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An astonishing assortment of structures have been described as From the Contents

“insulated molecular wires” (IMWs), thus illustrating the diversity of

approaches to molecular-scale insulation. These systems demonstrate ™ "mtreduction 1029
the scope of .encapsulatzon.m the.molecular engineering of optoelec- Rotaxane, Polyrotaxane, and

tronic materials and organic semiconductors. This Review surveys the Pseudopolyrotaxane IMWs 1030
synthesis and structural characterization of IMWs, and highlights

emerging structure—property relationships to determine how insulation ~ 3- Polymer-Wrapped IMWs 1042
can enhance the'behavzor of a molecular wire. We focus mainly on 4. Dendronized Conjugated

three IMW architectures: polyrotaxanes, polymer-wrapped 7 systems, Polymers 1045
and dendronized polymers, and compare the properties of these

systems with those of conjugated polymers threaded through meso- 5. Function and Applications of
porous frameworks and zeolites. Encapsulation of molecular wires IMWs 1049
can enhance properties as diverse as luminescence, electrical transport, ¢ Summary and Outlook 1058

and chemical stability, which points to applications in electro-
luminescent displays, sensors, and the photochemical generation of

hydrogen.

1. Introduction

Two great discoveries have shaped research on organic
semiconductors: the demonstration of metallic conductivity
in doped polyacetylene by Shirakawa, MacDiarmid, Heeger,
and co-workers in 1977.[' and the demonstration of electro-
luminescence in undoped conjugated polymers by Friend,
Holmes, and co-workers in 1990.21 However, interest in
“molecular wires” started long before these breakthroughs.
During the 1940s it was widely believed that the n—n* energy
gaps of long conjugated polyenes of the type trans-H(CH=
CH),H would decrease continually with increasing chain
length (n), reaching zero in polyacetylene (n=oc) and
resulting in metallic conductivity along the polymer back-
bone.’! This inspirational misconception was dispelled by
experimental work on the absorption spectra of polyenes,*
and by developments in molecular orbital theory,”! which led
to the concept of Peierls distortion (that is, alternation of the
bond lengths in polyacetylene).”! Enthusiasm for molecular
wires was rekindled in the 1960s by the discovery of metallic
conductivity in polysulfurnitride (SN),,["! and by Little’s
proposal that polyacetylenes substituted with cyanine dyes
might be superconductors.®!

Today, conjugated polymers are gaining commercial
importance in light-emitting diodes,>*'” thin-film field-
effect transistors,'!l photovoltaic cells™! and sensors.'’]
High charge mobility along individual polymer chains is
critical to most of these applications, so these polymers are
called “molecular wires”,"¥ even though a single molecule
can never behave like a macroscopic strand of metal.'”l The
term “molecular wire” is used interchangeably with “con-
jugated polymer” or “conjugated oligomer” when considering
such systems at the molecular scale. A macroscopic sample of
a conjugated polymer can be viewed as a mass of molecular
wires.

The description of conjugated polymers as molecular
wires immediately suggests that it would be worth exploring
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insulated molecular wires (IMWs), to prevent cross-talk or
short-circuits, by using a protective cylindrical sheath.!
Interchain interactions modify the optical and electronic
behavior of conjugated polymers, so it is useful to be able to
block these interactions. Encapsulation of a single conjugated
molecule can also have dramatic effects on the chemical
stability and luminescence efficiency. Chemical reactivity—
and the lack of operational stability under environmental
conditions—is a common problem with organic semiconduc-
tors, and solving this problem is a compelling motivation for
investigating IMWs.

A wide variety of structures have been described as
“insulated” or “encapsulated” molecular wires, thus illustrat-
ing the broad appeal of this concept. Some of the first
examples were conjugated polymers threaded through zeo-
lites and mesoporous hosts, as pioneered by Bein and co-
workers!" ! as well as others.”>*! For example, the con-
jugated polymer MEH-PPV can thread into mesoporous
silica as depicted in Figure 1.”" Silicate and aluminosilicate
frameworks provide ideal linear channels for isolating
polymer chains. The polymer can be synthesized in the host
or incorporated after polymerization.!! However, one of the
main advantages of organic semiconductors, compared to
their inorganic counterparts, is solution processability, and
this advantage is lost when the polymer is threaded into a
solid host. This Review focuses on IMWs in which the
molecularity of the wire is preserved. Zeolite and clathrate-
type IMWs, which can only exist in the solid state, have been
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Figure 1. a) Structure of the conjugated polymer poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV). b) Schematic repre-
sentation of chains of MEH-PPV threaded into the channels of
mesoporous silica. Each pore has a diameter of 22 A, which is large
enough to accommodate just one MEH-PPV chain. (Reprinted from
Ref. [20]. Picture: Daniel Schwartz, D.I.S.C. Corporation.)

comprehensively reviewed previously,” and are only dis-
cussed here for comparison with other types of IMWs.
Another class of materials sometimes described as IMWs is
that of column discotic stacks. These materials can exhibit
high charge mobilities along the stack axis, even though they
lack a covalent backbone.” Here we focus on three types of
IMWs, all with covalent conjugated backbones: 1) polyrot-
axanes, in which the conjugated = system is encapsulated by
threading through a series of macrocycles; 2) polymer—
polymer complexes in which one polymer strand wraps
round the other; and 3) dendronized conjugated polymers,
in which the insulation is covalently grafted to the wire.
Sections 2-4 summarize the various approaches to the syn-
thesis and structural characterization of these three types of
IMWs, then Section 5 analyzes how insulation modifies the
properties of molecular wires in these diverse systems.

The structural authentication of supramolecular polymers,
such as conjugated polyrotaxanes, polymer—polymer com-
plexes, and dendronized polymers, poses particular chal-
lenges. The first questions to ask are: 1) Does the conjugated
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backbone have the purported covalent structure? 2) What is
the level of threading, wrapping, or dendronization? What is
the stoichiometry between the “conducting” and “insulating”
parts of the structure? 3) How long is the conjugated back-
bone and what is the molecular-weight distribution? In the
case of polyrotaxanes, one must also ask about the polymer
end groups. The determination of the molecular weight is
problematic with many of these systems. The most commonly
employed method of determining the number-average molec-
ular weight M, and the mass-average molecular weight M,, is
GPC analysis with polystyrene standards. This method can
give inaccurate results with polymers that do not resemble
polystyrene: Shape-persistent rodlike polymers tend to give
erroneously high molecular weights by GPC?" whereas
compact polymers, such as dendrimers, give erroneously low
values.” In this Review we have attempted, wherever
possible, to give quantitative estimates of the polymer chain
length in terms of a number-average degree of polymerization
7i,, which is simply M, divided by the mass of the repeat unit.
In many cases these 71, values may be inaccurate by more than
a factor of 2, but we believe that it is vital to keep in mind even
a crude estimate of 77, otherwise one risks concluding that a
high value of M, or M, indicates a high degree of polymer-
ization when it may only reflect the huge mass of the polymer
repeat unit.

2. Rotaxane, Polyrotaxane, and Pseudopolyrotaxane
IMWs

One strategy for insulating a molecular wire is to thread it
through a series of insulating macrocycles to form a pseudo-
polyrotaxane or polyrotaxane (Figure 2). A variety of macro-
cyclic receptors form inclusion complexes with rodlike guests;
when the guest is long enough to protrude from both ends of
the macrocycle these inclusion complexes are called pseudo-
rotaxanes. The presence of bulky substituents at both ends of
the guest results in a rotaxane structure, in which the
dumbbell-shaped guest is trapped inside the cavity of the
macrocycle. If the guest is threaded through several macro-
cycles, this leads to a main-chain pseudopolyrotaxane or
polyrotaxane architecture.”

Investigation of short monodisperse conjugated oligo-
mers, as model compounds, can provide valuable insights into
the corresponding polymers. These oligomers have the
tremendous advantage that they can be purified and charac-
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Figure 2. An introduction to polyrotaxane terminology. In this example,
the polyrotaxane is actually a [6]rotaxane.

terized more rigorously. The evolution of their properties with
increasing chain length can be extrapolated to those of long
polymers.’l This “oligomer approach” is particularly perti-
nent to conjugated polyrotaxanes because of the difficulty of
characterizing and understanding such complex architectures.
Thus, the following sections include discussion of [2]rotaxanes
and [3]rotaxanes with conjugated cores, such as encapsulated
dyes,*" as well as polyrotaxanes.

2.1. Cyclophane Systems
2.1.1. Metal-Directed Threading

The first issue to consider when planning the synthesis of a
rotaxane is how to make one molecule thread through
another. The same issue applies equally to the synthesis of
catenanes, where the linear thread is subsequently cyclized.
The field of catenane synthesis was revolutionized in 1983
when Sauvage showed that a metal cation can be used as a
template to direct the threading process.”% Lehn and co-
workers applied this metal-directed strategy to the synthesis
of a  “rack-type” [4]pseudorotaxane  [1-CuyC2;]*"
(Scheme 1).* Two molecules of macrocycle 2 are unable to
coordinate with the copper(I) ions to form a [2,Cu]*
complex, so when a stoichiometric amount of copper is
added, the only way of satisfying all the binding sites is to
form a threaded complex. The structure of [1-CuyC2,]*" was
confirmed by NMR spectroscopic studies and by comparison
with related compounds (which were characterized by X-ray
crystallography) including a shorter [4]pseudorotaxane with
pyridazine-metal binding units.*

Swager and co-workers have applied this strategy to
synthesize conjugated pseudopolyrotaxanes by the electro-
polymerization of thiophene-terminated monomers; in this
case copper(I) and zinc(II) ions were used as templates
(Scheme 2).2+¥! The polymer [4-Zn,C2,]*"" is formed as an
insoluble film on the anode, but it can be demetalated by
treatment with diaminoethane. This conjugated pseudopoly-
rotaxane 4C2, binds reversibly to Zn** and Cu** ions, which
alters its conductivity and suggests potential applications in
sensors (see Section 5.7). In this case, the insolubility of the
polymer prevents loss of the macrocycle. The metal-binding
properties of this pseudopolyrotaxane are a consequence of
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its threaded structure, and are not exhibited by the
unthreaded polymer 4.

Related pseudopolyrotaxanes were investigated by Sauv-
age and co-workers. In the case of [5-Cu,C2,]"", it is only

[5-Cu,c2,)™

possible to reincorporate a Cu” ion if the Li* center is added
during removal of the copper(I) template to give [5-Li,C2,]"".
The topology of the coordination sites seems to be lost
irreversibly in the metal-free polymer 5c2,.”" In another
system, substitution of the phenanthroline ligand was used to
control the reversibility of the metalation.””

Metal-directed self-assembly has also been used to
synthesize a conducting triple-strand ladder polymer
(Scheme 3).¥  Oxidative  electropolymerization  of
[3-Cuc6]* was carried out in two stages: first macrocycle 6,
which has a short electron-rich 3,4-(ethylenedioxy)thiophene
(EDOT) end group, was polymerized to give strands of 7 by
cycling the potential from —0.5 to +0.55 V (versus Fc/Fc").
Higher potentials were then applied to polymerize the longer
threaded component 3 to generate strands of 4, thereby giving
the ladder polymer [4,-Cu,,C7]**". Zinc(II) ions can also be
used as a template in this synthesis. Each step in the
polymerization was monitored electrochemically, but the
product is completely insoluble and amorphous, so it is
difficult to evaluate how well the product matches the
idealized triple-strand structure.

Metallo-pseudopolyrotaxanes can exhibit remarkably
high conductivities when the redox potential of the metal
matches the oxidation potential of the m system, thus leading
to potential applications in chemoresistive sensors (Sec-
tion 5.7).%)

2.1.2. Hydrophobic Cyclophanes

Although metal coordination provides a precise and
predictable way of directing the synthesis of IMWs, it has
the disadvantage that metal binding sites need to be built into
both the wire and the insulation. Hydrophobic binding is an
alternative way of directing the threading process, and it
avoids the need for specific binding sites because most
conjugated molecules are hydrophobic. The challenge is to
design a system which is sufficiently soluble in water, and to
control the expression of this inherently less selective—and
less predictable—form of molecular recognition. There are
many examples of water-soluble macrocycles with hydro-
phobic cavities, such as cyclophanes*”! and cyclodextrins (see
Section 2.2), which bind suitably shaped hydrocarbons in
aqueous solution.
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Scheme 3. Synthesis of a triple-strand conducting ladder polymer. The
anodic electropolymerization is carried out in two stages: first the

electron-rich central chain 7 is formed, then the two outer strands 4.5%

The most thoroughly studied synthetic water-soluble
macrocycles are the cyclophanes developed by Diederich
and co-workers; an example of these compounds is 82 Cl",

MeO OMe
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which features a hydrophobic box defined by four aromatic
sidewalls.*”! The quaternary ammonium centers make these
chloride salts water soluble, while preserving the hydro-
phobicity of the cavity. Cyclophane 8" forms inclusion
complexes with many para-disubstituted aromatic com-
pounds in aqueous solution; for example our research group
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found that it forms a 1:1 complex with the alkyne 9°*
(Scheme 4) with an association constant of 4 x 10*m™", despite
the fact that both species are dications. Glaser coupling of this
[9C8]*" complex in water gives a [3]rotaxane [10C8,]*" with a
long conjugated core as the main product, together with the
[2]rotaxane [10C8]°" and the dumbbell 101 A neutral
version of [3]rotaxane [10C8,]*" was also synthesized with
sulfonated stoppers (Section 5.5).”! This study represented
the first synthesis of rotaxanes with long m-conjugated cores.
Attempts to extend this methodology to longer poly(phenyl-
enebutadiynylene) polyrotaxanes by polymerization of 1,4-
diethynylbenzene in the presence of cyclophane 8*' and
stopper 9°" failed as a result of aggregation and precipitation
of the conjugated oligomer intermediates.”!! A similar
principle has been implemented successfully by polymerizing
1,4-diethynylbenzene inside a mesoporous MCM-41 silica
host that had been functionalized with a copper(Il) complex
to catalyze the Glaser coupling reaction inside the silica
channels.”””!

2.2. Cyclodextrin-Based IMWs
2.2.1. Introduction to Cyclodextrin-Threaded Structures

Cyclodextrins are naturally occurring molecular tubes
(Figure 3)."* The commonest forms are o- and B-cyclodex-
trin, with six and seven o-1,4-linked glucopyranose units,
respectively, and minimum internal van der Waals diameters
of 43 and 6.0 A, respectively (calculated from the H-5
polygon).**! Larger cyclodextrins are also available, such as
v-CD with eight glucose units (internal minimum van der
Waals diameter 7.4 A from the H-5 polygon).1*!! The rim-to-
rim tube length is about 8.7 A, but this dimension varies with
the conformation, and cyclodextrins often pack more closely
than this in the solid state through hydrogen-bonding
interactions to form channel structures*”! with head-to-tail
or head-to-head arrangements (Figure 4).*8! The crystal
structures of these hydrogen-bonded channels enable the
maximum possible packing density of cyclodextrins along a
polyrotaxane to be estimated. The length of a cyclodextrin
unit in a channel with a head-to-tail, head-to-head, and head-
to-tail/head-to-head packing arrangement is 8.2, 7.8, and
7.7 A, respectively.

Native cyclodextrins are soluble in water, as well as in
polar organic solvents such as DMSO, DMEF, and pyridine.

Me-n7 ) OE@R]-MS

Angewandte

a-CD (n=6;R®=R*=Rf = H)

B-CD (n=7;RZ=R*=RC=H)

¥-CD (n=8; RZ=R*=R®=H)
DM-o-CD (n=6; R% = R® = Me; R® = H)
TM-0-CD (n=6; R® = R® = R® = Me)
HP-a-CD (n = 6; R? = R® = R® = H and CH,CHOHMe)

= —'

B-CD

Figure 3. a) Structures of a-, f3-, and y-cyclodextrin, as well as some of
their common derivatives. b) Examples of crystallographic conforma-
tions of a- and B-cyclodextrin,***! showing the dimensions of the van
der Waals surface. The projections down the cavity (top) show the
wider 2,3-rim at the front and the side views (bottom) have the
narrower 6-rim at the top. Internal and external diameters are
calculated from the H-5 and H-2 polygons, respectively; the tube
length (8.7 A) is estimated from the mean distance of the O-6 atoms
from the mean plane of the O-3 polygon.

