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Abstract: The formation of coaxial p–n heterojunctions by
mesoscale alignment of self-sorted donor and acceptor mole-
cules, important to achieve high photocurrent generation in
organic semiconductor-based assemblies, remains a challeng-
ing topic. Herein, we show that mixing a p-type p gelator
(TTV) with an n-type semiconductor (PBI) results in the
formation of self-sorted fibers which are coaxially aligned to
form interfacial p–n heterojunctions. UV/Vis absorption spec-
troscopy, powder X-ray diffraction studies, atomic force
microscopy, and Kelvin-probe force microscopy revealed an
initial self-sorting at the molecular level and a subsequent
mesoscale self-assembly of the resulted supramolecular fibers
leading to coaxially aligned p–n heterojunctions. A flash
photolysis time-resolved microwave conductivity (FP-TRMC)
study revealed a 12-fold enhancement in the anisotropic
photoconductivity of TTV/PBI coaxial fibers when compared
to the individual assemblies of the donor/acceptor molecules.

Self-assembled, one-dimensional (1D) donor–acceptor
nanostructures are of interest as a result of their unidirec-
tional charge-transport properties,[1] thereby serving as an
integral part in organic bulk-heterojunction (BHJ) solar
cells.[2] To improve the charge-carrier generation and trans-
port properties in solution-processed BHJs, nanostructures
should have optimal phase separation, preferably with lateral
organization of donor–acceptor moieties.[3] However, control
of the assembly of organic donor–acceptor semiconductors to
form 1D supramolecular fibers which have coaxially aligned

heterojunctions is a difficult task. Self-sorted assemblies of
electron-donor (D) and electron-acceptor (A) molecules
provide ample scope for facilitating photocurrent generation
whereas formation of charge-transfer (CT) complexes inhibit
photocurrent through recombination.[4] In this context, sev-
eral approaches have been reported to achieve p–n hetero-
junctions in 1D nanostructures.[5, 6]

Self-assembly is known to be a promising strategy to
organize functional molecules into supramolecular architec-
tures of different sizes, shapes, and properties.[7, 8] However,
self-assembly of donor–acceptor organic semiconductors
generally results in the formation of mixed stacks
(Scheme 1, path a).[9] Under restricted conditions, they can
form self-sorted assemblies leading to entangled fibers with
localized heterojunctions (path b)[10] or aligned fibers with
interfacial heterojunctions (path c). For better charge sepa-
ration, path c is preferred. With this objective, we propose the
concept of a self-sorting approach at the molecular level
followed by self-assembly at the mesoscale, leading to the
formation of interfacial p–n heterojunctions. As a proof of
principle to this hypothesis, herein we demonstrate the
creation of self-sorted supramolecular 1D nanostructures of
a p-type gelator and an n-type semiconductor with coaxially
aligned p–n heterojunctions with high photoconductivity.

Recently, we reported that trithienylenevinylene mole-
cules with amide end functional groups form supramolecular
gels in nonpolar solvents.[11] These derivatives exhibited
excellent electron-donating properties and high charge-car-
rier mobility in the self-assembled state. This observation
motivated us to investigate further the charge-carrier gen-
eration and transport properties of the materials in the
presence of suitable n-type semiconductors. In the present
work, we have selected a trithienylenevinylene derivative
(TTV) as the donor (p-type) and a structurally dissimilar
perylene bisimide (PBI)[12–14] as the acceptor (n-type;
Figure 1). PBI was selected as the n-type material because
of its suitable HOMO–LUMO energy gap with respect to that
of TTV.

The UV/Vis absorption spectra of TTV, PBI, and TTV/
PBI (1:1 molar ratio) were recorded in chloroform and n-
decane at a concentration of 1 � 10�4

m (see Figure 1c for the
spectra in n-decane). TTV exhibits an absorption band
maximum at around l = 501 nm in chloroform (Figure S1d
in the Supporting Information). This absorption band under-
went a blue shift to l = 464 nm (Dl = 37 nm) in n-decane,
indicating that the molecule has undergone strong H-type 1D
aggregation.[11, 15] The absorption spectrum of PBI in chloro-
form showed sharp absorption bands at l = 458, 491, and
526 nm. In n-decane, these characteristic bands are also
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detected in addition to a shoulder band at around l = 580 nm,
typical of a J-type aggregation (Figure 1c).[16] Mixing TTV
and PBI in a 1:1 molar ratio in n-decane or in chloroform gave
rise to UV/Vis absorption spectra which retained the indi-
vidual absorption spectral features of the two components
(see Figure 1c and Figure S1d for spectra in n-decane and
chloroform, respectively). Considering the electron-donating
ability of TTV and electron-accepting ability of PBI, the
molecules would be expected to form a CT complex.

