecules
ever imaged under UHV conditions [27]. On Cu(100), the molecules are ad-
sorbed in two different rotational orientations. The observed internal struc-
tures compare well with the calculated highest occupied molecular orbital
(HOMO) of the free molecule. This type of dye molecule has been inves-
tigated on many other different substrates too and it typically appears as
a cloverleaf with fourfold symmetry, reflecting the shape of the molecule. In
the case of a planar metal-substituted phthalocyanine, the apparent height of
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Fig.4 Phthalocyanine- and porphyrin-type dyes

the molecular center in the STM profile is crucially dependent on the chem-
ical nature of the central metal atom. For instance both CuPc/CoPc¢ [28,29],
where PC represents phthalocyanine, and NiPc/FePc [30] can be distin-
guished by their internal structures when adsorbed on a Au(111) substrate,
owing to differences in the electronic structure of the central metal atom
substituent. Chemical sensitivity is attained for selected mixed molecular
layers of these molecules. Furthermore, nonplanar metal-substituted phthalo-
cyanines such as PbPc [31] and SnPc [32] exhibit two different adsorption
geometries (metal up or metal down). A similar metal-atom sensitivity was
observed for metal-coordinated tetraphenyl porphyrins (Fig. 4, 6) [33, 34].

High-quality monolayer formation and high-resolution imaging of phthal-
ocyanines (5) and tetraphenyl porphyrins (6) was also achieved under po-
tential control on Au(100) and Au(111) surfaces in 0.1 M HClO4 by in situ
imaging with EC-STM (Fig. 5) [35-37].

Other systems such as subphthalocyanines (Fig. 4, 7) and naphthalocya-
nines (Fig. 4, 8) have also been investigated. Subphthalocyanines consist of
a conelike structure with threefold symmetry with a central B atom and an
axial Cl head, missing one isoindoline unit of regular Pc (7) [38-43]. UHV
imaging of free-base naphthalocyanines (8) on graphite also revealed a four-

Fig.5 a STM image of Co6 adlayer on the Au(111) surface in 0.1 M HCIO4 (9 x 9 nm?).
b Structural model for the Co6 adlayer formed on the Au(111) surface. ¢ STM image of the
Cu6 adlayer on the Au(111) surface in 0.1 M HCIO,4 (10 x 10 nm?). For Co6, the center of
the molecules appears as a protrusion (bright), while for Cu6, the center of the molecule
appears as a depression (dark). (Reproduced with permission from Ref. [35])
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Fig.6 STM image at 63K (UHV) of supramolecular architectures induced by the
cyano groups of the porphyrin derivatives 9 on Au(111). a-d Chemical structures.
e-g Respective STM images of the structures in b-d. (Reproduced with permission from
Ref. [45])

leaf-clover shape of which the internal structure depends on the bias voltage.
Occupied molecular states exhibit a decrease in the tunneling current at the
molecular center, whereas unoccupied states show an increase in tunneling
current at the center. The differences are consistent with the frontier molecu-
lar orbitals calculated for gas-phase molecules (see Sect. 8) [44].

By controlling selective intermolecular interactions surface-supported
supramolecular structures are created whose size and aggregation pattern
are rationally controlled by tuning the noncovalent dipole-dipole interac-
tions between individual cyano-substituted porphyrins (Fig. 6, 9) [45]. Using
low-temperature STM, these molecules adsorbed on a gold surface form
monomers, trimers, tetramers or extended 1D structures. Porphyrins with
one cyano group self-assemble into well-defined trimers. Introduction of an-
other cyano substituent at 90° leads to the formation of tetramers. If, on the
other hand, both cyano groups are at an angle of 180°, “infinite” 1D struc-
tures (up to 100-nm long) are formed.

Also by hydrogen bonding, carboxylic acid functionalized porphyrins
(Fig. 7, 10) and phthalocyanines (Fig.7, 11) can self-assemble under am-
bient conditions, forming a network connected by hydrogen bonds [46].
A porphyrin derivative and stearic acid were codeposited on HOPG. It was
observed that adsorption of the porphyrin derivative alone on the surface
of HOPG did not yield observable molecular images, while in the presence
of stearic acid, 2D islands of the porphyrin derivative were absorbed, sur-
rounded by lamellae of stearic acid. In the porphyrin domains, the molecules
are arranged with fourfold symmetry. The 2D ordering is a compromise
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10 R1=COOH;R2=H 11 R = COOH
13R1=0C,H,;; R2=H 12R = 0CzH,;
14 R1 = H; R2 = terf-butyl

Fig.7 Substituted phthalocyanines and porphyrins. STM image of 12 on highly oriented
pyrolytic graphite (HOPG) (25 x 25nm?) under ambient conditions. (Reproduced with
permission from Ref. [47])

between the intermolecular interactions (hydrogen bonding) and the mini-
mizations of the surface free energy: in the hypothetical closest packing, no
hydrogen bonding is possible; those configurations with optimal hydrogen
bonding would lead to large voids; the observed packing is a compromise
between both.

On HOPG, under ambient conditions at the air-liquid interface, alkylated
phthalocyanines and porphyrins can be observed. STM images reveal that
12 (Fig. 7), a copper phthalocyanine carrying eight octyloxy groups, forms
uniform regions of molecular arrays with sizes ranging form tens to hun-
dreds of nanometers [47] (Fig.7). The phthalocyanine molecules, appear-
ing as bright spots with fourfold symmetry, form ordered 2D arrays. The
shaded zigzag lines interconnecting the bright regions correspond to the long
alkyl chains. The phthalocyanine cores dominate the image contrast, indicat-
ing that tunneling through the phthalocyanine cores is more effective than
through the alkyl chains. Through adjustment of the length of the attached
alkane chains, one might be able to tailor the intermolecular spacing. In anal-
ogy, a tetraphenyl porphyrin carrying four tetradecyloxy groups (Fig. 7, 13)
forms well-ordered monolayers at the liquid-solid or air-solid interface [47].
Large uniform domains are formed. The porphyrins are aligned side by side,
separated by the alkane lamellae, which is a direct indication of the effect
of 2D crystallization of alkanes. The self-assembly is directly affected by the
alkane substituents.

By increasing the size of the substituents, i.e., di-tert-butylphenyl groups,
the porphyrin core can be separated and electronically decoupled from the
substrate (Fig. 7, 14). These spacer groups effectively act as “legs” which phys-
ically separate the porphyrin central ring from the substrate. The rotation
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angle around each of the four phenyl-porphyrin bonds is the predominant
conformational factor that ultimately determines the shape of 14 when ad-
sorbed on a surface. STM images of 14 on a metal surface consist typically
of four bright lobes related to tunneling through the four di-tert-butylphenyl
substituents which are in direct contact with the substrate. The central por-
phyrin part does not contribute noticeably to the image. Depending on the
type of substrate different patterns are observed which are directly related
to the conformation of the substituents, ranging from 90° on Cu(001) to
45° on Ag(110) to flat on Cu(111). Two different rotations were observed on
Au(110) [48-50]. Nonplanar adsorption of the porphyrin moieties was ob-
served on Au(111) [51].

The self-assembly of water-soluble porphyrins has been investigated under
potential control by EC-STM. Tuning the substrate potential provides con-
trol of the balance between adsorbate-adsorbate and adsorbate-substrate
interactions. Both a too high diffusivity and too strong molecule-substrate
interactions might hinder the formation of stable SAMs. For instance, ad-
sorption of 15 (Fig. 8) at high electrode potential (more than 0.5V vs the
saturated calomel electrode, SCE) on Au(111) in 0.1 M H,SOy4 typically results
in the formation of a disordered phase [11]. While isolated species were ob-
served at + 0.5V, the molecules can no longer be observed on the surface at
- 0.3V, which was attributed to increased dynamics. The adsorbate-adsorbate
interaction is potential dependent. At + 0.5V versus the SCE, the adsorbate-
substrate interaction is strong and molecules are immobilized on the surface
hindering the formation of an organized supramolecular structure. At - 0.3V
versus the SCE, the adsorbate-substrate interaction is too low to immobilize
the molecules on the surface. The mobility of the molecules was controlled by
tuning the electrode potential. At - 0.05 V versus the SCE, ordered structures
were observed. A plausible explanation is that the electron donation from the
7 orbitals of 15 to the substrate may be enhanced at high electrode poten-

Fig.8 Water-soluble porphyrins
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tial (positive surface charge density) and reduced at low electrode potential
(negative surface charge density).

As is generally the case, the nature of the substrate also plays an import-
ant role as it determines the interaction strength with the molecules. Au(111)
can be modified by an iodine monolayer, giving rise to the so-called iodine-
modified gold (I-Au) [52]. Under potential control, 16 (Fig. 8) in 0.1 M HCIO4
gives rise to disordered structures on Au(111) (0.3 V vs the reversible hydro-
gen electrode) revealing irreversible adsorption and limited surface mobility.
On I-Au(111) in 0.1 M HCIOy4, highly ordered monolayers were formed [10].
Molecular rows consist of flat-lying molecules with two different rotational
orientations on the surface. These different angles of rotation of the molecules
in a given row can result from the fact that repulsive interactions between
positively charged pyridinium units are minimized in the thermodynamically
stable adlayer. The dynamics of monolayer formation could be observed.

23
Triphenylenes

Triphenylenes form another important class of m-conjugated materials.
The self-assembly of alkoxy-substituted triphenylenes (Fig. 9, 17) has been
studied in detail on HOPG with a large variety in alkyl chain length ranging
from five (17-5) to 20 (17-20) carbon atoms [53-55]. These studies have re-
vealed that the molecular ordering depends very much on the length of the
alkyl chains. The aromatic triphenylene cores appear bright (high tunneling
current) and they are separated in space by the alkyl chains, which appear
darker. For 17-12, every seven molecules form an approximate hexagon with
the seventh molecule in the center. For 17-14, a characteristic dimerlike fea-
ture persists over a large area. The carbon chains of the molecule are divided
into two oriented groups, which leads to the loss of original molecular sym-
metry. The triphenylene cores lie antiparallel to each other within the dimer.
Upon increasing the length of the alkyl chains by two units (17-16), every two

Fig.9 Model of triphenylene 17. R is the alkyl chain. Its length is indicated as 17-X. STM
image of 17-11 at the tetradecane-Au(111) interface. The image width corresponds to
17 nm. (Reproduced with permission from Ref. [56])
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neighboring molecules orient in an antiparallel way to form dimers. When
the number of methylene units reaches 18 (17-18) and 20 (17-20), the inter-
molecular spacing within the triphenylene arrays becomes less uniform than
that in 17-16. The aromatic cores are no longer uniformly spaced along the
array, but rather display a sporadic spacing distribution which is due to the
increased impact of the alkyl chains: the longer the alkyl chains, the more the
packing is dominated by them and the steric hindrance of the aromatic cores
becomes less important. Not only the length of the alkyl chains plays a role
but also the substrate. 17-11 has been investigated at the tetradecane-Au(111)
interface [56]. 17-11 molecules self-organize in domains which exhibit an
ordered structure formed by double rows of aligned bright spots having an
approximate diameter of 0.5 nm. The two preferential directions of growth
are consequently parallel to the (110) and (112) directions of Au(111) and
pairing is observed, which is a substrate-induced process as no 17-11 dimers
on graphite were observed under the same experimental conditions (Fig. 9).

24
Coronene and Graphite Models

Coronene (Fig. 10, 18) is an interesting substance: the molecule is planar
with a sixfold symmetry axis. It can be considered as the smallest possible
flake of a graphite sheet saturated by hydrogen atoms. 18 typically forms
a close-packed hexagonal arrangement of flat-lying molecules as observed
under UHV conditions [57,58]. Also, under potential control, a monolayer
of 18 could be prepared, even though 18 is not water-soluble, and imaged
on Au(111) in 0.1 M HCIO4 giving rise to the same arrangement [59, 60].
High-resolution images show that each molecule has the shape of a hexagon
consisting of small spots (Fig. 10).

By synthetic means, it is possible to extend the size of coronene-type
molecules and to introduce solubilizing alkyl groups. An early example is
the study of alkyl-substituted peri-condensed hexabenzocoronenes (HBCs)
(Fig. 11, 19b, 19c¢) [61, 62]. The molecular symmetry does not determine the

Fig.10 a Coronene 18. b, ¢ STM images of coronene on Au(111) in 0.1 M HClO4: b 25 x
25nm?; ¢ 5 x 5nm?. The arrows indicate the closed-packed direction of the substrate.
(Reproduced with permission from Ref. [60])
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packing pattern. 19b exhibits the same two typical motifs as 19¢, namely
a rhombic and a “dimer row” structure. Alkyl chains are often not observed,
which is attributed to their mobility. Introducing a bromo function at the
aromatic cores causes a completely different packing pattern. The bromine
groups of different atoms seem to interact strongly and thereby induce a hex-
agonal superstructure of six trimers and a single molecule [62]. The nature
of the alkyl chains also has a pronounced influence on the self-assembly of
the molecules: in the case of optically active phenylene-alkyl side chains a so-
called staircase architecture was formed (not all disks are at the same height
with respect to the substrate), which has its origin in the interplay between
intramolecular as well as intermolecular and interfacial interactions where
a key role is played by the steric hindrance suffered by the side chains [63].
Tetra-n-alkyl and octa-n-alkyl derivatives of a flat 19a could also be solu-
bilized and the formation of monolayers from solution is possible even for
these large disks. These studies provide insight into the electronic charac-
terization of molecular graphite models. Three similarly directed strips with
a distance of 0.4 nm were observed over each molecule, a value which is in
agreement with the distance between benzene units of aromatic disks [64]. In
line with these observations, a bishexa-peri-hexabenzocoronenyl (Fig. 11, 20)
also self-assembles at the liquid-solid interface. Submolecularly resolved STM
in situ revealed a contrast, which reflects the structure of the aromatic parts of
the molecule, and which shows that the aromatic molecules are oriented like
a graphene layer on graphite [65].

19a is a polycyclic aromatic hydrocarbon (PAH) and (21) is an electron-
poor PAH (Fig. 11) [66]. Films prepared by codeposition exhibit an oblique
arrangement reflecting the formation of epitaxial composite layers of the elec-
tron donors and acceptors. Interestingly, on top of a layer of donor molecules,

19a R1=R2=H ~
19b R1=R2 = alkyl -
19¢ R1=H, R2 = alkyl

22 R1 = alkyl-anthraquinone, R2 = alkyl [¢]
23 R1=R2 = alkyl-anthraquinone o

\/\O
24 R1 = pyrene
R2 = alkyl

20 21 25

Fig. 11 Hexabenzocoronenes



220 S. De Feyter - E. De Schryver

within the same layer between two physisorbed donor molecules, acceptor
molecules are coadsorbed in a well-defined arrangement (Fig. 12). It was pos-
sible to image the first or the second layer selectively by changing the tunnel-
ing current. These studies were extended to covalently linked electron donor-
acceptor systems. Soluble, alkylated hexa-peri-hexabenzocoronenes bearing
tethered anthraquinones are shown by STM to self-assemble at the solution-
graphite interface into either defect-rich polycrystalline monolayers or ex-
tended 2D crystalline domains, depending on the number of tethered an-
thraquinones [67]. For the dyads (Fig. 11, 22), within the monolayers, the an-
thraquinones might intermolecularly or intramolecularly stack on top of the
HBC cores or be partially solvated in the 3D supernatant solution as well as
assemble on the HOPG substrate, defining the size of apparent voids. This be-
havior contrasts with that of the highly ordered monolayers formed from the
hexaanthraquinone-substituted HBC (Fig. 11, 23), where four anthraquinone
units are adsorbed on graphite, with the other two most likely directed to
the supernatant solution. On the other hand, a hexa-peri-hexabenzocoronene
pyrene dyad (Fig. 11, 24) self-assembled at the solution-solid interface shows
uniform nanoscale segregation of the large (HBC) from the small (pyrene) =
systems, leading to a well-defined 2D crystalline monolayer. A higher affin-
ity of pyrene for graphite compared with anthraquinone might explain the
uniform nanoscale segregation. The difference in brightness—the brighter,
the higher the tunneling current—between the HBC core and pyrene units
can be related to the lower ionization potential of HBC compared with that of
pyrene. The energy difference between the frontier orbitals of the adsorbed
molecules and the Fermi level of the substrate (HOPG) is an important factor
because it is a resonant tunneling process [68]. The ordering of hexa-peri-
hexabenzocoronene cyclophanes (Fig. 11, 25) is similar to the that of the

no spots

Fig.12 a STM image at the 1,2,4-trichlorobenzene-graphite interface of a mixture of 19a
and 21 (image size is 11 x 13 nm?). It is an image of a second epitaxial layer with a donor-
acceptor stoichiometry of 2: 1 on top of a first epitaxial layer of 19a. The large features are
19a, the smaller and brighter features are 21. 21 packs only every second row probably be-
cause of its preferential adsorption on the electron donor disk of 19a, which is exposed in
the underlying first C42H;g layer (see model b). (Adapted with permission from Ref. [66])
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corresponding 19 [69]. This family of hexa-peri-hexabenzocoronene deriva-
tives is very well suited to provide insight into the electronic properties of the
compounds which are revealed by scanning tunneling spectroscopy (STS).

25
Decacyclene

In many cases, the metal surface is considered as a static checkerboard that
provides bonds and specific adsorption sites to the molecules. When the
adsorbed molecules become large and complex, the complexity of the in-
teraction between the substrate and the molecules may increase. Anchoring
of large molecules and the subsequent self-assembly of molecular nanos-
tructures on a metal surface can be associated with a local disruption of
the surface layer underneath molecules [70]. With the adsorption of large
molecules, such as hexa-tert-butyl decacyclene (Fig. 13, 26) on a Cu(110) sur-
face, metal atoms can be dug out of the surface, resulting in a “trench base”
for anchoring of the molecules. In the case of the individual molecules, all six
tert-butyl lobes appear to have nearly the same height. For molecules within
a double row, the three lobes at the rim of the row are imaged much more
brightly than the three lobes pointing toward the interior of the double row.
The molecules in the double rows appear to be tilted. After the adsorbed
molecules had been moved aside, images showed that 14 Cu atoms were ex-
pelled from the surface in two adjacent rows, creating a chiral hole in the
surface [71]. The three more dimly imaged tert-butyl lobes of each molecule
are located on top of the missing Cu atoms, increasing molecule-substrate in-

Fig. 13 a Molecular structure of 26. b, d Constant-current STM images (10.5 x 6.9 nm?)
on Cu(110) under UHV conditions. b 26 double-row structure. The trenches in the un-
derlying surface are sketched. ¢ Ball model of the double-row structure. The substrate
atoms are shaded darker the deeper the layers lie. The molecules are shown in gray.

d The trenches in the surface layers are disclosed after manipulating the molecules aside.
(Reproduced with permission from Ref. [70])
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teractions. In the case of tert-butyl-free decacyclene molecules, no ordered
structures are observed at low coverage and no restructuring of the Cu(110)
surface is induced; this is attributed to the strong interaction of the aromatic
7 system with the substrate [72].