Common cyclodextrin derivatives include the 2,3,6-tri-O-
methyl cyclodextrins (TM-a/f-CD) and the 2,6-di-O-methyl
cyclodextrins (DM-o/B-CD).[*! These methylated cyclodex-
trins are soluble in most solvents, from hexane to water. 2-
Hydroxypropylcyclodextrins (HP-0/p-CD) are widely used
because of their high solubility in water, although these
materials are complex mixtures, generally with an average of
about 0.6 substituents per glucose unit.

Cyclodextrins form inclusion complexes with a wide
variety of organic guests in aqueous solution and in the
solid state.” The stability of these complexes in solution
mainly comes from hydrophobic interactions, and they
generally dissociate in organic solvents. The first cyclodex-
trin-threaded polymers to be thoroughly investigated were

Et Et, + Et
N

I CuCl, NH,CI

I then NH4PFg N

9%+.oCI”

f
H

7N
=
3

Et .
N - 8PFg
Il ecr Me ﬁ -'W‘Q " Me
“ Q 0" OMeome 0 o’ OMeOMs 'C ’N/
S 82+.2Cr ¢ = = = = )
HO —S . _§@ R\ YA
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Scheme 4. Synthesis of a conjugated [3]rotaxane by Glaser coupling in water."!
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CD length 7.8 A

. 231:01A head-to-tail / head-to-head
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Figure 4. Cyclodextrins form three types of hydrogen-bonded channel
structures in the solid state. The repeat distances shown here (which
are averages from many crystal structures found in the Cambridge
Crystallographic Database)¥ enable the maximum number of cyclo-
dextrins that might thread onto a polymer of a given length to be
estimated.

reported independently by Harada and Kamachi® and by
Wenz and Keller.®? These studies provided the first demon-
stration that polymers can thread through cyclodextrins to
generate pseudopolyrotaxanes. The two systems provided a
powerful inspiration for the synthesis of cyclodextrin-
threaded molecular wires,”” and they have become arche-
types of two distinct classes of pseudopolyrotaxanes.

Harada and Kamachi prepared a pseudopolyrotaxane as a
crystalline precipitate by adding polyethylene glycol (PEG)
to an aqueous solution of a-CD. These PEGCa-CD com-
plexes are essentially insoluble in water, but dissolve with
dissociation in DMSO and DMF. They have stoichiometries
of approximately two ethylene glycol repeat units per a-CD,
which implies that the cyclodextrins are tightly packed along
the PEG chain through formation of hydrogen-bonded
channels. Comparison of the powder X-ray diffraction pattern
of this material with those of other a-CD inclusion complexes
led to the conclusion that the cyclodextrins are packed in a
head-to-head arrangement. If the PEG adopts a fully
extended all-anti conformation then the length of the -O-
CH,-CH,- repeat unit is (3.5040.05) A, thus a channel
length per cyclodextrin of (7.8+0.1) A (Figure 4b) corre-
sponds to a theoretical stoichiometry of 0.45 CD molecules
per repeat unit.

Wenz and Keller investigated the threading of cyclo-
dextrins onto cationic polyelectrolytes.”? The ammonium
groups slow down the threading process, so that in some cases
it takes weeks or even years to reach equilibrium at room
temperature. The ammonium centers also prevent the cyclo-
dextrins from packing tightly together along the chain, so that
the relative orientation of neighboring cyclodextrin units is
probably random. The most dramatic difference between this
system and PEGCa-CD is that the cationic pseudopolyrotax-
anes are soluble in water. This probably reflects the greater
flexibility of these polyrotaxanes, which arises from the lack

www.angewandte.org
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of a rigid hydrogen-bonded channel structure, as well as the
presence of ionic charge.

Many cyclodextrin-based rotaxanes and polyrotaxanes
have been reported, and the field has been recently
reviewed.’ Here we provide a critical analysis of the small
fraction of this field relevant to IMWs.

2.2.2. Azo-Dye Rotaxanes

Many azo dyes form complexes with cyclodextrins. These
inclusion complexes were first investigated by Cramer et al.
when they reported in 1967 that methyl orange 11 forms a 1:1
complex with o-cyclodextrin in water.® Although the 1:1
complex is formed in solution (stability constant 1.1 x 10*m™"),
the material crystallizes as the 1:2 complex 11C(a-CD),, in
which the chromophores sit head-to-tail in continuous tubes
of hydrogen-bonded head-to-tail cyclodextrins (Figure 5).°”
This channel structure points to the possibility of creating
long IMWs.

Figure 5. a) Structure of methyl orange. b, c) Two orthogonal views of
the methyl orange—(a-CD) complex 11C (a-CD), in the solid state.t”
The cyclodextrins form continuous head-to-tail hydrogen-bonded
tubes. Dashed lines indicate O6---O3 hydrogen bonds between neigh-
boring 0-CD rings. The repeat distance of the a-CD along the axis of
the channel is 8.30 A (see Figure 4a).

Azo dyes are generally prepared by azo coupling, and this
reaction proceeds well in water, so that hydrophobic binding
can be used to direct the formation of azo-dye rotaxanes, as
illustrated with bisdiazonium salt 12 in Scheme 5. In this
example, the phenol stopper 13 gives a [3]rotaxane 14C(a-
CD), as the main product. If the coupling of 12 and 13 is
carried out in the presence of one equivalent of a-CD, the
[3]rotaxane 14C(a-CD), still predominates over the [2]rotax-

14C(a-CD);

Scheme 5. Rotaxane synthesis by azo coupling (in aqueous solution at
pH 9).P¥ The a-CD is represented by a truncated cone which is
narrower at the 6-rim.
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ane 14Ca-CD, thus indicating that there is a favorable
hydrogen-bonding interaction between the two threaded
cyclodextrins. An NMR spectroscopic analysis has shown
that the [3]rotaxane is formed exclusively as one stereoiso-
mer, with the primary 6-OH rims at the center (NOE
interactions are observed from the methyl protons to H-3 of
the cyclodextrin).

Although azo coupling is a convenient reaction for
synthesizing azo-dye rotaxanes, there does not seem to be
space for the reaction to occur in the cavity of a cyclodextrin.
Thus rotaxanes are often formed with at least one azo group
exposed to the external environment. We prepared azo-dye
rotaxanes such as 15CTM-a-CD,”” in which the azo chromo-

NaO,S a8

15CTM-a-CD

NaO,S
SO;Na

phore is permanently locked inside the cavity of a cyclo-
dextrin, by using chlorotriazine. These rotaxanes exhibit
dramatically enhanced chemical stability and photostability
(Section 5.1). Other examples of azo-dye rotaxanes have been
synthesized by using pyridine alkylation™ and Suzuki
coupling.[!]

2.2.3. Cyanine Rotaxanes

Cyanine dyes consist of an amine electron donor linked to
an iminium electron acceptor through a m-conjugated poly-
methine bridge. They have important applications as fluo-
rescent probes, near-IR dyes, and nonlinear optical materi-
als.*” These chromophores played a key role in the develop-
ment of a theoretical understanding of molecular wires and
electronic conjugation because their absorption spectra shift
to longer wavelengths as the m system is extended, much as
would be expected for a simple one-dimensional “electron in
a box” model (Figure 6). The large reduction in the S-S, gap

zZ Z
Te= SN

polyenes
.D""
o X +
1/Amax o Me,N W/\V NMe,
n

cyanines

010 015

1IN, —~

0.05

Figure 6. a) General structure of a cyanine dye. b) Plot of 1/4,,,, for
the absorption band with the longest wavelength versus the reciprocal
of the number of i electrons for simple polyenes and cyanines
(polyene data in isooctane;¥ cyanine data for perchlorate salts in
dichloromethane!®)).
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with increasing chain length reflects the efficient m overlap
and the lack of bond-length alternation. It has been shown
that longer cyanine dyes do undergo the expected Peierls
distortion,®! thus limiting the reduction in the S,-S, gap that
can be achieved simply by increasing the length of the
wt system. The longer cyanines become increasingly unstable
under ambient conditions, as a result of the reactivity of the
polymethine bridge, and provide a motivation for the syn-
thesis of rotaxanes in which this vulnerable region of the
molecule is shielded from the environment. We have found
that cyanine rotaxanes can be synthesized by aqueous
Knoevenagel reactions, as illustrated in Scheme 6.0l Both
stereoisomers of the [2]rotaxane A-16Ca-CD and B-16Ca-
CD are formed in this reaction, and were separated by
chromatography. The chemical stability of the cyanine dye is
enhanced in these rotaxanes (Section 5.1).
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NaOH, H,O

iy Ph

— ( +
/ % #NT
[ i Bl
\M‘d X7 Ph
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A-16Ca-CD +

‘ )
—  B-16Ca-CD

Scheme 6. Synthesis of a separable mixture of two stereoisomers of a
cyanine rotaxane.'*® %)

S Ph
+
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| i |
|W@ =~"ph

2.2.4. Biphenyl- and Stilbene-based Rotaxanes and Polyrotaxanes

Suzuki coupling is one of the most widely used methods
for the synthesis of conjugated polymers. The palladium-
catalyzed coupling of a boronic acid R'B(OH), with an
organic halide R?X leads to the formation of biphenyl or
stilbene derivatives R!-R* (R! and R? are generally aryl or
vinyl groups).®™ The reaction works well in water, and we
have used this approach to synthesize [2]rotaxanes such as
17Ca-CD and 18Ca-CD (Figure 7). The solid-state
structures of both these [2]rotaxanes have been determined
by single-crystal X-ray analysis. It is interesting to compare
their structures with those of the only other two crystallo-
graphically characterized cyclodextrin rotaxanes 19Ca-CD
and 20Ca-CD.7 All four structures have an a-cyclodextrin
clasped round the waist of a stilbene unit, and the cyclodextrin
does not appear to have any significant affect on the
conformation of the stilbene m system. All four structures
feature m—m stacking interactions between the ends of the
dumbbell units, thus leading to infinite one-dimensional
strands (Figure 7) and suggesting a mechanism for long-
range charge transport in a bulk material made up of longer
polyrotaxane IMWs (Sections 5.6 and 5.7).
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HO,C, CO,H
©‘< }—\\J‘H 17Ca-CD
HO,C CO,H

/&‘ COzH

|
D/ur}\’iQ 18Ca-CD
' ky GO:H

e

19Ca-CD (R = H)
20Ca-CD (R = OMe)

(d)

Figure 7. [2]Rotaxane molecules stack in a m—m arrangement into
infinite strands in the crystal structures of 17Ca-CD (a),”* 18Ca-CD
(b),”¥19Ca-CD (c), and 20Ca-CD (d).”" In each case two orthogonal
views of the ;-stacked strand are shown.

We have used Suzuki coupling to synthesize conjugated
polyrotaxanes from a diboronic acid and a water-soluble
diiodide with a small amount of a bulky mono-iodide stopper,
as illustrated by the synthesis of the threaded poly(para-
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phenylene) PPP1CB-CD (Scheme 7). We also used this
method to prepare polyrotaxanes with cores based on
polyfluorene (PF1CB-CD), poly(4,4-diphenylenevinylene)

Li0S
LiO;S

Li0,S

PDV1Ce-CD and PDVICS-CD

(PDV1cCa-CD and PDV1CfB-CD), as well as poly(phenyl-
enevinylene) (PPV1ca-CD and PPVICB-CD).*7! These
polyrotaxanes have some resemblance to the pseudopoly-
rotaxanes developed by Wenz and Keller,*? in that they are
very soluble in water and DMSO. The cyclodextrin rings are
separated by polar ionic residues, so that there is probably no
interaction between them along the chain. '"H NMR spectro-
scopic analysis of these polyrotaxanes allows the number of
threaded cyclodextrins to be determined (Figure 8). This
value can be quantified by the threading ratio y =x/(n+1). In
some cases it is also possible to integrate the proton
resonances of the stopper units, and thus to estimate the
degree of polymerization. Excess cyclodextrin and low-
molecular-weight impurities are readily removed by dialysis,
and this experiment provides a good test for the integrity of
the polyrotaxane: if the ends of the chain are not capped with
bulky stoppers then the cyclodextrin gradually slips off the
chains. This property can be illustrated by the plots of
threading ratio (determined from NMR apectroscopic anal-
ysis) as a function of the volume of water eluted through the
ultrafiltration cell (Figure 8). At the start of the experiment,
when no water has been eluted through the ultrafiltration
membrane, the apparent threading ratio determined by
integration of the '"H NMR signals is very high, because of
the presence of free cyclodextrin. In the case of the
pseudopolyrotaxane PPP2Cf3-CD with small end groups, all
the cyclodextrin is washed off during dialysis, whereas with
PPP1CB-CD the threading ratio does not fall below a value of
about 1.1.

The molecular weights of these polyrotaxanes, as deter-
mined by equilibrium ultracentrifugation, agree well with the
values determined by NMR spectroscopic quantification of
the end groups and with those predicted from the mole ratio
of monofunctional iodide used in the polymerization reac-
tions. In general, the average degree of polymerization is
intentionally limited to 7, =10, by adjusting the polymeri-
zation stoichiometry, to minimize accidental termination, but
reasonable agreement between expected and experimental
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Scheme 7. Synthesis of a poly(para-phenylene) polyrotaxane.”!

SO4Li
PPP1CB-CD Ar=-- @ PPP2CB-CD Ar=--

CO,L

S0gLi
1.54

PPP1CA-CD

Bl S e S S
X T
(n+1) =
T~
0.5 ~o_

~—5 fffzqs-oo

0 . v v

0 2 4 6

volume eluted / L

Figure 8. Dialysis of polyrotaxane PPP1C[3-CD and pseudopolyrotaxane
PPP2C3-CD (both with 7i,=10) through a 5-kDa NMWCO membrane.
The threading ratio [jywr=X/(n+1)], determined by integration of the
"H NMR signals, is plotted versus the volume of water eluted./””

molecular weights is maintained up to 77, = 20. (In this case an
average chain contains 84 benzene rings and the mean
contour length is 36 nm.) Further insights into the structure
of these polyrotaxanes are provided by mass spectra. Figure 9
shows such a spectrum for PPP1CB-CD, which reveals
families of signals of species with different numbers of
threaded cyclodextrins for each number of repeat units. All
the main signals in this spectrum fit with the expected species,
but there are also some minor signals with m/z values 152 Da
higher (marked with triangles in Figure 9) which are due to
oxidative homocoupling of the diboronic acid monomer.
These minor signals are generally associated with an extra
threaded cyclodextrin, thus reflecting the hydrophobicity of
the unsubstituted biphenyl group.

Whereas NMR spectroscopy gives a measure of the
average number of cyclodextrins threaded on each polyrot-
axane (for example, a threading ratio of y=1.1), mass
spectrometry reveals the distribution of the threading
ratios: it is evident that some chains are sparsely covered
while others have much higher threading ratios, with more
than one cyclodextrin per unsubstituted biphenyl unit. The
length of the polymer repeat units of PPP1Cf-CD, PF1Cf3-
CD, PPV1Cf-CD, and PDV1CB-CD are 17.3, 16.8, 20.0, and
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Figure 9. MALDI-TOF mass spectrum of PPP1C-CD (77,=10), with a-
cyano-4-hydroxycinnamic acid used as the matrix (negative mode).
Triangles indicate molecular ions corresponding to chains with one
extra biphenyl unit. Color code: n=2 (green), n=3 (red), n=4 (blue),
n=5 (purple), n=6 (mustard), and n=7 (turquoise).”

219 A, respectively, so the maximum numbers of cyclodex-
trins that could be accommodated in Harada—Kamachi
structures (Figure 4) are 2.2, 2.2, 2.6, and 2.8 B-CDs per
repeat unit, respectively.

These polyrotaxanes have been imaged by tapping mode
AFM." Figure 10 shows the image obtained using PPP1Cp-
CD with a nominal degree of polymerization of 77, =30
(calculated from the ratio of the reactants in the polymeri-
zation), so the polyrotaxanes should have number-average
contour lengths of about 50 nm. The observed structures have
roughly the expected width and height for a cyclodextrin
(after correction for the tip dimensions), but they are
surprisingly long, with contour lengths in the region of
100 nm. This observation probably reflects the selective
adsorption of longer chains onto the mica surface during
spin-coating. It is interesting that, while individual PPP1Cf3-
CD polyrotaxane molecules can be imaged reproducibly by
AFM, it is not possible to image individual molecules of
unthreaded PPP1 (Section 5.8).

