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N ature excels at engineering materials by using the principles of
chemical synthesis and molecular self-assembly with the help of
noncovalent forces. Learning from these phenomena, scientists have
been able to create a variety of self-assembled artificial materials of
different size, shapes, and properties for wide ranging applications. An

area of great interest in this regard is solvent-assisted gel formation
with functional organic molecules, thus leading to one-dimensional
fibers. Such fibers have improved electronic properties and are
potential soft materials for organic electronic devices, particularly in
bulk heterojunction solar cells. Described herein is how molecular self-

assembly, which was originally proposed as a simple laboratory
curiosity, has helped the evolution of a variety of soft functional
materials useful for advanced electronic devices such as organic field-
effect transistors and organic solar cells. Highlights on some of the

recent developments are discussed.

1. Introduction

Nature has the unparalleled ability to create a variety of
self-assembled soft materials. These materials function ele-
gantly and efficiently within soft tissues under aqueous
conditions for years without failure. In contrast, man-made
soft materials of molecular assemblies cannot, in most of the
cases, be directly applied to useful applications, particularly in
electronic devices. Therefore, inorganic materials have been
dominating in the fabrication of the so-called hard electronic
devices. However, the quest for improved performance and
miniaturization of devices is driving technologies to attain
newer heights with organic-molecule-based functional mate-
rials. These soft electronic materials have given birth to the
so-called organic/plastic electronics. In parallel, the idea of
molecular or supramolecular electronics has been proposed
and are still at the conceptual level. For these technologies to
develop, it is necessary to design stable, shape-persistent
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materials at the nanometer scale
wherein the individual molecular
building blocks are self-organized.
Sensible design and logical selection
of molecular components and interac-
tion modes are the key points in
achieving the design of such materi-
als.l2!

Over the years, organogelation has emerged as an
excellent strategy for crafting supramolecular assemblies with
tunable properties that underpin the role of a solvent-directed
approach to the design of functional materials."'!l Partic-
ularly, the last decade has witnessed important developments
in the field of molecular gels and soft matter with electronic
properties because of the ability to convert information at the
molecular level into information at the nanoscopic and
macroscopic levels in a spectacular way.””! Obviously, -
conjugated molecules are the molecules of choice because of
their tunable optoelectronic properties. A variety of i systems
have been used in the preparation of organogels comprising
supramolecular structures of different sizes, shapes, and
properties. Thus, a number of organogels with electronic
conductivity and charge-carrier mobility have been reported
and may find applications in organic field-effect transistors
(OFETs) and organic solar cells (OSCs). These developments
have strengthened the potential of gel chemistry as a tool to
create optimized functional assemblies. The technological or
practical relevance of this concept is the tunable sizes, shapes,
and optoelectronic properties of molecular gelators and the
capability of the gel matrix to accommodate various compo-
nents to achieve efficient charge transport properties. Even
though the initial results are promising, the real application of
organogelators in electronic devices is still at a premature
stage and no breakthrough has been achieved so far. The total
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number of research articles with respect to the application of
gels in the development of energy efficient devices is limited.
Therefore, intense research and in-depth studies are needed
to optimize the performance of gel-based electronic materials.

In this Minireview we highlight the recent developments
in the field of self-assembled soft materials with electronic
functions, and the role of gel chemistry as well as its future
prospects in the area of organic electronics, particularly
organic photovoltaics. We describe how the conceptually
novel idea of molecular self-assembly, which was originally
proposed as a simple laboratory curiosity, has over the years
evolved into a technologically relevant topic dealing with
advanced materials for a variety of electronic devices. To
sensitize the reader with respect to the application potential,
we first discuss the recent involvement of self-assemblies and
gels in OSCs and OFETs and then move on to recent
examples of electronically relevant gelators.