In the case of the mixed solution of TTV/PBI (1:1 molar
ratio), a strong CT interaction is ruled out because of the
absence of any new absorption band or band shift in the UV/
Vis absorption spectrum. The contrasting structural features
of the molecules may discourage a direct CT interaction
between the two molecules. In the case of TTV, because of the
directional hydrogen-bonding interaction, the propensity for
1D self-assembly is very strong. On the other hand, large p-
surface-induced stacking is the major force in the self-
assembly of PBI molecules. In this system, self-sorting may
be preferred as 1D hydrogen bonding leads to a H-type
packing in TTV and p–p stacking leads to a J-type arrange-
ment in PBI. Variable-temperature UV/Vis absorption spec-

tral studies in n-decane revealed the char-
acteristics of their individual transitions
upon heating from 20–70 8C (Figure S1 c).
However, as the possibility of CT formation
cannot be completely ruled out by UV/Vis
spectral data, we performed morphological
and powder X-ray diffraction (XRD) stud-
ies to check for any evidence for CT
formation.

Atomic force microscopy (AFM) and
transmission electron microscopy (TEM)
images of TTV drop-cast from an n-decane
solution (c = 5 � 10�5

m) onto silicon wafer
or carbon-coated copper grids revealed the
formation of entangled fibers (Figures 2a

and d, respectively). The average diameters of these nano-
fibers are in the range of 50–200 nm with a height of 40–
80 nm. On the other hand, PBI films showed the formation of
elongated sheets of several micrometers in length (Figures 2b
and e). It is interesting to note that the morphology of the
mixed assembly was different from those of the individual

TTV and PBI assemblies. The TTV/PBI mixture exhibited
rod-like structures with lengths of micrometers having
diameter of 300–500 nm (Figures 2c and f). These long rods
might be formed by the bundling of short fibers of 40–70 nm
as evidenced from the TEM image. In the case of self-sorting,
the presence of a mixture of individual stacks of TTVand PBI
would be expected in the AFM and TEM images. The fact
that the morphology observed in the microscopic images was
completely different to that of the individual stacks suggests
the formation of a coassembly as shown in Scheme 1, path a.
However, the absence of a CT band in the UV/Vis absorption
spectrum ruled out this possibility. Therefore, it could be
inferred that the initially formed self-sorted stacks of the 1:1
mixture of TTV and PBI could subsequently self-assemble to
form hierarchical structures which resembles neither the

Scheme 1. A conceptual representation showing the possible interactions between a p-type
donor and an n-type acceptor leading to different possible hierarchical structures.

Figure 1. Chemical structure of a) TTV (p-type material) and b) PBI (n-
type material). c) UV/Vis absorption spectra of TTV (dashed line), PBI
(dotted line), and a mixture of TTV/PBI in a 1:1 molar ratio (solid line)
in n-decane (c = 1 � 10�4

m). Inset: expanded portion of the absorption
spectrum from l = 550 to 750 nm.

Figure 2. AFM images of a) TTV, b) PBI, and c) TTV/PBI (1:1 molar
ratio) drop cast from n-decane solutions (c = 5 � 10�5

m) on a silicon
wafer at room temperature. Z-scale corresponds to a) 60 nm,
b) 200 nm, and c) 300 nm, respectively. TEM images of d) TTV, e) PBI,
and f) TTV/PBI (1:1 molar ratio) drop-cast from n-decane solutions
(c = 5 � 10�5

m) onto carbon-coated copper grids at room temperature.
Scale bar in (a–c) = 2 mm; scale bar in (d–f) = 1 mm.
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donor assembly nor the acceptor assembly. The weak
opposite charges of the self-sorted donor and acceptor
fibers facilitate interfacial interaction at the nanoscale to
form coaxially aligned mesoscale fiber bundles (Scheme 1,
path c).

Powder X-ray diffraction (XRD) analysis of the TTV
xerogel film (Figure 3) showed an amorphous pattern with

a broad peak around 2q = 23.18. This peak corresponds to
a d spacing of 3.8 � which indicates the p–p stacking distance
between the TTV molecules. In the case of PBI, the
characteristic and distinct sharp diffraction peaks with
d spacings of 12.4 � (100), 8.3 � (200), 6.2 � (300), and
3.1 � (010) were obtained. The mixture of TTV/PBI (1:1
molar ratio) showed a diffraction pattern which is a combina-
tion of those of the individual TTV and PBI patterns.
Diffraction peaks at 12.3 � (100), 8.2 � (200), 6.2 � (300),
and 3.3 � (010) in the mixture pattern match with those of the
PBI pattern. The absence of any new peak or peak shift in the
XRD pattern of the mixed assemblies reveals that TTV and
PBI molecules preferentially form individual stacks during
the mixing. These data reconfirm the hypothesis that a molec-
ular-level self-sorting occurs between the donor and the
acceptor at the initial stage and that they subsequently
interact to form mesoscopic coaxially aligned donor–acceptor
fiber bundles with interfacial p–n heterojunctions.[6d]