This section has focused on systems prepared by Suzuki
coupling because this methodology has led to rapid progress
in the synthesis of IMWs. Several biphenyl- and stilbene-
based cyclodextrin rotaxanes have been synthesized using
other types of chemistry."” The synthesis of an anthracene-
terminated f-cyclodextrin—polyfluorene polyrotaxane by
Yamamoto coupling has also been reported."
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Figure 10. Tapping mode AFM image of PPP1Cf-CD (#i, = 30), spin-
coated from aqueous solution onto mica. The corrected dimensions of
a rod are estimated to be about 1.6 nm (width) and (0.4+0.T) nm
(height)."

2.2.5. Polythiophene Polyrotaxanes

Polythiophenes are one of the most widely studied family
of organic semiconductors, and there have been several
investigations into the synthesis of pseudopolyrotaxanes
consisting of polythiophenes threaded through cyclodex-
trins.”*®! 2,2"-Bithiophene (2T) forms strong 1:1 complexes
with $-CD, DM-B-CD, and HP-3-CD in aqueous solution.
The stability constants of the B-CD and HP-B-CD complexes
are 3.8x10° and 3.6x10°m~!, respectively.”™®! A crystal-
structure analysis of the (2T);-(f-CD), complex has also been
reported.””! The cyclodextrins pack into a hydrogen-bonded
head-to-head channel structure (Figure 4b), with one 2T
molecule in the cavity of each CD, and a third 2T molecule
sitting between the 2,3-rims of two [3-CD units. Lagrost et al.
have shown that 2T can be electropolymerized in aqueous
solution in the presence of HP-3-CD to form a pseudopoly-
rotaxane (Scheme 8).""!

HP-g-CD

Q¢ iy
2 \ anode e
2T

s |‘/\ 5.0
WA \w
&,///
PT1CHP-3-CD

Scheme 8. Synthesis of a polythiophene pseudopolyrotaxane.”® A

similar product can be obtained by chemical oxidation with FeCl;."

HP-B-CD was used rather than native $-CD to increase
the solubility of the cyclodextrin and its complex with 2T. The
pseudopolyrotaxane is deposited as a film on the anode
surface, and is almost completely insoluble, although its
solubility in DMF (ca. 1 gL™") is greater than that of ordinary
unthreaded polythiophene of the same chain length. UV/Vis,
Raman, FTIR, and XPS analysis of solid films of the
pseudopolyrotaxane confirmed the presence of the polythio-
phene and cyclodextrin components, and indicated a ratio of
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0.03-0.23 cyclodextrins per thiophene unit (depending on the
synthesis conditions). Harada and co-workers prepared a
similar pseudopolyrotaxane, as a purple precipitate, by
oxidizing aqueous solutions of 2TCB-CD and 2TCDM-f3-
CD with FeCl,."”) The mechanism of these aqueous oxidative
polymerizations has been investigated in solution by using
flash photolysis,® and on anode surfaces by using a quartz
microbalance.®™ The reaction seems to proceed by diffusion-
controlled dimerization of radical cations, followed by
threading of cyclodextrins onto the nascent polythiophene
chains. Yamaguchi et al. have shown that polythiophene
slowly forms inclusion complexes with aqueous f-CD.F? A
water-soluble pseudopolyrotaxane forms after stirring poly-
thiophene with $-CD for about three weeks in water. Further
threading of cyclodextrin leads to precipitation of a pseudo-
polyrotaxane with about 0.1 cyclodextrins per thiophene unit,
which implies that large regions of the polymer remain
uncovered.

Hadziioannou and co-workers have recently reported the
synthesis of an anthracene-terminated polythiophene poly-
rotaxane PT2C-CD by nickel-catalyzed Yamamoto coupling

|

R

PT2CB-CD

in DMFE."®! Small-angle neutron-scattering data indicate that
this polyrotaxane has a degree of polymerization of about
71,=12 and an average of 0.6 3-CDs per bithiophene repeat
unit (the length of this repeat unit is 7.8 A, so the polymer
could accommodate up to 1.0 B-CD per repeat unit).

Polypyrrole is closely related to polythiophene, but to the
best of our knowledge, the synthesis of cyclodextrin—polypyr-
role polyrotaxanes has yet to be achieved, although a few
relevant experiments have been reported.’®!

2.2.6. Polyaniline Pseudopolyrotaxanes

Polyaniline (PANI) is an unusual type of conjugated
polymer in that it can be doped by protonation, as well as by
oxidation (Scheme 9). The conductivity increases by
10 orders of magnitude to around 10°Scm™' when the
emeraldine base is protonated to give the emeraldine salt.™
Polyaniline is also easy to synthesize, by oxidation of aniline,
and it has several applications: in rechargeable batteries,
sensors, electromagnetic screening fabrics, and electrochro-
mic devices.™

IMWs consisting of polyaniline threaded through cyclo-
dextrins were first investigated by Ito and co-workers by using
frequency-domain electric birefringence (FEB) spectroscopy
and scanning tunneling microscopy (STM).’! The FEB
technique probes molecular optical and electric anisotropy,
so rodlike molecules give strong electric birefringence
whereas isotropic species, such as coiled polymer chains,
give no response. Addition of a large excess of 3-CD to a
solution of emeraldine base in N-methyl-2-pyrrolidinone
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Scheme 9. The redox/protonation states of polyaniline (PANI)

emeraldine salt
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85]

(NMP) at temperatures below 275 K gives a strong increase in
the FEB signal, apparently resulting from a change in the
polymer conformation (Figure 11).

p-cyclodextrins conducting PANI chain

NMP
T<275K
inclusion

-

insulated molecular wire

NMP
T>275K
dissociation

Figure 11. Schematic representation of the complexation of polyaniline
with 3-CD. Adapted with permission from Ref. [86]. Copyright 2005
American Chemical Society.

No FEB response is observed under these conditions in
the absence of B-CD, nor in the presence of B-CD at
temperatures above 275 K. The strong temperature depend-
ence of the binding process was attributed to the loss of
conformational entropy in the polyaniline, and to the loss of
translational entropy in the many threaded cyclodextrin
molecules. The stoichiometry of this polymer inclusion
complex has not been determined, but it is assumed that the
cyclodextrins are closely packed along the polyaniline
chain—in a structure resembling PEGCa-CD—because oth-
erwise it is difficult to see how the presence of threaded
macrocycles could have such a strong influence on the
conformation of the polymer backbone. A computational
study® of PANICB-CD concluded that the threaded cyclo-
dextrin favors a more conjugated planar conformation for the
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7 system, and that a structure with 1.0 $-CD per aniline unit
(packed head-to-head) is likely. However, the length of the
aniline repeat unit projected onto the polymer backbone axis
is only 5.1 A (from crystal structures of short oligomers®), so
the cyclodextrin channel parameters (Figure 4) imply that the
polymer could not accommodate more than 0.65 3-CDs per
aniline unit.

Complexation of B-CD and emeraldine base was also
observed at room temperature in water/NMP mixed solvent
systems. Under these conditions the inclusion complex falls
out of solution as a crystalline blue precipitate.’*®! No
complexation was observed with a-CD. STM images of the p3-
CD polyaniline complex spin-coated onto highly oriented
pyrolytic graphite (HOPG) revealed rodlike structures with
lengths matching the contour length of the polyaniline
(300 nm) and heights corresponding approximately to the
external diameter of a cyclodextrin.®™ It was not possible to
image strands of the unthreaded polyaniline, presumably
because it adopts a compact coiled conformation or aggre-
gates. Similar PANICP-CD inclusion complexes have been
prepared by the oxidative polymerization of N-phenyl-1,4-
phenylenediamine or aniline in the presence of aqueous f3-
CD, although the material produced by in situ polymerization
of aniline contains only 0.07 cyclodextrins per aniline repeat
unit.

Ito and co-workers have also shown that polyaniline
emeraldine base forms inclusion complexes with cross-linked
a-cyclodextrin nanotubes.”*? These nanotubes are prepared
by covalently linking a-CDs together, through formation of
ether links with epichlorohyrin, on a PEG template.”! Tt is
interesting that polyaniline binds strongly to these a-CD-
based nanotubes in aqueous NMP without requiring a large
excess of the nanotubes, whereas it does not bind native o-
CD. AFM images of these inclusion complexes, spin-coated
onto mica, show long rodlike structures (Figure 12). The
length of the individual nanotubes is around 25 nm (by STM),
so several nanotubes fit onto a polyaniline strand with a
contour length of around 300 nm. The distribution of contour
lengths for the nanotube inclusion complexes (Figure 12c¢)
indicates that some strands consist of several polyaniline
chains spliced end-to-end by nanotubes (Figure 12b).1”

Complexation of polyaniline hinders oxidative doping
with iodine,”™ but it does not prevent protonic doping;
acidification of the nanotube complexes results in a strong
red-shift in their absorption, as a result of formation of the
emeraldine salt.”” Single-molecule conductivity measure-
ments on these IMWs have been reported recently (Sec-
tion 5.7).%%

2.2.7. Schiff Base Polyazomethine Polyrotaxanes

The idea of making IMW-type polyrotaxanes by imine
formation has been pioneered by Farcas and Grigoras.”
They investigated the acid-catalyzed condensation of 1,4-
phenylenediamine with terephthalaldehyde in the presence of
B-CD in hot DMF, with 4-triphenylmethylaniline used as a
bulky stopper (Scheme 10). The product of this reaction,
PAMI1Cf-CD, is rather insoluble, which made characteriza-
tion difficult. The "H NMR spectrum (in [Dg]DMSO at 70°C)
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Figure 12. a) AFM image of polyaniline threaded through a-CD-based
molecular nanotubes on a cleaved mica substrate (4 umx4 um);

b) schematic representation of an IMW formed by molecular nano-
tubes linking some polyaniline chains; c) contour-length histogram
from 210 AFM images of these IMWSs. Reprinted with permission from
Ref. [92]. Copyright 2002 American Institute of Physics.
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Scheme 10. Synthesis of a polyazomethine polyrotaxane.*

shows aromatic and sugar resonances, and GPC analysis in
DMF using polystyrene standards gives a number-average
molecular weight M, of 18600 gmol ™', which corresponds to
an average degree of polymerization 7, of 13, assuming one [3-
CD per polymer repeat unit. The amount of threaded
cyclodextrin was not determined, and no evidence was
provided for incorporation of the trityl end groups. A similar
material was also obtained using a-CD.
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Farcas and Grigoras also prepared polyrotaxanes

PAM2C(-CD and PAM3Cp-CD, by treating N-butyl-3,6-

diformylcarbazole with 1,4-phenylenediamine and 4,4'-di-
aminobiphenyl, respectively, under similar reaction condi-
tions.”7*!! The combined effect of the nonlinear backbone,
butyl sidechains, and threaded cyclodextrins make these
pseudopolyrotaxanes soluble in methanol, DMSO, and DMF
(but they remain insoluble in water), whereas the corre-
sponding polymers PAM2 and PAM3 without threaded
cyclodextrins are insoluble in methanol and only sparingly
soluble in DMF. '"HNMR analysis of PAM2CB-CD and
PAM3Cf-CD in [Dg]DMSO indicates that the numbers of 8-
CDs per repeat unit are about 0.6 and 1.0, respectively, thus
reflecting stronger binding on the biphenyl residue. GPC
analysis of PAM2Cp-CD and PAM3Cf-CD in DMF with
polystyrene standards gave M, values of 16200 and
22500 gmol ™!, respectively (77, = 16 and /1, = 14, respectively).

Geckeler and co-workers have synthesized a fullerene-
terminated polyrotaxane PAM4C(-CD, in essentially the
same manner as the synthesis of PAM1Cf-CD by Farcas and
Grigoras, by terminating the polymerization with 1,4-xylyl-
enediamine followed by Cg.™! The length of the polymer
repeat unit of PAM4C-CD is the same as that of PAM1Cf3-
CD (12.6 A),™ so if the cyclodextrins form a close-packed
channel (Figure 4) there would be 1.6 3-CDs per repeat unit.
This theoretical maximum threading ratio agrees quite well
with the '"H NMR results (in [Dg]DMSO), which indicate that
there are two cyclodextrins per repeat unit. GPC analysis
gave a number-average molecular weight M, of 82400 gmol ™!
(compared to polystyrene standards) which implies a degree
of polymerization 7, of 33 (assuming 2 $-CDs per repeat
unit). The polyrotaxane was characterized by “C NMR, IR,
UV/Vis, and fluorescence spectroscopy as well as TGA and
cyclic voltammetry. However, it is not clear how closely it
matches the proposed structure for PAM4C(-CD, and the
observation that the material is soluble in water seems
counter to expectations.

Recently Liu et al. reported the synthesis of PAMSCf3-
CD.'" They used essentially the same polycondensation
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conditions as Geckeler and co-workers, except that the chains
were terminated by adding 2.4-dinitrofluorobenzene. This
end group is not large enough to prevent (-CD from
unthreading, so the material is a pseudopolyrotaxane. In
practice, unthreading may not be a problem because
PAMSC-CD is so insoluble. It is too insoluble in DMF for
solution-phase NMR or GPC analysis, so its composition was
determined by hydrolysis in [Dg]DMSO/DCI, which gener-
ated a mixture of o-tolidine, terephthalaldehyde, §-CD, and
the o-tolidine-2,4-dinitrobenzene adduct (1.00:1.09:1.80:0.13
from 'HNMR integration). This is approximately the
expected ratio of components if one assumes 2 3-CDs per
repeat unit and 7, =4 (calculated ratio: 1.00:0.80:1.80:0.40).
This composition is consistent with the amount of nitrogen
from combustion analysis. The proposed structure was
supported by "C cross-polarization magic-angle-spinning
solid-state NMR spectroscopy. STM images of PAMSC[-
CD on HOPG revealed long straight strands; the diameter of
these strands (1.5 nm) matches that of 3-CD, but their length
is greater than 100 nm, whereas a degree of polymerization of
n=4should give a length of about 8 nm. This discrepancy was
ascribed to an end-to-end association of pseudopolyrotaxane
units, but it is difficult to envisage why they should associate in
this way.

All the cyclodextrin-threaded polyazomethines discussed
here were synthesized in anhydrous DMF, whereas most
cyclodextrin-threaded systems are prepared in water.'"!] Of
course the reason for this is that polyazomethines are
hydrolyzed by water. The binding of guests to cyclodextrins
in organic solvents has not been thoroughly investigated, but
in the few previous cases where strong binding was observed
(K >100M™") it was attributed to hydrogen bonding, and a
nonthreaded “lid-type” equatorial geometry was postu-
lated."™ So it is remarkable that Geckeler and co-workers
report that $-CD binds 1,4-phenylenediamine and tereph-
thalaldehyde in DMF at 25°C to form 1:1 complexes with
association constants of (740=+300) and (8604 300)m ",
respectively.”” Liu et al. report similar association constants
of (570 4+ 30) and (740 £ 40)m ! for o-tolidine and terephthal-
aldehyde, respectively, under identical conditions.'""!
Another puzzling feature of this chemistry is that all three
research groups found that polyrotaxanes were formed most
effectively by using the isolated $-CD inclusion complexes of
the starting materials, rather than by allowing 3-CD to bind to
the stating materials in situ during polymerization. One might
have expected the monomer—3-CD binding process to reach
equilibrium within a few seconds, but Farcas and Grigoras
report that it takes 6-8 h at 50°C to form the -CD inclusion
complexes of 1,4-phenylene diamine and 4,4'-diaminobi-
phenyl in DMF."® Many aspects of this chemistry are not
well understood, but it provides an intriguing route to
conjugated polyrotaxanes.

PAMSC,G cD
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2.2.8. Polysilane Peudopolyrotaxanes

Polysilanes have Si-Si linked backbones and behave like
m-conjugated polymers, in that their UV absorption bands
shift to longer wavelength with increasing chain length and
they can be doped with oxidants to produce semiconducting
materials. This property leads to the concept of “o conjuga-
tion”. Harada and co-workers have synthesized inclusion
complexes of polydimethylsilane Me(SiMe,),Me (where 7i, =
5-13) with y-CD, as crystalline precipitates by stirring the
solid polymer with an aqueous solution of cyclodextrin.'*
The stoichiometry of these complexes, determined from
"HNMR spectra recorded in [Ds]pyridine, indicates that
there is one y-CD per three SiMe, repeat units, and X-ray
powder diffraction data support a head-to-head channel
structure (Figure 13). Crystallographic data on (SiMe,),
oligomers!'™ shows that the length of the Si—Si bond

Figure 13. Proposed structure of the y-CD—polydimethylsilane inclusion
complex.l'

projected onto the polymer axis for an extended all-anti
(SiMe,), chain is 1.94 A, so it seems unlikely that the polymer
chain could accommodate more than one y-CD for each 4.0
SiMe, units if the cyclodextrins form a close-packed channel
(7.7 A per y-CD; Figure 4¢)."™ B-Cyclodextrin does not form
complexes with these polysilanes but it does bind short
oligomers Me(SiMe,),Me, where n = 1-5. See Section 3.2 for
a discussion of related schizophyllan glucan complexes.

