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Abstract: Control of thin film morphology by self-assembly of, respectively, p-type oligo(p-phenylenevi-
nylene)s (OPV)s and n-type perylenebisimides (PBI)s in solution prior to processing, results in film
architectures consisting of uniform rodlike domains as shown by atomic force microscopy. Such films from
self-assembled molecules show superior charge-carrier mobility in comparison with films processed from
molecular dissolved molecules. Moreover, connecting the OPV and PBI building blocks through hydrogen-
bonding interactions creates dyad complexes that cofacially stack in apolar solvents. Ambipolar field-effect
transistors constructed from these dyad complexes show two independent pathways for charge transport.
In strong contrast, processing of OPV and PBI, that are not connected by hydrogen bonds, form charge
transfer donor-acceptor complexes that show no mobility in field-effect transistors presumably due to an
unfavorable supramolecular organization.

Introduction

The supramolecular organization of organic semiconductors
is an important parameter that determines the performance of
optoelectronic devices.1 For instance, for devices such as solar
cells, it is necessary to create a nanostructured supramolecular
organization that consists of separate pathways for positive and
negative charge transport. To generate such pathways several
approaches have been applied. For example, based on the intrin-
sic tendency of two-component materials to phase separate, hole-
(p-type) and electron-transporting (n-type) polymers have simply
been mixed resulting in phase-separated films on the nanoscale.2

Yet, phase separation passes several stages of coarsening
resulting in different film morphologies.3,4 Consequently, the
preparation method plays an important role in controlling the
phase separation and, ultimately, the device performance.
Extensive research on phase-segregated blends of, for example,
polyfluorene-based polymers show that structural instability of
the film architectures results in decreased energy-conversion
efficiency.5,6 In another contribution, the decreased device
performance was related to diffusion of organic molecules

through the polymer matrix into large crystals thereby increasing
the dimension and extent of phase separation.7,8 Chemical or
radiation-induced cross-linking in the solid state9 or the use of
p-n block copolymers10 have been used to prevent uncontrolled
phase separation in the solid state. Improved phase separation
has also been reported for liquid-crystalline p-type hexabenzo-
coronene in combination with a n-type perylene bisimide in
which the latter crystallizes yielding a laminated p-n layer.11

Our groups have recently constructed self-assembled p-type
OPV4UT12,13 fibers in apolar solvents and n-typePBI-114

supramolecular architectures in the solid state (Scheme 1). To
create independent pathways for both charge carriers, we have
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mixed the two individual compounds. Depending on the solvent
and the substituents on the perylene bisimide (PBI) and oligo-
(p-phenylenevinylene)s (OPV) derivatives it is found that either
mixed aggregates15 are formed or orthogonally self-assembly
takes place yielding separated p- and n-type fibers.16 In addition,
through complementary hydrogen-bonding, we have constructed
triad complexes consisting ofOPV4T (Chart 1) and a PBI
derivative. Bias-dependent scanning tunneling microscopy and
cyclic voltammetry measurements have confirmed that such triad
complexes consist of electronically disconnected electron donor
(OPV) and electron acceptor (PB) units, i.e., a p/n junction.17

Such triad complexes self-assemble throughπ-π interactions
in apolar solutions resulting into large supramolecular struc-
tures.18

Here, we have constructed thin films having a controlled
morphology that are processed by spin-coating concentrated
solutions containing (i) stacks of eitherOPV4UT (p-type) or
PBI-1 (n-type), (ii) mixedOPV4UT/PBI-1 aggregates, or (iii)
the hydrogen-bonded p-n dyad complexes based onOPV4T
in combination with an easily accessiblePBI-219 with comple-
mentary hydrogen bonds toOPV4T18 (Scheme 1). We have
studied the influence of the solvent on the self-assembly
behavior of these species and have characterized the thin-film
morphology by atomic force microscopy (AFM). The organiza-
tion in the films is further probed by measuring charge-transport

properties in field-effect transistors. These measurements show
in the case of self-assembled single species unipolar charge
transport. When p- and n-type building blocks are mixed,
ambipolar transport20 could be measured, but only in cases of
an appropriate morphology.