2.6
Lander-Type Molecules

A surface reconstruction was also observed for another type of molecule,
the so-called Lander molecules: these are large aromatic molecules contain-
ing a large 7w system substituted with di-tert-butylphenyl groups (Fig. 14,
27) [73,74]. These molecules act as templates accommodating metal atoms at
the step edges of the copper substrate, forming nanostructures (two Cu atoms
wide and eight Cu atoms long) that are adapted to the dimensions of a single
molecule. The process of step restructuring is thermally activated and does
not occur at low temperatures (150 K) [75]. 27 can be “forced” to align in 1D
rows at low surface coverage by the formation of a striped periodic supergrat-
ing created by the controlled oxidation of a Cu(110) surface. The molecules
adsorb only on the bare Cu regions in between the Cu— O areas, as the attrac-
tive van der Waals interaction between the central = board and the surface
is decreased on the oxidized areas. The conformations of the molecules are
identical to those found on untreated Cu(110): as a result, the long axis of the
molecules is perpendicular to the direction of the molecular chain (Fig. 14).
In contrast, a longer analogue 28, which does not fit in between the nanotem-

Fig.14 Lander molecules. STM image recorded under UHV conditions. Molecules are
trapped in rows on the nanostructured Cu— O surface of Cu(110). The molecules are
stacked in rows with their long axis perpendicular to the growth direction of the rows.
(Reproduced with permission from Ref. [76])
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plate stripes, is preferentially aligned with its long axis along the stripes. The
supergrating not only provides specific adsorption sites for the molecules but
it also steers the orientation of the adsorbed molecules [76].

2.7
Fullerenes

Fullerene overlayers at solid surfaces have attracted much interest in recent
years because of their possible future applications. Detailed STM images of
Ceo (Fig. 15, 29) overlayers have been obtained on several metal surfaces
under UHV conditions [77,78]. On threefold symmetry surfaces of noble
metals and aluminum, the Cgp packing is found to present a hexagonal or
a quasihexagonal lattice. The molecule packing is often governed by the
Cso — Ceo van der Waals interaction though strong Cep—substrate interactions
can lead to the formation of stressed Cgp monolayers or even lack of mono-
layers [79, 80]. At the liquid-solid interface, hexagonal monolayer formation
is observed on Au(111), though the choice of solvent has an effect on the
self-assembly. At saturated conditions, the poorer solvent tetradecane leads
to a rough overlayer [81], while in 1,2,4-trichlorobenzene, which is a good
solvent for Cgp, crystalline monolayers were formed [82]. The latter is due
to a more balanced competition between physisorption and dissolution. Cz
(30), which presents a reduced symmetry and an ellipsoidal shape, forms
a close-packed hexagonal and quasihexagonal lattice on the threefold sym-
metry surface of noble metals, both under UHV conditions [83] and at the
liquid-solid interface [84]. The coexistence of two types of domains is re-
lated to the molecular shape: the molecules lie on the surface either with
their long axes or with their short axes parallel to the substrate. Recently, the
self-assembly of exotic Cgp — Cp and Cgp — C79 dimers and Cg trimers was
reported on Au(111) [85, 86].

Fig. 15 Models of Cgp (29) and Cyo (30). STM height image of hexagonally packed Cg
molecules at the 1,2,4-trichlorobenzene-Au(111) interface. The arrow indicates a missing
molecule within the 2D crystal. (Reproduced with permission from Ref. [82])
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238
Squaraine Dyes

Symmetric and asymmetric squaraine dyes (Fig. 16) which easily undergo
intermolecular charge transfer (31) form 2D monolayers when adsorbed from
1-phenyloctane or liquid-crystalline solvents on HOPG [87, 88]. The central
C40; unit acts as the electron acceptor, while the aniline moieties act as
electron donors, giving rise to squaraine molecules with a donor-acceptor-
donor internal structure. This specific structure leads to strong attractive
intermolecular interactions. Squaraine molecules appear as elongated bright
structures. For short alkyl chains, various polytypes of herringbone pack-
ings were observed arising from the strong donor-acceptor interactions and
Coulomb forces between oppositely polarized areas of adjacent squaraine
molecules. The longer the alkyl chains, the more important the effect of
the van der Waals interactions between the alkyl chains in the overall sta-
bilization of the monolayer. In addition to the formation of polymorphous
structures multilayers were often formed and imaged. The donor-acceptor
interactions between adjacent molecules within the same layer and between
adjacent molecules in adjacent molecular layers provide the electronic coup-
ling needed for facile charge transport.

OH O
R ‘ * ’ _R
R/N O @ O N\R
O HO
R = alkyl 31

Fig.16 Squaraine dye

29
Other Dyes

Those dyes mentioned in the previous sections are only a selection of the dye
systems which have been investigated by means of STM. Many more systems
have been successfully investigated, including alkylated quinacridone [89],
coumarine [90] and tetrathiofulvalene [91-93] derivatives on HOPG, rho-
damine B on I-Au(111) [94], eosin molecules [95] and xanthene dyes [96] on
Au(111), tetrachlorothioindigo and thioindigo on HOPG and MoS; [97], and
carbocyanine dyes on silver bromide surfaces [98] to name a few. The lat-
ter example relates to the use of dye molecules as spectral sensitizers in the
photographic industry.
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3
Conjugated Oligomers and Polymers

Organic semiconducting materials possess unique electronic properties
which open up a wide range of applications both in optoelectronics and pho-
tonics. The spatial arrangement of the molecules determines the properties
of the devices; therefore, it is an important goal to drive the ordering of con-
jugated oligomers and polymers on flat solid surfaces to highly ordered and
thermodynamically stable supramolecular structures.

3.1
Conjugated Oligomers

In view of their processability, oligomers are often studied as model systems
for conjugated polymers.

3.1
Oligo-p-phenyleneethynelene

End-functionalized phenyleneethynylene oligomer (Fig.17, 32) served as
a model for a,w-thiol functionalized poly(p-phenyleneethynylene)s [99].
A regular arrangement was observed, with trimers lying with their conju-
gated backbone flat on the HOPG plane. The spacing between the parallel
backbones was smaller than that modeled for completely extended hexyl
groups, suggesting that they are disordered. In addition, a shape-persistent
macrocycle (Fig. 18, 33) based on the phenyl-ethynyl backbone containing
various extraannular alkyl side chains has been adsorbed from a 1,2,4-
trichlorobenzene solution at the surface of highly oriented pyrolitic graphite,
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Fig.17 Conjugated oligomers
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Fig. 18 Chemical structure of macrocycle 33 and STM image at the 1,2,4-trichlorobenz-
ene-graphite interface. (Reproduced with permission from Ref. [100])

leading to an ordered 2D pattern. Upon adsorption, the interaction between
the substrate and the adsorbates caused a flattening of the shape-persistent
macrocycle. These macrocycles could be used for templating purposes and
the formation of 3D supramolecular structures (Fig. 18) [100].

3.1.2
a-Oligothiophenes

In particular, oligothiophenes have gained considerable interest for their
electronic properties and several studies have appeared on the ordering of
oligomers, studied by STM. A study of the self-assembly at the liquid-solid in-
terface of a homologue series of 8-dodecylated oligothiophenes containing 4,
8, 12 or 16 thiophenes, the shortest one of which (34) is shown in Fig. 17, re-
vealed that the 2D organization depends on the length of the oligothiophene
backbone where the molecules assemble in a lamella-type arrangement [101].
The length of overlap (side-by-side) between the aromatic backbones of adja-
cent molecules decreases linearly with the oligothiophene length (Fig. 19).

A change of the alkyl chain length of a 8-alkylated quaterthiophene (do-
decyl, hexyl, propyl) also affects the ordering, the shortest one showing
a “herringbone-like” structure (34). In all three cases, the 2D arrangement
of the adsorbates coincides well with the molecular order in one layer of the
3D crystal [102]. Overall only limited interaction between adjacent 7 systems
is possible. In the case of S-alkylated oligothiophenes where each thiophene
group carries a dodecyl group (Fig. 17, 35), the oligothiophene molecules are
separated from each other by the interdigitated alkyl chains [103]. The influ-
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Fig.19 STM images and models of a, b 34 (10 x 10 nm?) at the 1,2,4-trichlorobenzene-
graphite interface and ¢, d 37 (10.4 x 10.4 nm?) at the 1-octanol-graphite interface. Only
in the case of 37 is there significant w-m stacking. (Reproduced with permission from
Ref. [102])

ence of the increasing polarity of the substituents on the monolayer struc-
ture of oligothiophenes physisorbed on graphite has been investigated [104].
Other studies on physisorbed oligothiophenes and the influence of length and
substituents on the 2D organization have also been reported [105-107].

o, o’-Dialkylated quaterthiophenes Fig. 17, 36) form 2D crystals on MoS;
in which one of the alkyl side chains of a molecule is sandwiched be-
tween two thiophene units within a row, so hindering w-7 stacking [106].
Lack of w-m interaction was also observed for other a-functionalized olig-
othiophenes [104, 105] and steroid-bridged thiophenes [107]. STM experi-
ments of monolayers of endcapped quaterthiophene and quinquethiophene
on Ag(111) show the formation of a highly ordered 2D crystalline monolayer
with flat-lying molecules with limited 7-7 interactions [108, 109]. Highly ef-
ficient w-7 stacking was achieved by substituting the oligothiophenes (mono,
bi, ter) in the a-position with long alkyl chains carrying at both sides a urea
group (Fig. 17, 37). The ordering of the molecules at the liquid~-HOPG inter-
face is determined by the hydrogen bonding between the urea groups along
the stacking axis [110]. As a result, the distance between two oligothiophene
units is 0.46 nm. The oligothiophene rings do not lie flat on the surface but are
tilted, leading to -7 interactions (Fig. 19) as revealed by STS [111].

In addition to linear oligomers, cyclic a-conjugated macrocyclic oligoth-
iophenes (Fig. 20, 38) have also been investigated. Spontaneous ordering
was observed. The energy minimum does not correspond to a fully planar
molecule but rather to a spiderlike conformation in which the alkyl side
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Fig.20 a Structure of a cyclic a-conjugated oligothiophene macrocycle 38 at the liquid-
HOPG interface. b STM image (15 x 12nm?) of the ordering and 2D crystal of 38
adsorbed on graphite. ¢ Calculated minimum-energy conformation of an individual
macrocycle. (Reproduced with permission from Ref. [112])

chains are bent downward as a consequence of the uniform distortion of each
second thiophene ring [112, 113].

3.1.3
Oligo-p-phenylenevinylenes

p-Phenylenevinylenes form another important type of conjugated oligomers.
Three main classes of chiral p-phenylenevinylenes have been investigat-
ed [114-116]. They all carry (S)-2-methyl butoxy groups along the backbone.
In the first class, oligo-p-phenylenevinylenes which are functionalized with
three dodecyl chains at both termini (Fig. 21, 39) can be organized in highly
organized 2D crystals on graphite by spontaneous self-assembly (Fig. 22).
A profound effect of the length of the w-conjugated backbone on the ad-
layer structure was uncovered. While for the longer oligomer systems the
7 system has a strong impact on the organization of the molecules, short-
ening the m-conjugated moiety leads to monolayer structures controlled by
the alkyl chains. In the second and the third classes, the molecules are func-
tionalized by hydrogen-bonding groups such as ureido-s-triazine (class 2)
(Fig. 21, 40) or 2,5-diaminotriazine groups (class 3) (Fig. 21, 41). The ureido-
s-triazine derivatized oligo-p-phenylenevinylenes show dimerization via self-
complementary hydrogen bonding (Fig. 22). The 2,5-diaminotriazine deriva-
tized oligo-p-phenylenevinylenes show cyclic hexamer formation induced by
the hydrogen bonding between the 2,5-diaminotriazine units (Fig. 22). By
functionalizing the oligomers the ordering can be controlled, which might
affect their properties. In none of the systems is intermolecular 7-m stack-
ing achieved. Moreover, as these compounds are chiral and enantiopure, their
molecular chirality is also expressed at the liquid-solid interface. Typically,
those molecules stacked in a row are in every domain rotated in the same di-
rection with respect to the stack normal (not the mirror image) or the cyclic
hexamers formed by the diaminotriazine derivatives always show the same
virtual rotation direction.
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Fig.22 STM images of a 39 (n=4) (10.7 x 10.7 nm?) (1,2,4-trichlorobenzene-graphite in-
terface), b 40 (n=2) (12.1 x 12.1 nm?) (1,2,4-trichlorobenzene-graphite interface) and
c41 (n=2) (18.4 x 18.4nm?) at the 1-phenyloctane-graphite interface. Hydrogen bond-
ing has a strong effect on the supramolecular architecture. (Reproduced with permission
from Ref. [114])

3.1.4
Composite Conjugated Oligomers

Of interest are also compounds which combine different properties.
42 (Fig.21) contains two oligo-p-phenylenevinylene units symmetrically
linked to a central perylenediimide core [117]. The oligo-p-phenylenevinylene
units and perylenediimides are typical electron donor and electron accep-
tor moieties, respectively. These molecules are stacked in rows as observed
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for 39. Noticeably, though both units are aromatic and should be character-
ized by a higher tunneling current than the alkyl chains, by bias-dependent
imaging, one can differentiate between the p-phenylenevinylene units and the
perylenediimide core (see Sect. 8).

3.2
Conjugated Polymers

In addition to conjugated oligomers, conjugated polymers can also be studied
under ambient conditions or at the liquid-solid interface. The self-assembly
of w-conjugated macromolecules on insulating solid substrates offers a strat-
egy for the construction of well-defined and stable nanometer-sized struc-
tures with chemical functionalities and physical properties that are of poten-
tial use as active components in electronic devices [118,119].

3.2.1
Poly-p-phenyleneethynylene

Exposure of a HOPG substrate to an almost saturated solution of poly(p-
phenyleneethynylene) (Fig. 23, 43) results in the spontaneous self-assembly
of the conjugated polymer in a nematic-like molecularly ordered monolayer.
The conjugated skeletons are aligned along preferred directions, according
to the threefold symmetry of the HOPG lattice. The achievement of mo-
lecular imaging was attributed to the stiffness and low polydispersity of the
molecules. The reduced spacing between neighboring parallel backbones in-
dicates a disordered arrangement of the hexyl chains. The difference in the
2D structure of the polymer and the oligomer [99] is attributed to polydis-
persity which prevents the assembly of the macromolecules in perfect 2D
crystals [120].
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Fig.23 Conjugated polymers
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3.2.2
Polythiophenes

The self-assembly of head-to-tail coupled poly(3-alkylthiophene)s (Fig. 24,
44) has also been visualized [121-123]. The polymer strands are oriented
according to the three crystallographic axes of the HOPG substrate. The lin-
ear arrangement of the conjugated chains over large distances invokes an
all-trans conformation of the thiophene repeating units. In addition, chain
folding was observed in which cis conformations of the thiophene units are
prerequisite for the fold (Fig. 24). Owing to the epitaxial effect of the graph-
ite surface, the alkyl chains are fully interdigitated, which is in contrast to
the case of polycrystalline bulk material. The observation of a second layer
of adsorbed macromolecules shows that conductivity increases and more so
for conjugated molecules stacked parallel, indicating a better electronic coup-
ling than for the crossed ones [121]. Also casting from chloroform solutions
on HOPG leads to the formation of polymer polycrystals and gives insight
into the mesoscopic ordering. The average size of the 2D polycrystals is 20 nm
in both parallel (along the w-conjugated backbone) and transverse direc-
tions [122, 123].

Fig.24 a STM image of 44 at the 1,2,4-trichlorobenzene-HOPG interface (20 x 20 nm?).
Folding can clearly be observed. b Model. (Reproduced with permission from Ref. [121])

3.23
p-Phenylenevinylene Copolymers

Monolayer films of poly[(m-phenylenevinylene)-co-(2,5-dioctoxy-p-phe-
nylenevinylene) (Fig. 23, 45), a regioregular polymer whose structure is
related to that of the commoner poly(p-phenylenevinylene), have been inves-
tigated on HOPG upon deposition from a toluene solution. Over a montbh, it
was observed that the degree of order increases. High-resolution images re-
veal that the phenyl groups are planar to the substrate and that the polymer
strands adopt an all-trans conformation. Diverse molecular foldings all result
from the presence of cis conformations in different sequences [124].
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3.24
Polydiacetylenes

Other types of conjugated polymers, the polydiacetylenes, have also been
extensively investigated. In contrast to the polymers discussed before, the
polydiacetylenes are synthesized after treatment of the preordered diacety-
lene monomers which will be discussed in Sect. 7.3.

4
STM Imaging of Mixed Monolayers

One of the goals of investigating molecules at surfaces is to gain insight into
and to control 2D monolayer formation. Applying mixtures of molecules on
surfaces can lead to unique patterns, with potential novel properties. In add-
ition, it can give insight into the balance between molecule-substrate and
intermolecular interactions. Of particular interest is the formation of regular
2D co-crystals.

Host-guest interactions can also be used to stimulate and control the ad-
sorption of large molecules such as phthalocyanines [125], coronene [125]
and fullerenes [126-128] under UHV [126, 127] and ambient conditions [125]
and under potential control [128].

4.1
Mixtures Including PTCDA and Phthalocyanine

Phase separation of the dyes in mixtures is a common behavior, which is not
that surprising given that the formation of alternating periodic structures of-
ten requires directional and strong heteromolecular interactions. In the early
1990s, STM measurements were conducted on the dyes PTCDA and 5 in the
presence of liquid crystals on HOPG in order to immobilize the dye molecules
under ambient conditions [129]. The outcome was phase separation: only one
of the compounds could be observed or a domain of a given compound was
surrounded by the other compound. PTCDA formed the typical herringbone
structure, while 5 exhibits a hexagonal symmetry.

4.2
Mixture Including PTCDI, Melamine and Cq

Hydrogen bonding under UHV conditions has been exploited to de-
sign open honeycomb networks formed when PTCDI is coadsorbed with
melamine (1,3,5-triazine-2,4,6-triamine) on a silver-terminated silicon sur-
face (Fig.25) [126]. Melamine, which has threefold symmetry, forms the
vertices of the network, while the straight edges correspond to PTCDI. The
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Fig.25 a Image of Cgp heptamers trapped in “nanovessels” formed by the 2-melamine
network. The scale bar is 5 nm. b Model. (Reproduced with permission from Ref. [126])

choice of these two compounds was motivated by the fact that in this case
heteromolecular hydrogen bonding is stronger than homomolecular hydro-
gen bonding: three hydrogen bonds per PTCDI-melamine pair versus two
for a PTCDI or a melamine pair. The substrate plays an important role as
it allows molecules to diffuse freely on the surface. Stepwise introduction
of the two components is vital for the formation of the network. Only if
PTCDI is adsorbed first on the substrate, forming close-packed islands and
short chains, followed by deposition of melamine and annealing, is an open
network formed. The pores of the network are large enough to host guest
molecules such as Cgp: heptameric Cgp clusters with a compact hexagonal
arrangement of the individual molecules form within the pores. Increase of
the Cgp coverage leads to the formation of a second-layer Cg, on top of the
PTCDI-melamine network: a new fullerene surface phase is formed that is
controlled and templated by the underlying hydrogen-bonded network.