2.3. Threaded Cucurbiturils

The cucurbit[n]urils (CB[n], n=5-10) are a family of
pumpkin-shaped macrocycles derived from glycoluril and
formaldehyde.'"1® CB[6] has been known since 1905 and its
binding behavior has been explored by Mock and co-workers
since the 1980s.'™! The other members of this family only
became available recently as a consequence of studies by the

AT
[Oko \ ‘)

CBI[n] (n=51to0 10)
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research groups of Kim and Day,"'" which has led to a flurry
of activity during the last few years. Cucurbiturils are often
regarded as cyclodextrin analogues, and the cavity sizes of
CBJ6], CB[7], and CBJ[8] roughly correspond to those of a-, -
, and y-CD, respectively, although their guest affinities are
often very different."''! The central cavity of a cucurbituril is
hydrophobic, like that of a cyclodextrin, but the rims of a
cucurbituril are lined with convergent carbonyl groups, which
leads to strong charge—dipole interactions with cationic
guests, as well as hydrogen-bonding interactions with organic
ammonium ions. Thus cucurbiturils generally bind cationic
and neutral guests, but not anions. CB[5] accommodates small
molecules such as N,; CB[6] binds protonated o,m-diami-
noalkanes "NH;(CH,),NH;" (n=4-7, K=10-10°M"" in
aqueous formic acid)!'® as well as neutral species such as
THF; CBJ[7] forms 1:1 complexes with larger cations, such as
methyl viologen (MV**, K =2 x 10°M~" in aqueous buffer),!'?
and neutral molecules such as ferrocene; CB[8] has such a
large cavity that it is able to simultaneously accommodate two
aromatic guests the size of (E)-diaminostilbene.!""™ The poor
solubilities of cucurbiturils can be a critical factor limiting
their use. Most binding studies are performed in aqueous acid
as cucurbiturils are insoluble in most organic solvents. Several
routes to functionalized cucurbiturils have been pursued to
overcome this problem, particularly with CB[5] and
CB[6]," but efficient routes to soluble derivatives of
CBJ[7] and CBJ[8] have yet to be developed.

Many cationic dyes form stable 1:1 inclusion complexes
with CB[7] in aqueous solution (association constants K >
10°m ). Complexation generally enhances the photosta-
bility of the dye, as with cyclodextrin complexes (Section 5.1).
The remarkably low polarizability inside the cucurbituril
cavity extends the fluorescence lifetimes of the encapsulated
dyes.'"! Many cucurbituril-based rotaxanes, polyrotaxanes,
and pseudopolyrotaxanes have been reported.l'% 71181 None
of these systems feature long conjugated threaded m systems,
but the recent explosion of interest in CB[7] and CB[§],
together with their strong affinities for aromatic guests, lead
us to suspect that cucurbiturils will soon make an important
contribution to the field of IMWs.

2.4. Conclusions on the Synthesis of Polyrotaxane IMWs

Many polyrotaxane and pseudopolyrotaxane IMWs have
been synthesized from both cyclophane and cyclodextrin
macrocycles. All of these syntheses use noncovalent inter-
actions to drive the threading process. Often these reactions
are carried out in water, so that hydrophobic interactions
favor threading, but some cyclodextrin polyrotaxanes can be
synthesized in organic solvents (Sections2.2.6 and 2.2.7).
Metal coordination provides the most predictable way of
positioning a conjugated m system through the cavity of a
macrocycle (Section 2.1.1). Solubility is often a critical issue,
and there are many examples of insoluble cyclodextrin- and
cyclophane-based pseudopolyrotaxanes, which limits the
scope for structural characterization or device fabrication.
Excellent solubility can be achieved by using a charged
polymer backbone (Section 2.2.4), but the ionic nature of
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these polyelectrolyte IMWs complicates their behavior in
optoelectronic devices (Section 5.6). Charged substituents
tend to prevent the macrocycles from packing closely along
the chain, thereby leading to gaps in the insulating sheath.
One of the main themes in our current research is the
development of efficient routes to soluble nonpolar neutral
polyrotaxane IMWs with closely packed threaded macro-
cycles. Most of the common types of conjugated polymers
have now been threaded through macrocycles, but there are
still many challenges in the engineering of these materials at
the molecular level. Perhaps one day it will be possible to
insulate any type of molecular wires in a sheath of specified
dielectric constant, wall-thickness, persistence length, and
solubility by synthesizing a polyrotaxane.

3. Polymer-Wrapped IMWs

Another strategy for encapsulating a molecular wire is to
wrap it with a polymer, so that it becomes the guest inside the
axial cavity of a helix. There is probably scope for threading
molecular wires inside the axial cavities of many helical
polymers, but so far most examples involve just two natural
polysaccharides: amylose, which has a a-1,4-D-glucose back-
bone, and schizophyllan glucan (SPG), a branched polysac-
charide based on (3-1,3-p-glucose units.

HO

e}
HO

H
© ¢}
amylose

o}
OH

schizophyllan (SPG)

3.1. Amylose-Encapsulated Molecular Wires

Amylose is the main component of starch, where it is
found along with the branched polysaccharide amylopectin.
Amylose generally adopts helical conformations, as shown by
crystallographic studies on the pure polymer!'*'*! and on its
blue iodine inclusion complex.'” In nature, amylose occurs
as two main polymorphs, A" and B!"?!! which are found in
cereals and potatoes, respectively, both of which are double-
strand parallel helix structures. A single-helical V polymorph
is formed from solutions of amylose in solvents such as
DMSO.["?? All these polymorphs have six glucose residues
per helical turn, with a pitch that varies from about 8 A in the
V form to about 21 A in the A and B forms. When viewed
down the helix axis (Figure 14a), V-amylose presents an axial
cavity which is very similar to that of a-cyclodextrin
(Figure 3b), and the structures of amylose inclusion com-
plexes generally resemble those of cyclodextrin pseudopoly-
rotaxanes.'” As with cyclodextrins, complex formation is
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Figure 14. Crystal structure of single-helical V,-amylose. a) View along
the helix axis, which allows approximate determination of the size of
the channels. b, c) Lipophilicity patterns showing the hydrophilic outer
surface in blue (b) and the hydrophobic inner surface in yellow (c).
The internal and external van der Waals diameters of 4.1 and 14.9 A,
respectively, are calculated from the distances of the H-5 and H-2
atoms from the helix axis, respectively, so they are directly comparable
with the dimensions of a-CD (4.3 and 15.4 A; Figure 3). Figure
reprinted from Ref. [124]

driven by interactions with the hydrophobic surface of the
polysaccharide (Figure 14¢)."*!! Although the axial cavity of
V-amylose is slightly narrower than that of o-CD, amylose is
very flexible and it can accommodate guests with a wide range
of diameters.!!

Kim and Choi have prepared amylose inclusion com-
plexes of cyanine dyes of general structure DASP-C, by
adding water to solutions of the dyes and amylose in DMSO
(Scheme 11).1%1 These complexes can be dried and redis-
solved in water, even when the free dyes are not water-
soluble. The hydrophobicity of the dye is important for

—, +
7\ ,N~(CHz),.1CHs
Me:N B~ DASP-C,

\ =
\

Scheme 11. Complexation of cyanine dyes DASP-C, with amylose.'

\ amylose, water

A\ =\ A\
ettt
b - X J

DASP-C,Camylose
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complex formation, and inclusion is only observed for dyes
with long alkyl tails (n=12). Several spectroscopic changes
demonstrate complexation: As water is added to a solution of
DASP-C,, in DMSO in the absence of amylose, a UV/Vis
absorption band corresponding to the dye aggregates appears
at 420 nm. This band is absent when amylose is present, but
reappears when the amylose complex is treated with cetyl-
trimethylammonium bromide (CH;(CH,),;sNMe;Br), which is
a competitive guest for the polysaccharide.'”! The DASP-
C,,Camylose complex has a stability constant of (2+1)x
10°m7! in aqueous solution,?” and circular dichroism meas-
urements confirm that the dye is in a chiral environment.!'
The nonlinear optical and fluorescence behavior of these
complexes are discussed in Sections 5.2 and 5.3.

Single-walled carbon nanotubes (SWNTs) with diameters
of 1-2 nm form water-soluble complexes with amylose.%1%’]
The binding process is believed to involve helical wrapping,
thus illustrating the amazing flexibility of the amylose helix.
This type of complexation process provides a way of prepar-
ing soluble SWNTs without disrupting their electronic
structure, as would generally accompany covalent function-
alization. SWNTs have also been solubilized with many other
polymers,'* including SPG (see Section 3.2).

3.2. Schizophyllan-Encapsulated Wires

Schizophyllan (SPG, also known as sonifilan, sizofiran,
and sizofilan) is produced industrially from the fungus
Schizophyllum commune; an identical polymer known as
scleroglucan is produced by fungi of the genus Sclerotium.!3!
It is widely used in cosmetics and as an immunotherapeutic
agent in the treatment of uterine cancer.’*? In aqueous
solution, SPG adopts a triple-helix structure (t-SPG), with six
backbone glucose residues per helical turn in each single
strand. Unlike V-amylose, t-SPG has no axial cavity. The
three strands in t-SPG are held together by hydrogen-bonding
interactions between the OH(2) groups of the backbone
glucose units, and by hydrophobic stacking interactions
between these sugar residues. The hydrophilic pendant
glucose units protrude from the surface of this triple helix,
thereby making t-SPG very soluble in water." t-SPG is a
remarkably stiff polymer in aqueous solution, with a persis-
tence length of around 200 nm. In DMSO (and water at high
pH values) it exists as a random-coil single-strand (s-SPG),
which reverts to the t-SPG triplex on addition of water (at
pH 7). If a hydrophobic guest is present during this renaturing
process it can be trapped as an inclusion complex. SPG binds
an astounding range of guests, including hydrophobic poly-
mers, polynucleotides, and even gold nanoparticles.'** 13 The
complexes probably feature helical SPG strands, but they
must be different from that of native t-SPG, since it lacks a
cavity.['%°]

Shinkai and co-workers have explored the synthesis of
conjugated polymer-SPG complexes, both by the polymeri-
zation of bound monomers and by complexation of pre-
formed polymers.'**! One-dimensional polymerization of an
SPG-monomer complex has been demonstrated using buta-
diyne monomer 21."*" Induced circular dichroism indicates
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formation of the 21,CSPG complex when water is added to a
solution of s-SPG and 21 in DMSO (Scheme 12). Photo-
chemical 1,4-polymerization of this complex under UV
irradiation appears to give an encapsulated polydiacetylene
PDA1CSPG. The UV/Vis absorption spectrum of the product
indicates that it is a polydiacetylene with a long conjugation
length, and TEM images show a nanofibrous structure.

H H
NH: — N + SPG
E1—§ );—El

21
add to water
DMSO solution

uv Ilght

PDA1CSPG

Scheme 12. “Ship-in-a-bottle” synthesis of a poly(diacetylene) SPG
complex. The threaded helix structures of the SPG complexes
21,CSPG and PDATCSPG have not been demonstrated experimen-
tally.*

Helical wrapping by polysaccharides can provide water-
soluble nanofibers of conjugated polymers that might be
useful as biological sensors. Such fibers were prepared when
the emeraldine base of polyaniline (PANI) was solubilized in
water by complexation with SPG.'*®! Amylose also forms
similar polyaniline complexes, but they are less soluble in
water. The circular dichroism spectra of the PANICSPG
complex confirm that the chromophore is in a helical
environment, and TEM investigations show that the complex
has a fibrous structure (unlike that of either SPG or PANI
alone). The fibers have widths of 10-15 nm, which indicates
that each fiber is a bundle of several PANICSPG chains.
Similar nanofibrous complexes have been prepared from SPG
and permethyldecasilane (Me(SiMe,);,Me).'*”) These com-
plexes have some similarity to the Me(SiMe,);\MeCy-CD
complexes discussed in Section 2.2.8 (Figure 12).

The addition of water to a solution of SPG and polythio-
phene PT3 in DMSO results in the formation of the complex
PT3CSPG." The circular dichroism spectrum of this com-

plex is consistent with a right-handed

helical conformation. The stoichiometry
- of this complex was investigated from the
circular dichroism data by way of a Job plot,
which led to the conclusion that two SPG
strands wrap round a single polythiophene
chain. AFM imaging of PT3CSPG on mica
n shows fibrous strands that are absent in the

i
NMeg
Cl

Me O
7\ PT3
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neat polythiophene and are different to the strands observed
for neat t-SPG. The absorption spectra of PT3CSPG are
discussed in Section 5.2 (Figure 22). Sanji et al. have inves-
tigated the complexes of a-sexithiophene (6T) with SPG and
with partially carboxymethylated amylose:"™! both com-
plexes have similar spectroscopic features but their circular
dichroism spectra give Cotton effects of opposite sign, thus
indicating the adoption of helical conformations of opposite
handedness in the two different polysaccharide hosts.

TEM and AFM images of complexes of SWNTs with SPG
appear to show the first visual evidence for helical wrapping
of SWNTs."* Fibrous structures are observed with dimen-
sions corresponding to bundles of wrapped SWNTs. Close
inspection of the bundles reveals a regular periodic structure,
with inclined stripes consistent with a helical motif. A high-
resolution TEM image of a fiber (Figure 15) indicates that
two SPG chains are wrapped about a single nanotube, with a
diameter of about 1.5 nm and helical pitch of about 10 nm.

Figure 15. a) High-resolution TEM image of SWNTCSPG. b) Enlarge-
ment of a section of (a) by Fourier filtering. The helical pitch is marked
in (a) and (b). Reprinted with permission from Ref. [142c]. Copyright
2005 American Chemical Society.

3.3. Molecular “Beanpoles”

Gladysz and co-workers have prepared polyynes insulated
by a,m-polymethylene diphosphane ligands that bridge from
one end-capping organometallic terminal to the other.'*
These structures are called “beanpoles” because of their
resemblance to a runner-bean plant twined round its support-
ing pole. The crystal structure of 22 (Figure 16) shows the
polymethylene bridge units in a double-helical conformation.
This approach to IMWs is unique in that it relies only on van
der Waals interaction between the sp- and sp’-hybridized
carbon atoms of the chains. This study suggests a general
strategy for stabilizing helically wrapped IMWs by covalently
linking the ends of the conjugated polymer guest to the ends
of its host polymer.

3.4. Conclusions on the Synthesis and Structural
Characterization of Wrapped IMWs

The formation of supramolecular complexes by wrapping
molecular wires with insulating polymers offers a simple way
of forming IMWs. The great advantage of this strategy, when
compared with polyrotaxane formation, is that helical hosts
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Figure 16. Structure of the molecular “beanpole” 22 in the crystal
structure."’!

are more flexible than their cyclic analogues, thus making it
possible to encapsulate molecular wires with a wider range of
diameters in a given host. On the other hand, polymer-
polymer complexes are generally more labile and their
structural characterization is extremely challenging. For
example, the molecular-level structures of complexes
formed from conjugated polymers and SPG are currently
unknown and helical structures such as those depicted in
Scheme 12 should be regarded as hypothetical working
models. This field has advanced rapidly during the last few
years. There is tremendous scope for extending this approach
towards functional IMWs, both using natural polymers, such
as amylose and SPG, and synthetic helical hosts, such as poly-
(meta-phenyleneethynylene) foldamers.!*!