Results and Discussion

Unipolar Assemblies. Self-Assembly in Solution.The self-
assembly properties ofOPV4UT have been previously re-
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Scheme 1. Molecular Structures of OPV4UT, PBI-1 and the Hydrogen-Bonded Dyad Complex OPV4T:Pbi-2, along with a Schematic
Representation Proposed for the Self-assembly Process Creating p-type, n-type, Alternating or Co-facial p/n Type Structures, Respectivelya

a The blue blocks represent the OPV parts, the yellow blocks represent the PB parts and the red shapes represent the hydrogen-bonding units. It should
be noted that the angle and distance between the building blocks is of arbitrary choice.
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ported.12 In chloroform, OPV4UT forms hydrogen-bonded
dimers with a dimerization constant ofKdim ) 2.1× 104 L mol-1

while in heptane helical stacks composed of hydrogen-bonded
dimers are formed (Scheme 1).12 The self-assembly properties
of PBI-1 (Scheme 1) were studied with temperature-dependent
UV-vis measurements. The absorption spectra (Figure 1) show
comparable features as found earlier for related PBs in
halogenated and apolar solvents.16,21 PBI-1 is molecularly
dissolved in dichloromethane having absorption maxima in the
visible region atλmax ) 521, 487, and 425 nm.21 In heptane
solution,PBI-1 is aggregated at room temperature as indicated
by the red-shifted absorption maximum,λ ) 545 nm. The
spectrum is similar as earlier found in spin-cast films ofPB-1
indicating the formation of J-type aggregates.16,21At 80 °C, the
shape of the absorption spectrum is comparable with that of
dichloromethane solutions revealing thatPBI-1 is molecular
dissolved at this temperature.

Thin Film Morphology. Thin films were fabricated by spin-
coating chloroform and heptane solutions ofOPV4UT and
PBI-1 (7 g/L) onto HDMS-treated Si/SiO2 substrates having
source-drain gold contacts, which were employed subsequently
for measuring the transport properties. These films were studied
with tapping mode AFM (TM-AFM) revealing smooth films
of OPV4UT with a thickness of 75 nm and a root-mean-square
(rms) roughness of 5 nm (Figure 2). For films ofOPV4UT,
spun from heptane, high-resolution AFM phase images revealed
individual elongated rodlike textures (Figure 2a), which are not
resolved on the simultaneously recorded height image (Figure
2c). The width of the rods is constant (about 5 nm) as deduced
from the line scan. Their lengths are spanning hundreds of
nanometers which is in agreement with the earlier reported
findings.12 Mesoscopic domains (Figure 2b) are visible, in which
columns lie straight next to each other probably as a result of
side-to-side aggregation of the rods. The orientation of the
domains is random, creating series of domain boundaries. In
contrast, films spun from a chloroform solution (Figure 2d),
completely lack the rodlike morphology. Only assemblies in
the range from 5 to 50 nm in size were seen. SinceOPV4UT
is molecularly dissolved in chloroform, the solid state morphol-
ogy originates probably from ill-defined aggregates that are
formed during the spin-coating process.22

Similar AFM results were obtained on thin films ofPBI-1.
Only when spun from heptane, thePBI-1 films with a thickness
of roughly 80 nm show a rodlike morphology (Figure 1b,c).
Bundles longer than 500 nm and a diameter of 80-100 nm are
observed. The smallest rods have a width of 4-5 nm and are
approximately 50 nm long. On the basis of AFM data, we can
conclude that the rigid columnar stacks present in heptane
solutions ofOPV4UT and PBI-1, are transferred to a FET
substrate by spin-coating.

Field-Effect Mobilities. To investigate the influence of
morphology on the electrical transport between the rodlike (cast
from heptane) and the amorphous morphology (cast from
chloroform), FET characteristics of both films for both com-
pounds were compared. Representative output (ISD-VD) and
transfer (ISD-VG) curves were measured in the dark and under
vacuum (10-4 mbar) at 40°C (Figure 3). All transistors exhibit
hole conduction in the case ofOPV4UT, evident from the
negative gate voltages that turn the devices on. Typical on-to-

Figure 1. (a) UV/vis spectra ofPBI-1 in heptane (5× 10-4 M, 20 °C (dash-dotted line), 40°C (dotted line), 60 (dashed line), 80°C (solid line)) and in
dichloromethane (1.1× 10-5 M) (20 °C, open circles). (b) and (c) TM-AFM phase images of film ofPBI-1 cast from heptane solution (z-scale 35° bars
represent 250 nm).

