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ABSTRACT: Nanostructured supramolecular donor−acceptor assem-
blies were formed when an unsymmetrical N-substituted pyridine
functionalized perylenebisimide (UPBI-Py) was complexed with
oligo(p-phenylenevinylene) (OPVM-OH) complementarily function-
alized with hydroxyl unit and polymerizable methacrylamide unit at the
two termini. The resulting supramolecular complex [UPBI-Py
(OPVM-OH)]1.0 upon polymerization by irradiation in the presence
of photoinitiator formed well-defined supramolecular polymeric
nanostructures. Self-assembly studies using fluorescence emission
from thin film samples showed that subtle structural changes occurred
on the OPV donor moiety following polymerization. The 1:1
supramolecular complex showed red-shifted aggregate emission from
both OPV (∼500 nm) and PBI (∼640 nm) units, whereas the OPV
aggregate emission was replaced by intense monomeric emission (∼430 nm) upon polymerizing the methacrylamide units on the
OPVM-OH. The bulk structure was studied using wide-angle X-ray diffraction (WXRD). Complex formation resulted in distinct
changes in the cell parameters of OPVM-OH. In contrast, a physical mixture of 1 mol each of OPVM-OH and UPBI-Py prepared
by mixing the powdered solid samples together showed only a combination of reflections from both parent molecules. Thin film
morphology of the 1:1 molecular complex as well as the supramolecular polymer complex showed uniform lamellar structures in
the domain range <10 nm. The donor−acceptor supramolecular complex [UPBI-Py (OPVM-OH)]1.0 exhibited space charge
limited current (SCLC) with a bulk mobility estimate of an order of magnitude higher accompanied by a higher
photoconductivity yield compared to the pristine UPBI-Py. This is a very versatile method to obtain spatially defined
organization of n and p-type semiconductor materials based on suitably functionalized donor and acceptor molecules resulting in
improved photocurrent response using self-assembly.

KEYWORDS: hydrogen bonding, perylenebisimide, oligo(p-phenylenevinylene), donor−acceptor, photoconductivity,
supramolecular polymeric nanostructures

■ INTRODUCTION

The bottom-up self-assembly of donor−acceptor semiconduct-
ing materials is a very challenging task that is being pursued by
researchers worldwide.1−8 Well-defined and reproducible
nanoscale assemblies of donor−acceptor semiconducting
materials are crucial for several devices in the optoelectronic
applications.1−4 From the perspective of device applications, it
is highly desirable to translate the self-assembly of small
molecules to processable polymers, which is a nontrivial task. A
promising approach in this regard has been the one pioneered
by the group of Ikkala and ten Brinke et. al to form hierarchical
architectures of small surfactant molecules with block
copolymers.9−12 Recently, we reported well-defined nano-
organization of n-type semiconductors based on perylenebisi-

mide with the polymer poly(4-vinylpyridine) (P4VP), resulting
in lamellar structures in the domain range 5−10 nm with a clear
trend of higher conductance compared to the pristine PBI
molecule.13 Ting Xu and Frećhet et al. attached suitably
functionalized p-type organic semiconductor - oligothiophene
to P4VP resulting in solution processable nanostructured
semiconductor composites with charge carrier mobilities
comparable to the existing semiconductors already used in
OPV devices.14,15 Both these approaches took aid of the self-
assembly afforded by the nanoscale phase separation of the
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small molecule and preformed polymer. There are several
interesting articles in literature whereby the larger length scale
phase separation afforded by block copolymers were combined
with the small length scale phase separation of small molecules
and mesogens to obtain higher degree of organization.16−22

The critical challenge, however, is to replicate the success
achieved independently for the donor (D) or acceptor (A)
alone materials in an effective donor−acceptor combination
where the wide D−A interface would afford increased charge
separation and at the same time provide long-range pathway for
transport of the generated charges to the respective electrodes.
The increasing numbers of research articles along this direction
is proof to the fact that this is a rich area with scope for further
exploitation.23,24

In the present article we report the self-assembly of
complementarily functionalized donor and acceptor materials
based on oligo(p-phenylenevinylene) (OPV) and perylenebisi-
mide (PBI), respectively. The main aims of the present work
were to assemble the donor and acceptor molecules so as to
increase the interface between them in the domain of 5−10 nm
and then translate the self-assembly of the small molecules to
that of the polymer, at the same time retaining the crystallinity
of the small molecules. This challenging task required design of
tailor-made donor and acceptor small molecules with built-in
capabilities for spontaneous self-assembly as well as function-
alities to aid in further hierarchical organization via polymer-
ization. Toward this end the donor molecule based on oligo(p-
phenylenevinylene) was functionalized with hydrogen bondable
hydroxyl moiety at one end and polymerizable methacrylamide
units at the other termini. The acceptor molecule based on
perylenebisimide was functionalized with complementary
pyridine units at one terminus and solubilizing branched alkyl
chains at the other termini. The 1:1 donor−acceptor complex
was further subjected to photopolymerization in the presence
of photoinitiator. The complex formation and polymerization
were followed in the bulk by FTIR and in solution using proton
NMR spectroscopy. Photophysical studies involving UV−vis
absorption and fluorescence emission were studied in solution
as well as in thin film samples to understand the self-assembly
between the donor and acceptor units in the 1:1 supra-
molecular complex as well as its polymer. Bulk structure
analyses were conducted by wide-angle X-ray diffraction
(WXRD) experiments. The thin film morphology of the 1:1
donor−acceptor complex and its supramolecular polymer was
investigated using TEM imaging which showed the presence of
lamellar organization of donor−acceptor nanostructures in the
length scale of 5−10 nm. Systematic investigation of the effect
of improved self-assembly on the photocurrent response of the
materials was also undertaken. The study presented here is a
viable route toward semiconducting donor−acceptor materials
with crystallinity and processability affording better photo-
induced charge separation.