4.3
Mixtures Including a PTCDI or a Merocyanine Derivative

Perylene bisimides (46) and merocyanines (47) with hydrogen-bonding re-
ceptor sites are little soluble pigment dyestuffs which are the subject of
intensive research owing to their interesting optoelectronic and supramolec-
ular organization properties. Well-defined heterocomplex formation based
upon multitopic hydrogen bonding between their imide functions and the
1,3-diaminotriazine moiety of an alkylated compound (48) at the liquid-solid
interface has been realized and correlated to the composition and structure
of the observed heterocomplexes and the extent and quality of their long-
range ordering with the orientation of the hydrogen-bonding sites in the
molecules [130]. The formation of termolecular complexes by mixtures of
46 and 48, and 47 and 48, respectively, and their composition and geometry
which is in line with predictions are clear indications that hydrogen bonding
is indeed involved. Though in both cases the hydrogen-bonding interactions
are similar (identical hydrogen-bonding sets are involved) and termolecular
complexes are formed, there are important differences at the monolayer level
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Fig.26 Chemical structures of the hydrogen-bonded trimers and the respective STM im-
ages at the 1-phenyloctane-graphite interface. a 48-47-48 (11.5 x 11.5nm?), b 48-46-48
(12.3 x 12.3 nm?). (Reprinted with permission from Ref. [130])

(Fig. 26). A 48-47 mixture leads to the formation of true 2D crystals: hete-
rocomplexes are exclusively formed and they organize in large domains. In
contrast, 48-46-48 complexes are formed only locally, they assemble in rows,
they do not cover complete domains, and they coexist with noncomplexed
dimers of 48 within the same domain. These differences can at least in part be
attributed to the symmetry of the hydrogen-bonding interactions involved.

4.4
Mixtures of Phthalocyanines and Porphyrins

In addition to hydrogen bonding, other types of noncovalent interactions,
such as perfluorophenyl-phenyl interactions, are very well suited for self-
assembly purposes. The perfluorinated cobalt phthalocyanine (F16Co5)
molecules do not form an ordered structure when deposited on Au(111)
under UHV [131,132]. This disorder and the lack of submolecular reso-
lution are in contrast to the behavior of the protonated complex, which is



Two-Dimensional Dye Assemblies on Surfaces 235

Fig.27 STM image a of Co5 and Cu6 mixed adlayer on a Au(100)-(hex) surface in 0.1 M
HCIO4 (15 x 15 nm?). b Molecular model. ¢ STM image of a 1: 1 mixed monolayer of Ni6
and F16Co5 under UHV conditions on Au(111). The F16Co5 molecules can easily be rec-
ognized by the bright Co atoms. The scale bar is 5 nm. (Adapted with permission from
Refs. [131, 133])

attributed to differences in van der Waals attraction and electron affinities.
Ni tetraphenyl porphyrin (Ni6) forms a simple 2D crystal structure when
adsorbed on gold. A 2:1 mixture of Ni6 and F16Co5 forms in addition to
disordered regions and ordered regions of Ni6, well-ordered regions of an en-
tirely new structure with 1:1 ratio (Fig. 27). The phthalocyanine molecules
can easily be identified by the Co ions, which appear bright.

Using the EC-STM approach, a mixture of Co5 and Cué6 has been investi-
gated on Au(100) and Au(111) in 0.1 M HClO4 [133]. In contrast to the case
for Au(111), where a disordered phase and a highly ordered phase of Cu6
is observed, on Au(100) stripes composed of alternate bright and dark lines
are observed, revealing highly ordered molecular rows (Fig. 27). The binary
molecular arrays are well-organized 2D. The Co5 molecules have a propeller-
shaped image with a central brightest spot and four additional spots at the
corners. The Cu6 molecules appear as a ring, the center of which is a dark
spot. The difference in brightness at the centers of Cu6 and Co5 molecules
is explained by the difference in the mode of occupation of d orbitals. The
central cobalt ion in each Co5 molecule appears as a bright spot, whereas the
copper ion in each Cu6 molecule appears as a dark spot.

4.5
Mixtures Including Subphthalocyanine and C¢, or Calixarenes and Cg

Depending on the relative surface coverage of subphthalocyanine 7 and Cgg
on Ag(111), periodic intermixed monolayers consisting of 1D chains of 1-nm
width or 2D hexagonal patterns were formed [127]. Also under potential con-
trol well-defined host-guest complexes are formed. Empty calixarenes and
Ceo—calixarene complexes can be visualized at the electrolyte Au(111) inter-
face. In this case, the Cgp-calixarene complex is preformed before formation
of the monolayer [128].
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4.6
Entrapment of Large Molecules

A 2D network with tetragonal cavities with inner widths of 2.3 x 1.3 nm using
1,3,5-tris(10-carboxydecyloxy)benzene [125] has been used as the template
for the inclusion of CuPc (Cu5) and coronene (18) on the surface of HOPG.
A cavity is formed by the dimerization of the carboxylic acid functional
groups of 1,3,5-tris(10-carboxydecyloxy)benzene. When Cu5 molecules are
entrapped in the cavities, highly uniform arrays are formed. One Cu5 fits in
a cavity. In contrast, inclusion of 18 in the cavities leads to domains with one
or two molecules adsorbed per cavity (Fig. 28). The expected size of dimers of
18 fits perfectly within the cavity size. Each 18 corresponds to a bright ringlike
structure. The distance between the coronenes in the dimer is in agreement
with the lattice constant of a closely packed coronene monolayer adsorbed on
Ag(111) and HOPG.

Fig.28 a Dimerization of 1,3,5-tris(10-carboxydecyloxy)benzene forming a cavity. b STM
image of coronenes trapped in the hydrogen-bonded network (11.8 x 11.8 nm?) at the
air-HOPG interface. The bright “doughnuts” correspond to the coronenes. ¢ Model. (Re-
produced with permission from Ref. [125])

4.7
Complexes of Phthalocyanines and Porphyrins With (Functionalized) Alkanes

Other types of complexes have also been reported under ambient conditions.
Alkane lamellae (C34H7p) have been used as a molecular buffer layer to im-
mobilize Cu5 and alkylated Cu5 [134]. Cu5 forms nanometer-sized domains
and adsorbs on top of the alkane layer, revealing well-resolved submolecu-
lar features at different tunneling conditions. Nonalkylated Cu5 molecules
could not be imaged on HOPG in the absence of the alkanes. Cu5 could be
removed from the alkane layer by tip manipulation, indicating that the Cu5
adsorbed on top of the monolayer. The ordering of Cu5 is independent of
that of the alkane buffer layer. Despite the fact that the interaction between
Cu5 and graphite is much stronger than between Cu5 and the alkane layer,
the lateral corrugation barrier of Cu5 on the alkane layer is much larger
than on the graphite substrate, which decreases the motion of Cu5 by ther-
mal diffusion or tip manipulation [135]. Also functionalized alkanes can act
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as a buffer layer such as stearic acid, 1-octadecanol and 1-iodooctadecane
(C18I) on HOPG. The alkane derivatives form templates which provide dif-
ferent adsorption sites for Cu5. Cu5 was found to exclusively adsorb as
a monomer or as a dimer on the hydrocarbon-chain parts of the alkane
derivatives [136]. Tridodecylamine has a strong effect upon the adsorption,
diffusion and assembly of Cu5. Isolated Cu5 and clusters could be stabilized
at the alkane part of the lamellae (Fig.29). The lateral diffusion of single
Cu5 as well as clusters of adsorbed Cu5 molecules is exclusively along the
direction of the tridodecylamine lamellae. With higher Cu5 coverage, well-
ordered bimolecular Cu5 bands were observed as a result of molecular tem-
plating of the tridodecylamine lamellae [137]. Adsorption of the molecules
on top of the alkyl derivatives is not the only adsorption mode. When mix-
tures of 5 or Cu5 with n-octadecyl mercaptan (C18SH) and mixtures of 5
with C18I, 1-bromooctadecane (C18Br), 1-chlorooctadecane (C18Cl) and oc-
tadecyl cyanate (CI8CN) were investigated, under optimized experimental
conditions, alternating rows of 5 or Cu5 and C18X could be observed [138].
Increasing the ratio of C18X leads to the formation of various phases, includ-
ing the formation of large areas of uniform single molecular arrays on the
submicrometer scale, where the ordering of 5 is consistent with its adsorp-
tion structure reported on HOPG [139]. The (Co)5 units appear as the bright
structures, while the alkyl chains appear darker. The groove between C18X
lamellae appears to be a favorable site for adsorption of 5. As this kind of
assembly was not observed with stearic acid and octadecanol, the interac-
tion between 5 and the functional groups of the alkyl derivatives appears to
play an important role in the assembling process. Also a phthalocyanine with
short alkyl chains (eight butyl groups) (Cu5-Bu8) self-assembles in the pres-
ence of C18I forming a regular pattern of alternating rows of Cu5-Bu8 and
C18I (Fig. 29) [140]. The intermolecular distance of Cu5-Bu8 is larger than
for Cu5, most likely owing to the butyl groups. On the other hand, a similar
analogue with octyl chains 12 was found not to assemble in this alternating
fashion. Phase separation took place and this could be related to unbalanced
intermolecular interactions.

Fig.29 a STM image of mixed monolayer of Cu5-Bu8 and 1-iodooctadecane (12 x
12 nm?) at the air-HOPG interface. b, ¢ STM image and model of Cu5 dimer on top of
a tridodecylamine monolayer at the air-HOPG interface. (Reproduced with permission
from Refs. [137, 140])
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4.8
Controlling Phase Behavior

In order to reveal the important factors in the phase behavior of structurally
related compounds where the main mode of intermolecular interaction is hy-
drogen bonding, 37 was mixed with analogous compounds (Fig. 30) [141].
The bithiophene unit was replaced by a linear alkyl group. The distance be-
tween the two urea groups is identical if the alkyl spacer contains 14 carbon
atoms. Study of the assembly of the pure compounds before mixing reveals
that they indeed form rows where the main intermolecular interaction is hy-
drogen bonding via the urea groups. Mixing of 37 with compounds having
dodecyl terminal groups but an alkyl spacer of different length (6, 9, 12, 14,
15 or 16 carbon atoms) shows that optimal mixing is obtained with C12-u-
C14-u-C12 (CX refers to length alkyl chain, u is urea), while complete phase
separation is obtained for C12-u-C6-u-C12. More important than the differ-
ence in molecular size is the fact that for those compounds with an alkyl
spacer length different from 14 methylene units the urea groups cannot form
ideal hydrogen bonds. This was confirmed by mixing 37 with a molecule hav-
ing a tetradecyl spacer though with terminal hexyl chains instead of dodecyl

Fig.30 STM images of mixtures of a 37 and C12-u-C9-u-C12 (complete phase separa-
tion), b 37 and C12-u-C14-u-C12 (optimal mixing), ¢ 37 and C6-u-C14-u-Cé6 (in addition
to clusters, isolated 37 molecules are observed) and d 37 and C15-u-C9-u-C15 (complete
phase separation). 37 can be recognized by the as bright bithiophene units in the center of
a row. The scale bar indicates 4 nm. Experiments were carried out at the 1-octanol-HOPG
interface. (Reproduced with permission from Ref. [141])
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chains (C6-u-C14-u-C6). Though this molecule is much shorter than C12-u-
C6-u-C12, both molecules mix very well as the identical spacer length still
allows hydrogen bonding along a stack. The importance of hydrogen bonding
as the most important interaction in this system is finally confirmed by mix-
ing 37 with bisurea derivatives which are identical in length to 37 but which
have the urea groups located at different positions along the molecular axis,
such as C15-u-C9-u-Cl15. Despite their identical dimensions the molecules
completely phase separate.

5
Dyes and Chirality

Since the late 1990s, the expression of molecular chirality at surfaces has
received increasing attention. STM provides a convenient approach to inves-
tigate (sub)monolayers, and the chirality aspects thereof, with submolecular
resolution. It is one of the very few techniques that allow identification of
the (sub)monolayer chirality and even absolute conformation. It is not the
purpose of this review to give an extensive overview of all the studies that
have been reported on chirality at surfaces but this section is intended to give
a flavor of the relation between self-assembly directed noncovalent interac-
tions and chirality at surfaces for dye molecules [142]. Chiral discrimination
between mirror-image stereoisomers can lead to the spontaneous spatial sep-
aration of a racemic mixture into the enantiomerically pure phases. In 3D
systems the formation of these so-called conglomerates is rather the excep-
tion than the rule: most racemic mixtures crystallize as racemates with the
unit cell composed of an equal number of molecules with opposite handed-
ness or as random solid solutions. Owing to the confinement of the molecules
in a plane and the interaction with the substrate, conglomerate formation
becomes more likely.

Mirror-image molecules form always mirror-image supramolecular struc-
tures on a surface. That is indeed what is found for enantiopure heptahe-
licene (Fig. 31, 49). When enantiopure heptahelicene molecules are forced
into a close-packed monomolecular layer, molecular chirality is transferred
to monolayer chirality [143]. When the molecules are squeezed together
repulsive forces dominate the lateral interaction. The self-assembly is obvi-
ously not only governed by the interaction between the molecules but also
by adsorbate-substrate interactions, which determine the mobility of the
molecules on the surface. On Ni(111) and Ni(100) the low mobility of helicene
did not allow the observation of chiral effects. On Cu(111) the molecules
were observed to diffuse readily at coverages below 95%. At 95% coverage,
a long-range ordered structure is observed, apparently built up from clusters
containing six molecules and clusters containing three molecules. At 100%
surface coverage, the unit cell of the adsorbate lattice contains a group of three
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Fig.31 STM images of (M)-heptahelicene (left) and (P)-heptahelicene (right) (10 x
10 nm?) on Cu(111) recorded under UHV conditions. Monolayer coverage is 0.95 (top)
and 1.00 (bottom). Both enantiomers clearly form mirror-image structures. (Reproduced
with permission from Ref. [143])

molecules. The observed adsorbate lattice structures show enantiomorphism:
adsorption of the (P)-enantiomer of the helicene leads to structures which are
mirror images of those observed for the (M)-enantiomer. In addition to the
chiral shape of the unit cell, the arrangement of the molecules within the unit
cell is also chiral. The hexamer (95% coverage) has a pinwheel-like shape and
the pinwheel’s wings point either anticlockwise as found for (M)-49 or clock-
wise as found for (P)-49. In the case of the trimers (100% coverage) the mirror
symmetry is expressed by tilts of the three-molecule cloverleaf units into op-
posite directions with respect to the adsorbate lattice vectors. The adsorption
of racemic helicene led to the formation of enantiomorphous mirror domains
in which the enantiomers are partially separated [144].

The adsorption of enantiopure molecules gives rise to the formation of
chiral surfaces and both enantiomers form each other’s mirror image. How-
ever, most achiral molecules become 2D chiral upon adsorption on a sub-
strate. Consider, for instance, STM images of naphtho[2,3-a]pyrene (Fig. 32,
50), which is a simple aromatic system. STM images reveal equal num-
bers of the 2D enantiomers on the surface [145]. The ordered molecu-
lar domains contained only one 2D enantiomer: segregation occurred of
homochiral molecules into domains with chiral unit cells. The chiral na-
ture of the domains is revealed by the fact that in a given domain all
molecules can be superimposed by rotation of the molecules within the
plane of the Au(111) surface. Again, both 2D enantiomers form mirror-image
domains.
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Fig.32 Chemical structure of 50 and model of the reconstructed Au(111) surface (dark
substrate atoms) and the intersection of two chiral domains of molecules of 50. Ex-
periments were performed under UHV conditions. (Reproduced with permission from
Ref. [145])

All achiral systems presented which become 2D chiral upon adsorption on
a surface show conglomerate formation: a domain is composed of molecules
with the same side facing the substrate [146]. Adsorption of a prochiral
molecule to an achiral surface creates a racemic adlayer if the adsorption
geometry establishes different interactions between the two (formerly) enan-
tiotopic groups on the surface. Chiral domains with chiral unit cells form
when interactions between identical 2D enantiomorphs are more favorable
than between opposite 2D enantiomorphs. Mixed domains with unit cells
containing both enantiomorphs form when interactions between opposite
isomers are more favorable. The stereochemical morphology of monolay-
ers formed from prochiral 1,5-bis(3’-thiaalkyl) anthracenes (Fig. 33, 51) on
HOPG switches from a 2D racemate to a 2D conglomerate by the addition of
a single methylene unit to each side chain.

HZ,MC"\S A
51an=11 S 2
51b n=12 CrHanes -

RACEMATE CONGLOMERATE

Fig.33 a Structures of 51a and 51b. b STM image (12 x 12nm?) of 51a adsorbed onto
HOPG. From row to row, the anthracene units (indicated by arrows) are twisted. A 2D
racemate is formed. ¢ STM image (11 x 11 nm?) of 51b adsorbed on HOPG. From row
to row, the anthracene units are parallel. A 2D conglomerate is formed. The location
of the anthracene units is indicated by arrows. Experiments were performed at the
1-phenyloctane-graphite interface. (Reproduced with permission from Ref. [146])
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6
Dynamics

6.1
Translation

Diffusion is an important process on surfaces. There are only a few reports
which deal with the diffusion of large molecules on surfaces [147-149] and
this has been recently reviewed [14]. According to a very simple model, sur-
face diffusion can be viewed as a random 2D walk of an adsorbate, hopping
from adsorption site to adsorption site on the substrate. The diffusion pro-
cess can be described in terms of three parameters: (1) the activation energy
for diffusion is the barrier an adsorbate has to overcome on the potential en-
ergy surface to reach at least the neighboring adsorption site; (2) the prefactor
indicates the attempt frequency to escape from its adsorption site; (3) the
root-mean-square jump length contains information on the average distance
of a jump. With high-speed STM imaging, quantitative data can be obtained
and modeled.