2. Organogels in Photovoltaics

The last decade has witnessed a surge of activities in solar
energy conversion using organic photovoltaic devices.>!
The advantages of OSCs include the availability of a large
number of chemical structures, ease of processing, mechanical
flexibility, and low cost.'¥! An important requirement for an
OSC device is the nanometer-scale, supramolecular ordering
of the donor (D) and the acceptor (A) to control the bulk
separation of photoinduced excitons through the nanophase
separation resulting in bulk heterojunctions (BHJ) with high
light-conversion efficiency.' As an initial step, low-molec-
ular-weight gelators have been used in dye-sensitized solar
cells (DSSC) as a quasisolid gelled electrolyte to carry the
volatile organic solvent intact inside the solar cell, thus
leading to production advantages and better performance of
the device.l'*'®

Among thin-film devices, BHJ SCs of regioregular poly(3-
hexylthiophene) (P3HT; 1; Scheme 1) and [6,6]-phenyl-Cg;-
butyric acid methyl ester (PCBM) have been reported as one
of the extensively studied systems.!"”! Numerous studies such
as thermal or solvent annealing procedures, and the effects of
regioregularities and molecular weights of donors have been
carried out to improve the efficiency and end-use perfor-
mance of this donor—acceptor (D-A) system.””) Recently, the
effect of time- or concentration-dependent gelation and
optical changes of 1 on the solar cell performance was studied
by Huang and co-workers.’!! The performance of 1/PCBM
BHJ SCsindicated that devices having photoactive layers that
were spin-coated using o-xylene solutions and a shorter aging
time showed a gradual increase in short-circuit current
density (/). As compared to the samples aged for longer
time, a better performance was exhibited by the device
prepared after 2 hours of aging and showed a J value of
12.57 mA cm ™2, open-circuit photovoltage (V,,) of 0.59 V, fill
factor (FF) of 0.51, and a reasonably high power conversion
efficiency (PCE) of 3.78%.

The molecular weight (My) of the gelators has a
significant influence on the gelation behavior, as demonstrat-
ed in the case of different batches of the polythiophene 1, and
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in turn this behavior is reflected in the device performance. A
solution of a low-molecular-weight polymer (M = 26200,
M,=13000 gmol ') showed no sign of gelation, whereas
solutions of an average-molecular-weight polymer (My =
72800, M,=34400 gmol™') turned into gel within a few
minutes, and the gelation of high-molecular-weight polymer
(Myw=153800, M,=62500gmol ') was spontaneous (Fig-
ure 1a).”2 A correlation between solar cell performance and
molecular weight revealed that a significant enhancement in
the solar cell performance could be obtained with a mixture of
80 wt% of low-molecular-weight and 20 wt% of high-
molecular-weight polymers. Because of the better phase
separation and reduced recombination between polymer 2
and PCBM, photovoltaic devices fabricated using fibrous
aggregates of the ultrasonicated polymer gel containing
PCBM exhibited enhanced performance.””! Interestingly,
the polymeric gel fibers exhibited a higher hole mobility
and at the same time increased J values without change in
the V. values. Hence the fabrication of solar cells using a
preassembled polymer gel suspension is a promising tool for
increasing the overall power conversion efficiency without
decrease in the V. value. In another report, spray-coated thin
films of nanoporous, submicron gel particles of 1 dispersed in
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Scheme 1. Chemical structure of compounds 1-5.2'¢
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Figure 1. a) Photograph and schematic demonstration of the two-step
gelation process of 1 (average-molecular-wieght polymer).? b) SEM
cross-section and general device architecture of solar cell device
fabricated using 3 and 4 with inverted cell configuration.”” Reproduced
with permission from American Chemical Society.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A. Ajayaghosh et al.

surfactant-containing water has been used as solution-proc-
essable inks in solar cells.” Solar cells fabricated in
combination with PCBM exhibited a PCE of 0.18% (J.=
12mAcm™? V, =042V and FF=0.36). This work high-
lights the use of novel functional coatings in organic
electronics and can be extended to a variety of & gels.