■ EXPERIMENTAL SECTION
Materials. All chemicals were purchased from Aldrich and used as

received. All solvents used were of analytical grade and carefully dried
before use. Synthetic procedure to prepare the unsymmetrical oligo(p-
phenylenevinylene) (OPVM-OH) and unsymmetrical N-substituted
perylenebisimide (UPBI-Py) is given in the Supporting Information.
Sample Preparation. Unsymmetrical oligo(p-phenylenevinylene)

(OPVM-OH) and unsymmetrical N-substituted perylenebisimide
(UPBI-Py) were kept in vacuum oven for 2 days at 60 °C. 1:1
complex [UPBI-Py (OPVM-OH)]1.0 was prepared from dry THF
solution, where 1.0 denoted the number of PBI molecules per OPV

molecule (theoretically). OPVM-OH was first dissolved in THF to
which required amount of UPBI-Py was added and the solution was
stirred at 60 °C for 24 h. The solvent was slowly evaporated on a Petri
dish placed on a hot plate at 60 °C and dried further in vacuum oven
at 65 °C for 2 days. After 2 days, the dried complex was stored in
desiccator. To get the supramolecular polymer complex [UPBI-Py
poly(OPVM-OH)]1.0, the dried [UPBI-Py (OPVM-OH)]1.0 complex
was dissolved in dry THF. 0.2 equiv of 2,2-diethoxyacetophenone as
photoinitiator was added to it and the solution irradiated for 15 min
using DYMAX Blue Wave 75 light source. The solvent was evaporated
on a hot plate at 60 °C and washed with hexane to remove unreacted
photoinitiator. Thereafter the sample was dried in vacuum oven at 65
°C for 2 days and stored in desiccator.

Instrumentation Techniques. Infrared spectra were collected for
all the samples using a Bruker α-T spectrophotometer in the range
4000−400 cm−1. 1:1 complex [UPBI-Py (OPVM-OH)]1.0 and
supramolecular polymer complex [UPBI-Py poly(OPVM-OH)]1.0,
were mixed with KBr to make pellets. 1H and 13C NMR spectra were
recorded in CDCl3 using Bruker AVAENS 400 MHz spectropho-
tometer. Chemical shifts (δ) are reported in ppm at 298 K, with trace
amount of tetramethylsilane (TMS) as internal standard. MALDI-
TOF analysis was carried out on a Voyager-De-STRMALDI-TOF
(Applied Biosystems, Framingham, MA, USA) instrument equipped
with 337 nm pulsed nitrogen laser used for desorption and ionization.
The data was collected in reflector mode with an accelerating voltage
of 25 kV. Micromolar solutions of the compound in THF was mixed
with 2,5-dihydroxybenzene (DHB) matrix and spotted on stainless
steel MALDI plate and dried well. HRMS (ESI) were recorded on
ORBITRAP mass analyzer (Thermo Scientific, Q Exactive). Mass
spectra were measured with ESI ionization in MSQ LCMS mass
spectrometer. Elemental analysis was done by Thermofinnigan flash
EA 1112 series CHNS analyzer. Gel permeation chromatography
(GPC) of all samples were performed using Viscotek VE 1122 pump,
Viscotek VE 3580 RI detector and Viscotek VE 3210 UV/vis detector
in tetrahydrofuran (THF) as a solvent, using polystyrene as standards.
Wide angle X-ray diffraction (WXRD) was obtained using a Rigaku,
MicroMax-007HF with high intensity Microfocus rotating anode X-ray
generator. All the samples were recorded in the (2θ) range 3−50° and
data was collected with the help of Control Win software. A Rigaku, R-
axis IV+2 detector was employed in wide-angle experiments. The
radiation used was Cu Kα (1.54 Å) with a Ni filter, and the data
collection was carried out using an aluminum holder. Small angle X-ray
scattering (SAXS) was employed to investigate the phase behavior of
the complexes. The scattering experiments were conducted on a three
pinhole collimated Bruker Nanostar machine equipped with rotating
copper anode, operating at 45 kV and 100 mA providing characteristic
Kα radiation of 1.54 Å. The measurements were carried out in the
normal resolution mode having a q range 0.011−0.2 Å−1. The bulk
sample was taken in between two Kaptan film. The scattered data was
collected using a 2-D Histar detector and later converted from 2D to
1D by azimuthal averaging using Bruker software. 1D data presented
after background subtraction is plotted as I v/s q, where q = (4π/λ)
Sinθ, λ is the wavelength of the incident X-rays and 2θ is the scattering
angle. Transmission Electron microscopy (TEM) was done using an
FEI-Tecnai-F20 electron microscope operating at 200 kV. The photo
polymerization was performed with DYMAX Blue Wave 75 W short
arc mercury vapor lamp as light source with an output wavelength in
the range 280−450 nm. A PerkinElmer Lambda 35 UV spectropho-
tometer was used for measuring absorption spectrum. Steady-state
fluorescence studies and time-resolved fluorescence lifetime measure-
ments were conducted on a Horiba Jobin Yvon Fluorolog 3
spectrophotometer having a 450 W xenon lamp. The steady-state
fluorescence studies were carried out in DMF, ODCB as well as in thin
film drop casted from DMF. Throughout the experiments, emission
and excitation slit width was maintained at 1 nm, and the data were
obtained in “S1/R1” mode. The fluorescence lifetime studies were
carried out for samples drop cast as films from DMF. Nano LED of
370 nm was used for fluorescence lifetime measurements and data was
collected at 450 nm (OPV) and 625 nm (PBI). The decay curves were
obtained by the time correlated single photon counting (TCSPC)
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technique. Fluorescence lifetime values were determined by
deconvoluting the data with exponential decay using DAS6 decay
analysis software. The quality of fit was judged by fitting parameters
such as χ2 ≈ 1, as well as the visual inspection of the residuals and
autocorrelations.

SCLC Device Fabrication. SCLC mobility and AC photocurrent
measurements were performed on ITO/polymer (complex)/Al
sandwiched structures. Polymer/complex solution was drop casted
from ODCB (Ortho dichlorobenzene) on cleaned ITO (sheet
resistance 15Ωsq−1). Aluminum top contacts with thickness of 80

Scheme 1. Synthesis of Hydroxyl Functionalized Oligo(p-phenylene vinylene) Methacrylamide (OPVM-OH)

Scheme 2. Synthesis of Unsymmetrical Perylene Bisimide UPBI-Py
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nm and area ∼6 × 10−2 cm2 were thermally evaporated on to the
polymer through shadow mask, at the rate of 1 Å/s and under pressure
of 5 × 10−6 mbar. Thickness of the polymer coatings (1−4 μm) were
measured using Dektak surface profiler. SCLC and photocurrent
measurements were carried out while keeping device in vacuum (10−3

mbar). Incident light from Tungsten −halogen source was modulated
at 20 Hz and the photocurrent was measured using a lock-in Amplifier
(Stanford SR830). The data was normalized to incident photon
density using a commercial calibrated photodiode under similar
experimental conditions.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The donor molecule

OPVM-OH based on oligo(p-phenylenevinylene) (OPV) was
synthesized as shown in Scheme 1 with polymerizable
methacrylamide groups at one end and hydrogen bondable
hydroxyl unit at the other termini. The acceptor molecule
UPBI-Py based on unsymmetrical N-substituted perylenebisi-
mide (PBI) was synthesized in reasonable yield and purity
following the procedure shown in Scheme 2. The details of the

Figure 1. Comparison of the 1H NMR spectra of OPVM-OH (recorded in DMSO-d6), UPBI-Py and the 1:1 complex [UPBI-Py (OPVM-OH)]1.0
recorded in CDCl3 at 25 °C.