4. Dendronized Conjugated Polymers
4.1. Introduction to Dendrimer Encapsulation

A dendrimer consists of a number of regularly branched
substituents (dendrons) attached to a central core, with
terminal groups at the surface.'”! Dendrimer topology
naturally lends itself to the encapsulation and site-isolation
of molecular cores. This effect is well understood in the case
of small molecular cores,'* and can be extended to
encapsulate polymeric cores by attaching dendrons laterally
to a polymer chain. If the core is a conjugated polymer, the
material may be described as an IMW. When the dendron size
and coverage are high enough, dendrimer-encapsulated
polymers  adopt  cylindrical, rodlike  geometries
(Figure 17).1”) The most widely used dendrons are based on
the poly(benzyl ether)s first prepared by Hawker and
Fréchet! (Figure 18).

It is interesting to explore how the properties of an
insulated msystem evolve with the number of dendron
substituents, the generation of the dendrons, and the length
of the polymer chain. So a key parameter in the character-
ization of a dendronized polymer is the number-average
degree of polymerization 7,. It is a shame that many authors
encrypt this information as M,, or as M,, in combination with
the polydispersity M,/M,,. The default technique for measur-
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Figure 17. The dendrons can be so densely packed on a dendronized
polymer that the backbone stretches out to generate a molecular
cylinder (schematic representation from Schliiter and Rabe)."*’

Ar

-/
O~

Ar ' Ar

Figure 18. Fréchet-type poly(benzyl ether) dendrons G-N(Ar) where N
is the generation number."*® The representation defined here is used
throughout this Review.

ing M, is GPC, relative to polystyrene standards, and this
technique generally underestimates the molecular weight of a
dendronized polymer (often by a factor of 2-3, depending on
the dendron generation and the degree of polymerization; see
Section 1).'¥7&14-1511 For this reason most of the 7, values
quoted here must be regarded as very crude estimates, but
even a crude estimate of 7, is vital when interpreting the
behavior of these materials.

4.2. Dendronized Poly(para-phenylene)s from Suzuki
Polycondensation

The synthesis of dendronized conjugated polymers has
been achieved by two different strategies. Schliiter and co-
workers have compared these two strategies for the prepa-
ration of poly(para-phenylene)s (PPPs) insulated by Fréchet-
type poly(benzyl ether) dendrons (Scheme 13)."*l Dendro-
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CsHya PPP4(G-1), i, = 29

PPP4(G-2), Ai, = 19

Br Br + (HO)B B(OH), PPPA4(G-3), 7, = 27
Me 23 CeHis 24

Scheme 13. Two approaches to the synthesis of dendronized poly(para-
phenylene): by dendronization of preformed polymer (route A) and by
polymerization of the macromonomer route (route B).'"" 7, is the
number-average degree of polymerization (as determined by GPC) for
the product of the macromonomer route.

nization of a preformed polymer (route A) has the disadvant-
age that steric effects hinder attachment of the bulky
dendrons. These effects lead to incomplete dendron coverage,
particularly for dendrons higher than the second generation.
The macromonomer approach (route B) necessarily gives
dendronized polymers with complete coverage, but the
polymerization reaction may be retarded by steric effects.
Schliiter and co-workers prepared dendronized polymers by
coupling dendrons to preformed polymer PPP3 through
benzyl ether (and also urethane) linkages, and by the
macromonomer route by Suzuki polymerization of 1,4-
dibromophenyl-substituted macromonomers 23 with a non-
dendronized diboronic acid 24. The coverage of third-
generation dendrons on polymer PPP4(G-3) was only 70 %
by route A. The degrees of polymerization (7i,) for the
dendronized polymers with dendrons up to the third gener-
ation from the macromonomer polymerization (route B)
were comparable to those of polymers prepared by route A.
Importantly, only the macromonomer route (route B) gave
complete dendron coverage with third-generation dendrons,
so this route has become the strategy of choice when a defect-
free, dendron-insulated polymer is required.!'*”

These dendronized PPPs illustrate the difficulty of
determining the chain lengths of dendronized polymers. For
example, GPC analysis of polymer PPP4(G-3) from route B
gave 1, =27 (M,/M, =5.3), whereas a combined light-scatter-
ing, GPC, and viscometry analysis gave 7, =156 (M, /M, =
2.6).°% In this case the molecular weight seems to have been
exaggerated by aggregation because, when the dendrons were
cleaved from the polymer with trimethylsilyl iodide, the
resulting polymer gave an average degree of polymerization
by the combined analysis of 77, =110.""" According to the
Carothers equation!™ this degree of polymerization implies
that the Suzuki coupling proceeded to greater than 99 %
conversion, which is impressive for the polymerization of a
third-generation macromonomer. This degree of polymeri-
zation corresponds to a mean contour length of about 95 nm.
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With careful optimization of Suzuki
polymerization conditions, Schliiter and
co-workers have applied the macromo-
nomer approach to the preparation of o
poly(para-phenylene) PPP5(G-4) with
fourth-generation  Fréchet-type den-
drons.™! GPC analysis showed polymer O O n
PPP5(G-4) had 7,=22 (M,/M,=8.4). Pl“fgs(G_‘l) o
This is the only report of a molecular T
wire insulated by dendrons as high as the
fourth generation, and illustrates the
difficulty in controlling the stoichiometry of a polymerization
when one monomer is of substantially higher molecular
weight than the other.

4.3. Dendronized Polyfluorenes from Yamamoto and Suzuki
Coupling

Polyfluorenes are important for blue electroluminescence.
However, they often suffer from unstable color purity
because of the appearance of an emission band at about
540 nm, which arises from the oxidative formation of 9-
fluorenone keto defects.™> Encapsulation may improve the
color purity by preventing this oxidation. The 9,9-methylene
bridge of the fluorene monomer provides a convenient
position for attachment of dendrons. Polyfluorenes bearing

homopolymer
m=0,R=Ph

random copolymer
R="Ph

alternating copolymer
R = H (uncapped)
PF4(G-1), n,=6.7
PF4(G-2), n,= 16
PF4(G-3), n,=6.4

PF3(G-1), n/m = 1.5, i, = 102
PF3(G-2), /m= 0.9, A, = 27
PF3(G-3), /m=0.07, i, = 118

two first-, second-, or third-generation Fréchet-type dendrons
per dendronized monomer were prepared by Carter and co-
workers!™! as either homopolymers or as statistical or
alternating copolymers with dialkyl fluorenes. The nickel-
catalyzed Yamamoto homopolymerization is reasonably
efficient for the first-generation macromonomer, which,
after end-capping with bromobenzene, gives polymer PF2-
(G-1) with 7i, = 67. This approach is much less efficient with
the second-generation dendron to give PF2(G-2) (7i,=5.7),
and with the third-generation dendron polymerization to give
PF2(G-3) is almost completely suppressed (7, =1.3). Fujiki
and co-workers were more successful in the Yamamoto
homopolymerization of dendronized polyfluorenes, and syn-
thesized a polymer similar to PF2(G-2), but with 2-fluorenyl
end caps, with a degree of polymerization of 7, = 12.1%
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Copolymerization with nondendronized monomers
reduces the steric effects. Carter and co-workers used this
tactic to prepare first-, second-, and third-generation random
copolymers PF3(G-N; N=1-3), with degrees of polymeri-
zation 7i, = 102, n, =27, and 71, = 118, respectively, by Yama-
moto copolymerization of the dendritic macromonomers with
a dibromodialkylfluorene monomer.!'”> " However, the ratio
of dendronized to nondendronized monomers in these
polymers was n/m=1.5, 0.9, and 0.07, respectively, when
equal quantities of the dibromo monomers were used, which
shows that the reactivity of the macromonomers decreases
with increasing generation. The same research group also
prepared alternating copolymers PF4(G-N; N=1-3) by
Suzuki cross-coupling (73, = 6.7, /i, = 16, and 71, = 6.4, respec-
tively).['>]

The highly branched Miillen-type polyphenylene den-
drons display shape persistency, which distinguishes them
from the flexible Fréchet-type poly(benzyl ether) den-
drons.*8! Consequently, site-isolation should be achieved at
a low dendron generation number (for example, in polyfluor-
ene PF5; /i, = 46).1)

4.4. Dendronized Poly(phenylenevinylene)s

Bao et al. prepared polyphenylenevinylene PPV2 with
first-generation 3,4,5-tris(benzyloxy)benzyl ether dendrons
by Heck polymerization of a 1,4-diiodobenzene-based macro-
monomer with 1,4-divinylbenzene (77, =15 by GPC and light
scattering).'! Polymer PPV2 is a thermotropic nematic
liquid crystal, with a nematic—-isotropic transition at 211°C.
X-ray diffraction peaks were observed for thin films of PPV2
at 26 spacings corresponding to the radius of the dendritic

ArCH,O  OCH,Ar OCgH13
OCH Ar  Ar= OCgH 3
OCgHy3

ArCH,O

ArCH.O OCHAr
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side chains (22-26 A), which is consistent with a packing
structure with interdigitated dendrons.

Xi and co-workers have prepared PPV3(G-N; N=1 and 2)
by Wittig polymerization of dendronized terephthaldehyde
derivatives with a 1,4-bis(xylylene)phosphonium salt.l"*"]
Laser light scattering measurements show that the weight-
average molecular weights (M,) were 400000 and 260000,
respectively, for PPV3(G-1) and PPV3(G-2). If a polydis-
persity of M, /M, =2 is assumed, this corresponds to 72, values
of 200 and 80, respectively. The Gilch polymerization
(Scheme 14) was also found to be an efficient route to

o
tBuOK, THF PPV4 G-1)
> \ fi, = 97

Scheme 14. Gilch route to dendronized PPVs.'*2

dendronized PPVs,'® with GPC analysis of homopolymer
PPV4(G-1) giving 7i, = 97. However, even the high degree of
polymerization reported for this dendronized polymer is
lower than that of the zeroth generation analogue, for which
GPC analysis gave 7, = 320.

4.5. Dendronized Poly(phenyleneethynylene)s from Sonogashira
Coupling

Poly(phenyleneethynylene)s PPE1(G-N; N=1-3) and
PPE2(G-N; N=1-3), with phenylene rings adorned with

OMe
Ar=---
OMe
PPE1(G-1), 1, =6.8

PPE1(G-2), i, = 20
PPE1(G-3), 7, = 5.2

—0—01
&

first-, second-, or third-generation Fréchet-type dendrons
alternating with unsubstituted phenylene rings, have been
synthesized by Aida and co-workers by Sonogashira poly-
condensation of dendronized 1,4-diethynylphenyl macromo-
nomers with 1,4-diiodobenzene.['%3164]

The polymerization is optimal for the second-generation

macromonomer: polymer PPE1(G-2) was obtained in 85 %

PPE2(G-1), 7i, = 47
PPE2(G-2), 7, = 20 Ar=---©—cogx
PPE2(G-3), I, = 10
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yield with 77, =20. The inadequate solubilizing effect of the
first-generation dendrons gave a fraction for PPE1(G-1) of
much lower molecular weight (77, =6.8) in 30% yield, along
with insoluble precipitate. The polymerization of the third-
generation macromonomer was slow, and gave polymer
PPE1(G-3) with 7,=5.2 in 90% yield. These polymers
exhibit a dramatic increase in fluorescence efficiency with
increasing dendron generation (see Figure 24, Section 5.3).
The water-soluble polyanionic dendronized poly(phenylene-
ethynylene)s PPE2(G-N; N=1-3) were synthesized by
hydrolysis of the corresponding methyl esters. The use of
these IMWs as photosensitizers for the generation of hydro-
gen from water is discussed in Section 5.5.

4.6. Butadiyne-Linked Oligomers from Glaser Coupling

Aida and co-workers have studied discrete dendronized
oligomers PPEB1(G-1) and PPEB1(G-3) (Figure 19), which

= =N/ N/ =
\ = N7 A
o}
PPEB1(G-1) R = CH(Me)Et
PPEB1(G-3) R = Me

SRR

36 nm

Figure 19. a) Oligomers PPEB1(G-1) (n=1-6, &, 10, 12, 16) and
PPEB1(G-3) (n=1-6, 8, 10, 12, 16, 24, 32, 64) obtained by Glaser
coupling; b) calculated structures of PPEB1(G-1) and PPEB1(G-3)
(n=16).%

were isolated by preparative GPC of Glaser-coupled acety-
lene-functionalized macromonomers.'®! This approach
allowed the isolation of third-generation oligomers PPEB1-
(G-3) with up to 64 repeat units. This 64-mer has an end-to-
end contour length of 147 nm—an impressive length for a
monodisperse IMW. Figure 19b shows calculated structures
of PPEB1(G-1) and PPEB1(G-3) for n=16. These models
show that the third-generation cylinder has a diameter of
around 4 nm, but there still appear to be gaps in the insulating
layer. Analysis of the NMR spectra of these polymers and the
precursor monomers provide some insights into the structure.
The transverse relaxation times (7,) of aromatic protons on
the monomer unit indicate restricted conformational freedom
of the focal aromatic rings in the larger dendrons. In the third-
generation series, the 7,values of the interior dendron
protons decrease with oligomer length up to the decamer.
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This observation is consistent with increasing steric crowding
of the interior dendrons with increasing oligomer chain
length.

Oligo(triacetylene)s have been dendronized by Diederich
and co-workers."® Discrete oligomers PTA1(G-N; N=1-3)
were prepared by dendronization of (E)-enediynes, followed

(@]
]
———F+—Ph
Ph—F= 7
n

Q o PTA1(G-1),n=1t05
PTA1(G-2), n=1t0 3
PTA1(G-3), n=1t0 2

by macromonomer oligomerization by Glaser-Hay coupling
in the presence of phenylacetylene as a terminator. The
oligomers were separated by GPC. Oligomers with up to five
repeat units were isolated (n=1-5) for the first generation.
Steric suppression of the coupling reaction by higher gen-
eration dendrons meant that the largest species to be formed
with the third-generation dendron was the dimer (n=2).

4.7. Dendronized Polythiophenes and Related Polymers

Polymers based on polythiophene with aliphatic polyether
dendrons have been prepared by Malenfant and Fréchet by
Stille coupling. Second- or third-generation dendrons were
used as the only solubilizing substituents, and were placed at
either every second (PT4) or every sixth (PT5) thiophene
unit.'! Polymer PT4(G-2) had 7i,=20, while PT5(G-3)

RO OR
RO\J\O oL/OR PT4(G-2) x= 1; R = CH,Ph

PT5(G-2) x=5. R = CH,Ph
,—Ph
o
0 PT5(G-3) x = 5; R=...<:
0 o]
ﬁ \—Ph

I\ S
S \
x In

exhibited a very broad multimodal molecular-weight distri-
bution; chains with up to 270 thiophene units (n =45) were
evident in the MALDI mass spectrum of this material.

A derivative of  poly(3,4-ethyenedioxythiophene)
(PEDOT) with first-generation 3,4,5-tris(benzyloxy)phenyl-
based dendrons was prepared by Kumar and co-workers by
the electropolymerization of a dendron-substituted thiophene
monomer.®!
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4.8. Nonfractal Dendronized IMWs

The geometrically repetitive, fractal nature of a dendron
confers structural simplicity and aesthetic beauty, but is not
essential for the site-isolation effect. Conjugated polymers
encapsulated by nondendritic (that is, nonfractal) bulky
substituents can also behave as IMWs. Examples include
iptycene-containing poly(aryleneethylene)s such as PPE3,

—_/ — N/ —
h
‘ 0C14Hag
PPE3
OCgH13
Ar=-- OCgHys
Ar
O
. /
Ar 0O
Ar
LP1

developed by Swager and co-workers'®! as well as the
“canopied” polypyrrole with a protective wing cantilevered
over the face of the pyrrole units."””! The “wrapped” ladder
polymer LP1 prepared by Scherf and co-workers is another
example of a conjugated polymer sheathed by its substitu-
ents.'’!l “Shish-kebab” polymers such as 25 represent a

\ \
N\ N\
N / N N / N
N c- IRu—C N N c- /u—C N—@NEC
N

N
d N N \
\/'N
tBu 25

tBu

related class of IMWs,'”” as do ligand-sheathed metal—
metal bonded polymers such as {{[Rh(MeCN),](BF,); s}s,""

is!'* poly(pyridylamide) chains," and green [Pt(NH,R),]-
[PtCl4] Magnus salts,'”! which resemble dendronized coordi-
nation polymers.['7*!