Having confirmed the mode of interaction between TTV
and PBI, we performed Kelvin-probe force microscopy
(KPFM) which is a useful tool to measure the electric surface
potential (SP) of donor–acceptor assemblies with nanoscale
resolution.[17] TTV exhibits a surface potential of 15� 5 mV in
open air and under ambient-light conditions (Figure S2). The
surface potential of PBI was in the range of �40� 5 mV
(Figure S3). Figure 4a and b show the AFM topography and
the corresponding KPFM image of the TTV/PBI mixture (1:1
molar ratio) which showed elongated fibers with diameter of
300–500 nm and height of 100–200 nm. The corresponding
surface-potential value (SP) obtained from section analysis
was �100� 10 mV. These data suggest that the mixed
assembly exhibits a large shift in the surface-potential
values when compared to the individual assemblies of TTV

and PBI, further indicating that there is effective phase
segregation at the nanoscale between the self-sorted donor
and acceptor species.

To study how the coaxially aligned p–n heterojunctions
affect the photoconductivity properties in the case of the
TTV/PBI mixed assembly, we have carried out flash photol-
ysis time-resolved microwave conductivity (FP-TRMC)
experiments.[18] The intrinsic photoconductivity property of
the materials could be quantified from the fSm values,
obtained from FP-TRMC, where f is the charge-carrier-
generation quantum yield upon photoexcitation and Sm is the
sum of charge-carrier mobilities, that is, the sum of electron
and hole mobility. The maximum value (fSmmax) reflects the
intrinsic photoconductivity of the material with minimum
trapping effects. The FP-TRMC data in many cases usually
reflects the intrinsic short-range charge-carrier mobility.
However, in some cases, this intrinsic photoconductivity can
be correlated to bulk properties, such as device perform-
ances.[19] First, we investigated the intrinsic charge-carrier
mobility of the TTV xerogel film by a combination of FP-
TRMC and transient absorption spectroscopy (TAS; Fig-
ure S4). It was found that the minimum charge-carrier
mobility (Smmin) of TTV in the self-assembled state was
0.14 cm2 V�1 s�1. This value indicates that self-assembled TTV
has excellent charge-carrier mobility which is comparable to
that of P3HT (poly(3-hexylthiophene)).[18b] This efficient
carrier transport suggests the formation of coaxial hetero-
junctions as depicted in Figure 1c.

The FP-TRMC transients of TTV/PBI (1:1 molar ratio)
were measured and compared with that of TTV and PBI
assemblies (Figure 5a). TTV/PBI (1:1 molar ratio) shows an
almost 12-fold enhancement in fSm values with respect to
TTV. This study confirms that the formation of coaxial
p–n heterojunctions significantly enhances the photoconduc-
tivity in donor–acceptor assemblies. This could be attributed
to the enhancement in f values rather than Sm values,
because the coaxial organization of donors and acceptors
facilitate charge separation, whereas the ability of the
assemblies to transport charge (Sm) is expected to remain

Figure 3. a) Powder XRD pattern of TTV (light gray), PBI (dark gray),
and TTV/PBI (black) in the self-assembled film state. Expanded portion
of the XRD pattern between b) 2q= 5–158 and c) 2q= 15–508.

Figure 4. a) AFM and b) KPFM images of a TTV/PBI mixture (1:1
molar ratio) drop-cast from an n-decane solution (c= 5 � 10�5

m) onto
a silicon wafer at room temperature. Corresponding section analysis
shown on the right. SP= surface potential.
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same. Furthermore, anisotropic photoconductivity measure-
ments have been performed for TTV/PBI films processed
from chloroform as well as n-decane solutions. Figure 5b
shows fSm values measured for the parallel (fSmk) and
perpendicular (fSm?) alignment of the film with respect to
the direction of the microwave electric-field vector. The film
processed from chloroform showed a low anisotropic photo-
conductivity (ca. fSmk :fSm?= 3:1, see Figure 5b, inset),
whereas higher anisotropic photoconductivity (fSmk :fSm?=

12:1) was obtained for the self-assembled film (processed
from n-decane, Figure 5b). The higher value of fSmk in the
self-assembled state reveals that the majority of the donor and
acceptor molecules are unidirectionally aligned, underpin-
ning our interpretation of the mesoscopic co-assembly of the
molecularly self-sorted structures.

In summary, a combined self-sorting and self-assembly
approach is employed for the construction of coaxially
aligned supramolecular fibers of a p-type gelator with an n-
type semiconductor, resulting in the formation of 1D inter-
facial p–n heterojunctions. Such coaxial interfacial hetero-
junctions are ideal to generate high photoconductivity.
Formation of coaxial heterojunctions is demonstrated by
UV/Vis absorption spectra, microscopic, XRD, and FP-
TRMC studies. Even though we could achieve high photo-
conductivity, for efficient charge collection in a conventional
device structure, vertical placement of such coaxial fibers

between electrodes is essential. However, this vertical place-
ment is difficult to achieve in self-assembled donor–acceptor
systems. Until and unless we solve this issue, the target of
achieving high device performances using organic donor–
acceptor assemblies remains challenging.
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