Scheme 3. Structure of Complex [UPBI-Py (OPVM-OH)]1.0 Formed by the Unsymmetrical UPBI-Py with OPVM-OH
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synthesis are given in the Supporting Information (SI) . The
donor and acceptor molecules were subjected to repeated
column chromatographic purification to obtain the final
molecules in extremely pure form. The structure was confirmed
by proton NMR (Figure 1), MALDI-TOF (SI Figure S1 (a-b))
and FTIR (SI Figure S2) measurements and purity confirmed
by HRMS/elemental analysis and size exclusion chromatogram
(SEC) (SI Figure S3). Figure 1 shows the labeled proton NMR
spectra of the OPV and PBI molecules. Due to poor solubility
in chloroform, the 1H NMR spectra of OPVM-OH was
recorded in dimethyl sulfoxide (DMSO-d6). The OPV aromatic
protons as well as vinylic protons appeared in the range 7.56−
6.75 ppm and the methacrylic protons appeared as two singlets
at 5.73 and 5.37 ppm. In the proton NMR spectra of UPBI-Py,
the eight aromatic protons of perylene core appeared as four
doublets in the region 8.64−8.43 ppm, while the aromatic
protons of the pyridine ring appeared as doublets at 8.87 and
7.42 ppm.
The supramolecular assembly of n-type organic semi-

conductor perylenebisimide (PBI) with p-type organic semi-
conductor oligo(p-phenylenevinylene) (OPV), involving non-
covalent secondary interactions such as hydrogen-bonding and
π−π stacking interactions were investigated. The complex was
prepared by dissolving 1:1 molar ratio of UPBI-Py and OPVM-
OH in dry tetrahydrofuran (THF) as solvent, stirring at 60 °C
for 24 h, followed by removal of solvent by heating (Scheme 3).
The complex was named [UPBI-Py (OPVM-OH)]1.0, where
1.0 denoted the theoretical 1:1 ratio of UPBI-Py and OPVM-
OH. Successful complex formation was indicated by the
improved solubility of the complex compared to the respective
pure components. Detailed structural characterization of the
complex was carried out using proton NMR spectroscopy in
deuterated chloroform, in which the complex was now soluble,
in contrast to the poor solubility of OPVM-OH. The amino
pyridine aromatic ring protons at 8.87 (Hα‑Py) and 7.42 (Hβ‑Py)
ppm in UPBI-Py25 shifted downfield to 8.90 and 7.72 ppm
respectively upon complex formation. The downfield shift of
the inner pyridine protons from 7.42 to 7.72 ppm was rather
surprising. A two-dimensional correlation spectroscopy
(COSY) experiment on [UPBI-Py (OPVM-OH)]1.0 in
CDCl3+DMSO-d6 showed a cross coupling of the two peaks
at 7.72 and 8.90 ppm confirming that they were indeed the
aromatic protons of the pyridine ring of UPBI-Py. An overall
broadening of all the peaks was also surprisingly observed in the
complex.

The formation of the complex was traced by FTIR
spectroscopy also. The pyridine ring in UPBI-Py has a
symmetric ring stretching vibration at 1093 cm−1. In general,
the nitrogen atom in pyridine derivatives such as 4-vinyl-
pyridine has a pyridine breathing mode ∼996 cm−1.26 The
absorption at 1093 cm−1 in UPBI-Py was assigned to the
pyridine ring stretching vibration based on comparison with a
symmetric perylenebisimide molecule having only alkyl
substitution on both termini, which lacked the absorption at
1093 cm−1 (SI Figure S2-a). After complexation, a shift to
higher wavenumber (1105 cm−1) was observed upon hydrogen
bonding interaction with the phenol unit of OPVM-OH (SI
Figure S2-b). Other characteristic pyridine CN symmetric
stretching vibration at 1271 and 1511 cm−1 were difficult to
trace due to considerable overlap from other OPV stretching
vibrations. Hydrogen bonding interaction of the >CO group
in the amide linkage in OPVM-OH was ruled out as this
stretching vibration at 1656 cm−1 (SI Figure S2-c) remained
unchanged upon complex formation clearly indicating its lack
of participation in any noncovalent interaction.

Polymerization. The photoinduced polymerization of the
1:1 OPV-PBI complex was carried out in the presence of
photoinitiator 2,2-diethoxyacetophenone. A dry THF solution
of the complex (10 mg in 3 mL) with 0.2 equiv of
photoinitiator was irradiated for 15 min using a DYMAX
Blue Wave 75 light source (Scheme 4). Afterward, the solvent
was removed; the residue washed with hexane to remove the
photoinitiator and then the sample was analyzed using FTIR as
well as proton NMR spectroscopic techniques. The same
photopolymerization experiment was repeated under identical
conditions for the OPV molecule OPVM-OH also. Upon
evaporation of the solvent THF at the end of 15 min of
irradiation, followed by hexane washing, a film of the
homopolymer poly(OPVM-OH) was obtained. This homo
polymer of OPV was completely insoluble in common organic
solvents such as chloroform, dimethylformamide (DMF) and
THF. Hence structural characterization using proton NMR
spectroscopy was unfortunately not possible. However, the
FTIR spectra was recorded of the solid homopolymer sample
and compared with that of the supramolecular polymer
complex. The supramolecular polymer complex was repre-
sented as [UPBI-Py poly(OPVM-OH)]1.0 in the manuscript to
indicate that the polymerization occurred on the OPVM-OH
moiety. The disappearance of the characteristic methacrylate
double bond at 836 cm−1 was followed using FTIR spectra.27,28