For decacyclene (DC) and hexa-tert-butyl decacyclene (26) adsorbed on
an atomically clean Cu(110) surface, it was shown that molecular diffusion
is strongly 1D, occurring parallel to the close-packed (110) direction of the
Cu(110) substrate (Fig. 34) [147]. Arrhenius plots of the hopping rates and
tracer diffusion constants show a lower activation energy for diffusion of 26
(0.60 éV) compared with DC (0.72 €V), which is attributed to the six tert-
butyl spacer groups of 26. The spacer groups increase the distance between
the aromatic core and the substrate, which as a result leads to a decrease in
adsorbate-substrate interactions. As a result, the diffusion constant is 4 times
higher than for DC. Jumps are not restricted to nearest-neighbor sites on the
Cu substrate. Surprisingly, long jumps play a dominant role in the diffusion

Fig.34 Images form a constant-current movie of 26, imaged as bright spots, on Cu(110)
at 194K (UHV). Molecular displacements can clearly be discerned; arrows indicate the
direction in which molecules will have moved in the successive image. (Reproduced with
permission from Ref. [147])
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of these molecules. The root-mean-square jump lengths are determined to be
as large as approximately four and approximately seven Cu nearest-neighbor
distances for DC and 26, respectively. Large molecules occupy a significantly
larger area on the substrate and they might find it more difficult to find
a low-energy site. The longer jumps for 26 might be related to the decreased
interaction with the surface. For Cgp on Pd(110) an activation energy of 1.4 eV
was determined along the close-packed direction (110). This high value in-
dicated strong interactions and directional bonding between Cgy carbon ring
systems and Pd surface atoms [148].

Diffusion is also observed for higher monolayer coverages. Subphthalo-
cyanine 7 self-assembles into a 2D crystalline overlayer on Ag(111) with
a honeycomb pattern characterized by a low packing density (2D-condensed
phase) [39]. Next to a condensed island, noisy streaks appear in the scan di-
rection, indicating that they exhibit mobility on the time scale of one scan
line (2D-gas phase) (Fig. 35). These domains evolve in time as shown by time-
lapse imaging sequences. The borders of the 2D-condensed phase move as
a function of time, indicating that the condensed phase is in dynamic coex-
istence with the gas phase. These two phases coexist in a 2D thermodynamic
equilibrium at room temperature. The molecules in the gas phase are sta-
bly adsorbed for a certain time but tend to hop to nearby adsorption sites.
A simple model can account for the observations. If the thermal energy of the
adsorbed molecule is small compared with the corrugation of the surface po-
tential, one can consider the adsorbed molecule as localized in a minimum
of the surface potential. Each molecule has to overcome the energy barrier

Fig.35 Sequence of STM images showing the time evolution of a condensed molecu-
lar island of 7. [Ag(111): UHV conditions]. One bright spot is a molecule. The interval
time between two images is 3 min 26 s. The scan range is 25.8 x 25.8 nm. The white line
connects the outermost molecules. (Reproduced with permission from Ref. [39])



244 S. De Feyter - E. De Schryver

imposed by the corrugation of the surface potential in order to hop to an
adjacent minimum and thus participate in the diffusion process.

6.2
Rotation

Translation is not the only motion at surfaces. At monolayer coverage, 26
is immobilized and forms a 2D van der Waals crystal on atomically clean
Cu(100) surfaces under UHV conditions [150]. The internal structure of each
molecule consists of six lobes arranged in a hexagonal lattice with alternat-
ing distances of 0.6 and 0.8 nm between the lobes. Each of the lobes can
be assigned to a tert-butyl appendage. At submonolayer coverages, these
molecules diffuse around owing to the weak adsorption of the H atoms of the
tert-butyl groups with the Cu surface and the molecules cannot be imaged.
At close-to-complete substrate coverage, the images reflect the structures ob-
tained at full monolayer coverage except for the presence of voids, which
appear in a random way. Surprisingly, in those voids and only in those voids,
molecules often appear with a torus-type shape and these were always out of
registry with the surrounding supramolecular lattice (Fig. 36). Molecules in
registry with the supramolecular lattice always revealed the typical six lobes
of the tert-butyl groups. The torus shape is a result of molecular rotation with
speeds higher than the scan rate for imaging. The experimental results were
supported by calculations of the rotational activation energy.

Fig.36 Immobilized 26 (left). Rotating 26 in the void (right). [Cu(100): UHV conditions].
(Reproduced with permission from Ref. [150])
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6.3
Ostwald Ripening

Dynamic phenomena are of course not restricted to UHV conditions. Ost-
wald ripening describes the growth of larger domains at the expense of
smaller domains. The thermodynamic driving force is the reduction of the
circumference-to-area ratio and thereby the lowering of the interfacial or line
energy. For example, application of unsaturated solutions of 2-hexadecyl-
9,10-anthraquinone in phenyloctane on HOPG leads to the formation of
domains [151]. On a time scale of seconds a small domain shrinks until it dis-
appears, while the larger domains grow at its expense. After several minutes
to a few hours the 2D polycrystals become single crystals on a micrometer
scale. It was shown for this system that Ostwald ripening is determined by
a reorientation of molecules at the domain boundaries of the 2D polycrys-
tals. At a domain boundary, molecules are often not ideally close packed, and
the free volume within the 2D polycrystal is significantly increased. There-
fore, individual molecules or lamella fragments at the domain boundary can
change their orientation with respect to the underlying substrate without dif-
fusing within the single crystals and without a transition to the supernatant
solution [152].

At the liquid-solid interface, the adlayer is in equilibrium with the su-
pernatant solution and several examples show that there is exchange of
molecules. These exchange processes are important for the formation of
supramolecular structures: the exchange of molecules in two and in three
dimensions (monolayer-solution) provides a “healing” mechanism to repair
defects.

7
Tip-Induced Manipulation

In addition to imaging, the scanning tunneling microscope tip can also be
used to manipulate molecules, to move them around and even to induce re-
actions.

71
Tip-Induced Translational and Conformational Changes

Lateral manipulation at constant current allows molecular adsorbates to be
moved on metal surfaces by STM under UHV conditions. The scanning tun-
neling microscope tip is kept close to the surface by increasing the tunneling
current (or decreasing the tunneling voltage, or both) and is then moved
laterally over the target molecule. This allowed at room temperature the dis-
placement of single molecules of 14 on different Cu substrates [48]. At low
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temperatures, a stronger repulsive force must be exerted to be effective and
using a modified approach, manipulation of single molecules of 14 was also
proven to be successful [153]. It even turned out to be possible to change the
orientation of one leg of 14 in a controlled manner [154].

Not only single molecules but also assemblies of molecules could be ma-
nipulated, which was illustrated for crown-ether-functionalized phthalocya-
nines which form a gel on HOPG. Tip-induced manipulation affected the
orientation of the molecules on the surface (edge-on or face-on) [155].

7.2
Tip-Induced Orientational Switching

In addition to scanning tunneling microscope tip induced conformational
and translational manipulation, the scanning tunneling microscope tip can
also be used to induce a reversible orientational switching, as demonstrated
for subphthalocyanine molecules 7 [41]. The asymmetric, polar molecules
adsorbed in an epitaxial array on a Cu(100) surface, initially with the axial
chlorine atom either upward or downward. After scanning at a negative bias
changes in image contrast were attributed to the upside down turning of the
upward molecules, while all molecules switched to the upward orientation at
a positive bias.

73
Tip-induced Reactivity

Recently, the formation was reported of conjugated polymer 1D structures
(polydiacetylenes) by initiating the chain polymerization of diacetylene con-
taining carboxylic acid derivatives using a scanning tunneling microscope tip
with a spatial precision on the order of 1 nm at the solid (HOPG)-air inter-
face (Fig. 37) [156,158]. The molecules are aligned to form straight chains
and the chains are arranged in a manner such that the COOH end groups
of a chain are opposite those of a neighboring chain. The controlled fabrica-
tion of nanowires is of importance in the field of nanotechnology. In analogy
with light excitation, the scanning tunneling microscope tip initiates the re-
action by applying a pulsed sample bias. A very bright line appeared, starting
from the point of stimulation, which indicates that the reaction initiated by
the scanning tunneling microscope tip has propagated and a polydiacetylene
chain is formed. The length of the polydiacetylene chain is determined by
the size of the domains of diacetylene monomer molecules having the same
orientation. The initiation by the scanning tunneling microscope tip leads to
polymerization in both directions. Interestingly, these authors were able to
control the maximum length of the polydiacetylene chains within a domain.
In order to achieve that, they created an artificial defect in the form of a 6-nm-
wide hole at a predetermined position within the monolayer using a scanning
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Fig.37 a Model of stacked diacetylene monomers (left); Model of a polydiacetylene chain
(right). b STM images and diagrams showing the process of controlling the initiation
and termination of linear chain polymerization with a scanning tunneling microscope
tip. STM images were obtained at the solid (HOPG)-air interface. a Original monolayer
of 10,12-nonacosadiynoic acid. b Creation of an artificial defect. ¢ First chain polymer-
ization, initiated at the arrow. d Second chain polymerization, initiated at the arrow.
e Third chain polymerization, initiated at the arrow. (Reproduced with permission from
Ref. [156])

tunneling microscope tip. Such a defect terminates the polymerization reac-
tion. Molecular modeling shows that the polymer backbone is raised from
the graphite substrate and suggests that organic molecules with various novel
conformations could be created on 2D solid surfaces [157]. STS experiments
on isolated polydiacetylene chains clearly reveal the 7= band expected in the
1D conjugated polymer system [158].

8
Dyes and Spectroscopy

Substantial research has been performed on bias-dependent imaging and STS
of dye-related systems. Here, only a few selected examples will be highlighted.
In bias-dependent imaging, the images are recorded at different bias voltages
and polarity. In STS, the voltage is ramped while the feedback loop is turned
off and an I-V graph is obtained at a certain position on the substrate.

This research is often motivated by the miniaturization of electronics and
the potential molecules may have in devices, even at the level of a single
molecule. The electron tunneling through redox single porphyrin molecules
in aqueous solution has been investigated. In this system, the substrate and
tip Fermi levels can be flexibly adjusted relative to the molecular orbitals by
controlling the substrate potential versus a reference electrode in the solution,
at a constant sample-tip bias. By tuning the substrate Fermi level to an un-
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Fig.38 STM constant-current topograph of a monolayer of 8 on HOPG (25 x 25 nm?)
obtained at 50 K (UHV). The polarity of the tunneling voltage was switched twice as
indicated. (Reproduced with permission from Ref. [44])

occupied molecular orbital, a nearly tenfold increase in the tunneling current
was observed owing to resonant enhancement [8].

The bias-dependent STM imaging and spectroscopy of a naphthalocyanine
dye (Fig. 38, 8) has been investigated. Compared with phthalocyanine, the
more extended, conjugated electron system of 8 influences the energies of the
molecular orbitals and is expected to lead to a smaller HOMO-lowest unoc-
cupied molecular orbital (LUMO) gap. For negative sample bias, i.e., tunnel-
ing out of occupied sample states to the tip, the center of 8 appears dark, while
at positive sample bias, i.e., tunneling from the tip into unoccupied sample
states, all molecules appear as bright humps, without any indication of a de-
crease in the apparent height at the center. In the case of weak interactions
between the adsorbate and the substrate (physisorption), the observed effect
can be explained in terms of molecular orbitals. The HOMO shows no elec-
tron density in the middle of the molecule, in contrast to the LUMO. So the
HOMO is considered to contribute to the image contrast at negative sam-
ple bias while the LUMO (and/or LUMO + 1) affects the tunneling at positive
bias voltages. Further investigation of the electronic structure has been per-
formed by STS. The STS data indicate semiconducting behavior: no current
is measured in the gap region from - 0.9 to + 0.9V [44].

A covalently bound donor-acceptor-donor derivative 42 showed a bias-
dependent contrast (Fig. 39) [118]. The donor molecule is an oligo-p-phenyl-

-1.19V +1.00 V +143V
Fig.39 Bias-dependent STM constant-height images of 42 (15.5x 15.5nm?) at the

1-phenyloctane-graphite interface. The sample bias is indicated. D refers to the donor
and A to the acceptor moiety, respectively. (Reproduced with permission from Ref. [117])



Two-Dimensional Dye Assemblies on Surfaces 249

enevinylene derivative and the acceptor unit is a perylenediimide derivative.
At high negative bias voltages, the tunneling current through the donor moi-
eties was much higher than through the acceptor moiety, while the opposite
was observed at high positive bias voltages. The results were interpreted in
terms of a resonant tunneling model which will be discussed in the following
example.

The tunneling microscopy and spectroscopy of an electron donor (hexa-
peri-hexabenzocoronene) covalently linked to six acceptors (anthraquinone)
in self-assembled layers at the graphite-liquid interface 23 has been inves-
tigated [159]. The tunneling current through the HBC cores is larger than
through the anthraquinones. This difference is bias-dependent and is much
smaller at positive sample bias. In the I-V experiments, the current is larger
for negative sample bias, while over anthraquinone regions larger currents are
observed at sufficiently large positive sample bias. Thus, HBC regions exhibit
higher tunneling probability at negative than at positive sample bias, whilst
anthraquinone regions exhibit the opposite behavior. The break in symmetry
of the I-V curves can be due to different distances between molecule and tip
or substrate and/or to different energetic gaps between the molecule’s HOMO
and LUMO and the Fermi level of HOPG. By assuming resonantly enhanced
tunneling through molecular states as the dominant mechanism for contrast
formation in STM/STS experiments, we can explain the aforementioned ob-
servations by the simple model of resonant tunneling (Fig. 40) [160]. The
probability for electrons to tunnel from occupied states in the substrate into
empty states of the tip (or vice versa) strongly increases if there are molecu-
lar states of the adsorbate energetically close to the states involved in the
tunneling process. The different asymmetries of the I-V curves of HBC and
anthraquinone, respectively, can be explained by resonant tunneling through
the HOMO of HBC and the LUMO of anthraquinone, respectively.

Stimulated by these results, a prototypical single-molecule field-effect
transistor with nanometer-sized gates was realized. Adsorption of dimethoxy-
anthracene (an electron donor) on anthraquinone (an electron acceptor),
which is covalently linked to HBC 23, induces an interface dipole which shifts
the substrate work function by approximately 120 meV, as revealed by STS
experiments (Fig. 41) [161].

— LUMO

(a) (b)
£ E
—HOMO
resonance
TIP

HOPG - +

Fig.40 Schematics illustrating the origin of asymmetry in the I-V curves and energy
levels. (Reproduced with permission from Ref [159])
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SOURCE

Fig.41 Schematic drawing of a prototypical single-molecule chemical-field-effect transis-
tor. (Reproduced with permission from Ref. [161])

The scanning tunneling microscope tip can also be used to induce light
emission. Light is emitted out of the junction of a scanning tunneling mi-
croscope when an energetic tunneling electron excites a radiative process.
This phenomenon provides a light source of nanometer-scale dimensions
and enables an optical study of nanoscopic excitations. Spectral analysis
of the STM-induced luminescence in the presence of molecules adsorbed
on the surface can add chemical specificity. A few examples include the
STM-induced luminescence from a Cg monolayer on Au(110) [162] and
molecular spectroscopy of dye aggregates [163]. Intrinsic molecular fluo-
rescence from porphyrin molecules on Au(100) has been realized by using
a nanoscale multimonolayer decoupling approach with nanoprobe excita-
tion in the tunneling regime [164]. The molecular origin of luminescence
is established by the observed well-defined vibrationally resolved fluores-
cence spectra. The molecules fluoresce at low turn-on voltages for both bias
polarities, suggesting an excitation mechanism via hot electron injection
from either tip or substrate. The excited molecules decay radiatively through
Franck-Condon w-7* transitions. Crucial is the decoupling of the emitter
from the substrate—molecular fluorescence is quenched close to the metal
substrate—Dby using the molecules both as a spacer (formation of multi-
layers) and an emitter. Increase of the layer thickness leads in addition to
a plasmon-mediated emission band to STM-induced emission of molecular
origin.

9
Conclusions

STM is an established technique to unravel the secrets of the ordering of
molecules, in general, and dyes, in particular, on surfaces. Much information
has been gathered on the balance between molecule-molecule and molecule-
adsorbate interactions. The strength of STM is that it goes beyond mere
imaging. It gives information on dynamic processes, it can be used as a ma-
nipulation tool and, importantly, it is also a spectroscopic tool. This aspect
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will become increasingly important in view of the popularity of “molecular
electronics”, eventually on the single-molecule scale.
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Abstract In the last two decades the field of self-assembled monolayers (SAMs) has re-
ceived much attention both in research and for applications because of the stability and
the simple handling of SAMs. In this account we present a short overview about the
morphology and preparation of the different gold surfaces used for SAMs and about
self-assembled alkanethiol monolayers on Au(111). The synthetic strategies and the ag-
gregation of self-assembled chromophores on gold is described in more detail. The most
important chromophores are introduced along with their spectroscopic UV /vis, fluores-
cence, electron and energy transfer characteristics. Applications of self-assembled dyes on
gold as sensors, photoswitchable materials, catalysts and for photocurrent generation are
outlined.

Keywords Chromophore - Self-assembled monolayer (SAM) - Gold - Electron transfer

Abbreviations

AFM Atomic force microscopy

ARXPS Angle resolved X-ray photoelectron spectroscopy
COx Cytochrome oxidase

EN Energy transfer

ET Electron transfer

FET Field-effect transistors

FT-IRRAS Fourier transform infrared reflection absorption spectroscopy
GOD Glucose oxidase

IRRAS Infrared reflection absorption spectroscopy

ITO Indium tin oxide

LB Langmuir-Blodgett

MRH*-GOD Protonated merocyanine-glucose oxidase
NEXAFS Near-edge X-ray absorption fine structure spectroscopy
NLO Non-linear optical

OLED Organic light-emitting diode

OoPV Oligophenylenevinylene

RAIR Reflection absorption infrared spectroscopy
SAM Self-assembled monolayer

SP-GOD Nitrospiropyran-glucose oxidase

STM Scanning tunnelling microscopy

TPP Tetraphenylporphyrin

XPS X-ray photoelectron spectroscopy

1

Introduction

The research topic of self-assembled monolayers (SAMs) has grown tremen-
dously in synthetic sophistication and depth of characterisation over the
past 20 years [1]. Functionalised self-assembled monolayers [2,3] have at-
tracted the attention of many scientists because of their potential appli-
cations in chemical sensors [4-6], biosensors [7, 8], NLO-systems [9-13],
molecular switches [8,14-19], molecular electronics [20-25], photovoltaic



Self-Assembled Monolayers of Chromophores on Gold Surfaces 259

devices [26-28], active surfaces for patterning [29-33] and chemical archi-
tecture [34,35]. Although chromophore SAMs attached to gold nanoparti-
cles [36-55] and to other surfaces, such as SiO; [1, 3,56-59] or ITO (indium
tin oxide) [17, 60, 61], play an increasingly important role and even might sur-
pass bulk gold in many technological aspects we restrict ourselves here to
chromophore SAMs on bulk gold surfaces.

It is well known that organosulfur compounds react with gold surfaces.
In 1982 Taniguchi et al. observed the spontaneous formation of pyridine di-
sulfide SAMs on a gold surface [62]. In 1983, Nuzzo and Allara showed that
SAMs of alkanethiolate on gold could be prepared by adsorption of n-alkyl
disulfides from dilute solutions [63]. This report initiated a rapid growth in
SAM research.