Hydrogen-bond directed self-assembly of the low-molec-
ular-weight, n-type perylene bisimide organogelator 3
(Scheme 1) in the presence of an amorphous p-type poly-
(vinyl-dimethoxytetraphenylbenzidine) polymer 4 has been
used to generate nanostructures with large-area D—A inter-
faces suitable for an ideal supramolecular p—n heterojunction
(Figure 1b).”! The solar cell device of 3 and 4 (3:1) showed
maximum efficiency with a Jvalue of 0.28 mAcm 2
V.. value of 390 mV, FF of 38%, and a PCE of 0.041%
(Figure 1b). The better performance of this system could be
due to the absence of large-scale macrophase separation of
the donor and the acceptor molecules resulting in morpho-
logical stability. In addition, the BHJ devices comprised of §
and PCBM (1:2) showed enhanced efficiency and short-
circuit current. This enhancement could be attributed to the
significantly high J value obtained through the helical
arrangement of chromophores, which resulted in favorable
charge transport domains.®!

A self-sorting approach to organogels of D—A systems is
useful to the design of heterojunction organic semiconduc-
tors. For example, the two-component gel of thiophene 6 and
perylenebisimide 7 (Scheme 2), composed of entangled
fibrous aggregates is useful for the fabrication of photovoltaic
devices.”” The fiber crossing points are equivalent to p-n
heterojunctions (Figure 2a). Upon visible-light irradiation,
anodic photocurrent was generated from the cast films. In
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Scheme 2. Chemical structure of compounds 6-10.2
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addition, the photocurrent action spectrum overlaps perfectly
with the absorption spectrum, thus indicating that both 6 and
7 act as efficient photoactive species for photocurrent
generation (Figure 2b).
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Figure 2. a) Schematic representation of the self-sorting organogel
formation of 6 and 7 yielding p-n heterojunction points. b) Absorption
spectrum and photocurrent action spectrum of the cast film prepared
from 6/7 self-sorting gel on an indium tin oxide (ITO) electrode:
applied potential =0.2 V vs. Ag/AgCl.”"! Reproduced with permission
from American Chemical Society.

The comparison of changes in emission intensity of the gel
of 8 (Scheme 2) upon addition of fullerene (Cq) or the Cq,
acid 9 revealed a relatively effective emission quenching by
the latter one as a result of stable hydrogen-bonded complex
(2:1) formation.”” Photovoltaic cells fabricated using hybrid
gels of 8 and 9 (2:1) as the active layer exhibited steady and
large photocurrents relative to those of a device containing 8
and C4 in the same ratio. Moreover, the photocurrent
increases in proportion to an increase in the positive bias of
the ITO electrode. The gelation ability of the tetrathiafulva-
lene (TTF) derivative 10 (Scheme 2) could be significantly
improved by the addition of C4 or PCBM because of the
intermolecular 2:1 charge-transfer complex formation be-
tween the geometrically and electronically complementary
ex-TTF (m-extended TTF) and Cy, units.”” The photoinduced
electron transfer from ex-TTF in 10 to PCBM leads to fast
generation of carriers and thereby a steady and rapid, as well
as reproducible cathodic photocurrent of 25 nA cm 2. Hence,
organogelation is found to be crucial in making good
connections, efficient separation between donors and accept-
ors at the molecular level, and an efficient charge channel
along the fibrous direction resulting in an enhanced photo-
current.
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A close look at some of the above-mentioned reports
reveals that the efficiency of the devices prepared using
organogels is not on par with that of devices prepared using
polymers. However, organogelators have the advantage of
monodispersity of the molecules when compared to the
polydispersity and structural defects of polymers. The sponta-
neous self-assembly of gelators resulting in micrometer-sized
large fibers and the presence of a large amount of the
insulating alkyl chains may be the reasons for the poor
performance. Therefore, it is important to design gelators, the
self-assembly of which can be controlled to the level of a few
nanometers and thus resulting in nanostructures, with uni-
form aspect ratios. It is also important to minimize the
number of alkyl chains to have closer interaction of mole-
cules. Control of the D-A self-assembly is another crucial
issue. Therefore, what is required is the proper addressing of
some of these inherent problems as it may help to improve the
performance of gelators in the devices.