SI Figure S2-d compares the expanded normalized FTIR

Scheme 4. Photo Polymerization of the 1:1 Complex [UPBI-Py (OPVM-OH)]1.0 to Yield [UPBI-Py Poly(OPVM-OH)]1.0
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spectra of solid samples of the complex before and after
photopolymerization along with that of OPVM-OH. The
spectra were normalized at 965 cm−1 corresponding to OPV
vibrations, where UPBI-Py did not have any absorbance. The
peak at 836 cm−1 was clearly observable in the 1:1 complex
[UPBI-Py (OPVM-OH)]1.0 but was reduced in intensity in the
supramolecular polymer complex [UPBI-Py poly(OPVM-
OH)]1.0. In the polymer, a broad peak at 812 cm−1

corresponding to UPBI-Py was observed. It was difficult to
trace the extent of polymerization from the FTIR spectra due to
the close overlap of other peaks.
An attempt was made to characterize the supramolecular

complex and polymer using gel permeation chromatography
(GPC). The SI Figure S3-a compares the gel permeation
chromatograms of the [UPBI-Py (OPVM-OH)]1.0 and [UPBI-
Py poly(OPVM-OH)]1.0 along with that of UPBI-Py and
OPVM-OH recorded in THF − a solvent in which all the
samples were soluble. The difference in molar mass between
UPBI-Py and OPVM-OH was not so large so that their
chromatograms overlapped to a large extent with very narrow
time difference in their elution. The SEC chromatograms of
[UPBI-Py (OPVM-OH)]1.0 and [UPBI-Py poly(OPVM-

OH)]1.0 were broader and appeared in between that of the
starting components. GPC is expected to differentiate a mixture
of two different compounds provided they differ considerably
in their masses. The narrow difference in mass of the two
components involved in the supramolecular complex formation
made their molecular weight characterization by GPC not
reliable. In fact, a 1:1 molar mixture of UPBI-Py and OPVM-
OH was prepared by mixing the powdered solid samples
together. A solution of this sample was then prepared for GPC
analysis in THF and injected into the GPC column. A part of
the solid mixture was dissolved in THF and subjected to
photopolymerization under conditions identical to that
described earlier. This sample named as phymix polymer was
also analyzed for its molecular weight by injecting into the GPC
column. SI Figure S3-b compares the GPC chromatograms of
the 1:1 physical mixture of UPBI-Py + OPVM-OH and phymix
polymer sample. The GPC chromatograms appeared in
between that of UPBI-Py and OPVM-OH. Even the 1:1
UPBI-Py + OPVM-OH did not appear as two separate peaks or
as a peak with a shoulder demonstrating that the mass
difference between UPBI-Py and OPVM-OH was not large
enough for the GPC to differentiate among them. However, it

Figure 2. Comparison of the 1H NMR spectra of [UPBI-Py (OPVM-OH)]1.0 with the supramolecular polymer [UPBI-Py poly(OPVM-OH)]1.0
prepared thermally as well as by photopolymerization recorded at 25 °C in CDCl3 as well as in mixture of CDCl3/DMSO-d6.
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should also be mentioned here that besides the lack of
sensitivity of our GPC instrument to differentiate between the
two low molecular weight samples, GPC would not be a good
choice for characterizing self-assembly in very dilute samples.
Self-assembly being a dynamic process, complexation is not
favored under very dilute conditions. Noticeable from the GPC
data was the shift in the chromatogram of the supramolecular
polymer to higher molecular weight compared to that of
OPVM-OH clearly demonstrating that at least oligomers were
formed.
The 1H NMR spectra of the supramolecular polymer

complex [UPBI-Py poly(OPVM-OH)]1.0 was recorded in
CDCl3 and compared with that of the complex as shown in
Figure 2a,c (expanded region from 4.0 to 9.5 ppm). The proton
NMR spectra showed the presence of unreacted methacrylate
double bond in the polymer, but its intensity had reduced
compared to the OPV aromatic protons. The extent of double
bond conversion was estimated from the proton NMR
integration values of the methacrylic peaks with respect to
the peak at 4.5 ppm corresponding to two protons next to the
amide linkage in OPVM-OH. The extent of polymerization was
calculated to be around 48%. Free radical polymerization using
BPO as the initiator and THF as solvent was also carried out to
see if higher conversion could be achieved thermally. Figure 2b
shows the proton NMR spectra of the supramolecular polymer
complex synthesized thermally. The proton NMR spectra of
the polymers covering the full chemical shift range are given in
the SI Figure S4. The extent of thermal polymerization was
calculated to be ∼30%. Another noticeable observation from
the comparison of the proton NMR spectra of the complex and
the polymer was the further downfield shift of the Hβ‑Py of
UPBI-Py from 7.72 to 8.06 ppm upon polymerization. This
shift was observed for both the thermally polymerized sample
as well as photopolymerized sample ruling out any photo-
degradation of the sample as the reason for this downfield shift
by 0.34 ppm. Compared to the pristine UPBI-Py, the overall
shift upon polymerization after complex formation was ∼0.64
ppm, which was quite surprising considering the fact that the
point of polymerization was on the OPV, which was spatially
farther apart from UPBI-Py. Figure 2d also shows the proton
NMR spectra of the polymer recorded in a mixture of solvents,
namely, CDCl3/DMSO-d6. Addition of a few drops of DMSO-
d6 improved the solubility of the polymer considerably allowing

higher concentration to be maintained. COSY experiments
were conducted on the supramolecular polymer complex (in
the solvent mixture CDCl3/DMSO-d6) to identify through-
space couplings within the sample. Figure 3 shows the COSY
spectra highlighting the aromatic region of the [UPBI-Py
poly(OPVM-OH)]1.0. In addition to the cross coupling of the
two peaks at 7.72 and 8.90 ppm corresponding to the Hα‑Py and
Hβ‑Py protons of the pyridine ring of UPBI-Py, which was
observed for the 1:1 complex, new off-diagonal peaks were
observed connecting resonances from UPBI-Py and OPVM-
OH. This is shown encircled in Figure 3 indicating that the
Hβ‑Py protons of the pyridine ring of UPBI-Py at 8.02 ppm was
spatially close to the aromatic protons of OPVM-OH at 7.30
ppm. This could explain the large downfield shift of 0.64 ppm
observed for the Hβ‑Py protons of the pyridine ring of UPBI-Py
upon polymerization followed by complexation with OPVM-
OH.