The reasons for the large interest in SAMs are their great advantages
over Langmuir-Blodgett (LB) films [64, 65]. Although there have been nu-
merous attempts to organise molecules in LB films, the instability of the
physisorbed layers and the defects caused by previously adsorbed material
are inherent limitations [66]. On the other hand SAMs are ordered molecu-
lar assemblies formed by the adsorption of an active surfactant on a solid
surface, which includes the formation of a covalent bond of thiol, e.g. to
gold or silver. This simple process makes SAMs inherently manufacturable
and thus technologically attractive. Chemisorption involves relatively large
heats of bond formation (40-160 kJ/mol) and has two advantages: firstly, the
chemical reaction displaces any previously formed physically attached adsor-
bates or impurities from the surface. Secondly, the adsorbed species, once
bonded, are difficult to remove from the surface. However, there are three
disadvantages of chemisorption: the uncertain degree of coverage, the pos-
sibility of further chemical reactions (e.g. thiolates on gold slowly oxidise
to sulfoxides in high-humidity environment) and the formation of surface
dipoles [66].

While the majority of publications deal with thiols on gold, silanes on
hydroxylated surfaces like silicon, glass, mica or ITO are important systems
for many potential applications [3, 55, 67, 68], although high quality SAMs of
alkyltrichlorosilane derivatives are difficult to produce. SAMs of fatty acids
are an important link between the LB and the self-assembly techniques [3].

While the early days of SAM research were almost exclusively devoted to
the investigation of the formation, structure and physical properties of al-
kanethiols on gold, in the past decade the function of such SAMs has moved
into the foreground. In many cases the functionality of SAMs is associated
with chromophores or m-systems in the broadest sense. Although one can
hardly speak of dyes in the common sense because the colour of these SAM
chromophores is invisible to the human eye owing to the low absorptivity
of the monolayer, changes of absorptivity, orientation, redox state, electron
transfer behaviour etc. can readily be measured by a variety of physical
methods and can be used to build up functional units on a monolayer scale.
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Therefore, if we speak of “chromophores” in this context we simply mean
more or less extended functional 7-systems.

The purpose of this review is to give an overview of the different
chromophore-carrying thiols used for self-assembly on gold surfaces, their
spectroscopic behaviour and their possible applications. Because of their
stability and easy preparation, chromophores on gold may become import-
ant systems for many technological applications. Efforts continue to achieve
better reproducibility in monolayer preparation. We attempt to provide a gen-
eral picture about the structure and preparation of gold surfaces for SAMs
and to give the basics of alkanethiol monolayers on gold. Structural factors
depending on the chromophores bound to gold surfaces and the different
preparation pathways are also discussed.

2
Morphology of Gold Surfaces for SAMs

Considering crystalline gold for SAM preparation, one has to distinguish
two different morphologies, i.e. polycrystalline and single-crystal substrates.
If the substrate is a single crystal, a particular face must be selected. Al-
though many studies have been reported on bulk single gold crystals, most
“single-crystal” work has been done on evaporated or sputtered gold films
on cleaved mica, polished single-crystal silicon or glass. The gold films
exhibit a strong Au(111) character when deposited on glass or silicon,
and they are essentially 100% Au(111) when deposited on freshly cleaved
mica (Fig. 1) [69-72].

| Au(111)(¥3X23)

Fig.1 Constant-current STM topograph of Au(l11) surface showing quasihexagonal
arrangement of Au atoms. Reprinted with permission from [106]. Copyright (1997) Amer-
ican Chemical Society
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Creager et al. showed that SAMs on polycrystalline gold electrodes are
superior in terms of defects of the alkanethiol monolayers to SAMs on eva-
porated gold films on smooth substrates (silicon wafer or cleaved mica) if the
polycrystalline gold is annealed at 1000 °C, polished, and then etched with
dilute aqua regia [73].

Electrodes using sputtered and annealed gold films on glass support SAMs
that are apparently free of pinholes [74, 75] even though the grain structure is
much smaller on sputtered films than on evaporated films [69]. However, an
atomically smooth plane of gold atoms is still anticipated to yield the highest
ordered and most regularly packed monolayer [2].

One effective characterisation tool for the investigation of SAMs, apart
from the most widely used characterisation methods (AFM, STM and X-ray
diffraction [76]) is UV /vis spectroscopy. The thickness of the gold films on
glass substrates used for UV /vis transmittance measurements varies between
5 and 20 nm. A major drawback of this technique is the intense absorption of
the gold substrate [77]. To minimise the self-absorption of the gold substrate,
ultrathin gold films of < 10 nm thickness can be used [78]. It is well known
that the substrate may influence the electronic and, hence, the optical proper-
ties of the adsorbate and vice versa. Such effects are mostly studied in colloid
systems [79-81], although it is quite clear that the interaction may also be no-
ticeable in ultrathin gold films, where the “island” structure resembles that of
a colloid (Fig. 2).

Rubinstein et al. showed that these discontinuous and inhomogeneous
films, composed of nanometer-sized gold clusters (islands), exhibit absorp-
tion in the visible or near-infrared region, which is attributed to the surface
plasmon resonance of gold (Fig. 3) [78] comparable to other ultrathin metallic
films [82-84].

The sizes and optical properties of these Au(111) textured islands can
be controlled by the evaporation conditions and subsequent annealing (see
Fig. 2). The influence of the evaporation parameters on the gold layer texture
were extensively studied [85-88].

A very simple method to get a single-crystal electrode is to melt a gold
wire in a hydrogen flame; Au(111) crystal planes appear in small steps on the
surface of the molten ball [89]. “Annealing” a gold ball prepared according
to this procedure by cycling the electrode potential using dilute perchloric
acid and traces of chloride removes atomic-scale defects from single crystal
planes [90].

Another very important carrier for SAMs are gold nanoparticles [37, 54]
because of their stability and their fascinating aspects associated with
individual particles, size-related electronic, magnetic and optical proper-
ties (quantum size effects), and their applications in sensors [91] and for
biomolecular labelling or as immunoprobes [53, 92, 93].

Owing to the roughness of the surface the actual surface area of gold is al-
ways larger than the geometrical surface area. The actual surface area (A) of
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Fig.2 Tapping-mode STM topographic images of ultrathin gold films (300 x 300 nm) of
100, 75, 50, 25 and 13 A thickness on mica. Compared to the unannealed films anneal-
ing leads to larger separation between individual islands, increase of the island diameter,
and flattening of the upper surface, exposing the Au(111) crystallographic face. Reprinted
with permission from [78]. Copyright (2000) American Chemical Society
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Fig.3 UV/vis spectra of ultrathin gold films on mica, showing the gold surface plas-
mon band for annealed films. Thicknesses: 13, 25, 50, 75 and 100 A (from bottom to top).
Inset: Dependence of the band intensity on the gold nominal thickness. Reprinted with
permission from [78]. Copyright (2000) American Chemical Society
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gold electrodes is important to know for the calculation of the surface cover-
age of gold electrodes with thiols. Soriaga et al. introduced a reliable method
for determination of A using chemisorbed iodine [94].

3
Basic Aspects of SAMs

Owing to the easy preparation, to the well-defined order and also to the rela-
tive inertness of the substrate, thiols on gold have become a model system
for SAMs. The most studied and probably best understood SAMs are those
of alkanethiolates on Au(111) surfaces [3,95-103]. The following description
gives a brief overview of the basics of alkanethiol-SAMs; more information
can be obtained from the reviews mentioned above and related literature.

3.1
Structure of Alkanethiol-SAMs

A gold substrate can be coated with an organised monolayer simply by im-
mersing the substrate into a dilute solution of thiol or disulfide. The forma-
tion of the SAMs may be considered formally as an oxidative addition of the
S —H bond to the gold surface, followed by a reductive elimination of hydro-
gen. Extensive X-ray photoelectron spectroscopic (XPS) experiments suggest
that chemisorption of alkanethiols on gold(0) surfaces yields the gold(I) thi-
olate (R— S~) species [104]. The presumed adsorption chemistry is:

1
R-SH + Au,’ > R-S - Au™ + 2H2 + Au,_;°

The bonding of the thiolate group to the gold surface is very strong (the ho-
molytic bond strength is approximately 160 kJ/mol) [105].

Even though the mechanism of SAM formation is still under debate the
structure of the monolayer is well understood. In general the arrangement of
sulfur atoms is hexagonal and commensurate with the underlying gold lattice
(Fig. 4a). This imposes a S — S distance of 4.97 A [3]. Depending on the length
of the alkyl chains and their relative orientation superlattices may form as ex-
emplified by the c(4 x 2) superlattice of a (v/3 x +/3)R30° overlay structure
of octanethiol on Au(111) (Fig. 4b) [106]. While it is generally believed that
the stability of the alkanethiol SAMs increases with increasing chain length
owing to increasing van der Waals interactions, Ulman et al. suggested two
chemisorption modes with 180° surface-S — C angle (sp-hybridisation of S)
and 104° surface-S — C angle (sp>-hybridisation of S), the latter being slightly
more stable [107]. Indeed, Zharinkov et al. demonstrated that hybridisation
and thus spatial orientation of the bonding orbitals of sulfur is the deter-
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Fig.4 (a) Hexagonal coverage scheme for alkanethiolates on Au(111). The open circles
are gold atoms and the grey circles are sulfur atoms [3]; (b) Constant-current STM to-
pograph of an octanethiol monolayer on Au(111) which shows a c(4 x 2) superlattice
of a (+/3 x 4/3)R30° overlay structure. Reprinted with permission from [106]. Copyright
(1997) American Chemical Society

mining factor for the orientation and density of the monolayers rather than
intermolecular interactions [108].

Because in SAMs the sulfur-sulfur interactions are believed to be mini-
mal and the sulfur-sulfur distance is greater than the minimal distance of
the alkyl chains, the latter are tilted in order to maximise the interchain
alkyl-alkyl van der Waals interactions. This tilt angle is found to be ~ 30°
with respect to the surface normal towards the nearest neighbour direction
(Fig. 5) [95].

X
Fig.5 The tilt angle ®; of the alkanethiol chain relative to the surface normal [95]
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Fig.6 Structure of alkanethiols 1-3 [109]

The tilt angles of alkanethiols towards the surface normal can be varied
by incorporation of aromatic groups into the alkyl chains (Fig. 6). Larger
tilt angles (37-40°) can be observed by introducing aliphatic and aromatic
moieties, which are directly connected (Fig. 6, compounds 1 and 2). By con-
necting the aromatic and the aliphatic groups via an oxygen bridge smaller
tilt angles, with a nearly perpendicular orientation of the chromophores to
the goldsurface, are found (Fig. 6, compound 3). As derived from RAIR-
spectra, the tilt angle of SAMs on gold can be influenced in a desired manner
by appropriate modification of the alkyl chains [109].

3.2
Adsorption Kinetics of Alkanethiol-SAMs

Kinetic studies of alkanethiol adsorption from ethanol solutions onto
Au(111) surfaces have shown that at relatively low concentrations (10~ M)
two distinct adsorption kinetic steps can be observed: a very fast step, which
takes a few minutes and leads to about 80-90% of maximal coverage; and
a slow step, which lasts several hours and at the end of which the thickness
and contact angles reach their final values [110]. The initial step, described
by the diffusion-controlled Langmuir adsorption, was found to be strongly
dependent on the thiol concentration. At 1 mM solution the first step was
over after ~ 1 min, while it required over 100 min at 1 uM concentration.
The second step can be described as a surface crystallisation process where
the alkyl chains move from disordered states into unit cells, thus forming
a two-dimensional crystal [110]. A more detailed study of Buck et al. involved
different types of adsorption sites and showed that the rate-determining step
strongly depends on the type of solvent [111-113].

Concerning the chain length of alkanethiol monolayers, Bain et al. noted
that the monolayer properties of longer-chain n-alkanethiols (n > 8) were
consistent but that shorter-chain thiol monolayers were qualitatively differ-
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ent, displaying greater disorder [110]. Comparing alkanethiols with different
chain length Peterlinz and Georgiadis found that for the initial fast adsorp-
tion step (25 min for a 1 mM solution) the rate decreased with increasing
chain length whereas the opposite trend was observed in the second step,
which lasted many hours [112]. Monolayers composed of Cg- and C;;-chain
molecules reached >80% of the final thickness in the first step while the
longer-chain films (C;6 and C;s) only reached 40-50%. Not withholding that
the literature is full of dramatically conflicting reports regarding the effects
of chain length on thiol SAM growth kinetics [99, 110-116], we sum up by
saying that in general alkanethiols with short chains (< C¢) form disordered
monolayers, while in longer alkanethiol chains (> C;) the van der Waals inter-
actions are strong enough to build well-ordered SAMs.

4
Structural Aspects of Chromophore SAMs

4.1
Synthesis of SAMs

Generally, two different strategies are employed for the formation of SAMs of
functional components on gold surfaces. One method is the direct adsorption
of a functional component that carries a thiol or disulfide group. This sulfur
group is attached to the functional component by a synthetic procedure prior
to the SAM formation step (Fig. 7) [27,117-119]. The sulfur group itself may
either be a thiol, a disulfide, an acetyl protected thiol or [1, 2]-dithiolane.

The alternative method is covalent attachment of the functional compo-
nents onto a preformed SAM of w-functionalised (e.g. - COOH, NH;) alkane-
thiols (Fig. 8) [120-122].

For an easy variation of the spacer length in mixed SAMs, Schuhmann
and Gorton developed a three-step modification procedure (Fig.9) [121].

I_/—/—%tlon ;
4 h - several days
X =SH, dlsulflde

Deposltlon

Fig.7 Direct adsorption method of thiolated compounds onto gold (Chr = chromophore)
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Fig.8 Covalent attachment of the functional components onto preformed SAM of w-func-
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Fig.9 Schematic representation for the immobilisation of a chromophore on a dilute
spacer [121]

In the first step, a monolayer consisting of an activated disulfide (3,3'-di-
thiopropionic acid di-(N-succinimidyl ester); Lomant’s reagent) mixed with
3-carboxypropyl-disulfide (1 :99) is self-assembled on the electrode surface.
Addition of high excess of 1, w-diaminoalkanes to the monolayer, which con-
tains the activated head groups, yields a monolayer terminated with amino
groups. Activation of the carboxylic residues of the chromophore leads to
amide-bonded chromophore monolayers. This approach has the advantage
that the concentration of functionalised molecules can be determined by the
initial ester/disulfide ratio. In this way, chromophore-SAMs can be studied in
which the chromophore units are well separated from each other.
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4.2
Structures of Basic s7-Systems in SAMs

No general statement concerning the structure of self-assembled chro-
mophores on gold surfaces can be made. Two reasons account for this prob-
lem: the first is that the chromophore moieties are usually much larger than
alkyl chains, which inhibits a well-ordered arrangement of chromophore-
appended alkanethiol-SAMs. The second problem arises because of specific
interactions between the chromophore units, such as w-m stacking etc. We
will briefly describe the structures of some simple 7-systems attached to gold.
Although these systems can hardly be viewed as chromophores they may
serve to illustrate some features of 7-system-SAMs, which also play a role in
more complex chromophore-SAM assemblies.

Thioaromatic compounds were found to form highly oriented and densely
packed SAMs on gold. The molecular orientation and orientational order of
the adsorbed thioaromatic molecules depends on the number of aromatic
rings and the rigidity of the aromatic systems. Comparison of the chemical
homologue TP (thiophenol), BPT (p-biphenylthiol) and TPT (p-terphenyl-
thiol) monolayers shows that the molecular orientation becomes less tilted
with increasing length of the aromatic chain (Fig. 10A) [123]. This ten-
dency can be explained by the assumption that the intermolecular forces
responsible for the self-assembling become stronger with an increasing num-
ber of aromatic rings. Investigations of AnT (anthracene-2-thiol), which has
more rigidity than TPT, show that the size of the conjugated system af-
fects the final molecular orientation within the layer to a larger extent than
the rigidity of the molecule. In contrast to TP with only one phenyl ring,
AnT forms a highly oriented SAM, which is presumably a consequence of
the stronger intermolecular interaction between the conjugated anthracene
backbones of the adjacent AnT systems [123]. In contrast to the above men-
tioned BPT, biphenyldithiol (BPDT) and biphenyldimethylthiol (BPDMT) do
not form well-oriented monolayers because of oligomerisation reactions in
which two to four units are connected by disulfide bridges due to their air
sensitivity (Fig. 10D). However, the increase of the aromatic backbone inter-
action in terphenyldimethylthiol (TPDMT) leads to the formation of SAMs
with a high degree of molecular orientation (Fig. 10C) [124]. Depending
on the w-functionalisation, carboxy terphenylmethanethiols (CTPMT) form
highly oriented bilayers where the second layer of COOH-terminated CTPMT
is bound to the first layer by hydrogen bonds in a head-to-head fashion
(Fig. 10B) [125].

Independent of their position, the incorporation of aryl groups in alkyl
chains influences the chain molecular orientation to the surface, but does not
prevent dense packing. Depending on the bonding between the aryl groups
and alkyl chains (alkyl-Ph versus alkyl-O-Ph) the molecules possess smaller
or larger tilt angles than normal alkanethiols (see Sect. 3.1, Fig. 6) [109].
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Fig. 10 Thioaromatic compound used for structural investigations [123-125]
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Comparison of the benzyl mercaptans 4 and 4-biphenylmethanethiols 5
with the thiophenols 6 and the biphenylthiols 7 (Fig. 11) shows that the chro-
mophores 4 and 5, with a methylene unit between the thiol and the aromatic
group, form closely packed and well-ordered monolayers independent of the
length of the p-alkoxy substituents. For 6 and 7, ordered monolayers can only
be achieved by increasing the length of the alkoxy chains, indicating that the
bond angle between the thiolate head group and the 7-system influences the
packing of the monolayers [126, 127].

Zharnikov et al. investigated the even-odd effects of biphenyl- (8) and
terphenyl-substituted (9) alkanethiols with XPS, FT-IRRAS and NEXAFS in
terms of the spacer length between the aromatic backbone and the thiol func-
tion and the packing density on different substrates. While on Au(111) the
chromphores with even numbers of methylene units are loosely packed and
the aromatic unit is tilted towards the gold surface, the tilt angle behaviour
changes in the opposite way by using Ag(111) surfaces (Fig. 12) [128-130].

Oligo(phenylene-ethynylene)benzenethiols 11 and 12 also form the more
highly ordered SAMs the longer the conjugated backbone is [131]. While STM
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Fig. 11 Molecules 4-7 for structural investigations in SAMs [126]

images indicate that 10 forms islands or pits on the gold surface, 11 exhibits
a certain degree of order and 12 consists of highly ordered domains, which
have a row structure consisting of dimeric subunits (Fig. 13). Compound 12
and the nitro-substituted compound 13 posses tilt angles on Au(111) surfaces
between 33-39° with a (/3 x +/3)R30° superlattice structure [132].