3. Organogels in OFETs

The recent findings on the better performance of organic
nanodevices based on self-assembled structures have encour-
aged the use of organogelators for OFET applications.®”
OFETs are the key components for electronic tags, flexible
circuits, electric paper, sensors, and driving circuits for active
matrix displays.”*?! Since charge carrier mobility is a
measure of how easily electrons or holes drift through a
semiconductor in response to an electric field, intermolecular
ordering plays a crucial role in the design of OFETs.?*3
Therefore, organization of molecules using a solvent-assisted
gelation approach seems to be of great relevance to the design
of nanometer-sized architectures useful for the fabrication of
OFETs.

Thiophenes and their derivatives are suitable candidates
for the fabrication of OFETSs because of the improved
electronic properties associated with the extended conjuga-
tion of oligo- and polythiophenes. However, in many instan-
ces the electronic properties of oligomers and polymers can
be attained with self-assembled small molecules as a result of
strong exciton interaction and electron hopping. The first
organogel-based OFET was fabricated by Lee and co-workers
using nano/microfibers obtained through organogelation of
the dodecyl-substituted thienylvinylene anthracene 11
(Scheme 3).P*! The single-nanofiber transistors (Figure 3a,b)
of 11 exhibited p-type characteristics with a hole mobility (x«)
of 0.48 cm?V~'s™! and a current on/off ratio of 10°, whereas in
the case of a thin film of 11, a hole mobility within the range of
0.02-0.05 cm®V~'s™! was observed. Interestingly, when the
FET channel width was reduced to 70 nm, a high mobility
value of 8.7 cm?’V~'s™' was obtained from single-nanofiber
transistors.

Comparison to the OFET performance of the semi-
conducting oligothiophene 12 (Scheme 3) by Stupp and co-
workers indicated that self-assembled fibers deposited from a
toluene solution exhibit a hole mobility of 3.46x
107° cm®*V~'s™!, which is one order of magnitude higher than
that of films obtained from non-assembling solvents such as
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Figure 3. a) SEM image of the bottom-contact single-nanofiber transis-
tor of 11; inset shows the photograph of the dimethyl sulfoxide gel of
11.%%1 b) Output characteristics of a single-nanofiber transistor of 11.
(Reproduced with permission from Royal Society Chemistry) ¢) Ips—Vops
responses at different gate biases (left) and transduction character-
istics (right) for the OFET device fabricated from films of 12 deposited
from toluene; inset shows the device configuration of the top-contact
OFET.P¥ Reproduced with permission from American Chemical Society

chlorobenzene (9.42x1077 cm*V~'s™") or o-chlorobenzene
(1.79x 1077 cm®*V~'s™!; Figure 3¢).” The self-assembled
one-dimensional (1D) nanostructures of the quinquethio-
phene derivative 13 (Scheme 3) exhibited a hole mobility of
2.34x107ecm*V~'s™! in a top-contact thin-film transistor
device.’” The gel fibers of the pyrene-substituted 4-ethynyl-
phenylaminoacyl derivative 14 have good electron and hole

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A. Ajayaghosh et al.

transport properties as well as light emission in the high
source-drain voltage region.”® The OFET device of the -
helical polypeptide functionalized thiophene gelator 5 and
PCBM (1:2; Scheme 1) exhibited an enhanced hole mobility
of 1.9x107em*V~!s™! when compared to that of the
corresponding nongelaters.")

Lutsyk et al. have carried out a comparative study of
OFETs fabricated from 1 by spin- and spray-coating tech-
niques using fresh and aged solutions.® In all the cases,
irrespective of the deposition technique, charge-carrier mo-
bilities in samples fabricated using fresh solutions exhibited
values on the order of 10*cm?V~'s™!. In contrast, samples
fabricated from aged solutions resulted in an increase of the
carrier mobilities by one order of magnitude or more, and the
highest mobilities exceeded 1072 cm*V~'s'. This observation
indicates that anisotropy resulting from the ordering of
nanofibers and gelation upon ageing has a significant
influence on the carrier mobility. In the above cases, the high
mobility values obtained for assemblies generated from the
gelling solvents is attributed to the better organization of the
semiconducting gelator molecules into self-assembled 1D
nanostructures having strong m-orbital overlap, which im-
proves the hole mobility and thereby generates better charge
transport pathways.