Photophysical Characterization. Photophysical studies
involving UV−visible absorption and fluorescence spectroscopy
measurements were undertaken to get more insight into the
nature of self-assembly of the donor−acceptor complex formed
by UPBI-Py and OPVM-OH. DMF was used as the solvent for
the photophysical studies since OPVM-OH had better
solubility in DMF. Figure 4a shows the normalized absorption
spectra of UPBI-Py and OPVM-OH taken in solution in DMF
as well as drop cast as thin films from DMF. In solution, the
absorption spectra of OPVM-OH was characterized by a broad
spectra with peak at 375 nm, while UPBI-Py exhibited
characteristic absorption of isolated perylene bisimide chromo-
phore with peaks in the range 400−530 nm. The absorption
spectrum in the solid state had more vibrational fine structures
and the absorption maximum was blue-shifted from 375 in
solution to ∼325 nm in film for OPVM-OH indicating H type
aggregation.29 In the case of films of UPBI-Py, the absorption
was broad, and the peak intensities of the A0→0 and A0→1

changed compared with that of the solution spectrum. The
ratio of the peak intensities of absorbance A0→0/A0→1 lower
than 1.6 is generally taken as an indication for aggregation.30−32

The value of this ratio in the film was 1.03, suggesting
aggregation in the solid state. The peak maxima blue-shifted
and a new red-shifted peak appeared at 547 nm, which were
features attributed to rotationally shifted face-to-face aggre-
gates.32

Figure 3. COSY spectra of [UPBI-Py poly(OPVM-OH)]1.0 showing selected NOE extract of the aromatic region (400 MHz, CDCl3/DMSO-d6, 298
K). The peaks showing diagonal cross coupling is encircled.
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The normalized absorption spectra of drop cast films (from
DMF) of the 1:1 complex [UPBI-Py (OPVM-OH)]1.0
exhibited features corresponding to both the OPV and PBI
chromophores. The normalized absorption spectra comparing
the features of OPVM-OH, UPBI-Py, and [UPBI-Py (OPVM-
OH)]1.0 are given in Figure 4b, while the absorption spectra
plotted as a function of molar extinction coefficient (to
highlight the contribution of each chromophore) is given in SI
Figure S5a. No charge transfer band was observed in the
absorption spectra of films of the DA complex indicating the
absence of electronic communication between donor and
acceptor moieties in the ground state.33 The OPV absorption in
the range 280 to 400 nm was more broadened due to the
overlapping absorption of PBI also occurring in the same range.
It was clear that both the OPV and PBI chromophores were
aggregated in the 1:1 complex also since they were blue-shifted
and exhibited features similar to that of the aggregated starting
materials.
Figure 5 compares the emission spectra of OPVM-OH,

UPBI-Py, [UPBI-Py (OPVM-OH)]1.0, and [UPBI-Py poly-
(OPVM-OH)]1.0 upon excitation at both the OPV (368 nm in
DMF solution and 375 nm in film) and PBI (∼555 nm)
emission wavelengths as drop cast films from DMF. The figure
also includes the emission spectra recorded in DMF solution
(blue line) for all samples upon excitation at the OPV
absorption maximum of 368 nm. OPVM-OH exhibited strong
emission with maximum at 445 nm in DMF solution (Figure
5a). In the solid state upon excitation at 375 nm, the OPV
monomer emission at 445 nm was suppressed and a broad red-
shifted aggregate emission was observed with peak at 500 nm.
The blue-shifted absorption together with the red-shifted
emission in film compared to that in solution has been shown
to be due to existence of H type aggregates in film.34 Upon

excitation at the OPV wavelength ∼375 nm, UPBI-Py exhibited
intense emission (both DMF solution as well as film), which
indicated that selective excitation of the OPV chromophore was
not feasible. Two small peaks were observed at 410 and 430 nm
along with typical emission of perylene bisimides with peak
maxima at 534, 576, 626 nm in DMF (Figure 5b). However, in
the solid state the PBI monomer emission at 534 nm was
hugely suppressed, and a red-shifted intense broad emission
was observed at 638 nm indicating aggregate formation. Upon
excitation at 510 nm corresponding to PBI absorption
wavelength maximum, the emission peak shape remained the
same showing aggregate emission at 638 nm, but the intensity
was slightly higher.
Figure 5c compares the emission from the 1:1 supra-

molecular donor−acceptor complex [UPBI-Py (OPVM-
OH)]1.0 upon excitation around 370 nm both in DMF solution
and as films. The emission from the film was considerably
quenched compared to that in solution; therefore, the emission
spectra collected in DMF had to be scaled down by a factor of
30 to plot them together. The emission from the D−A complex
in DMF solution was very similar to that of the emission from
molecularly dissolved OPVM-OH collected in DMF with

Figure 4. (a) Absorption spectrum of OPVM-OH and UPBI-Py in
DMF solution and dropcasted (from DMF) film. (b) Comparison of
absorption spectrum of drop cast film of [UPBI-Py (OPVM-OH)]1.0
along with that of OPVM-OH and UPBI-Py.

Figure 5. Fluorescence spectrum of (a) OPVM-OH, (b) UPBI-Py, (c)
[UPBI-Py (OPVM-OH)]1.0, and (d) [UPBI-Py poly(OPVM-OH)]1.0
upon excitation at different wavelengths in DMF solution (blue line)
and as drop cast films from DMF.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5055542 | ACS Appl. Mater. Interfaces 2014, 6, 19434−1944819441



maximum at 445 nm. However, a small shoulder was observed
around 550 nm corresponding to emission from molecularly
dissolved UPBI-Py. Although selective excitation of OPV was
not possible and PBI chromophore also could be excited by
excitation at 368 nm, a part of the PBI emission upon excitation
at 368 nm could have contribution from energy transfer
occurring from OPV to PBI also. This was supported by the
observation of OPV absorption band in the excitation spectra of
[UPBI-Py (OPVM-OH)]1.0 collected while monitoring the PBI
emission at 540 nm (SI Figure S5b). Upon excitation at 375
nm, the emission from films of [UPBI-Py (OPVM-OH)]1.0
exhibited broad emission centered at 525 nm with shoulder at
430 and 620 nm. The emission of OPV at 525 nm was

quenched 36 times in [UPBI-Py (OPVM-OH)]1.0 compared to
that in the OPVM-OH alone. This was an indication of energy
transfer from OPVM-OH to UPBI-Py in the film state in the
1:1 supramolecular complex. Unambiguous identification of the
nature of origin of the peak around 420 nm was not easy since
PBI as well as unaggregated OPV had emission in the same
region. However, the shoulder at 630 nm could be attributed to
the aggregate emission occurring from PBI units as could be
confirmed from the emission spectra collected by exciting at
555 nm corresponding to PBI.
An attempt was made to obtain evidence for energy transfer

from OPVM-OH to UPBI-Py in [UPBI-Py (OPVM-OH)]1.0
from the fluorescence emission lifetime decay studies. The