4.9. Synthesis of Dendronized IMWs—Conclusions and Outlook

Dendronized conjugated polymers are the most widely
investigated class of IMWs, because, in contrast to polyrot-
axanes and helically wrapped systems, their synthesis requires
no special supramolecular interactions. The link between
these different classes of materials is illustrated by the
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synthesis of tubular structures by cross-linking the surface
groups of a dendronized polymer by Zimmerman and co-
workers, then removing the polymer core.'””! Steric hindrance
is generally a limiting factor in the synthesis of dendronized
polymers. The macromonomer route guarantees complete
dendronization, and nearly all dendronized conjugated poly-
mers have been synthesized this way, although it often results
in a short average chain length, with number-average degrees
of polymerization 7, typically in the range 5-20 for second-
generation dendrons. This problem becomes more severe
with higher generations, so that polymerization may be
prevented before the dendron shell is compact enough to
completely shield the backbone x system, or to influence the
backbone conformation. Gilch polymerization and Suzuki
polymerization stand out as the best reactions for the
macromonomer route. Very few dendronized conjugated
polymers have been synthesized by dendronization of a
preformed polymer, because of concern about incomplete
coverage. However, this strategy would make it easier to
investigate the effects of dendronization on the optoelec-
tronic properties of the backbone, because it would give
access to materials with identical chain-length distributions,
which differed only in the thickness of the dendrimer coat.

5. Function and Applications of IMW's

How does insulation change the behavior of a molecular
wire, and how might this be useful ? The study of IMWs is still
in its infancy, and most studies have focused on synthesis and
structural characterization, rather than on the functional
properties of these materials. However, there is already a
substantial amount of information to show how insulation can
enhance the properties of a molecular wire, in ways that
should lead to practical applications. Here we draw together
results for all types of IMWs to highlight emerging structure—
property correlations.

5.1. Stability and Chemical Reactivity of the Encapsulated
7 System

The delocalized electronic structures and small m—sm*
energy gaps of molecular wires inevitably make them
vulnerable to attack, because reactions with electrophiles,
nucleophiles, or radicals lead to stable delocalized intermedi-
ates. This is illustrated by the observation that the simplest
conjugated polymer, polyacetylene, needs to be handled in an
inert atmosphere to avoid oxidation. The environmental
reactivity and operational instability of organic semiconduc-
tors is often regarded as their main limitation. Blocking this
reactivity has been a key motivation for the synthesis of
IMWs, and there are now many examples to demonstrate that
the strategy can be highly effective.

Threading a msystem inside a macrocycle to form a
rotaxane can protect it from even the smallest and most
reactive of species, such as singlet oxygen. For example, the
cyanine rotaxane 26Ca-CD is 40-fold more stable towards
photooxidation than the free cyanine dye (Figure 20).%”
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26Ca-CD
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Figure 20. Photobleaching curves for rotaxane 26Ca-CD and free dye
26 in O,-saturated water. A, is the initial absorbance and A is the
absorbance after irradiation for time t with white light from a tungsten
filament bulb. The data are fitted to first-order decay curves with rate
constants of 7.1x10°® (26Ca-CD) and 3.3x107*s™" (26).

Cyanine rotaxanes also display enhanced redox reversibility
as a result of the kinetic stability of their oxidized and reduced
forms. This aspect is illustrated by the cyclic voltammograms
of both rotaxanes 16Ca-CD!*! (Scheme 6). Cyanine-amylose
complexes also exhibit enhanced stability; for example,
thermogravimetric analysis (TGA) of solid samples of
DASP-C, and DASP-C,Camylose (Scheme 11) shows that
while the free dyes exhibited a major mass loss at 267 °C, the
corresponding mass loss for the amylose complexes occurs at
288°C, which is the decomposition temperature of free
amylose.'"”” Azo-dye rotaxanes such as 15CTM-a-CD (Sec-
tion 2.2.2) also exhibit enhanced chemical stability and
photostability. This rotaxane is more than 100-times less
reactive towards aqueous sodium dithionite than the free dye
15.7°! As in some stilbene rotaxanes, E—Z photoisomerization
is prevented by the presence of the cyclodextrin in 1SCTM-a-
CD, whereas other stilbene rotaxanes such as 17Ca-CD
(Section 2.2.4) undergo E-Z photoisomerization with
reduced quantum yields.'”” Encapsulation prevents
[242] cycloaddition in 17Ca-CD, and retards photohydration,
thereby enhancing the fatigue resistance of this photochromic
system. The reactivity of conjugated polyrotaxanes has not
been thoroughly investigated, but Ito and co-workers have
found that threading polyaniline through (-CD prevents
doping with iodine.’**! Zeolite-encapsulated conjugated
polymers frequently exhibit dramatically enhanced environ-
mental stability:*? for example, polyacetylene in faujasite is
stable indefinitely in air,® and PPV encapsulated in the same
zeolite is stable to laser photolysis under oxygen.*

The TGA data of several dendronized conjugated poly-
mers indicate that dendronization improves the thermal
stability. For example, PPV4(G-1) (Section 4.4, Scheme 14)
has a decomposition temperature of 362°C, which is 34°C
higher than that of the PPV(G-0) reference polymer.'*
Polyfluorene PF5 (Section 4.3) shows exceptional thermal
stability (decomposes at 570°C). Energy transfer from the
dendrons to the conjugated backbone (Section5.4) can
sometimes result in undesirable photosensitivity. For exam-
ple, Diederich and co-workers found that PTA1(G-3) (n=1;
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Section 4.6), with the third-generation Fréchet-type dendrons,
undergoes E—Z photoisomerization more rapidly than the
corresponding unsubstituted monomer. This dendron-pro-
moted E-Z photoisomerization also proved problematic in
the dendritic encapsulation of an oligo(pentaacetylene),
which when substituted with second-generation Fréchet-
type dendrons could only be prepared as a mixture of E and
Z isomers. Consequently, dendritic oligo(triacetylene)s were
prepared with carbosilane dendrons in the place of the
Fréchet benzyl ethers, and these showed no E-Z photo-
isomerization. Carbosilane dendrons should also give a
spherical geometry at a lower generation than Fréchet-type
dendrons.[16®"!

5.2. Absorption Spectra, Emission Spectra, and Nonlinear
Optical Properties

To a first approximation, the encapsulation of a molecular
wire is not expected to perturb its electronic structure or
change its m—mt* energy gap, but, in principle, changes in the
UV/Vis absorption and fluorescence spectra can arise as a
result of three distinct classes of effects:

a) Solvatochromism: If the excited state of the molecular
wire is more, or less, polar than the ground state, then the
wavelengths of its absorption and emission bands will be
sensitive to the polarity and polarizability of the insulating
shell (just as they are to the polarity and polarizability of
the solvent). A change in the polarizability of the
environment around the s system can change its extinc-
tion coefficients, even if the absorption bands have no
charge-transfer character.!"'®!

b) Conformational effects: If the encapsulating structure
behaves as a long straight tube it may force the molecular
wire to adopt linear and/or planar conformations, with the
resulting stronger m overlap shifting the absorption and
emission to longer wavelengths. In other cases insulation
may favor a more twisted geometry, thus leading to a blue
shift. Even when encapsulation has no effect on the
conformation of the ground state, it can change the
fluorescence spectrum by restricting reorganization in the
excited state.

c) Aggregation: Long rigid or shape-persistent molecules
such as dyes and conjugated polymers have a strong
tendency to aggregate, particularly at high concentrations
or in poor solvents. In this case exciton coupling between
chromophores in these aggregates modifies the absorption
and emission spectra. Encapsulation blocks the aggrega-
tion of the conjugated cores.

In practice spectral changes may often be due to a
combination of all three of these effects, and no systems have
yet been studied in sufficient detail to completely dissect out
the contributions from these separate phenomena.

Cyclodextrin polyrotaxanes such as PPP1C(-CD, PF1Cf3-
CD, PPV1Cf-CD, PDV1Ca-CD, and PDVICB-CD (Sec-
tion 2.2.4) generally display sharper absorption spectra, and
sharper blue-shifted emission spectra, compared to the
unthreaded conjugated polymers. Figure 21a shows the
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Figure 21. a) Normalized absorption spectra (bold) and emission spec-
tra of PF1CB-CD (—) and PF1 (-----) in aqueous solution at 298 K.
b) Normalized emission spectra of PFICB-CD (——) and PF1 (-----)
as thin films at 10 K.

spectra of PF1 and PF1CB-CD in solution.[ The vibration-
ally resolved low-temperature emission spectra of this
polyrotaxane (Figure 21b) show that the blue-shift in the
emission can be factorized into two effects: 1) the 0-0 band is
the most intense component in the emission from the
polyrotaxane whereas the 0-1 band is the main component
for the free polymer, and 2) the 0-0 band is blue-shifted in the
polyrotaxane. Both these changes imply that encapsulation
restricts reorganization in the excited state, which could
include structural reorganization of the conjugated polymer
and/or reorganization of the solvent shell. The crystal
structures of rotaxanes such as 18Ca-CD (Figure 7)"
indicate that the presence of the cyclodextrin does not
significantly affect the ground-state conformation of the
7t system; so in these polyrotaxanes ground-state conforma-
tional effects do not appear to be relevant.

Ground-state conformational changes are thought to
account for the red-shifted absorption and emission spectra
of polydimethylsilane y-CD complexes (Figure 13).! How-
ever, this red-shift relates to a comparison of the spectra of
Me(SiMe,),Me in hexane with spectra of Me(SiMe,),MeCy-
CD in water, so it may be partly solvatochromic. Another
more apparent case of conformational control is the red-
shifted emission of MEH-PPV when it threads into the linear
channels of a mesoporous silica host (Figure 1).*”) Here,
singlet energy transfer occurs from the free polymer mole-
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cules in solution, on the surface of the host, to polymer
molecules oriented in the channels.

One might expect that the absorption and emission
spectra of an IMW would be independent of the external
environment, because of the screening effect of the insulation.
A nice illustration of this effect is provided by the polythio-
phene-SPG complex PT3CSPG (Section 3.2).1! Its absorp-
tion spectrum in aqueous solution is almost identical to that of
the neat material in a solid thin film (Figure 22). In contrast,

PT3CSPG PT3CSPG
solution  solid film
0.8+ § j
PT3 f‘ PT3
solution solid film +
T 0.6 o NMe,
A cl
0.4yuM
0]
1\
0.2 s 1,
PT3
0.0 T T T S
300 400 500 600 700
Alnm—

Figure 22. Absorption spectra of polythiophene PT3 in aqueous solu-
tions (dashed line, A,,,, 403 nm) and as a thin film (solid line,

Amax =541 nm), as well as of the PT3CSPG complex in aqueous
solutions (circles, A,,.,=454 nm) and as a thin film (bold line,
Amax=456 nm). Adapted with permission from Ref. [140]. Copyright
2005 American Chemical Society.

the absorption spectrum of a solid film of the free polythio-
phene PT3 shows a red-shift of 138 nm compared to the
solution spectrum, as a result of aggregation. The solution
absorption and luminescence spectra of PT3CSPG are both
red-shifted with respect to the neat polythiophene, which may
be due to the adoption of a more planar conformation in the
polysaccharide.®!

The encapsulation of cyanine dyes such as DASP-C,, in
amylose (Scheme 11) enhances their nonlinear optical behav-
ior.?"18 Solution-phase hyper-Rayleigh scattering measure-
ments indicate that the first hyperpolarizability § of this
inclusion complex is about twice that of the free dye.'! Thin
films of DASP-C,Camylose on glass substrates exhibit
spontaneous dipolar alignment, thus allowing generation of
a second harmonic without external poling. These films retain
their polarity for more than 100 h at 90°C, thus demonstrating
the stability of the structure.”®! Further evidence for the
rigidity and robustness of this amylose—cyanine inclusion
complex comes from the observation that the absorption
spectra of solid thin films of these complexes are almost
independent of temperature in the range 30-90°C. In
contrast, the absorption spectra of the complexes in aqueous
solution become broad and shift to shorter wavelengths at
higher temperature as a result of thermal conformational
disorder.['!

The effects of increasing dendrimer generation on the
photophysical properties of dendronized conjugated poly-
mers are difficult to discern because these materials are
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generally synthesized by macromonomer polymerization,
which results in an average chain length that decreases with
increasing dendron generation (route A, Scheme 13). The
problem of deconvoluting the effects of dendron generation
and chain length is exacerbated by the difficulty of accurately
measuring degrees of polymerization. The simplest solution
to this problem is to study discrete oligomers of known chain
lengths. For example, a study by Diederich and co-work-
ersl!®®l on discrete oligo(triacetylene)s PTA1(G-N) (Sec-
tion 4.6), showed that the position of the absorption max-
imum, extinction coefficient, and fine structure for the
backbone absorption band are independent of dendron
generation (N=1-3), despite the fact that calculations
indicate that the third-generation dendrons on PTA1(G-3)
would distort the backbone.'*® However, this study used
short chains (n =1 and 2 for PTA(G-3)), and steric effects are
expected to build up in longer oligomers. Aida and co-
workers!'®! compared the absorption and emission spectra of
discrete oligomers with dendrons of the first generation,
PPEB1(G-1), in dilute THF solution with those of the third
generation, PPEB1(G-3), as a function of oligomer length for
up to n=16. The difference increases with increasing chain
length up to n=_8. With the longer oligomers (n =8-16), the
absorption and emission spectra of PPEB1(G-3) are red-
shifted by 11 nm (608 cm™) and 4 nm (210 cm™), respec-
tively, compared with those of PPEB(G-1). This slight
reduction in the m—r* gap may be due to planarization of
the backbone and/or stiffening of the polymer chain in
PPEB(G-3). A theoretical study by Stimson and co-work-
ers!"™ on dendronized PPP4(G-N) predicted that the den-
drons would not alter the backbone conformation until the
fourth generation is reached. An extreme case in which the
dendronization must strongly influence the backbone con-
formation is provided by polyacetylene PA1(G-2) (7i, = 2000

SiMe3

SiMeg

chzﬁjfn PA1(G-2)

from light scattering), although it is difficult to evaluate the
effect of the dendrons on the properties of this polymer
because it has a complex mixture of cis and trans double
bonds."*! Percec etal. have also prepared dendronized
polyacetylenes with up to 99% of the cisisomer, and
demonstrated that dendronization stabilizes the backbone
with respect to cis—trans isomerization and electrocyclic
reactions."®]

As expected, dendronization with larger dendrons hinders
aggregation. For example, the study of the aggregation of
dendronized poly(phenylethynylene)s PPE1(G-N) in aque-
ous THF"$" showed that the the emission spectra (A
450 nm) of a THF solution of the second-generation polymer
PPE1(G-2) (7i,=20) changes dramatically upon the addition

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H. L. Anderson and M. ). Frampton

of water: a dominant new band appears at 500 nm which is
assigned to aggregates. The spectra of the higher generation
analogue PPE1(G-3) (7i, =5.2) shows very little change under
the same conditions; this result appears to be due to the
greater dendritic encapsulation in PPE1(G-3), although it
might just reflect its shorter chain length. An exception to the
general rule that dendronization hinders aggregation is
provided by PPP4(G-3).""51 As discussed in Section 4.2,
this dendronized PPP aggregates strongly in THF and leads to
an artificially high apparent molecular weight from light-
scattering/ GPC/viscometry analysis. The true degree of
polymerization could only be determined by cleaving off
the dendrons to prevent aggregation.

5.3. Photoluminescence Efficiency

Organic materials with high fluorescence efficiencies and
minimal nonradiative decay rates are important, not just for
applications directly involving light output (for example,
fluorescent markers, sensors, and electroluminescent dis-
plays), but also in any application where the energy of an
excited state needs to be channeled efficiently down a specific
pathway (for example, photovoltaic devices, photosensors,
and photochemical production of hydrogen). Many IMWs
exhibit enhanced quantum yields for fluorescence compared
with the corresponding free m systems. This can often be
attributed to restricted conformational freedom and reduced
flexibility of the excited state. Aggregation can quench
fluorescence, particularly if two or more chromophores
come together in a parallel face-to-face arrangement. In this
H-aggregate, exciton coupling leads to low-energy non-
emissive states. So encapsulation can increase the fluores-
cence efficiency by preventing aggregation or by modifying
the geometry of the aggregate. A reduction in the polarity of
the environment can also enhance the fluorescence of many
chromophores. A fourth type of enhanced fluorescence
efficiency arises when insulation hinders quenching by an
external species, by preventing energy or electron transfer
(Section 5.5).