Notably, as in the case of OSCs, publications related to the
use of organogels in OFETs are very few when compared to
the use of polymers and small molecules. Even though the
electronic properties of molecular self-assemblies and gels are
comparable to polymers in many cases, the device perform-
ances achieved so far are relatively poor. As discussed earlier,
the spontaneous self-assembly leading to fast growth of fibers,
the presence of a large number of aliphatic side chains, and
the amorphous nature of the self-assemblies may be some of
the reasons for the poor performances. It is also challenging to
achieve macroscopic alignment of the self-assemblies for
better performance. Irrespective of the above inherent
problems, encouraging results pertaining to improved elec-
tronic properties of self-assemblies and gels are appearing.
Therefore, the organogelation route will continue to motivate
researchers to develop low-cost, flexible organic transistors.

4. Conductive Organogels

After discussing the recent developments pertaining to
the use of organogels in OSCs and OFETs we now highlight
the recent developments with conducting materials based on
the self-assembly of functional m-conjugated molecules.
Preparation of such soft materials are important to the design
of energy efficient devices.* In this context, the improve-
ment of conductivity through intermolecular interactions of
the closely assembled gelator molecules in the gel state is
significant, thus providing a bulk conducting nanowire.[**~*
Even though such supramolecular wires offer many advan-
tages, controlling the self-assembly process during gelation is
a challenging task. Therefore, in many cases, conducting
properties were investigated for both the film state and
nanostructures formed from solutions of different sub-
strates. >
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As mentioned earlier thiophenes are one of the most
widely used organic heterocyclic building blocks for the
preparation of conducting materials because of its synthetic
accessibility, unique optoelectronics, redox and charge trans-
port properties.”! Stupp and co-workers have used the
advantage of characteristic microphase segregation of diblock
polymers during self-assembly to design electronically active
and functional supramolecular architectures of the oligo-
(thiophene) dendron rod-coil (DRC) molecule 15
(Scheme 4)." The improved m-orbital overlap along con-

OH

HO

16:n=1,R=C,Hs
17:n=1,R=Cy,H,5 19: n=5;R=C,Hg

18:n=3;R=C,Hg

Scheme 4. Chemical structure of compounds 15-19.°%*2

ductive pathways in the iodine-doped films of 15 from a
toluene gel exhibited conductivity that was three orders of
magnitude higher (7.9x107°Scm™) than that from the
monomer solution (8.0x 107 Scm™). The amide-end-func-
tionalized trithienylenevinylene (TTV) molecular gelators
(16 and 17) are reported to show high charge-carrier proper-
ties in the self-assembled state in the presence of N,N'-bis(2,5-
di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (PDI).P!
Unlike other & gelators that form entangled fibrous structures
on a mica surface, AFM images of 16 and 17 from n-decane
exhibited oriented 1D fibers for 16 and interconnected short
wires with T junctions for 17 (Figures 4a,b).

The flash photolysis time-resolved microwave transient
conductivity (FP-TRMC) profiles of the drop casted films
from chloroform showed charge-carrier mobility values,
Spin, of 1.5x102cm?*V~!'s™! and 4.0x102cm?Vis™,
whereas xerogels prepared from an n-decane/chloroform
mixture (1:1) exhibited Y, values of 6.0x107% cm?V~'s™
and 74x102cm?V~'s™' respectively for the TTV com-
pounds 16 and 17 (Figures Sa,b). Organogels with high
conductivity were obtained by extending the conjugation
length of the oligo(thienylenevinylene) gelator (18 and 19).
The conductive atomic force microscopy (C-AFM) measure-
ments indicated a conductance of 0.93 nS for the undoped
fiber bundles of 19, and the conductance drastically increased
to 7.1 nS upon doping with iodine vapors (Figures Sc,d). In
addition, the room temperature bulk electrical conductivities
(0) of the undoped films of 18 and 19, measured using four-
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Figure 4. AFM images of a) 16 and b) 17 drop casted from n-decane
on freshly cleaved mica (5x107°m). The Z scales used in a) are 40 nm
and in b) are 20 nm.P"! Reproduced with permission from American
Chemical Society.
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Figure 5. a) FP-TRMC transient conductivity profiles (4,,=355 nm) of
17 with PDI films prepared from n-decane/chloroform (1:1 v/v)
solutions. The color represents weight fraction of PDI relative to