Oligothiophenes are also attractive conjugated molecules for SAM for-
mation [60]. In the case of oligothiophene-derivatised thiols, both the thio-
phene rings and the thiol group can directly adsorb onto the Au surface: in
thienylalkanethiol-SAMs with short alkyl chains between the oligothiophene
and the thiol, the thiophenes directly adsorb onto the gold surface because of
the small van der Waals interactions of the alkyl chains. In contrast, increas-
ing the chain length of the alkyl bridges of the oligothiophenes leads to well-
ordered monolayers.

even

odd

i i PR
O O l Au(111) l

O O even odd
8 (CH), 9 (CHy,
/ 7/
S S
| |
l l
s s s
| l | |

Fig.12 Schematic drawing of the orientation and packing of the biphenyl- (8) and ter-
phenyl-substituted (9) alkanethiols on Au(111) and Ag(111) [128, 130]
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Fig.13 Top: Structures of oligo(phenylene-ethynylene)benzenethiols 10-13 [131,132].
Bottom left: STM image of 12 on Au(111)/mica. Bottom right: top-down view of a 2(v/3 x
+/3)R30° model for SAMs of 12 on Au(111). Ovals indicate a possible dimerisation
scheme. Reprinted with permission from [131]. Copyright (1996) American Chemical
Society

Oligothiophenes carrying an alkanethiol group on one of the internal
B-positions adsorbed on gold are not very well organised. Although the SAMs
are quite dense they contain many defects due to the T-like geometry of the
single molecules (Fig. 14, 14, 15) [133]. FTIR-spectroscopy indicates loosely
interacting alkyl chains in a densely packed structure in which the thiophene-
oligomere is slightly tilted up towards the surface normal.

In contrast, ter- and quarterthiophene-alkanethiols bearing alkanethiol
chains at the a-position are densely packed and highly ordered (Fig. 14,
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o
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Fig. 14 Different oligothiophenes for SAMs [133-136]
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Fig.15 STM image showing a 44 x 41 nm? area of a SAM of a mixture of 25%
CH3(CH;)15SH and 75% CH30,C(CH;);5SH. Brighter regions are CH30,C(CH;);5SH
domains and darker regions are CH3(CH;);5SH domains. Reprinted with permission
from [141]. Copyright (1994) American Chemical Society

16, 18). IRRAS spectroscopy indicates that the quarterthiophene is almost
parallel to the surface normal [134, 135] while the terthiophene-alkanethiol
17 is tilted about 14° away from the surface normal [136].

SAMs consisting of a mixture of non-functionalised alkanethiols and w-
functionalised alkanethiols provide the chance to study “isolated” function-
alised sites in SAMs. In these mixed SAMs the non-functionalised alkanethi-
ols serve as “dummy” molecules to dilute the functionalised compounds and
to isolate the active sites in order to minimise their interactions. These mixed
SAMs play an important role, e.g. in the development of biorecognition sur-
faces [137-139]. One obstacle in producing mixed monolayers is the different
rate of adsorption of the non-functionalised and the end-functionalised thi-
ols. Consequently, the final composition of the mixed SAMs not only depends
on the initial ratio of the two thiols but also on their individual as well as
cooperative adsorption and desorption kinetics [140]. Another problem is
the tendency for similar molecules to aggregate into islands on the surface
(Fig. 15) [141, 142]. Therefore, the final SAM composition cannot be pre-
dicted easily.
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4.3
Selected Important Chromophores in SAMs

4.3.1
Porphyrin and Metalloporphyrin SAMs

In recent years organised assemblies of porphyrins on gold surfaces have at-
tracted considerable attention, mainly directed towards the development of
photovoltaic devices, catalysis and photonic sensors [27, 143].

The structure of porphyrins in SAMs has been widely studied because
of the strong and characteristic UV /vis absorption features of porphyrin
chromophores (see Sect. 5.1) [78, 142, 144]. Porphyrins may form two differ-
ent types of aggregation: a face-to-face porphyrin w-aggregation (sandwich-
type H-aggregate) and a side-by-side porphyrin w-aggregation (J-aggregate)
(Fig. 16). The J-type aggregation is often found with cyanine dyes [145, 146].

Systematic studies of the photoelectrochemical properties of SAMs of por-
phyrin disulfide dimers clarified the effects of the photocurrent on the spacer
length (Fig. 17) [27, 142, 147-150]. The photocurrents decrease dramatically
with a decrease in the spacer length, indicating that there are two compet-
itive deactivation pathways for the excited porphyrin, i.e. quenching by the
electrode and by the electron carrier. The porphyrin monolayers show a more
highly ordered structure the longer the methylene spacer is. The adjacent
porphyrin rings take on a J-aggregate-like partially stacked structure in the
monolayer [142]. The porphyrin ring planes in the monolayer with an even
number (n = 2, 4, 6, 10) of methylene groups are tilted significantly to the gold
surface, while porphyrins with an odd number (n =1, 3,5,7, 11) of methylene
spacers take on nearly perpendicular orientation to the gold surface [142].

Metalloporphyrin SAMs also play an important role in catalysis. Sev-
eral thiol-derivatised metalloporphyrins have been prepared that contain
zinc [151,152], manganese [153] or cobalt [152,154-156]. Such metallopor-
phyrin systems bound to gold electrodes have been used to investigate the
reduction of oxygen to hydrogen peroxide [154-156]. The electrocatalytic
activity of this process depends on the interfacial architecture of the met-
alloporphyrin SAMs [155]. Metalloporphyrins in which the porphyrin rings
are coplanar to the Au-surface show a higher electrocatalytic activity than
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Fig.16 Schematic structures of H- and J-type aggregate of porphyrins
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Fig.17 Gold electrodes modified with self-assembled monolayers of porphyrin disulfide
dimers with different chain length of spacers [142, 241-243]
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Fig.18 SAMs of metalloporphyrins with different number of thiol-anchors and their
bonding onto a gold surface (M = H;, Co) [154-156]
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porphyrins with a nearly perpendicular orientation. The coplanar orientation
towards the gold electrode could be achieved by increasing the number of
thiol-containing anchors (Fig. 18) [154, 155].

Ratner et al. introduced a new type of tetraphenylporphyrin (TPP) that
forms SAMs on gold. These porphyrins are novel in that the sulfur-containing
anchors are attached to the porphyrin via a sixfold-coordinated phospho-
rus centre (Fig. 19a), which leads to a parallel orientation of porphyrin and
gold surface [144,157]. A similar parallel orientation can also be achieved
by chemisorption via axial ligand substitution of the metal centre (ruthe-
nium, osmium) of metalloporphyrins in mixed SAMs containing imidazole-
terminated adsorbates (Fig. 19b) [158]. The same strategy was used by Rubin-
stein and Shanzer to build up SAMs by connecting cobalt and iron TPPs to
various N-donor ligand monolayers [78, 159].

For the investigation of pH-dependent photoinduced electron transfer
Uosaki et al. used a tetraphenylporphyrin coupled to a mercaptoquinone
(Fig. 20) [160, 161]. In electrolyte solutions containing methylviologen as an
electron acceptor and EDTA as an electron donor, anodic (cathodic) pho-
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Fig.19 (a) Attachment of P(TPP)-thiol and P(TPP)-disulfide molecules to gold [157];
(b) Deposition of M(porphyrin)(L;) to a mixed SAM of C;o— SH and imidazol-C;o — SH
on a planar gold substrate [158]
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Fig.20 Porphyrin-mercaptoquinone SAMs used for investigation of pH-dependent pho-
toinduced ET [160, 161]

tocurrents were observed at potentials more positive (more negative) than the
redox potential of the quinone moiety. By increasing the pH of the solution
from pH 3.5 to 5.5 the redox potential of the quinone moiety decreased. The
shift of the potential dependence of the photocurrents to the negative direc-
tion also indicates that the photoinduced electron transfer direction can be
controlled by the pH of the electrolyte solution.

7 SAc (examples)

¢ SAc

F F

\\\/\/\/\SAC

R =heptyl MgPc-Tpd

Fig.21 Different redox-active porphyrins and phthalocyanines for studies of heteroge-
neous ET and of molecular information storage [162, 163, 165, 166]
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Fig.22 Heme derivatives and structural models of SAMs (TEH = thioethylated heme
derivative; TDH = thiodecylated heme derivative) [119]

Lindsey et al. developed new routes for the preparation of thiol-derivatised
porphyrin monomers and porphyrin building blocks that require no hand-
ling of free thiols for measuring the rate of heterogeneous electron transfer
in SAMs with regard to molecular information storage [162-166]. Acetyl-
protected thiols were used because they are relatively stable and can be used
directly for SAM formation [167]. Electrochemical studies of SAMs indi-
cate that a tripodal tether provides a more robust anchor to the Au surface
than does a tether with a single site thiol attachment. The ET and charge-
dissipation characteristics of the different tethers are generally similar, but
the tripodal anchor offers superior stability characteristics (Fig. 21) [166].
A further advantage of the tripodal anchor is that it ensures a 90° orientation
of porphyrin chromophores towards the Au surface.

The reconstitution reaction of heme derivatives with apo-protein on gold
surfaces is a convenient method for fabricating well-ordered protein mono-
layers on solid substrates as a first step for the structural analysis of proteins
and also for device applications. Kobayashi and coworkers synthesised thi-
olated heme compounds to investigate the self-assembly behaviour on gold
(Fig. 22) [119, 168]. UV- and IRRAS-spectroscopy indicate that the tilt angle
of the adsorbed molecules depends on the alkyl chain length between the
surface and the chromophore.

4.3.2
Phthalocyanine-SAMs

Phthalocyanines have a high potential as the chemically active component in
both conductometric and optical sensors, in photovoltaic cells and in optical
data storage devices [169-171].

Russell et al. synthesised a series of phthalocyanine alkanethiols and disul-
fides with different length of alkyl spacers (Fig. 23). IRRAS spectroscopy indi-
cates that the orientation of the phthalocyanine macrocycles towards the gold
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Fig.23  Phthalocyanine alkanethiols synthesised by Russell et al. and schematic
representation of the possible orientation of the phthalocyanine SAMs on the gold sub-
strate [172-174]

surface depends upon the length of the alkanethiol anchor chain. When a Cy;
hydrocarbon chain was used the phthalocyanine macrocycles form a densely
packed and highly ordered SAM with the phthalocyanine rings arranged
in a nearly perpendicular configuration with respect to the gold surface. In
contrast, a C3 alkyl anchor chain results in a less closely packed monolayer
in which the phthalocyanine macrocycles are arranged parallel to the gold
surface [172-174]. This emphasises the structure-forming influence of alkyl
chain interactions with increasing chain length.

To investigate the heterogeneous ET rates in phthalocyanine SAMs a se-
ries of monomers, dimers, trimers and oligomers of triple-decker eu-

Fig.24 Bis(S-acetylthiol)-derivatised europium triple-decker monomer [175]
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ropium phthalocyanine complexes bearing S-acetylthiol groups at the ter-
mini were prepared (Fig.24). In SAMs, the complexes are oriented with
their linkers/macrocycle planes parallel to the surface. This contrasts with
monothio-derivatised analogues which prefer perpendicular geometry. The
parallel geometry of the dithiol-derivatised triple-deckers is qualitatively con-
sistent with a covalent attachment to the gold surface via both thiol end
groups [175].

433
Fullerene (Cg)-SAMs

Ceo is an important SAM building block because of its remarkable elec-
tronic, spectroscopic and structural properties [26-28, 176]. To explore the
relationship between the structure and the photochemical properties of Cgp,
Imahori et al. prepared different kinds of Cgp alkanethiols by systematically
changing the linking positions of the pyrrolidine ring fused to the C¢p moi-
ety at the phenyl group from ortho, meta to para (Fig. 25) [26, 27,177, 178].
Electrochemical measurements showed that well-ordered SAM structures are
formed on gold electrodes. A stable anodic photocurrent was observed in
the presence of an electron acceptor when the electrode was illuminated with
monochromatic light. Depending on the linking position, the intensity of the
photocurrent increases gradually in the order o-, m- to the p-isomer.
Stabilisation of the Csp monolayers and alteration of the electronic proper-
ties can be achieved by introducing oligothiophenes between the gold surface
and Cgp instead of the alkyl spacer [28,179]. Surface coverage studies show
that the packing of the monolayer depends on the chain length of the olig-
othiophenes, i.e. for n =1 the quarterthiophene chain is oriented coplanar
to the gold surface while for n = 2 the octithiophene is tilted. One disadvan-
tage of these oligothiophene-Cgy SAMs for photocurrent generation is that the
excited states are quenched by close oligothiophene-oligothiophene interac-
tions and by the gold surface [180]. The deactivation pathways are suppressed
if tripodal anchors are used. This ensure a perpendicular alignment of the

Fig.25 Cgo alkanethiols with different pyrrolidine linking position (o, m, p-isomer) [26,
27,177, 178]
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Fig.26 Oligothiophene-fullerene systems containing disulfide or tripodal anchors [28]

oligothiophene chain to the gold surface, which ensures non-aggregated chro-
mophores (Fig. 26) [179].

43.4
SAMs of Aromatic Azo Compounds

Azobenzenes are frequently used as molecular switches because of their re-
versible photoinduced trans to cis isomerisation [181, 182].

Fujishima et al. found that SAMs prepared of azobenzene-terminated
long chain alkanethiols on gold surfaces show a herring-bone structure in
which the long axes of the azobenzene moieties are parallel to each other
and the short axes of neighbouring molecules are perpendicular to each
other (Fig. 27) [183, 184]. In contrast, phenylazonaphthol alkanethiol mono-
layers are densely packed as a J-aggregate and well oriented with a tilt angle
of 28° [185].

The light-driven interconversion of trans to cis isomers of azobenzene was
used to control the heterogeneous ET of a SAM consisting of a ferrocene-
alkanethiol that was substituted by azobenzene. Electrochemical investiga-
tion of a mixed SAM containing 20% of the above mentioned cis azobenzene-
ferrocene derivative and 80% of the trans isomer can be converted to pure
trans isomer SAM by electroreduction and converted back to the 20/80 mix-
ture by UV irradiation [18].

Cook et al. studied the photoinduced trans to cis isomerisation of a (pyri-
dylazo)phenol alkanethiol SAM and its interaction with transition metal ions
by spectroscopic and electrochemical methods [19]. The SAM in the trans
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Fig.27 Molecular packing modes in SAM films of azobenzene alkanethiols (a) and of
phenylazonaphthol alkanethiols (b) [183, 185]

isomeric form provides a bidendate ligand that can chelate metal ions such as
Ni?* and Co?* (Fig. 28). Following irradiation with UV light (A = 365 nm) the
SAM photoisomerises to the cis form, which is unable to chelate metals. This
photoisomerisation can be reversed by irradiating the cis monolayer with UV
light at 439 nm.
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Fig.28 Photoswitching and metal-ion chelation by 8-[4-(2-pyridylazo)phenoxy]octane-
thiolate-SAM [19]
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4.3.5
SAMs of Pyrene Chromophores

Pyrene is one of the most prominent standard chromophores for probing flu-
orescence in relation to excimer formation [186]. Fox and Whitesell et al. used
a tripodal anchor group to attach a pyrene chromophore in a stable and well-
ordered monolayer (Fig. 29, 19) [122, 187]. Although attached to a conducting
surface, these monolayers display significant fluorescence from a pyrene ex-
cited state. The SAMs obtained are so stable that extensive washing did not
result in any loss of fluorescence intensity.

The assembly of molecular components for light harvesting and charge
separation in artificial photosynthetic systems is of current interest. To mimic
the multistep electron transfer in natural systems, Imahori et al. prepared
a mixed SAM that combines an artificial antenna system (pyrene) with an
artificial reaction centre (porphyrin), to examine the possibility of photoin-
duced energy transfer in two-dimensional assemblies (Fig. 29, 20) [27, 147].
The ratio of porphyrin : pyrene in the mixed SAM estimated from the ab-
sorption spectra on the gold surface is significantly lower than that of the
solution from which the SAM was prepared. The strong 7w-m interaction of
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Fig.29 SAMs containing pyrene chromophores: 19: pyrene bound to the gold surface via
a tripodal anchor group [122, 187]; 20: mixed SAM of pyrene and porphyrin [27, 147];
21: multilayer system consisting of pyrene and Cu(II)-complexes [188]
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the pyrene moieties as compared to the relatively weak interaction between
the porphyrin moieties due to the bulky fert-butyl groups may be responsible
for the preference of the adsorption of the pyrene over the porphyrin onto the
gold surface.

Recently, MacDonald and coworkers followed a strategy for the assem-
bly of supramolecular photocurrent-generating systems in which the light-
absorbing group (pyrene) is non-covalently coupled to a gold surface via
metal-ligand complexation (Fig. 29, 21). These systems are non-covalently
assembled by a sequential deposition of three or more components. For
n=1 (see Fig. 29, 21) three components are used: first, decanethiol linked
to a 4-pyridyl-2,6-dicarboxylic acid ligand is deposited, followed by Cu(II)
ions. The last step is the introduction of the pyrenyl-substituted pyridyl-2,6-
dicarboxylic acid ligand. The formation of the monolayers was monitored by
conductivity and impedance measurements [188].

4.3.6
SAMs of Dyad and Triad Chromophore-Arrays

SAMs built from molecules consisting of multiple chromophore units in a lin-
ear array (dyads, triads etc.) play an important role in the development of
devices for photocurrent generation, artificial photosynthesis or current rec-
tification [26, 27, 61].

Imahori et al. synthesised a series of dyad and triad chromophore arrays
in order to mimic the highly efficient multistep electron transfer in natural
photosynthesis [26, 27]. In case of a porphyrin-linked C¢y compound experi-
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Fig.30 Porphyrin-Cgo-dyad and ferrocene-porphyrin-Ceo-triad for SAMs for investigation
of multistep electron transfer processes [26, 27]
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Fig.31 Porphyrin— Cg — Fc — Cy; — SH (22) [117, 194] and Cgo-(4-mercaptophenyl)anthryl-
phenylacetylene (Cgo-MPAA, 23) SAMs including STM image of a pseudohexagonal
ordered assembly of Cgo-MPAA on Au(111) surface. Reproduction with permission
of [195]

mental data revealed that the molecules were tilted nearly parallel to the gold
surface, leading to the formation of loosely packed structures [26, 189, 190].
Self-assembled monolayer systems of porphyrin-Cep dyads have been ex-
tended to a linear array of a ferrocene-porphyrin-Cgp triad with an alkane-
thiol (Fig. 30) [27,191-193]. Surface coverage measurements indicate that
the tethered oligoalkyl-thiol makes it possible to arrange the triad in a well-
packed almost perpendicular orientation to the gold surface, which again
emphasises the advantage of alkyl spacers in order to support well-ordered
SAMs.