Figure 6. Wide angle X-ray diffraction pattern recorded at 25 °C (2θ from 2 to 35°) for (a) OPVM-OH, UPBI-Py, and 1:1 complex [UPBI-Py
(OPVM-OH)]1.0; (b) the three complexes [UPBI-Py (OPVM-OH)]1.0, [UPBI-Py1.0 (OPVM-OH)2.0] and [UPBI-Py2.0 (OPVM-OH)1.0]; (c) table
giving the unit cell parameters.
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sample films were excited using a nanoLED source of 370 nm
and monitored at the OPV emission of 450 nm as well PBI
emission of 625 nm. Although the best fits were obtained to be
biexponential, the most prominent species (α1 = 0.99) in
OPVM-OH film had a lifetime of 0.42 ns (table in SI Figure
S5c). This was much lower compared to the fluorescence
emission decay value of 1.01 ns observed for OPVM-OH in
solution (DMF).35 The reduced lifetime for the emitting
species confirmed quenching due to aggregation in the solid
state. The 1:1 supramolecular donor−acceptor complex [UPBI-
Py (OPVM-OH)]1.0 was also excited at 370 nm and the decay
observed both at the OPV emission region of 450 nm and PBI
emission region of 625 nm. At the OPV emission region of 450
nm, an emission lifetime decay of 0.48 ns (α1 = 0.98) was
observed, while at the PBI emission region of 625 nm, a decay
of 1.11 ns (α1 = 0.98) was observed. The increase in OPV
emission lifetime decay values instead of the expected decrease
in the donor−acceptor complex could be understood by
studying the lifetime decay profile of UPBI-Py upon excitation
at 370 nm. Upon exciting UPBI-Py at the OPV absorption
wavelength of 370 nm, a decay time of 0.54 ns (α1 = 0.97) was
observed, which made establishment of existence of energy
transfer from OPV chromophore to PBI impossible. The
observed emission from PBI (at 625 nm) upon excitation at
370 nm also could not be unambiguously attributed to energy
transfer process, because UPBI-Py alone exhibited emission at
625 nm with a lifetime decay of 1.11 ns (α1 = 0.98) for the 370
nm excitation. However, the increased extent (36 times) of the
OPV fluorescence quenching at 525 nm in [UPBI-Py (OPVM-
OH)]1.0 compared to that in the OPVM-OH alone gave
indirect evidence for the existence of energy transfer channels
between OPV and PBI in the 1:1 supramolecular donor−
acceptor complex.
The supramolecular polymeric complex [UPBI-Py poly-

(OPVM-OH)]1.0, which was obtained by photopolymerization
of the [UPBI-Py (OPVM-OH)]1.0 complex, was also subjected
to photophysical characterization. SI Figure S5d shows the
absorption spectra of thin film sample of the polymer along
with that of the 1:1 complex. Figure 5d shows, the emission in
DMF solution (excitation: 368 nm; scaled down by a factor of
15) was very similar to that of [UPBI-Py (OPVM-OH)]1.0 with
OPV emission peak at 445 nm having a shoulder peak at 550
nm corresponding to emission from molecularly dissolved
perylene bisimide. The emission spectrum of thin film samples
of the polymer was different from that of thin films of the 1:1
supramolecular complex. The monomeric OPV emission was
observed with an almost complete suppression of the OPV
aggregate emission beyond 500 nm in the polymer film. The
emission was characterized by two peaks in its emission spectra,
one at 429 nm with a shoulder at 417 nm and another peak at
618 nm corresponding to aggregated PBI emission. Although
PBI also exhibited emission around 420 nm, based on the
higher intensity of emission with respect to the PBI aggregate
emission at 618 nm the peaks at 429 nm could be attributed to
nonaggregated OPV emission. The OPV monomeric emission
at 429 nm was very similar to that of OPVM-OH in dilute
solution with peak at 430 nm. The emission spectra of the
insoluble homopolymer poly(OPVM-OH) (produced by the
photopolymerization of OPVM-OH) was recorded as solid
powder sample and compared with that of the supramolecular
polymer complex. SI Figure S5e compares the emission from
thin film sample of [UPBI-Py poly(OPVM-OH)]1.0, along with
that of the emission from powder sample of poly(OPVM-OH).

The homopolymer poly(OPVM-OH) was characterized by two
peaks in the emission spectraone at 503 nm identical with
that of thin film of its monomer OPVM-OH and another new
red-shifted peak at 570 nm. The new red-shifted peak could
have its origin in excimer luminescence originating from
polymer interchain excitations.35,36 It is interesting to analyze
the emission characteristics of the supramolecular donor−
acceptor polymer in the context of the behavior of the donor
homopolymer. Although the starting donor−acceptor supra-
molecular complex exhibited red-shifted aggregate emission of
OPV, this aggregate was disrupted upon polymerization. It was
evident that the donor−acceptor small molecule assembly upon
polymerization of the donor units exhibited a drastic change in
emission characteristics of the donor, reflecting the change in
organization of the donor units brought about by covalent
linkage of their methacrylamide backbone.
In order to rule out the role of the solvent (DMF) used for

preparing the sample films influencing their self-organization,
the 1:1 supramolecular donor−acceptor complex and its
polymer films were prepared from another solvent−ortho
dichlorobenzene (ODCB)a solvent from which devices were
prepared for bulk mobility estimate (described later). SI Figure
S5f compares the emission at 375 nm from the sample films of
1:1 supramolecular donor−acceptor complex and its polymer
prepared from both DMF and ODCB. The emission
characteristics were similar in both sets of films suggesting
that the changes observed in the emission spectra of the
polymer was not brought about by solvent effect, but it had its
origin in the changes in organization of the donor occurring
due to polymerization. Thus, the photophysical studies
involving emission from thin film samples established the
donor−acceptor assembly in the 1:1 supramolecular complex as
well as provided evidence for subtle changes occurring in their
self-assembly upon covalent linkage of the methacrylamide
units into a polymeric backbone in the donor moieties.