100 wt % 17. The value of ¢ (quantum efficiency of charge carrier
generation) at the peak of each PDI fraction was estimated by TAS
(transient absorption spectra), giving 0.39-0.99% for 0.23-1.2%; inset
shows the photograph of the n-decane gel of 17. b) Comparison of the
charge-carrier mobility values of 16 and 17 from solution-cast films
and xerogels.®" ¢,d) C-AFM measurements of 18 and 19 xerogels from
an n-decane solution drop casted on HOPG (highly ordered pyrolytic
graphite. I-V curves of undoped (c) and doped (d) xerogels of 18 (1)
and 19 (2).F4 Reproduced with permission from American Chemical
Society.

probe method, exhibited values of 6.4x10™* and 4.9x
1072Scm™!, respectively. After doping with iodine vapors,
these values showed enhancements of two orders of magni-
tude, thus increasing to 1.0 x 10~% and 4.8 Scm ™', respectively.

The barbituric acid functionalized quaterthiophene 20
(Scheme 5) forms conductive gels through complementary
hydrogen bonds with a flexible bis(melamine) receptor.
The irradiation using a laser pulse (4 =355 nm) resulted in the
generation of long-lived charge carriers with maximum
transient conductivities (¢Xu) of 1.0x 107* cm?V~'s™! for 20
and 0.67x10*cm?V~'s™ for the coassembly (Figure 6).
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Scheme 5. Chemical structure of compounds 20-22.5*°

Even though, interchain transportation of charge carriers
within the lamella decreased the hole mobility (u") of
coassembled tapes to 0.57 cm®*V~'s™!, 1D hole mobility along
the long axis of nanorods (u*,p) exhibited the higher value of
1.3em*V-'s

The nematic gel-forming supramolecular complex of 21
(Scheme 5) and the complementary hydrogen-bonding unit,
comprised of ribbon-like aggregates exhibited a higher ¢pZu
value of 5.2 x 107 cm?V~'s™! than the vesicular aggregates of
21 (44x10°cm?>V~'s™H)P Also a higher 1D isotropic
mobility (pu=5.1x10"cm?V's™!) of the photogenerated
charge carriers was observed for the binary system. The chiral
discotic supramolecular complexes of monotopically triple-
hydrogen-bonding melamines equipped with two perylene
bisimide (PBI) chromophores with tritopically triple-hydro-
gen-bonding cyanuric acid 22 showed a reproducible ¢pXu val-
ue of 1.4x 107> cm?>V~'s™" and ¢u of 0.03 cm> V15715l

Fused polyaromatic systems are ideal candidates for the
creation of a 1D discotic structure with high charge-carrier
mobility. For example, the self-assembly of the amphiphilic
hexabenzocoronene (HBC) 23a (Scheme 6) bearing two
dodecyl chains (C,,) on one side and two triethylene glycol
(TEG) chains on the other forms redox active, electro-
conductive nanotubes and gels.’®>! The electrical resistivity
of the nanotubes was found to be 2.5 MQ upon oxidation with
nitrosonium tetrafluoroborate (NOBF,).F®l In another report,
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o
23a:R=CH, TNF= Q.O NO,

23b:R=TNF NO, NO;
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Scheme 6. Chemical structure of compounds 23 a—c.F**!