Figure 2. (a) TM-AFM phase image (z-scale 35°) of a film of OPV4UT
spun from heptane with the simultaneously recorded topography (z-scale
15 nm) in (c) and a recorded close-up phase image (z-scale 35°) in (b). (d)
TM-AFM phase image (z-scale 5°) of a film spun from chloroform. All
bars represent 100 nm.
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off current ratios (ION/IOFF) are∼103-104. OPV4UT films spun
from heptane show a saturated hole mobility of 1× 10-6 cm2/
Vs deduced from the slope of the linear part of anID

1/2 vs VG

plot (inset Figure 3a). The output curves show indications of
some contact resistance but negligible hysteresis (Figure 3b).
The OPV4UT films spun from chloroform show a mobility
lower than about 10-7 cm2/Vs and anION/IOFF ratio of only 102.
The mobility measured for devices based on the solution-
processed rodlike morphology is lower than earlier reported for
OPVs (10-4 cm2/Vs).23 However, these values were measured
either in a transistor configuration based on vacuum deposited
OPV films, or in solution by the time-resolved microwave
conductivity technique (measured onOPV4UT).13

Films ofPBI-1 spun from heptane show electron conduction
evident from the positive gate voltages that turn the transistor
on (Figure 3c,ION/IOFF are∼103-104) with a saturated electron
mobility of 3 × 10-6 cm2/Vs; which is about a factor of 10 000
lower than measured by time-resolved microwave conductiv-
ity.14 The difference is due to the different frequencies used in
the two different measurements.PBI-1 devices suffers also from
parasitic contact resistance effects (which are even more
pronounced than in theOPV4UT devices) originating in a
strongly superlinear output characteristics at lowVD. This
behavior is, however, not surprising when considering that all
devices are based on Au source/drain electrodes. These elec-
trodes are known to be nonideal for electron injection. InOPV4-

UT devices, the HOMO level ofOPV4UT reasonably match
the work function of Au leading to minor contact resistance
problems (reasonably good hole injection, Figure 3b), whereas
the mismatch between the LUMO level ofPBI-1 and Au is
considerable (Figure 3c). Yet, for simplicity reason i.e., to allow
straightforward comparison between devices based onOPV4-
UT, PBI, and OPV-PBI mixtures, all devices were based on
Au source and drain electrodes and no efforts were attempted
to produce devices based on, e.g., aluminum electrodes, which
certainly could improve the device performance.PBI-1 films
spun from dichloromethane did not show any reliable FET
activity.

Mixed Molecular Assemblies. Self-Assembly in Solution.
Mixing OPV4UT andPBI-1 in a 1:1 ratio in dichloromethane
originates in UV-vis spectra that are summations of the spectra
of the single species in this solvent; a strong indication that
both compounds are molecularly dissolved and no direct
interaction exist. In heptane (Figure 4) (Scheme 1), however,
the characteristic red-shifted onset of aggregatedPBI-1 itself
(Figure 1a) is not observed showing that the recorded spectrum
is not the linear superposition of the spectra ofOPV4UT and
PBI-1 in heptane.15 Note also that a charge-transfer band around
720 nm (ε ) 700 L.mol-1cm-1) is visible, indicating the
formation of an alternating OPV-PBI organization.24 In addi-
tion, we would like to point out that the behavior ofOPV4UT
and PBI-1 in heptane is remarkably different from reported

Figure 3. (a) Transfer (ISD-VVG) plotted on semilogarithmic axes for transistors ofOPV4UT spun from heptane atVD ) -8 V (open squares) and-50
V (solid squares). Inset shows theI1/2 vs VG curve forVD ) -50 V. (b) Output (ISD - VD) curves plotted for various values ofVG for OPV4UT spun from
heptane. (c) Output (ISD - VD) curves plotted for various values ofVG for PBI-1 spun from heptane and inset shows the transfer (ISD - VG) curves atVD

) 8 V (open squares) and 50 V (solid squares).