Bulk Structure Analysis. Figure 6a shows the normalized
WXRD patterns for UPBI-Py, OPVM-OH, and the 1:1
complex [UPBI-Py (OPVM-OH)]1.0 measured at room
temperature (25 °C) in the range 2θ = 2.5−35°. OPVM-OH
did not exhibit any peak below 2θ = 3°, which was
independently confirmed by small-angle X-ray scattering
(SAXS) analysis (given in SI Figure S6). Compared to UPBI-
Py, OPVM-OH was more crystalline with several sharp peaks
covering the entire 2θ range from 2.5 to 35°. Attempts to index
UPBI-Py were not successful; however, most of the peaks in the
pattern of OPVM-OH could be successfully indexed and fitted
to a monoclinic crystal lattice with cell parameters a =
29.843(24), b = 3.613(3), c = 25.709(23), and β = 122.74(5)0.
The reflection at 2θ = 24.62° (d = 3.61 Å), indicated by arrow
in Figure 6a, which was indexed as the (010) peak
corresponded to the π−π interaction of closely stacked
aromatic units, which is the typical π−π stacking distance
reported for OPV units in the literature.37,38 The energy
minimized conformation and length scale of both the OPVM-
OH and UPBI-Py molecules were obtained with the help of
DFT (B3LYP/6-31G (d.p.)) calculation, which are shown in SI
Figure S7. OPVM-OH had the methacrylamide moiety out of
plane of the three OPV rings and the length of the molecule in
the plane from the −CH2 to O−H was ∼19 Å. However, the
indexed cell lengths in the ac plane were much bigger than the
molecular length as derived from computational studies
indicating a more complex structure possibly a centered one.
The 1:1 complex [UPBI-Py (OPVM-OH)]1.0 had peak pattern
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that was different from that of the OPVM-OH (although peaks
corresponding to UPBI-Py was more or less intact), especially
in the region of 25−28° corresponding to stacking distances.
[UPBI-Py (OPVM-OH)]1.0 could be indexed to a monoclinic
cell without taking into consideration the peaks from UPBI-Py.
The cell parameters for the 1:1 complex [UPBI-Py (OPVM-
OH)]1.0 was a = 34.774(21), b = 4.537(3), c = 16.987(10), and
β = 118.13(5)0. The π−π stacking distance increased to a d-
spacing 4.537 Å corresponding to 2θ = 19.572° (dotted line in
Figure 6a) in [UPBI-Py (OPVM-OH)]1.0. The angle β, also
changed from 122.74° in OPVM-OH to 118.13° in the 1:1
complex [UPBI-Py (OPVM-OH)]1.0 indicating changes in the
packing pattern upon complex formation. In order to further
confirm the complex formation, two more complexes with
varying mole ratios of the two molecules UPBI-Py and OPVM-
OH were synthesized. They were [UPBI-Py1.0 (OPVM-OH)2.0]
and [UPBI-Py2.0 (OPVM-OH)1.0]. Figure 6b shows the stack
plot of the normalized reflections of the three complexes
expanded in the range 2θ = 3.5−35°. It could be seen that all
three complexes exhibited complex peak pattern compared to
the parent molecules indicating multiple phases. [UPBI-Py2.0
(OPVM-OH)1.0], which had higher molar ratio of UPBI-Py was
less crystalline compared to the other complexes although the
emergence of the crystalline peaks of the complex phase could
be clearly observed. On the other hand, the [UPBI-Py1.0
(OPVM-OH)2.0] with higher molar ratio of OPVM-OH
exhibited several sharp peaks that were not present in either
OPVM-OH or UPBI-Py. An attempt was made to index these
two complexes and the results in comparison with OPV and 1:1
complex are tabulated in Figure 6c. Distinct changes in the cell
parameters could be discerned as OPVM-OH/UPBI-Py ratio
changed in the complex clearly demonstrating the interaction
existing between the two parent molecules UPBI-Py and
OPVM-OH resulting in formation of new complexes.
The solid physical mixture of 1 mol each of UPBI-Py and

OPVM-OH (prepared by mixing the powdered solid samples
together), which was used earlier for the GPC experiments was
studied for the WXRD reflections. Figure 7 compares the
WXRD pattern of this mixture with that of OPVM-OH and
UPBI-Py. Unlike the three complexes discussed previously, the

solid physical mixture was a combination of reflections from
both UPBI-Py and OPVM-OH and no shift was observed for
the π−π stacking reflection ∼2θ = 24° suggesting that
complexation had not occurred in the physical mixture.
Figure 8 compares the WXRD data of the supramolecular

polymer [UPBI-Py poly(OPVM-OH)]1.0 with that of the 1:1

complex [UPBI-Py (OPVM-OH)]1.0. An overall reduction in
crystallinity was observed in the polymer compared to the 1:1
complex. This could be attributed to the presence of the flexible
methacrylate polymer backbone. The Supporting Information
(Figure S8−11; ST-1a−f) gives the indexed figure as well as the
entire Bragg reflections and their corresponding d spacings for
the donor, acceptor, the supramolecular polymer, as well as the
various complexes.

Thin Film Morphology. Thin film morphology of the
complex and supramolecular polymer were analyzed using
transmission electron microscopy (TEM). The 1:1 OPV:PBI
complex was drop cast (2 mg/mL DMF solution) onto the
copper grid and subjected to selective staining using Osmium
tetroxide (OsO4).

39 Striated nanostructure in the length scale
of <10 nm formed by the lamellar structure of the complex was
observed covering large area of the grid as shown in Figure 9a−
c. The dark lines corresponded to OPV layers stained by OsO4
while the bright lines corresponded to those of crystalline
perylene units. The statistically averaged thickness of the dark
and bright region measured from the TEM image using the
instrument software was ∼18 Å (SI Figure S12m). The starting
materials OPVM-OH and UPBI-Py did not exhibit any
characteristic morphology under identical conditions. SI Figure
S12a−c and S12d−f shows the TEM images of drop cast
samples of OPVM-OH and UPBI-Py on TEM grids. Therefore,
it was obvious that the donor (OPV) and acceptor (PBI) had
formed well developed alternating parallel nanostructured
lamellae as a result of the self-assembly. There are reports in
literature on the large area self-assembly of small organic
molecules where the self-assembly in solution was translated in
thin films upon processing.40,41 Hydrogen bond directed
supramolecular self-assembly between oligo(p-phenyleneviny-
lenes) containing ureidotriazine and perylene bisimide were
shown to form lamellar structures as well as chiral stacks.42−44

The thin film morphology of the polymer formed by thermal
polymerization as well as photopolymerization was also

Figure 7. Wide angle X-ray diffraction pattern of OPVM-OH, UPBI-
Py, and 1:1 physical mixture of OPVM-OH and UPBI-Py recorded at
25 °C (2θ from 2 to 35°).