nanotubes of the trinitrofluoronene-substituted HBC amphi-
phile 23b exhibited a photocurrent of 4.2 nA and a dark
current of 0.07 pA.P*! Significant enhancement in photo-
conductivity has been achieved by varying the amount of 23b
in nanotubes of 23a (Figure 7b), thus indicating a bell-shaped
dependency on the mole fraction of 23b (Figure 7b).5>! The
rapid excitation energy migration along the m-stacked HBC
layers enabled efficient electron transfer, and thereby charge
separation (Figure 7c¢). In the case of amphiphilic HBC 23¢
having an appended C,, the field-effect charge-carrier
mobility measurements revealed an ambipolar charge-carrier
hole mobility (u,) of 9.7x107cm?’V~'s™" and electron
mobility (x.) of 1.1 x 107> cm?V~!s71[%

The peculiar coaxial configuration of the nanotubes with a
ni-stacked HBC array covered by a molecular layer of Cg,
facilitates a photovoltaic response upon illumination with
light. Interestingly, the nanotube of 23a exhibited a p-type
FET property with a u, value of 1.0 x 10~* cm?V~'s™!, which is
two orders of magnitude greater than that observed for the
homotropic nanotube of 23 ¢. The coassembly of 23a and 23¢
strongly reflects the ambipolar carrier transport properties,
which enhances the performance of the system by balancing
the hole and electron transporting components. FP-TRMC

hexagonal columnar structure
M p=1.3cm2Vist

3

multi lamellar structure
u =057 cm2Vvist

Figure 6. Schematic representation of interconversion between nanorods and nanotapes of 20.5* Reproduced with permission from Wiley-VCH.
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Figure 7. a) FP-TRMC profiles of cast films of the nanotubes with

varying mole fractions of 23b: 0 (blue), 3 (green), 10 (yellow), 25
(orange), 50 (pink), 75 (red), 90 (grey), and 100% (black), upon
photoirradiation at 355 nm (photon density, 1.2x 10" cm™). Inset
shows the plot of 7;;, values versus mole fractions of 23b. b) Plot of
XU,y values versus mole fractions of 23 b. ¢) Schematic illustration
of the coassembled nanotube from 23a and 23 b."® Reproduced with
permission from American Chemical Society.

measurements of the coassembled nanotubes exhibited a
carrier mobility of 1.4-2.0 cm*V~'s™!, which is close to the
intersheet mobility in graphite.

TTF is one among the most extensively studied sulfur-
containing conductive materials which exhibits high electron
conductivity because of m-stacked columnar structures."%
The self-assembled molecular wires of a TTF gel (24,
Scheme 7) was introduced in 1994 by Jgrgensen and co-
workers.”! Bryce et al. have reported the first experimental
demonstration of a conductive TTF gel using spin-coated
films of 25.1”! The ohmic current/voltage measurements of the
spin-coated films of 25 exhibited an in-plane direct current
(dc) conductivity value (o,) of 10°°Sem™!, which was addi-
tionally increased to 107 Scm™" for iodine-doped films and
107°-10"*Sem™ for tetrabutylammonium-perchlorate- or
hexafluorophosphate-doped films. Conducting gel-liquid
crystal composites (26, 27) are shown to have insulator
character (26: 0,, <3x 107" Scm™), however, the conductiv-
ity significantly increased after exposure to I, for 2 minutes
(0,=2x10"Scm™).* Interestingly, the conductivity value
additionally improved to 1x107°Scm™' after doping with
tetracyanoquinodimethane (TCNQ).

An amphiphilic bis-TTF annulated macrocyclic derivative
28 (Scheme 7) reported by Nakamura et al. formed redox
active organogels as well as electrically active nanostructures
such as size-controllable nanodots and nanowires (Figure
82,b).! The observed conductance of 20nS for a single
nanodot formed by the chemically oxidized 28 has been
increased to 86 nS under ambient conditions as a result of the
effects of oxygen and/or water. The conductance of a single
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nanodot with an open-shell electronic structure was four to
five orders of magnitude higher than that of fibers with a
closed-shell electronic structure and fiber bundles (Figure-
s 8a—c). In the case of 1D charge-transfer (CT) assemblies of
oxidized TTFs and other electron acceptors, high electronic
conductivity is strongly dependent upon the magnitude of
intermolecular CT interactions and the length of the stacks.”"!
In this context, a combination of intermolecular hydrogen
bonding and charge-transfer complex formation has been
used for making stable conductive TTF nanofibers of 29. In
the presence of a stoichiometric amount of the electron
acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodime-
thane (FATCNQ), 29 yielded a dark-colored CT gel with
electrical conductivity of 5.0x107*Scm™. In addition, the
electrical conductivity of individual nanofibers measured
using point-contact current-imaging atomic force microscopy
(PCI-AFM) estimated a one-dimensional resistivity of 7.0 +
3.0x107* Scm™ of a single nanofiber.