The fluorescence efficiencies of cyclodextrin polyrot-
axanes such as PPP1CB-CD, PF1C-CD, PPV1C(-CD,
PDV1cCo-CD, and PDV1Cf-CD (Section 2.2.4) are generally
2-3-fold higher than those of the free polymers, both in
solution and in the solid state.l”"*"7¥ Like the blue-shifted
emission spectra discussed above (Section 5.2), this can be
attributed to reduced conformational flexibility in the excited
state. A similar effect is observed in cyanine rotaxanes such as
B-16Ca-CD.*") In this case fluorescence is not enhanced in
water, but solvents such as dioxane, which give the highest
fluorescence quantum yields for the free dye 16, also give the
strongest fluorescence enhancement in the rotaxane (up to a
factor of 5). This finding demonstrates that the effect is not
simply due to the nonpolarity of the cyclodextrin cavity.

Fluorescence enhancement can often be used to monitor
the encapsulation of a m system. For example, the fluores-
cence intensity of cyanine dye 27 (which is similar to DASP-
Cis, Scheme 11) was studied as a function of the solvent
composition (DMSO/water ratio), both for the free dye and in
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the presence of amylose (Figure 23).'*¥ The fluorescence
intensity of the free dye decreases as the water content is
increased, which is consistent with an increasing aggregation
of the hydrophobic dye. In the presence of amylose, the
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Figure 23. Variation in the relative integrated fluorescence intensity I
(480-760 nm) versus volume fraction of DMSO in water for solutions
of 27 (0) and 27Camylose (®). The concentrations of 27 and amylose
are 1.5x107° and 1.0x 107> m, respectively. Reprinted with permission
from Ref. [184]. Copyright 1998 Royal Society of Chemistry.

fluorescence intensity is unchanged when the DMSO content
is > 75 %, which shows the dye remains uncomplexed. When
more water is added to form a solution with about 40 %
DMSO, the formation of a complex is evident from the sharp
increase in the fluorescence. This is followed by a decrease at
higher water ratios, perhaps because of swelling of the
amylose helix.

Many conjugated polymers are susceptible to fluores-
cence quenching through aggregation; in dendronized poly-
mers the amount of aggregation quenching is expected to
decrease with increasing dendron generation. This picture is
supported by the studies of poly(phenyleneethynylene)s
PPE1(G-N; N=1-3) (Section4.5 and Figure 24).% The
fluorescence quantum yield of PPE1(G-1) with first-gener-

10 T 0@ @@ g - PPE1(G-3)
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Figure 24. Fluorescence quantum yields @ for PPE1(G-N; N=1-3) in
THF solution as a function of concentration (as quantified by the
absorbance, A). Reprinted with permission from Ref. [163a]. Copyright
1999 American Chemical Society.
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ation dendrons decreases from a maximum of @ =(0.56 as the
concentration is increased (corresponding to an increase in
the absorbance (A) from 0.01 to 0.1). PPE1(G-2) with
second-generation dendrons has a higher quantum yield of
Dr=1.0 at A=0.01, but decreases with increasing concen-
tration. PPE1(G-3) with third-generation dendrons has a
quantum yield of ®@z=1.0 throughout the concentration
range. The maximum efficiency of an electroluminescent
device is limited by the photoluminescence efficiency of its
emissive layer. Hence, fluorescence quantum yields of thin
films are of great importance in evaluating the potential
performance of electroluminescent polymers. The expected
trend—where site isolation results in enhanced fluorescence
efficiency in the solid state—is illustrated by dendronized
poly(phenylenevinylene) ~ PPV2'5  (Section 4.4)  and
dendronized polyfluorenes PF2(G-N; N=1-3, Sec-
tion 4.3).11°]

5.4. Intramolecular Energy Transfer from the Sheath to the
Encapsulated & System

Antenna effects, such as those involved in photosynthetic
light harvesting, can occur in dendrimer systems when singlet
energy migrates from the dendrons to the core.™® This
Forster-type energy transfer is favored when there is strong
overlap of the emission spectrum of the dendron with the
absorption spectrum of the core. For example, excitation of
polymer PPE1(G-3) at a wavelength of 278 nm, at which
benzyl ether groups in the dendrons absorb more than the
polymer backbone, leads to emission from the polymer
backbone only at 454 nm, which can only have occurred by
energy transfer from the dendrons to the core.l'! Examina-
tion of the photoluminescence excitation spectrum confirmed
that the energy transfer was approximately quantitative.
Energy transfer also occurs from the Miillen-type dendrons
on polymer PF5 to the polyfluorene backbone,’™"! and this
same process has been found to result in undesirable E-Z
photoisomerization in the dendronized oligo(triacetylene)s
with Fréchet-type dendrons synthesized by Diederich and co-
workers (Section 5.1).%" Sheath-to-core energy transfer
effects of this type are not relevant to cyclodextrin polyrot-
axanes or polysaccharide-wrapped IMWs because sugar-
based hosts do not have any chromophore, but they are
likely to occur in any IMW where the insulation is built from
aromatic units.

5.5. Intermolecular Electron Transfer with IMWs

Prevention of short-circuits is one of the most obvious
(and futuristic) motivations for insulating molecular wires.
Electron transfer between two IMWs has yet to be tested, but
there are many situations where encapsulation has been used
to control electron transfer between a molecular wire and an
external redox center. These systems point to realistic
applications for IMWs in photovoltaic solar-energy harvest-
ing, photochemical evolution of hydrogen from water, and
sensors for explosives.
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The conjugated backbone of [3]rotaxane 28C8, illustrates
how encapsulation can be used to control intramolecular
electron transfer. The rotaxane is highly fluorescent, and its
fluorescence can be quenched by photoinduced electron
transfer to acceptors MV?*, 29, and 30.?) Comparison of the
Stern—Volmer quenching constants of the neutral [3]rotaxane
with those of the tetraanionic core 28*~ using these cationic,
neutral, and anionic electron acceptors shows that in every
case electron transfer is slower to the rotaxane than to the free
n system 28. The reduced quenching of this IMW by cationic
methyl viologen MV?" is partly due to electrostatic shielding
by the cationic cyclophane, but there is also a substantial
steric-shielding effect, as shown by the neutral and anionic
acceptors; for example, the ratio of the Stern—Volmer
constants with 29 is Kgy(28)/Ksy(28C8,) = 86.

Haque et al. have demonstrated that cyclodextrin encap-
sulation can be used to attach dyes to nanocrystalline TiO,
semiconductor films, and to retard interfacial charge recom-
bination.'"™”! Excitation of the azo-dye rotaxane 31Ca-CD,

N [N, e

R AT (PN s W S
2 Vv

NaQ;S \ = O

' it
o-H o

adsorbed onto TiO,, results in rapid electron transfer from the
excited state of the dye to the TiO, conduction band. Decay of
the resulting radical cation, by electron transfer from the
semiconductor in the reverse direction, was monitored by
transient absorption spectroscopy. It was not possible to
compare the rate of charge recombination in the rotaxane
31Co-CD to that in the free dye 31, because the free dye does
not adsorb onto TiO,, but comparison with a related azo dye,
32, indicated that the presence of the cyclodextrin in 31Ca-
CD retards charge-recombination by increasing the distance
of the m system from the semiconductor surface. Half-times
for charge recombination (s, ) of 300 and 4 ps were recorded
for 31Co-CD and 32, respectively. The ability to control the
rate of back electron transfer in these systems should be
useful in the design of Gritzel-type photovoltaic cells."*!

31Ce-CD

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dendronization of a msystem can also hinder the
approach of electron acceptors and reduce the rate of
quenching. In other cases the dendrons can provide binding
sites for small quencher molecules (either in cavities near the
core or on the outer surface of the dendrons), thereby
accelerating quenching.!'*!

Aida and co-workers have investigated photoinduced
electron transfer between polyanionic dendronized poly(phe-
nyleneethynylene)s PPE2(G-N; N=1-3, Section4.5) and
methyl viologen MV?".11%! When this system is exposed to
visible light in the presence of a sacrificial electron donor
(triethanolamine) and a colloidal PVA/platinum catalyst,
photochemical reduction of water to hydrogen is observed
(Figure 25). The catalytic cycle involves the following steps
(not necessarily in this chronology):

a) The MV*' ions adsorb onto the anionic surface of the
dendronized polymer.
Light is absorbed by the conjugated PPE backbone,
thereby generating singlet excited states.
c) Electron transfer occurs from the excited state of the
conjugated polymer to the MV*" ions to generate MV*"
radical cations and radical cations (holes) on the con-
jugated polymer. The quenching rate constant (k,=1.2x
10"m7's™) for PPE2(G-3) is much greater than the
diffusion-controlled limit, thus demonstrating that MV>"
ions preassemble on the surface of the dendronized
polymer.
The MV** radical cations diffuse away from the IMW and
are replaced by MV?" ions, which bind more strongly to
the negative surface. Holes may also migrate along the
molecular wire. Both these processes, together with the
insulating effect of the dendron shell, reduce the proba-
bility of unproductive charge recombination by back
electron transfer.
Holes in the conjugated polymer & system are neutralized
by electrons from the sacrificial reductant (triethanol-
amine).
f) The MV'* radical cations donate electrons to the colloidal
platinum; this regenerates MV>" and the platinum reduces
water to hydrogen according to Equation (1).

b)

d)

2MV* +2H,0- " H, + 20H" +2MV**

catalyst

1)
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Figure 25. Schematic diagram of photoinduced hydrogen evolution from water with the
dendronized poly(phenyleneethynylene) PPE2(G-3) as sensitizer, MV>* as an electron acceptor,
triethanolamine as a sacrificial electron donor, and colloidal PVA/Pt as a catalyst. Adapted with

permission from Ref. [164]. Copyright 2004 American Chemical Society.

This process is remarkably efficient with polymer PPE2-
(G-3), which has third-generation dendrons, with an overall
efficiency of 13% achieved (0.13 moles of H, per mole of
photons absorbed), compared to a maximum theoretical
efficiency of 50% [two electrons are required for each
molecule of hydrogen, according to Equation (1)]. PPE2(G-
1) and PPE2(G-2) with lower-generation dendrons are much
less efficient in hydrogen production. The dendron shell in
PPE2(G-3) seems to enhance the efficiency of photochemical
generation of hydrogen by spatially isolating the conjugated
polymer cores and preventing quenching through aggrega-
tion, so that nonradiative decay does not compete with
electron transfer to MV*'. The high negative charge on the
surface of the IMW is also crucial for binding the MV>" ions.
Other types of IMWs, such as polyrotaxanes and polymer-
wrapped systems, have not yet been tested for this applica-
tion, but it seems likely that they could be highly effective.

Another important application for fluorescence quench-
ing by electron transfer is in sensors. Thin films of iptycene-
based polymers such as PPE3 (Section 4.8) can be used as
luminescence sensors for nitro compounds commonly found
in explosives.'®) The iptycene motif provides a binding site
for analytes, improves the luminescence efficiency of the film
by preventing close aggregation of the polymer backbone,
and promotes a porous film structure that allows analytes to
diffuse into the film. Fluorescence quenching occurs by
photoinduced electron transfer from the polymer backbone
to the analyte. The singlet excitation is able to migrate rapidly
along the conjugated polymer so that a bound electron
acceptor at any position along the chain can quench the whole
polymer, which leads to excellent sensitivity.
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5.6. Electroluminescence

Organic  light-emitting  diodes
(OLEDs)>%! represent one of the
most important applications of conju-
gated polymers, because of the huge
demand for low-cost alternatives to
liquid-crystal displays and cathode-ray
tubes. The enhanced chemical stabili-
ties and photoluminescence efficien-
cies of IMWs suggest that they could
contribute in this area. The structure of
a simple OLED is shown in Figure 26 a.
It consists of a thin layer of the electro-
luminescent  material  (ca. 100 nm
thick) sandwiched between a transpar-
ent anode with a high work function,
generally indium-tin oxide (ITO)
coated glass, and a cathode with a low
work function, in this case calcium
capped with aluminum. When a volt-
age is applied, electrons are injected
into the material at the cathode, to
generate radical anions, and electrons
are removed at the anode, thus leaving
holes or radical cations. Electrons and
holes migrate through the material
under the influence of the electric
field and combine to generate excited states, which then
fluoresce.

In collaboration with the research group of Cacialli, we
have shown that polyrotaxanes such as PPP1C(3-CD, PF1Cf3-
CD, PPVI1Cp-CD, and PDV1Ca-CD (Section 2.2.4) exhibit
enhanced electroluminescence efficiency, compared to the
corresponding free polymers.™ Devices with the structure
shown in Figure 26a were fabricated by spin-coating an
aqueous solution of the polyrotaxane onto the anode, then
evaporating a layer of calcium on top of the dry polyrotaxane.
Polyrotaxane OLEDs have higher turn-on voltages than those
fabricated from the free polymer, as illustrated for PDV1Ca-
CD in Figure 26b,7*"¥1 but for a given current they produce
more light (Figure 26¢), thus reflecting their higher fluores-
cence quantum yields (Section 5.3).

The external electroluminescence (EL) quantum yields of
these first polyrotaxane OLEDs were very low (around
0.02%), but recently we have demonstrated that the EL
efficiency can be increased by a factor of up to 160 by
blending the polyrotaxanes with poly(ethylene oxide)
(PEO).!"™ The EL efficiencies of the free polymers also
increase on blending them with PEO, but remain substantially
lower than those of the polyrotaxanes (see the logarithmic
scale in Figure 26 d). Fluorescence titrations in dilute aqueous
solution as well as AFM imaging indicate that PEO binds
strongly to these polyrotaxanes, presumably by complexation
of the lithium counterions. The PEO probably increases the
EL efficiency by wrapping round the conjugated polymer, to
further insulate the m system, while also facilitating charge
transport and charge injection by mobilizing the lithium
cations. The dramatic enhancement in the EL efficiency in

H,0
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Figure 26. a) Structure of a polyrotaxane OLED. b) Variation in current
density (—) and luminance (-----) with voltage for typical OLEDs
fabricated from PDV1Ca-CD and PDV1."*'® ¢) Data from Figure 26b
replotted as luminance versus current density. d) Variation in electro-
luminescence efficiency with the weight fraction of PEO for blends of
PDV1Ca-CD, PDV1CB-CD, and PDV1.I"

these materials encourages us to believe that IMWs are
promising materials for optoelectronic applications.
Zeolite-encapsulated conjugated polymers are generally
not electroluminescent because their conductivities are too
low (see Section 5.7), although Alvaro et al. have observed
weak electroluminescence in an LED consisting of a 50-um-
thick film of zeolite-encapsulated PPV in polyacrylamide
sandwiched between indium-tin oxide and aluminum electro-
des.’" Efficient electroluminescence has been reported in
polymer—clay and polymer—-metal chalogenide nanocompo-
sites.””l These nanocomposites are similar to zeolite-
encapsulated polymers, except that the polymer chains are
confined to two-dimensional galleries, rather than one-
dimensional channels. For example, LEDs prepared from
blends of MEH-PPV (Figure 1a) and organoclay (namely, a
clay in which the metal cations have been exchanged for
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tetraalkylammonium ions) gave external electroluminescence
quantum yields of up to 0.38 %, which was about 100-times
higher than that of similar devices prepared from pure MEH-
PPV."® This result was attributed to the two-dimensional
confinement of charge carriers and excitons. The results have
some similarity to our work on conjugated polyrot-
axanes.*®]

Dendronized conjugated polymers have also been used to
fabricate OLEDs, and it is interesting to see how the
electroluminescence behavior evolves with changing dendron
generation and dendron coverage for a given polymer back-
bone. Carter and co-workers incorporated polyfluorene
homopolymers PF2(G-1) and PF2(G-2), random copolymer
PF3(G-2), and alternating copolymer PF4(G-2) (Section 4.3)
into bilayer ITO/PEDOT/PF/Ca/Al devices. The homopoly-
mer devices only started to emit light at a bias of around 16 V,
while the copolymers, with lower degrees of dendron
substitution, turned on at 4.5V and 6V, respectively. The
electroluminescence efficiencies of these devices were not
reported as a result of problems with reproducibility and
device stability.'” The dendronized PPVs PPV4(G-1) and
PPV4(G-0) have also been tested as electroluminescent
materials. The first-generation material PPV4(G-1) gave a
similar turn-on voltage, but lower EL efficiency than the
zeroth generation polymer PPV4(G-0).1*2 Miillen and co-
workers have studied OLEDs constructed from dendronized
polyfluorene PFS5. Devices with a ITO/PEDOT/PF5/Ca/Al
structure turned on at 6-7 V, and, importantly, the emission
color was more stable than for nondendronized polyfluorene
devices upon continuous application of 8 V for 30 minutes."*”!
This enhanced device stability may be due to the high glass-
transition temperature, the high chemical stability, or the
hindered diffusion of excitons to keto defects.