Uosaki et al. investigated a dyad comprising porphyrin, ferrocene, and
thiol groups acting as photoactive, electron transport or relay, and surface
binding moiety, separated from each other by alkyl chains (Fig. 31, 22).
Angle-resolved X-ray photoelectron spectroscopy (ARXPS) combined with
electrochemical coverage determination revealed that the alkyl chains in the
ferrocenecarbonylundecanethiol (FcC;;SH) part of the porphyrin— Cg — Fc-
Ci1 — SH dyad is oriented with a tilt angle of ca. 30° normal to the gold surface
and that the plane of the porphyrin ring is almost surface-normal [117, 194].

4-Mercaptophenylanthrylphenylacetylene (MPAA) itself forms a highly
ordered 2D stacked array SAM owing to strong w— interactions. This feature
was used in an extended Cgo-MPAA dyad to induce an oblique lattice with
a pseudohexagonal arrangement on Au(111) (Fig. 31, 23) [195].
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43.7
SAM:s of Various Kinds of Chromophores

Besides the porphyrins, fullerenes, aromatic azo-compounds and pyrenes
widely used as chromophores in SAMs there are some rarely used -systems,
which are mentioned in this section.

Merocyanines are widely used as solvatochromic dyes. Fujita et al.
demonstrated that the Brooker’s dye analogue (Fig. 32, 24) shows a colour
change based on protonation and deprotonation in a densely packed SAM
(Fig. 32, 24) [196]. Surface plasmon spectroscopy and X-ray photoelectron
spectroscopy indicate that the monolayers are closely packed. The layer thick-
ness is consistent with the molecules having a tilt angle of 30° to the surface
normal. IRRAS spectroscopy shows that the chromophores are located in
a polar local dielectric situation even in non-polar solvents. Nonetheless, the
deprotonated, zwitterionic form of the dye shows a distinct negative solva-
tochromism depending on the solvent polarity.

Carotenoids constitute an important class of dyes in biological systems
where they act as singlet oxygen deactivators, light harvesting chromophores
and photoreceptors [197]. The extended conjugated m-system of carotenoids
stimulated many attempts to use them as electrically conducting wires. In
fact, a mixed SAM with the thiol-substituted carotenoid 25 depicted in Fig. 32
was over one million times more conductive than the surrounding alkyl
chains (measured by conducting AFM) suggesting that the carotenoid in-
deed acts as a molecular wire. The thiol-substituted carotenoid SAMs are
less ordered than alkanethiols due to the steric hindrance along the polyene
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Fig.32 Various chromophores used in SAMs: 24: merocyanines [196]; 25: carotenoids [199];
26: helical peptides with N-ethylcarbazolyl groups [118]; 27: mixed-valence Fe-Ru com-
plexes [200]
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Fig.33 Various chromophores used in SAMs

backbone and the bulky terminal 8-ionone ring group, but still present a hy-
drophobic interface. Analysis of the C — H stretching modes indicates that the
polyene chains are disordered (Fig. 32, 25) [198, 199].

Other chromophores are helical peptides with N-ethylcarbazolyl groups
for photocurrent generation with tilt angles of the helices to the surface nor-
mal of about 40° (Fig. 32, 26) [118] or mixed-valence iron-ruthenium com-
plexes for quantum dot cells (QCA) which possess an isolated, tethered struc-
ture on the gold surface, as indicated by CV measurements (Fig. 32, 27) [200].

Just briefly mentioned should be quinone dyes 28 [201], cyanine SAMs 29
where the cyanine dye forms highly ordered 2D J-aggregates on a cysteamine
SAM with a 7 x /3 superlattice [145,146] and a perylene bisimide dye 30,
which shows J-type aggregation as demonstrated by the bathochromic shift of
the fluorescence spectra [202] (Fig. 33).
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5
Basic Photophysical Processes in SAMs

5.1
UV /vis Absorption

In general UV /vis absorption spectra of SAMs are difficult to measure be-
cause of the extremely low surface concentration of the chromophore, which
leads to very low absorbances. Therefore, only dyes with rather high mo-
lar absorptivities, such as porphyrins, have been accurately characterised in
this way. Virtually all studies were performed in transmission mode using
thin, optically transparent gold layers on glass etc. because of the better back-
ground compensation compared to reflectance mode measurements.
Absorption spectra have been used to determine the relative orientation
of porphyrin molecules by analysing shifts of the Soret band. It is well es-
tablished that a stacked face-to-face porphyrin w-aggregation (sandwich-type
H-aggregation) leads to a spectral blue shift relative to the monomer, while
side-by-side porphyrin w-aggregation (J-aggregate) leads to a red shift com-
pared to the spectra in solution (Fig. 34) [203]. The shift itself can be ex-
plained by exciton coupling theory [204] and depends on the interaction
between the chromophores and, consequently, on the distance separating the
porphyrin rings [142, 144, 205]. The shape of the absorption bands is also
an indicator for the homogeneity of SAMs. Thus, mixtures of side-by-side
and face-to-face orientations lead to a broader Soret band, which exhibits
both a red and a blue shift [144]. Narrower peaks in UV /vis-spectra of SAMs
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Fig.34 UV /vis absorption spectra of a porphyrin chromophor 31 on Au/glass in trans-
mission mode (solid line, red shift) and in dichloromethane (dotted line). Reprinted with
permission from [142]. Copyright (2000) American Chemical Society
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than in solution suggest a more uniform orientation of the chromophore
molecules in the monolayer [78].

Absorption band shifts of chromophore SAMs were also reported for
the excitation of azonaphthalenes [185], azobenzenes [183,184], caroten-
oids [199], heme derivatives [119] and cyanine dyes [145, 146].

5.2
Fluorescence Measurements

Light emission of chromophores attached to gold is usually quenched by
energy transfer into the surface plasmon resonance of gold. Because this
quenching effect hampers the application of chromophore-modified gold sur-
faces in devices in which a long-lived excited state is desirable (as in pho-
tocurrent generation, see Sect. 6.5), glass or ITO is often preferred as the
supporting SAM surface [1,3,55-61, 67,68]. However, in certain cases flu-
orescence in SAMs on gold could be observed: Whitesell et al. investigated
the distance-dependent fluorescence behaviour of fluoren-9-yl-alkanethiols
on SAMs [206]. Comparison of the solution and the monolayer spectrum of
fluoren-9-yl-alkanethiol 32 shows that the emission maximum is red-shifted
from 305 to 385 nm and that the band is much broader in the SAM. Life-
times for the terminal fluorenyl groups when bound as a SAM to the Au
surface are biexponential, consisting of a long-lived component correspond-
ing to that observed in solution (r ~ 3.2 ns), and a second shorter lifetime
species (7 ~ 260 ps) corresponding to a metal-mediated quenching process.
By increasing the alkyl spacer length in a monotonous fashion with the num-
ber of methylene groups n=6,7,8, ..., 12 the fluorescence intensity increases
(Fig. 35). Thus, the rate of fluorescence quenching by the metal surface is
correlated inversely to the distance separating a covalently bound fluorescent
probe molecule from the gold surface.

Chain-length-dependent quenching processes between the excited chro-
mophore (porphyrin) and the gold surface were also observed by Imahori et
al. [142,150] indicating that the excited singlet state of the porphyrin moiety
in the SAMs is efficiently quenched by an energy transfer (EN) to the gold sur-
face. In contrast to fluoren-9-yl-alkanethiol SAMs 32/Au the peak positions
as well as the shape of the emissions of the porphyrin-thiols in SAMs are quite
similar to those in solution. However, the spectra become somewhat broader
in the order of 33 in CH,Cl; and 33/Au (n = 1-7, 10, 11), which suggests ag-
gregation of porphyrins in the monolayers and/or interaction between the
porphyrins on the gold surface (Fig. 36). Time-resolved fluorescence experi-
ments yielded a single-exponential decay of the SAMs, which shows that only
one type of chromophore aggregate is present in the SAMs. The fluorescence
lifetimes of 33/Au (n=1-7, 10, 11) (r ~ 3-40ps) are much shorter than
those of 33 in THF (z = 9.8 ns), indicating that the excited porphyrin state is
quenched by the gold surface and that the non-radiative decay is enhanced by
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Fig.35 Fluorescence decay profiles of SAMs of fluoren-9-yl-alkanethiol 32 (number of
methylene groups =6, 9 and 12) on gold at Aexc =375 nm. Reprinted with permission
from [206]. Copyright (2001) American Chemical Society

aggregation. The quantum yield of 33/Au increases from 0.095% for n =1 up
to 0.33% for n =5 and stays nearly constant at further increase of the chain
length. The authors suggest energy transfer as the predominating quenching
process.

Karpovich and Blanchard used 1-pyrenebutanethiol as a fluorescence
chromophore embedded in a SAM of octadecanethiol in order to probe
the dynamical behaviour. The dilution (3% pyrene) leads to non-aggregate
pyrene emission at 400 nm. The fluorescence decay is non-exponential with

Intensity / a.u,

n=1-7,10, 11
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Fig.36 Corrected fluorescence spectra of 33/Au (n = 1, solid line), 33/Au (n = 11, dashed
line) and 33 with methyl group replacing the alkanethiol (dotted line) in CH,Cl,. The
spectra are normalised for comparison. Reprinted with permission from [142]. Copyright
(2000) American Chemical Society
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a short component of 71/, ~ 500 ps, which is much shorter than in solu-
tion. Polarisation-dependent fluorescence investigations demonstrate that the
alkanethiol monolayers are very rigid between the substrate and the top of the
SAM [207].

53
Infrared Measurements

Infrared spectroscopy is a powerful tool for investigating the local structure
of SAMs on gold [1, 3,208]. For example, comparison of the transmission
spectrum of a KBr pellet of a chromophore with the reflectance spectrum
of the corresponding SAM can help to confirm the identity and to assess
the orientation of the adsorbed molecules on the surface [199]. IR spec-
troscopy can also yield information about the intermolecular environment
of SAMs on gold, as well as about the orientation of specific groups relative
to the surface normal [209]. Selection rules for reflectance IR spectroscopy
of anisotropic films on a conducting surface allow only those transition mo-
ments that are perpendicular to the plane of the substrate surface to exhibit
appreciable absorbance [208, 209]. Thus, the peak intensity for a given tran-
sition is proportional to the magnitude of its projection along the surface
normal. Structural information may be obtained by comparison of relative
peak intensities in isotropic bulk phases with those on surfaces [210].

Two examples are mentioned here to illustrate how IR spectroscopy can
be used to obtain structural information about SAMs: The molecular struc-
ture of a thiol-substituted carotenoid (see Sect. 4.3.7) was investigated by IR
spectroscopy. Comparison of the IR spectrum of the carotenoid in the KBr
matrix with that in the SAM shows the peak frequencies to be slightly higher
(~5-10 cm™) in the monolayer film (Fig. 37; see also Sect. 4.3.7). The relative
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Fig.37 Comparison of (a) reflection FT-IR spectrum of a carotenoid-thiol modified Au
surface with (b) transmission FT-IR spectrum of the carotenoid-thiol in KBr matrix in
the C—H stretching region. Reprinted with permission from [199]. Copyright (2002)
American Chemical Society
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Fig.38 Transmission IR spectrum of phthalocyaninealkanethiol on a gold-coated sil-
icon wafer (left) and RAIR spectrum of the same SAM on a gold-coated glass slide
(right) [171]. Reproduced by permission of The Royal Society of Chemistry

intensity of asymmetric and symmetric methyl stretching modes suggests
that the carotenoid polyene backbone lies normal to the surface because the
intensity ratio of the asymmetric and symmetric methyl stretch is largest in
the monolayer. The local C3, symmetry axis of the methyl groups is oriented
approximately parallel to the surface in such a bonding geometry. This re-
sults in an increase of the intensity of the asymmetric methyl stretching mode
and in a decrease of the symmetric stretching mode as observed experimen-
tally (see Fig.37) at 2960 cm™' (asymmetric CHj stretch) and at 2830 cm™
(symmetric CH3 stretch) [199].

Figure 38 shows the IR transmission (left) and the RAIR spectrum (right)
obtained for the SAM of a phthalocyaninealkanethiol (Pc) on gold. In context
with the surface selection rules, the presence of the aromatic C—H stretch
(3030-3100 cm™), the N — H stretch (3300 cm™') and the ring vibrations in
the transmission spectrum and their absence in the RAIR spectrum suggest
that the Pc ring is oriented parallel to the gold surface, because in this case
all aromatic C—H and N —H transition moments projected to the surface
normal yield zero intensities. In contrast, the alkyl C — H vibrations are still
visible in the RAIR spectrum [171].

6
Applications of Self-Assembled Dyes on Gold

6.1
SAMs of Photoswitchable Materials

Photoswitching of chromophores in general is one attractive method to gate
optical or electrical information [211]. A number of chromophores that can
be isomerised photochemically have also been investigated in SAMs.

Willner et al. introduced a system that enables the photoswitchable activa-
tion and deactivation of Cytochrome c using a mixed monolayer consisting
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of mercaptopyridine and a photoactive protonated nitromerocyanine, which
were both assembled onto a gold electrode (Fig. 39) [8, 16, 17]. At neutral pH,
Cyt. c is positively charged and, thus, is electrostatically repelled from the
electrode surface and the redox activity is switched off. Photoisomerisation of
the nitromerocyanine into spiropyrane leads to a neutral monolayer interface
and the redox functions of the hemoprotein are switched on. In the same way,
photoisomerisable nitrospiropyrane flavoenzyme glucose oxidase SAMs were
prepared to carry out the bioelectrocatalysed oxidation of glucose [8, 16, 212].

Willner et al. also investigated the reversible photoisomerisation of trans-
quinone (6-hydroxynaphthacene-5,12-dione) to the ana-quinone isomer state
in a mixed monolayer [213]. The resulting densely packed monolayer includes
the trans-quinone in a rigidified configuration (Fig. 40). When irradiated with
light between 320 and 380 nm the trans-quinone isomerises to ana-quinone,
which is electrochemically inactive but which can be removed by reaction
with primary amines.

Other applications of photoswitchable materials on SAMs are the UV-
controlled complexation of metal ions to the merocyanine isomer of spiro-
naphthoxazine-thioethers (Fig.4la) [214]. The long saturation times for
the pure spironaphthoxazine-SAM at complexation with zinc ions is an
indication for a densely packed spironaphthoxazine-monolayer, with only
a small fraction of open merocyanine isomer due to steric constraints.
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Fig.39 Photoswitchable activation and deactivation of the electrical contact of Cyt. c and
an electrode, and secondary Cyt. c-mediated biocatalysed reduction of O, by COx, using
a pyridine-nitrospiropyrane photoisomerisable mixed monolayer electrode [17]
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To confirm this assumption, mixed monolayers with alkanethiols and the
spironaphthoxazine-thioethers were prepared, which indeed show a signifi-
cantly shorter saturation time. The results indicate that isolated spironaph-
thoxazine-thioethers lead to a rapid complexation with zinc ions after UV
irradiation.

For wettability studies, non-covalently assembled monolayers with 2,2’-di-
pyridylethylene ligands for photoinduced cis-trans isomerisation have been
prepared (Fig. 41b) [215]. The two different SAMs (cis and trans) display
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distinctly different contact angles. Unfortunately, the isomerisation is irre-
versible probably because of a very well-ordered trans-SAM.

6.2
SAMs of Phthalocyanines as Sensors
and as Hole-Injection Layers in Organic Light-Emitting Diodes

Phthalocyanines can be used as the chemically active component in both
conductometric and optical gas sensors [169,216]. The technique of self-
assembly has the merit of simplicity and, from the viewpoint of an appli-
cation within a sensor, the advantage of providing a monomolecular layer
that should exhibit near instantaneous response to a gaseous analyte (see
Sect. 4.3.2, Fig. 23 for structure) [217]. Fluorescence quenching by external
molecules can, in principal, provide the basis for an optical sensing de-
vice. Exposure of a phthalocyanine alkanethiol SAM with a longer chain
tether to 200 ppm NO, gas showed that the fluorescence is indeed reversibly
quenched [218]. In further experiments, changes in the surface plasmon res-
onance reflectivity signal proportional to the concentration were observed
when a phthalocyanine SAM was exposed to NO,, pointing to a further op-
tical method for the detection of this gas [171].

Another interesting application is to use phthalocyanines as a hole-
injection layer in organic light-emitting diodes (OLEDs). Zhu et al. demon-
strated that a SAM of phthalocyanine thiol (HS-Pc) may act as a hole injection
material in OLEDs (Fig. 42). The insertion of a SAM of HS-Pc between the Au
anode and the hole-transport layers enhances the hole injection, which in-
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Fig.42 A phthalocyanine SAM as the hole injection layer in a two-layer OLED with
N, N’-bis(3-methylphenyl)-1,1’-biphenyl-4,4’ -diamine (TPD) as the hole transport layer
and tris(8-hydroxyquinolinato)aluminium (Alqs) as the electron transport and emitting
layer [219]
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creases the external quantum efficiency by a factor of ~ 27 compared to the
OLED without SAM and decreases the operating voltage from 13 to 8 V [219].

6.3
SAMs as Catalysts

Catalysts play an important role in many industrial processes. In terms of
selectivity and activity, homogeneous catalysts are superior to their het-
erogeneous counterparts under mild reaction conditions. Unfortunately, the
problem of separating the single-site catalysts from the reaction media is
still an important drawback, which makes large scale applications in indus-
try unfavourable. This major problem may be solved by using heterogeneous
catalysts built, for example, of SAMs that include the catalytic moiety.

One outstanding example is bis(cobalt)diporphyrin. Films of bis(cobalt)di-
porphyrin with cofacial porphyrin units adsorbed on edge plane pyrolytic
graphite electrodes are one of the most efficient molecular electrocatalysts
that are able to reduce oxygen to water in a four-electron process [220].
However, when chemisorbed on a gold electrode surface, the system acts as
a two-electron catalyst, producing hydrogen peroxide instead (Fig. 43) [154].
Molecular films of cobalt tetraphenylporphyrin derivatives in which the por-
phyrin is cofacial to the gold surface even reduce oxygen to hydrogen perox-
ide with a turnover number of more than 10°. This SAM catalyst is more ac-
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Fig.43 Proposed two-electron reduction of oxygen with bis(cobalt)diporphyrin on
gold [154]
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tive and durable than non-specifically adsorbed cobalt tetraphenylporphyrin
(see Sect. 4.3.1, Fig. 18 for structure) [221].

6.4
Photoswitchable Chromophores as a Route to Optoelectronic Systems

Photostimulation of molecules, macromolecules and biopolymers can lead to
changes of their chemical or physical properties, which provides the basis for
the development of future optoelectronic devices. The photostimulated modi-
fication of biocatalytic and highly specific recognition and binding functions
of biomaterials would enable their application in optoelectronic devices [222].

Photostimulation of redox enzymes could transduce recorded optical sig-
nals as an amperometric response by their electrical interaction with elec-
trode interfaces. For example, amperometric transduction of recorded optical
signals was accomplished using nitrospiropyran-modified glucose oxidase as
photoswitchable material (Fig. 44) [14].