In recent years a variety of TTF-based conducting gels
have been reported because of their excellent redox active
properties.”* In contrast to other TTF gels, the amide-
functionalized TTF derivative 30 (Scheme 7), reported by
Amabilino et al., exhibited interesting electronic proper-
ties.”V! The four-probe dc resistance measurements of the
doped xerogel of 30 exhibited conductivity (o) of 3-5x
10°Q'em™. The room temperature resistivity of the
irreversible thermally converted [} phase (semiconducting)
of the doped xerogel was found to be one order less than that
of the a phase. Interestingly, in the bright areas of the xerogel,
I-V response exhibited an apparent metallic character,
whereas in dark areas a semiconductor character with a wide
gap was observed (Figure 8d). A hybrid gel of 31 and 30
enabled incorporation of gold nanoparticles within the TTF
gel fibers, which self-organized into a secondary structure
with metallic conductivity.” Room temperature I-V sweeps
of the doped hybrid nanofibers exhibited better metallic
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Figure 8. AFM images of a) nanodots of 28/(l,), and b) fibrous
structures of 28 on HOPG (10x 10 mm?) prepared by spin casting of a
1 mm solution (CHCl;/CH;CN 6:4). c) I-V characteristics at points |
(HOPG), Il (single nanodot in air), I (single nanodot in vacuum at
5x107° Pa), and IV (bundle of fibers).*® d) Current-sensing AFM
spectroscopic curves of different areas of the xerogel of 30 on
graphite.”"! Reproduced with permission from Wiley-VCH.

behavior with a conductivity of 10 Scm™" whereas 31 showed
five times less conductivity when doped. The advantage of the
hybrid system is that the mixed-valent donor stacks attain a
highly conducting [ phase without any heat treatment,
immediately after doping. Even though detailed understand-
ing of the electronic properties of conducting gels have been
achieved, application of these functional supramolecular
nanostructures needs more attention for their successful
incorporation into electronic devices.

5. Conclusions and Perspectives

In this Minireview we have discussed the pros and cons of
the gelation approach to create functional assemblies of
electronically active m-conjugated materials for device appli-
cations. The simplicity of the gelation approach and tunability
of the properties of gelator molecules have contributed
significantly towards the development of m-gelator-based
electronic devices. Since BHJ OSCs show better charge
separation efficiency, design of donor-acceptor-based supra-
molecular gels with nanowire morphology is important. The
challenge is to achieve self-sorted 1D assemblies of the donors
and the acceptors resulting in longitudinal BHJs with optimal
charge separation. These goals can be achieved only through
the logical design of new molecules and their conversion into
stable, shape- and size-controlled 1D supramolecular struc-
tures. In the context of gathering momentum for the develop-
ment of efficient OSCs, gel chemistry is expected to play a
crucial role in the design of low-cost and flexible BHJ
photovoltaic devices with high performance. Even though
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organogel nanostructures have been employed in different
applications, the end use as an integral part of organic
electronic devices remains to be proven in terms of the
efficiency and longevity of the device. The coming years are
expected to witness a myriad of activities to address the need
for the future energy requirements. Therefore, we hope that
intense research on the use of organic materials, whether it be
polymers, small molecules, or gels, needs to be continued to
achieve the dream of large-area organic photovoltaic devices
with high light conversion efficiency; such devices are the
ultimate source of sustainable green energy for future needs.
The inspiration for young researchers to work in the area of
self-assembly and gel-based materials derives from the fact
that a breakthrough is yet to come.
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