Figure 8. Wide angle X-ray diffraction pattern of [UPBI-Py (OPVM-
OH)]1.0 and supramolecular polymer complex [UPBI-Py poly(OPVM-
OH)]1.0 recorded at 25 °C (2θ from 2 to 35°).
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analyzed using TEM. Figure 9d−f shows the images for the
supramolecular polymer which was stained using OsO4.
Beautiful lamellar striations were visible covering large area of
the grid for the supramolecular polymer complex also. The
average thickness of the bright and dark area determined using
the instrument software was ∼18 Å (SI Figure S12n). The
length scale of ∼18 Å observed in the TEM images correlated
very well with the molecular length of UPBI-Py and OPVM-
OH obtained using DFT (B3LYP/6-31G (d.p.)) calculation (SI
Figure S7).
Electron Mobility and Photoconductivity Studies. The

charge carrier mobility in the small molecule UPBI-Py, the 1:1
D−A supramolecular complex [UPBI-Py (OPVM-OH)]1.0 and
the D−A supramolecular polymer complex [UPBI-Py poly-
(OPVM-OH)]1.0 was evaluated using space charge limited
current (SCLC) measurements. The current voltage character-
istics of the devices made were measured in dark as well as
under illumination. Space charge regime in J(V) was observed
in [UPBI-Py (OPVM-OH)]1.0 and [UPBI-Py poly(OPVM-
OH)]1.0 for the devices tested and mobility was estimated from
J(V) relationship measured under dark condition. Table 1
summarizes the device parameters, and SI Figure S13 gives the
photo current vs bias voltage curve of the samples. The pristine
UPBI-Py exhibited SCLC with a bulk mobility estimate of
≈10−4 cm2 V−1 s−1 whereas the mobility estimate was an order

higher for [UPBI-Py (OPVM-OH)]1.0 ∼ 10−3 cm2 V−1s−1. The
polymer complex [UPBI-Py poly(OPVM-OH)]1.0 exhibited
mobility ≈10−4 cm2 V−1 s−1. The intensity dependence of the
photocurrent response of these samples also reveal interesting
trends with a superlinear response in case of D−A complex and
poly(D-A) complex. Figure 10 compares the photocurrent

response of UPBI-Py, [UPBI-Py (OPVM-OH)]1.0, and [UPBI-
Py poly(OPVM-OH)]1.0 and Table 2 lists the maximum
mobility μe,max (cm

2/(V s)) under irradiation at two different
light intensities. Higher photocurrent response was observed
for UPBI-Py (OPVM-OH)]1.0 and [UPBI-Py poly(OPVM-
OH)]1.0 with high responsivity (≈1 μA/W) compared to the
pristine acceptor UPBI-Py device. The higher photocurrent
could be attributed to the facile photoinduced charge
generation and separation factors prevailing in the D−A
system. The network required for independent electron and
hole transport however is constrained leading to sizable

Figure 9. TEM images (samples drop cast from DMF solution at 2 mg/mL concentration) of (a−c) 1:1 complex [UPBI-Py (OPVM-OH)]1.0 and
(d−f) supramolecular polymer complex [UPBI-Py poly(OPVM-OH)]1.0 at different length scale, recorded at room temperature.

Table 1. Summary of Device Parameters

sample
maximum mobility
μe,max (cm

2/(V s))
average mobility
μe,avg (cm

2/(V s))
mean

deviation

UPBI-Py 2.08 × 10−4 1.62 × 10−4 ±4 × 10−5

[UPBI-Py
(OPVM-
OH)]1.0

8 × 10−3 7 × 10−3 ±5 × 10−4

[UPBI-Py
poly(OPVM-
OH)]1.0

6.2 × 10−4 5.11 × 10−4 ±9 × 10−5

Figure 10. Photoconductive characterization upon irradiation with
increasing power density at −2 V bias (normalized photocurrent in pA
and Intensity in mW/cm2).
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trapping and recombination losses, and can be the cause for the
superlinear intensity dependence. Additionally, the presence of
the insulating methacrylate polymer backbone in case of the
supramolecular D−A polymer complex could also lower the
mobility and photocurrent magnitude compared to the
observed trends in case of the D−A complex. In short, the
observed trend in the different systems provides a guide toward
design of appropriate D−A building blocks for efficient
optoelectronic properties.

■ CONCLUSION

In conclusion, we have shown that donor and acceptor small
molecules based on complementarily functionalized oligo(p-
phenylenevinylene) (OPVM-OH) and N-substituted perylene-
bisimide (UPBI-Py) for hydrogen bonding interactions could
be organized into lamellar structures in the domain range 5 to
10 nm using the concept of supramolecular assembly. A 1:1
supramolecular complex of OPVM-OH and UPBI-Py was
prepared, structurally characterized and further subjected to
polymerization thermally as well as by photo irradiation
resulting in supramolecular donor−acceptor complex polymer.
The homopolymer of the donor alone without complexation
with the acceptor UPBI-Py resulted in an insoluble polymer
which could not be fully characterized. Complexation improved
the solubility of the donor−acceptor polymer by several folds.
The emission from thin drop cast films of the 1:1 donor−
acceptor complex was considerably quenched compared to the
donor alone or acceptor alone thin film samples. The emission
spectra of thin film samples of the supramolecular polymer
complex exhibited subtle organizational changes occurring in
the donor (OPV) emission upon its polymerization. Compared
to the red-shifted aggregate emission from OPV observed in
[UPBI-Py (OPVM-OH)]1.0, the supramolecular polymer
[UPBI-Py poly(OPVM-OH)]1.0 exhibited monomeric OPV
emission indicating that the self-assembly of OPV was
disrupted upon polymerization due to the formation of
methacrylamide linkage in the backbone. Solid state measure-
ments such as FTIR and WXRD and thin film morphology
using TEM were undertaken to understand the self-
organization. WXRD studies showed that donor−acceptor
complex formation between UPBI-Py and OPVM-OH resulted
in distinct changes in the cell parameters of OPVM-OH.
Polymerization of the donor within the supramolecular D−A
complex resulted in a reduction in overall crystallinity in the
supramolecular complex polymer. Photo response measure-
ments of the D−A supramolecular complex indicated a clear
trend of higher conductance compared to pristine UPBI-Py.
This is the first time that such superior lamellar organization of
the donor and acceptor organic semiconducting molecules has
been achieved without the aid of a templating polymer or block
copolymer. The highlight of this approach was the improved
processability afforded by the improved solubility of the D−A
supramolecular complex compared to the donor or acceptor

alone, while at the same time maintaining the crystalline
organization also. This concept is extendable to the analogous
complementarily functionalized donor−acceptor pairs (such as
oligothiophene and perylene/naphthalene bisimides), which
can be further polymerized in order to facilitate processability.
Work along this line is in progress currently.
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