5.7. Conductivity and Charge Transport within IMWs

Conjugated polymers encapsulated in zeolites and meso-
porous hosts exhibit negligible direct-current conductivities,
even when doped, and the low conductivity of these materials
is often used to test that the polymer is encapsulated, rather
than coated on the surface of host particles.*”) This lack of
conductivity can be attributed to the fact that the host
prevents interchain charge transfer, but the host may also
prevent charge carriers from moving along polymer chains.
The charge-carrier mobility on isolated conjugated polymer
chains can be probed using contactless microwave techniques
to give the microwave dielectric constant (or polarizability) &'
and the microwave dielectric loss (or conductivity) ¢” (both of
which should be high for a conductive wire). The first
experiments of this type were carried out by Bein and co-
workers"”! using Fe**-doped polypyrrole in mordenite (a
unidirectional zeolite with 7-A-diameter channels). The
encapsulated polypyrrole gave ¢ and &’ values similar to
those of the pyrrole monomer, thus indicating the absence of
mobile charge carriers. The authors concluded that ions in the
zeolite framework trap polarons and bipolarons on the
conjugated polymer. Similar experiments on polyaniline
emeraldine salt in MCM-41 mesoporous aluminosilicate
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(30-A-diameter channels) gave a microwave conductivity of
1.4x 107 Sem™ (compared to 5.7x 107> Scm™" for the free
material).'¥ However, the channels in this mesoporous host
are wide enough to accommodate about 20 parallel polyan-
iline chains, so interchain contacts probably contribute to this
microwave conductivity.

Some insights into how the spatially isolated conjugated
polymer chains of an IMW ought to behave can be gained by
studying the mobility of radical anion (electron) and radical
cation (hole) centers on isolated conjugated polymer chains in
dilute solution. Warman, Siebbeles, and co-workers have used
pulse-radiolysis  time-resolved microwave conductivity
(TRMC) to address this issue.'”*'*! In this technique, a
pulse of electrons is used to ionize the solvent, usually
benzene, thereby generating solvated electrons and benzene
radical cations. Electron traps (for example, CCl, or O,) or
hole traps (for example, NH;) are added to capture one type
of charge carrier, while the other rapidly dopes the con-
jugated polymer, thus leading to a transient microwave
conductivity response. The one-dimensional intrachain mobi-
lities determined from these measurements are generally
higher than those measured in bulk samples. For example,
MEH-PPYV (Figure 1a, Section 1) has a microwave intrachain
hole mobility of 0.4 cm®>V~'s7%l which is several orders of
magnitude higher than the direct-current hole mobility in
thin-films (ca. 1 x10™* cm?V~'s7").! Even these high intra-
chain mobilities are smaller than predicted for a regular
extended conjugated polymer chain, because of defects,
conformational twists, and chain ends. Siebbeles and co-
workers reported experimental and theoretical results that
indicated that infinitely long PPV chains in dilute solution
should have microwave intrachain hole mobilities of about
60 cm?>V~'sL.1% Ladder polymers such as LP1 (Section 4.8)
are expected to have less torsional disorder than PPV—which
lead to higher hole mobilities—and very recent results on a
series of these ladder oligomers indicate that the intrachain
microwave hole mobility is around 600 cm*V~'s".1%] Placing
a molecular wire in a linear nonpolar sheath should enhance
the charge mobility by reducing conformational defects and
preventing charge trapping, and there is clearly much scope
for exploring charge transport in IMWs by using pulse-
radiolysis TRMC.

The first conductivity measurements on single IMWs were
reported recently by Ito and co-workers. Strands of iodine-
doped polyaniline encapsulated in a-CD-based nanotubes
(Figure 12) were positioned across a 150-nm-wide gap
between platinum electrodes. At 30°C nearly ohmic behavior
was observed with resistances of 17-150 GQ;™! these poly-
aniline IMWs showed no measurable conductivity without
iodine doping. This exciting result provokes many questions
about the mechanism of charge transport in such long IMWs,
and about the contribution of junction barriers to resistance
(at electrode contacts and between polyaniline segments of
the chain).

The conductivities of thin films of metallo-pseudopoly-
rotaxanes such as 4-M,C2,, 4,M,,C7 (Schemes?2 and 3,
Section 2.1.1), and 33-M,,C2, have been tested as a function of
the applied electrochemical potential and as a function of the
metal cation (M=Cu", Zn**, or no metal ion).}*3>¥l In
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33-M,C2,(M = Cu* or Zn%)

general, the conductivity profiles of these polymers show
peaks at each redox half-wave potential, because the con-
ductivity is highest when the m system is partially oxidized.
The presence of redox-active metal cations only makes a
significant contribution to the conductivity when the M /M 2"
redox potential happens to match the oxidation potential of
the polymer m system. Thus, zinc cations have little effect on
the conductivity, because Zn*" is not redox active. Copper
cations have little effect on the conductivity of [4-Cu,C2,]""
because the first oxidation potential of the s system is much
higher than that of Cu"/Cu**. However, the Cu'/Cu*" couple
in [33-Cu,C2,]"" happens to match the first oxidation
potential of the polymer, thereby resulting in inner-sphere
metal-mediated charge transport and dramatically increased
conductivity.® A 10°-10’-fold increase in conductivity is
observed when the metal-free polymer 33C2, is treated with
Cu*' ions. A similar effect was observed when the central
electron-rich strand 7 of the three-strand ladder polymer
[4,-Cu,,C7]*"" is partially oxidized.™™ In this bizarre IMW, the
conductive polymacrocyclic core strand 7 is isolated and
insulated by the other two less conductive conjugated
polymer stands 4, which are threaded through it. The
tremendous sensitivity of the conductivity of these systems
to the redox activity of the coordinated metal cations suggests
that they could be used in sensors, either directly for sensing
redox-active cations, or for detecting small molecules which
can bind to the cations or the i system and change the redox-
matching.””

The fact that OLEDs can be fabricated from polyrot-
axanes such as PPP1Cf3-CD, PF1Cf3-CD, PPV1Cf-CD, and
PDV1co-CD (Section2.2.4) shows that the presence of
threaded cyclodextrins does not prevent these polymers
from behaving as semiconductors.”™ The observation of
electroluminescence implies that both electrons and holes
can migrate through the material. However, the higher turn-
on voltages of the polyrotaxanes (see, for example, Fig-
ure 26b) indicate that they have lower conductivity than the
free polymers. Charge transport between the conjugated
polymer backbones probably occurs through stacking of
uninsulated regions of the polymer chain and/or end groups,
as suggested by the crystal structures of 17Ca-CD,! 18,Ca-
CD™ 19ca-CD, and 20Ca-CD'! (Figure 7, Section 2.2.4).
The mobility of the lithium counterions may contribute to
charge transport in these materials, so that they behave to
some extent like light-emitting electrochemical cells
(LECs)™ rather than LEDs. LECs are generally character-
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ized by symmetrical current-voltage curves (at forward and
reverse bias) and slow turn-on kinetics. The behavior of these
polyelectrolyte polyrotaxane devices are intermediate
between those of conventional LEDs and LECs, perhaps
because the cations are mobile but the anions are
fiXed.[74’ 189,190]

Conductivity measurements have also been reported on
cyclodextrin-polyazomethine polyrotaxanes PAMI1Cf-CD
and PAM2cCf-CD (Section 2.2.7). Four-point probe conduc-
tivity measurements on compressed pellets of the I,-doped
polyazomethine polyrotaxanes showed that the presence of
the cyclodextrin has little affect on the conductivity of these
polymers.””-%!

The balance between solubility and conductivity has been
explored in dendronized polythiophenes (Section 4.7). For
example, polythiophene PT4(G-2), with a second-generation
dendron on every other thiophene unit, is soluble in organic
solvents but shows low conductivity when doped with iodine
vapor, because the dendrons prevent interchain charge
transport.'! Polymer PT5(G-2), which has a second-gener-
ation dendron only on every sixth thiophene unit, was
conductive when the bulk solid was doped with NOBF, but
was insoluble. A soluble and conductive polymer PT5(G-3)
was also prepared with a third-generation dendron on every
sixth thiophene unit.

5.8. Single-Molecule Imaging and Manipulation

A common feature of IMWs is their suitability for single-
molecule AFM imaging and manipulation. It has often been
reported that when a conjugated polymer is wrapped in a
polysaccharide or coated with dendrons or threaded through
cyclodextrins it becomes easier to image the individual
polymer chains (see, for example, Figures107* and
12.1921) 86911001901 Thig  finding must reflect the reduced
tendency to aggregate and the increase in chain thickness
that accompanies encapsulation, and also perhaps an increase
in the persistence length. Schliiter and co-workers have
presented beautiful SFM images of dendronized poly(para-
phenylene) PPP4(G-3) strands oriented by the surface of
HOPG."™ Images of films of amphiphilic dendronized
polymers spin-coated onto HOPG also show alignment with
HOPG symmetry.'¥? Several nonconjugated dendronized
polymers, such as dendronized polystyrenes with high-gen-
eration dendrons, are also highly suitable for single-molecule
AFM imaging because of their shape-persistent cylindrical
conformations.!'”!

5.9. Processability and Solubility

Solution processability is a key advantage of organic
semiconductors relative to their inorganic counterparts,
because it opens up the possibility of low-cost fabrication
methods such as ink-jet printing. However, conjugated
polymers often tend to be insoluble and difficult to process,
unless they are decorated with flexible and/or bulky sub-
stituents. Steric interactions with these solubilizing substitu-
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ents can twist the m system and reduce the conjugation. In
principle, threading a molecular wire in a cylindrical sheath
should be a way of providing high solubility and process-
ability, without interrupting the planar conformation of the
7 system. In practice, any type of insulating sheath inevitably
has a dramatic effect on the solubility characteristics of a
molecular wire. Most polyrotaxanes are more soluble than
their free polymers. Polyaniline -CD inclusion complexes are
an exception to this trend;® the lower solubility of these
pseudopolyrotaxanes, relative to free polyaniline, probably
reflects their conformational rigidity.

6. Summary and Outlook

There are many parallels between the challenges involved
in the synthesis and characterization of different types of
IMWs. For example, the problem of steric congestion
associated with the preparation of a highly dendronized
conjugated polymer is similar to that faced in the synthesis of
a highly threaded conjugated polyrotaxane. In both cases it is
difficult, but possible, to achieve mean backbone contour
lengths greater than 30 nm. Determining the molecular-
weight distributions in these systems can also present a
formidable challenge, but rapid developments in synthetic
methodology and in characterization techniques such as
HPLC, mass spectrometry, and surface probe microscopy
are making long IMWs increasingly accessible.

One of the benefits of writing a Review of this type is that
it enables one to identify the areas that appear to have been
overlooked, as well as to reflect upon disruptive discoveries
and opportunities for breakthroughs. The concept of the
“insulated molecular wire” has developed tremendously since
such systems were first mentioned by Maciejewski in the
1970s,%% yet most of the area remains unexplored. Much of
our appreciation of the possibilities latent in these materials
comes from results on a small number of well-characterized
IMWs. During the next few years, dramatic advances can be
expected in the synthesis of the following architectures:

e cucurbituril polyrotaxanes with conjugated polymer cores,
e polysaccharide-wrapped luminescent polymers, such as

PPP and PPV,

e cncapsulation of highly reactive conjugated polymers, such
as carbyne,

e polymer-wrapped & systems based on synthetic non-poly-
saccharide hosts such as foldamers,['"*¥

e 1 systems encapsulated in synthetic organic nanotubes,'”’”

e attachment of IMWs to electrodes and supramolecular
assembly of functional molecular electronic devices.

There are also tremendous opportunities for extending
our understanding of the physical behavior of IMWs. For
example, it is not clear why charge-carrier mobilities are low
on isolated conjugated polymer chains in zeolites, but high in
isolated conjugated polymer chains in solution (Section 5.7).
The high conductivities reported for 150-nm-long polyaniline
IMWs are also intriguing.” A profound understanding of the
factors controlling charge transport within, and between,
IMWs will enable us to design valuable new materials. Very
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few IMWs have yet been tested as electroluminescent
materials for OLEDs or as photosensitizers for hydrogen
generation from water, but the first results in both these areas
are extremely encouraging. IMWs could also become impor-
tant as photovoltaic materials for solar cells, because they
lend themselves naturally to the fabrication of diffuse
heterojunctions between interpenetrating networks of n-
type and p-type semiconductors of the sort that are believed
to be essential for high efficiency.['>!%]

Isolated molecular wires represent just one of many
supramolecular approaches to organic electronics and nano-
technology. The bottom-up synthesis of complex self-organ-
ized architectures promises to provide access to fundamen-
tally new classes of functional materials with unprecedented
properties. An illustration of how this field might generate
revolutionary materials is provided by the recent invention of
“metamaterials” operating at microwave frequencies."”’)
These materials consist of millimeter-scale periodic lattices
of metal wires and insulators, which have been designed to
control the magnetic and dielectric response of the material to
microwaves. Metamaterials can be constructed to exhibit
unconventional electromagnetic phenomena, such as nega-
tive refractive index, and used to make “perfect lenses”,
which provide resolution beyond the diffraction limit. The
size of the wire and insulator components of a metamaterial
lattice needs to be smaller than the wavelength of the
radiation, which is why it is easy to make metamaterials that
operate with microwaves (A =3 cm at 12 GHz). Perhaps it will
be possible to use IMWs to create metamaterials with
negative refractive indices at visible wavelengths. The ability
to position semiconducting and insulating nanocomponents
accurately on the molecular scale opens up many possibilities.
IMWs are set to play a central role in the supramolecular
engineering of optoelectronic materials.”"

Abbreviations

A absorbance

AFM atomic force microscopy

CB|n] cucurbit[n]uril

CD cyclodextrin

DASP dimethylaminostyrylpyridinium

DMF dimethylformamide

DMSO dimethylsulfoxide

DM-3-CD 2,6-di-O-methyl B-cyclodextrin

EDOT 3,4-(ethylenedioxy)thiophene

EL electroluminescence

Fc ferrocene

FEB frequency-domain electric birefringence

GPC gel-permeation chromatography

HOPG highly oriented pyrolytic graphite

HP--CD 2-hydroxypropyl p-cyclodextrin (complex
mixture)

IMW insulated molecular wire

ITO indium-tin oxide

Ky Stern—Volmer constant

LEC light-emitting electrochemical cell

LED light-emitting diode
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LP ladder polymer
LS light scattering
MALDI matrix-assisted laser desorption

MCM-41 Mobil crystalline material 41 (a mesopo-
rous aluminosilicate with a hexagonal array
of channels)

MEH-PPV poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-
phenylenevinylene]

M, number-average molecular weight

MV methyviologen

M, mass-average molecular weight

NMP N-methyl-2-pyrrolidinone

NMWCO nominal molecular-weight cut-off

a1, number-average degree of polymerization

NOE nuclear Overhauser effect
OLED organic light-emitting diode

PA polyacetylene

PAM polyazomethine

PANI polyaniline

PDA poly(diacetylene)

PDV poly(diphenylenevinylene)
PEDOT poly(3,4-ethyenedioxythiophene)
PEG poly(ethylene glycol)

PEO poly(ethylene oxide)

PF polyfluorene

PPE poly(phenyleneethynylene)
PPEB poly(phenyleneethynylenebutadiynylene)
PPP poly(para-phenylene)

PPV poly(para-phenylenevinylene)
PT polythiophene

PTA poly(triacetylene)

PVA poly(vinyl alcohol)

So singlet ground state

S, first singlet excited state

SPG schizophyllan glucan

STM scanning tunneling microscopy
SWNT single-walled carbon nanotube

T, transverse relaxation time

TEM transmission electron microscopy
TGA thermogravimetric analysis

THF tetrahydrofuran

TM-B-CD 2,3,6-tri-O-methyl (3-cyclodextrin
TOF time of flight

TRMC time-resolved microwave conductivity
XPS X-ray photoelectron spectroscopy

A wavelength

D fluorescence quantum yield

2T 2,2'-bithiophene
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