The photoisomerisable nitrospiropyran flavoenzyme glucose oxidase,
SP-GOD, was assembled as a monolayer onto a gold surface. The mono-
layer revealed reversible photoisomerisable properties and illumination of
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Fig.44 Photoisomerisable nitrospiropyran-functionalised glucose oxidase, SP-GOD, in the
active (above) and inactive (below) form in order to mediate the oxidation of glucose [16]
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the SP-GOD monolayer between 320 and 380 nm resulted in the protonated
merocyanine-substituted enzyme monolayer, MRH*-GOD. In the presence
of ferrocene carboxylic acid acting as an electron-transfer mediator, elec-
tronic communication between the SP-GOD monolayer and the electrode was
achieved. This led to the bioelectrocatalysed oxidation of glucose to gluconic
acid and to the observation of an electrocatalytic anodic current. Photoi-
somerisation yields the MRH*-GOD monolayer state and the enzyme was
deactivated by perturbing the active site of the protein towards the elec-
tron mediator (Fe — CO,H). Consequently, the bioelectrocatalysed oxidation
of glucose was strongly inhibited. Reversible back isomerisation was achieved
by irradiation of the merocyanine with light A > 475 nm.

Another application for photoswitchable enzymes attached to gold sur-
faces is the cytochrome c-mediated biocatalysed reduction of O, by cy-
tochrome oxidase, using a functional pyridine-nitrospiropyran photoiso-
merisable mixed monolayer electrode (see Sect. 6.1, Fig. 39) [8, 16, 17].

Photoisomerisation of azobenzene was used in a “photoswitchable diode”
to regulate the ET events involving a two-component SAM consisting of
a 99 : 1 mixture of cis-azobenzene (34) and trans-ferrocenyl azobenzene (35)
alkanethiols. The ET between the dissolved ferrocyanide and the Au substrate
is forced to occur through mediating ferrocenyl sites in the film, which results
in a diode-like response. However, the photochemical conversion of bulky
cis-azobenzene (34) to slim trans-azobenzene (34) increases the free volume
within the film. This allows the ferrocyanide to diffuse to the electrode and
for direct ET to the electrode surface, which results in a normal electrochem-
ical response (Fig. 45). However, the diffusion of ferrocyanide to the electrode
also shows that the monolayers cannot be densely packed [223].

ferrocyanide ferrocyanide
4 electron source
electron source

N\\N A >400 nm N\\N
34 35
s s s s

|
l Au ] [ Au |

o
»
=
o
»
»

Fig.45 Photon-gated electron transfer in a two component self-assembled mono-
layer [223]
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Fig.46 Photochromic molecular switch between two Au contacts in closed state and open
state [224]

Feringa et al. studied the optoelectronic switching of a photochromic
molecule using a mechanical break-junction technique and UV/vis spec-
troscopy (Fig. 46) [224]. In solution it is possible to switch between the closed
and the open state by illuminating the molecule with light of wavelength
A =546 nm while it can be switched back by using UV light at A = 316 nm.
If the chromophore is placed between two Au electrodes only the ring open-
ing reaction occurs using visible light. A switch back from the isolating to the
conducting state was not possible, which is attributed to the quenching of the
excited state of the molecule in the open form by the gold electrodes [224].

6.5
Photocurrent Generation

The fact that all fossil fuel sources are finite makes solar energy conversion
and photocurrent generation a topic of utmost importance.

The efficiency and complexity of electron (ET) and energy (EN) trans-
fer reactions in natural photosynthesis have led many chemists to design
donor-acceptor-linked systems that mimic these multistep ET processes. In
the natural photosynthetic ET reaction centres, porphyrins and metallopor-
phyrins are the essential chromophore components [27].

One way to convert light energy into electrical energy is to use light-
sensitive electrodes. Sensitisation of an electrode can be defined as a pro-
cess by which a heterogeneous interfacial ET occurs as the consequence of
light absorption by a chromophore, which is termed photosensitiser. Light
absorption of the chromophore sensitiser leads to an excited state, which
is both a stronger reducing agent and a stronger oxidising agent than the
chromophore ground state. The excited sensitiser then oxidises (reduces) an
electron donor (acceptor) mediator, which serves as a hole (electron) car-
rier while the sensitiser is concomitantly oxidised (reduced) by the sensitiser-
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supporting electrode. Depending on the relative energy level of sensitiser,
Fermi energy of the electrode, and redox potential of the mediator an an-
odic (cathodic) photocurrent is observed. Quantification of the energetic level
is, thus, of great importance for the development of photoelectrosynthetic
or regenerative cells. One important competitive mechanism of photocurrent
generation is the deactivation of the excited sensitiser by energy transfer to
the metal electrode, as discussed in Sect. 5.2 [225].

The ET and EN processes in chromophore SAMs have been widely studied
with different systems such as porphyrins [142, 149,150, 160, 161], fuller-
enes [28,177-179], carbazols [118], pyrenes [147] and dyads or triads con-
taining these units [26, 27,117, 189, 191].

Photoelectrochemical studies of SAMs containing porphyrin moieties at-
tached to a gold electrode via methylene spacers of different chain length
((CHy)p, n=1-7, 10, 11) indicate that the ET takes place from the gold elec-
trode to a counter electrode through the porphyrin monolayer 36/Au and an
electron carrier. The quantum yield of the photocurrent generation in this
system increases in a zigzag fashion with increasing spacer length up ton =16
and then decreases slightly with a further increase in spacer length. Such a de-
pendence of the quantum yield on the spacer length can be rationalised by the
competition between an ET and an EN of the porphyrin singlet excited state
(Fig. 47) [142]. The zigzag behaviour reflects the different orientation of the
porphyrin chromophores depending on the even/odd number of methylene
spacer groups (see Sect. 4.3.1).

Photoinduced ET in SAMs of porphyrin-linked Cgy systems shows that the
maximum of the photocurrent using free-base porphyrin Cgy moieties is five
times larger than in an analogous free-base porphyrin SAM system without
Ceo. In the former system and in a Cgo-terminated oligothiophene mentioned

0.35
0.30
0.25
0.20 4

0.15

quantum yield / %

0.10 1

0.05

0.00

spacer lenght / n

Fig.47 Photocurrent quantum yields vs. spacer length (n = number of methylene groups).
The solid curve is only a guide to the eye. The data were taken from [142]
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below the porphyrin and the oligothiophene, respectively, act as photosen-
sitisers which absorb the light. These studies demonstrate that Cey serves as
an effective mediator in the multistep ET processes, which is probably due to
its small reorganisation energy [189]. Uosaki et al. [117] investigated a pho-
toelectrochemical cell in which the photosensitiser (free-base porphyrin) is
separated from the gold electrode by a covalently bound redox relay (me-
diator), which is ferrocene. In this system a quantum yield of photocurrent
generation of 11% could be achieved. The surprisingly high quantum yield is
with its high electron transfer rate mediated by ferrocene due to the low reor-
ganisation energy, and to the inhibition of back electron transfer as well as of
energy transfer quenching of the excited porphyrin state.

Taking all the above-mentioned results together Imahori et al. designed
a triad-modified SAM that combines all the features for efficient photocur-
rent generation: a free-base porphyrin as the photosensitiser terminated by
Ceo as covalently attached redox mediator, both bound to the gold electrode
by a second redox mediator/relay (ferrocene). This separates the photosen-
sitiser from the metal electrode in order to minimise back electron transfer
and excited state quenching. In this way an exceptionally high quantum yield
of 25% could be achieved [191]. The photoelectrochemical experiments used
the triad-modified gold electrode, a platinum wire counter electrode and
a Ag/AgCl reference electrode in the presence of an electron carrier (e.g. oxy-
gen and methyl viologen) (Fig. 48). The cathodic photocurrent was detected
under irradiation at 438.5 nm. An increase in the cathodic photocurrent was
observed with increasing negative bias to the gold electrode. This indicates
that the direction of the electron flow is from the gold electrode to the counter
electrode through the SAM and the electron carrier. Further investigations
showed that the photocurrent efficiency is controlled by the heterogeneous
ET between the gold electrode and the ferrocene and that the porphyrin is
indeed the major photoactive species for the photocurrent generation.

In the photoinduced ET from the porphyrin singlet excited state to the
Ceo moiety high quantum yields of up to 20-25% could be achieved, fol-
lowed by the charge shift from the ferrocene to the resulting porphyrin
radical cation to yield a charge-separated state, Fc*-P-Cgy~ in the monolayer
(Fig. 48). This charge-separated state, Fc*-P-Cg(~, reduces electron carriers
such as oxygen (E?e 4 = 0.48'V for 02/0; vs. Ag/AgCl) and/or methyl violo-
gen (E) ; =- 0.62'V for MV>*/MV* vs. Ag/AgCl), which eventually transport
an electron to the counter electrode. The ET rate from the gold electrode
to Fc* in Fc*-P-Cgo~ is controlled by the potential applied to the gold elec-
trode, i.e. the ET rate from the gold electrode to Fc* increases with decreasing
potential and, thus, the photocurrent increases [191, 192].

Quite recently, Aso and Imahori et al. developed a different route to achieve
even higher photocurrent quantum yields than those in the triad SAM. Both
Ceo and oligothiophenes are molecular units that are often used in opto-
electronic devices. Therefore, Cgo-terminated oligothiophenes were employed
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Fig.48 Photoinduced multistep ET at gold electrodes modified with SAMs of ferrocene-
porphyrin-Ceo alkanethiols, electron carrier: oxygen or viologen [27]

as sensitisers for photocurrent generation. The ET and, consequently, the
photocurrent efficiency in oligothiophene-Cgy molecules depends on the pos-
ition of the molecule towards the gold electrode (horizontal or perpendicular
orientation) and on the interaction between the oligothiophenes. For short
oligothiophene chains the molecules are aligned horizontally to the gold sur-
face, resulting in the quenching of the excited state by energy transfer to the
gold surface, while for longer chains the initial photoexcited state is quenched
due to significant van der Waals interactions of the oligothiophenes [28, 179].
To circumvent these difficulties a three-armed anchor group was chosen so
that the molecules have a perpendicular orientation to the gold surface and
the oligothiophenes are further apart from each other (see Sect. 4.3.3, Fig. 26).
This set-up yields very high quantum yields of 17% for the quarterthiophene-
Cso dyad and 35% for the octithiophene-Cgy dyad (see Sect. 4.3.3, Fig. 26)
while those of the analogous oligothiophenes without tripodal anchor are 0.1
and 5%, respectively. This demonstrates that avoiding quenching processes in
the sensitiser monolayer is of prime importance.

If one takes into account that in natural photosynthesis the light-
harvesting systems and the charge-separating system pertain to different
molecular entities, the combination of an artificial antenna system with an
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artificial reaction centre as a mixed SAM on gold electrodes might lead
to even more efficient photocurrent generation. Therefore, to examine the
photoinduced EN in a SAM, mixed SAMs of pyrene- (antenna system) and
porphyrin-thiols (reaction centre) were prepared (see Sect.4.3.5, Fig. 29,
20) [147]. Although an efficient singlet-singlet EN takes place from pyrene to
the porphyrin moiety (> 62%), pyrene can absorb light only in the UV region,
which hampers light harvesting in the visible region (> 400 nm). Therefore,
a boron dipyrrin thiol that absorbs light at 502 nm was used as a more suit-
able light-harvesting molecule to achieve an efficient EN from the boron
dipyrrin moiety (*B*) to the porphyrin chromophore (P) in the blue to green
region of visible light. About 100% EN quantum yield was achieved with
a mixture of 69:31 B: P in the SAM. However, the photocurrent quantum
yield of a cell with a mixed B/P SAM was quite low (~ 2%) (Fig. 49) [193].

Therefore, the triad depicted in Fig. 48 was used in combination with the
light-harvesting boron dipyrrin. Indeed, a mixed SAM with 37 : 63 B/triad
showed a quantum yield of 50% for photocurrent generation. These stud-
ies demonstrate that highly efficient photocurrent generation is possible by
combination of suitable antenna molecules with multistep ET arrays [193].

Diederich et al. described a new method to increase the photoelectro-
chemical response and the stability of C¢p-SAMs using a potassium-selective
polyurethane membrane cast (Mb/37/Au) compared to the same Cgp-SAM
(37/Au) without the membrane [226]. The photocurrent generation of the
stabilised Cgo-SAM is higher than for the bare Cg-SAM, but by applying
a bias under positive conditions the photocurrent becomes lower for the sta-
bilised Cgo-SAM (Fig. 50).

o x
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—S—(CH,)w” °N \ B —
H /N
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\
B N\
Au Energy transfer (EN)

Ar
1
—s—(CH) N O A A
L] p
Ar

Fig.49 Photoinduced energy transfer at gold electrodes modified with SAMs of boron
dipyrrin thiol (B) and porphyrin alkanethiol (P) [27]
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Fig.50 Photocurrent action spectra for cells with 37/Au (2) and Mb/37/Au (0O) as work-
ing electrodes (Ar-saturated 107> M aqueous KCl solution, pH 5.6, no applied voltage) and
spectrum of a 49 nm thick spin coated film of 37 on sapphire (dotted line) (arrow: in-
creasing absorption in the visible region) [226]. Reproduced by permission of The Royal
Society of Chemistry

6.6
SAM:s as Testing Materials for Molecular Wires

A detailed understanding of how electrons are transferred through organic
molecules is an important topic in several areas: rationalising ET in or-
ganic conducting and semiconducting materials, biological systems such as
the photosynthetic reaction centre, fabricating molecular electronic devices
such as organic light emitting diodes (OLED), memory devices or field-effect
transistors (FETs) and developing quantum computers on a single-molecular
scale [227]. Recent work on the electrochemistry of SAMs on electrodes pro-
vides a general route for creating surface structures in which redox-active
molecules are linked to electrodes via well-defined molecular bridges. One
great advantage of this approach is that the distance of the redox centres
from the electrode, the chemical surrounding of the redox centres as well as
the type of the molecular bridges can be varied systematically. These SAM
structures can then serve as excellent model systems for studying bridge-
mediated ET.

Creager et al. as well as Chidsey et al. investigated the ET of ferrocene
groups attached to gold electrodes with oligo(phenylenethynylene) bridges
of variable length and structure in mixed monolayers with hydroxyalka-
nethiol dummy molecules (Fig. 51) [228-230]. The conjugated bridges allow
a strong electronic coupling between the gold electrode and the ferrocene
redox centre, which results in a rapid electron transfer over long distances.
Using impedance spectroscopy [231], the effects of bridge length on the ET
show an exponential distance dependence of the bridge-mediated ET rates
from ke = 350s7! for the longest bridge (six phenylethynyl units, 42) to
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Fig.51 Structures and rate constants for the heterogeneous ET of ferrocene oligo(phenyl-
enethynylene) thiols in SAMs (R = protection groups) [229]

ket = 500000 s~! for the shortest bridge with three phenylethynyl units 38
(Fig. 51). The effect on the ET rates if two propoxy groups are attached to one
of the phenyl rings of the bridge was found to be minimal (cf. 39 versus 40).

In comparison to the above mentioned ferrocene oligo(phenylenethynyl-
ene) SAMs, a group of ferrocene-terminated oligo(phenylenevinylene)me-
thane thiols 43-47 was prepared and the ET behaviour in the correspond-
ing SAMs was investigated [232]. Studies of the monolayers containing
oligomeres of the same length with and without ethoxy solubilising groups
using cyclic voltammetry revealed that both types of oligomers form well-
packed SAMs. The position of the solubilising groups in the oligomer chain
does not influence the packing in the monolayer significantly. ET meas-
urements were performed on these systems with the indirect laser-induced
temperature jump method. The measured ET rate constants are all greater
than 5 x 10° s7! for the five oligomers 43-47 [233].
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Structure 1

Other interesting candidates for bridges in molecular wires are oligo-
phenylenevinylene (OPV) chromophores 48-54 with two thioacetyl groups
terminating each end [234]. Contact angle, FT-IRRAS and XPS measurements
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show that molecules with linear hexyloxy-substituted OPV structures 48-50
form disordered SAMs. The [2.2]paracyclophane containing OPVs (53, 54)
form significantly better SAMs than examples with side groups. The best
structures for obtaining a monolayer are the unsubstituted OPVs 51 and 52.
Ellipsometry measurements indicate that in the case of molecules 51 and 52
the orientation of the molecule coincides with the surface normal or is
tilted up to 30° from the surface normal. Electrochemical investigations
show that these derivatives, especially the [2.2]paracyclophane-OPVs 53 and
54 in which through-space and through-bond delocalisation is possible, are
promising candidates for molecular wires.

Structure 2

Another new group of chromophores for testing in molecular wires are
triarylamines because of their outstanding physical and chemical properties.
For ET investigations triarylamines and phenothiazines with different substi-
tuted phenylene bridges and acetylene spacers have been prepared in order
to probe the influence of electron-donating or electron-withdrawing groups
on the ET rates (Fig. 52). The SAMs are built of the chromophores, which are
diluted with alkanethiols as dummy molecules [235].

The high affinity of thiols to gold has also lead to the preparation and
investigation of single molecular wires using break junction techniques [236-
239], but this topic is beyond the scope of this review.
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Fig.52 Different triarylamines and phenothiazines for testing in molecular wires
(R = OMe, Cl; n =0-3) [235]

7
Conclusion and Outlook

Undoubtedly, much has been learned about the structure and electronic
properties of SAMs containing chromophores as functional subunits. Starting
from structural investigations of simple aromatic thiols on gold, the devel-
opment has led to the construction of complex systems such as gas sensors,
catalyst systems, photoswitches and dyad and triad SAM systems for pho-
tocurrent generation. The advantages of chromophore SAMs on gold are quite
clear: the ease of preparation and their relative stability, together with the
strong background information available on gold SAMs, makes them an al-
most ideal playground for surface research.

However, some possible disadvantages should not be overlooked: the long-
term stability of SAMs on gold strongly depends on the organic layer and
might be very weak. The molecular order of very complex SAMs and of mixed
SAMs has, in most cases, not been assessed in detail and might be quite
low with all the consequences for the functional properties of the SAM. The
quenching of excited states by the gold surface is an inherent problem. While
several successful attempts have been made to circumvent the above men-
tioned problems in particular cases, generally applicable strategies are not yet
known.

Whether SAMs will ever be incorporated in commercial devices is not
yet clear, but quite recently a major step was achieved by Baldo et al. who
produced a photosynthetic device consisting of a SAM of photosystem I iso-
lated from spinach chloroplasts stabilised with surfactant peptides and coated
with a protective organic semiconductor. This device, which has an inter-
nal quantum efficiency of 12%, was stable for several weeks under ambient
conditions [240]. Therefore, we conclude that functional SAMs have a good
prospect of being implemented in a variety of electronic devices in the future.
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