Figure 4. (a) UV-vis spectra (inset shows charge-transfer band) of aOPV4UT:PBI-1 mixture (1:1) at 20°C (solid line) and 90°C (dashed) line in
heptane. (b) TM-AFM phase image of spin-castOPV4UT:PBI-1 from heptane solution (z-scale 30°) (right), bar represent 100 nm.
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unsubstituted PBIs that show orthogonal self-assembly with
OPV4UT.16 This dissimilarity is most probably due to the highly
twisted nature25 and the stronger electron acceptor character of
the chlorinated PB derivative.26 Indeed, it has been shown earlier
that the introduction of chlorine substituents on the bay position
of the PB moiety increases the tendency to form intermolecular
alternating donor-acceptor complexes.27

To influence the supramolecular organization between OPV
and PB we have investigated the coassembly betweenPBI-1
andOPV4T having additional complementary hydrogen bonding
arrays. In the case of a mixture ofPBI-2 andOPV4T (1:1) in
CH2Cl2, the absorption and fluorescence spectra are summations
of the separate components showing that they are molecularly
dissolved (λabs/λem in nm: OPV4T: 426/495 andPBI-2: 512/
540). As expected at concentrations lower than 10-4 M, there
is no hydrogen-bonding present since the binding constant is
low.18 In heptane hydrogen-bondedOPV4T:PBI-2 complexes
are present that stack throughπ-π interactions (Scheme 1). A
red-shift of the absorption maximum is found whenOPV4T is
titrated withPBI-2 and vice versa.28 The red-shift reveals that
a J-type aggregate is formed in which theOPV4T:PBI-2
complexes are cofacially oriented with an offset. This offset
gives rise to a weak charge-transfer band atλmax ) 755 nm. A
molecular absorption coefficient ofε ) 130 L.mol-1cm-1 can
be calculated based on the assumption that all molecules are
participating in the aggregate. The Cotton effect of stacks of
OPV4T:PBI-2 complexes as seen in the CD spectra, indicate
that both chromophores are coassembled into one stack with
the chirality of the OPV side chains expressed in the PBI-core.29

Temperature dependent measurements in heptane show that the
coassembly is a reversible process (Figure 5). Above 368 K,
the spectral characteristics of the two components are similar
to those observed in CH2Cl2, indicative of dissolved individual
monomeric and dimeric species, whereas below 368 K, the
spectra suggest that the dimers are stacked. The fluorescence
quenching upon cooling to room temperature is maximal when
all imide sites ofPBI-2 were hydrogen-bonded to the triazines
of OPV4T. The quenching can be explained by a photoinduced

electron-transfer process between theOPV4T donor andPBI-2
acceptor in the stacks.28

Thin Film Morphology. Thin films (about 80 nm thick) were
fabricated by spin-casting heptane solutions ofOPV4T:PBI-2
(10 (1:1) g/L) andOPV4UT:PBI-1 (10 (1:1) g/L). Films of
OPV4UT:PBI-1 show a structureless film morphology, possibly
due to the fact that no hydrogen-boned supramolecular ag-
gregates could form, (Figure 4b) whereas a fibrillar morphology
was found for films ofOPV4T:PBI-2 (Figure 5c). Indeed, for
the latter material combination, rods of on average 110 nm are
observed that associate predominantly side-by-side, evident from
the lamella-width of multiples of about 3.3 nm, being the
diameter of a single rod (Figure 5c, inset).30 This dimension
agrees with molecular modeling studies that estimate the length
of a single OPV4T:PBI-2 as 4.1 nm (omitting dodecyloxy
chains). This indicates that, in heptane, such dyads are ag-
gregated in a J-type fashion, i.e., a tilted stack. In contrast, when
OPV4T:PBI-2 is spin-cast from CH2Cl2 solutions where the
two individual species are molecularly dissolved, the films
showed a structureless topography.28

In addition, the absorption spectra of solution cast films28 of
OPV4T:PBI-2 from heptane and dichloromethane, respectively,
are very similar to the absorption spectra in solution revealing
that the supramolecular organization in solution is preserved in
the solid state.

Field-Effect Mobilities. FET measurements were performed
to probe the charge transport properties. Films ofOPV4UT:
PBI-1 from heptane lack any FET activity.28 This behavior is
surprising, asOPV4UT andPBI-1 on their own displayed clear
FET performances with a distinct field effect (Figure 3a-c)
and could be caused by unfavorable extended pathways for the
opposite charges as a result of the cofacial stacking of the two
chromophores. FET inactivity is unlikely due to unfavorable
alignment between energy bands and/or unfavorable insulator-
semiconductor interfaces, since these factors were not hampering
the charge transport in the single material devices. Figure 6
shows the output and transfer characteristics of the transistor
based onOPV4T:PBI-2 films having a rodlike morphology, as
spun from heptane. The electronic transport shows ambipolar
behavior. The transfer characteristics of the FET having the gate
and drain electrodes biased negatively with respect to source(28) See Supporting Information.

(29) Compared with stacks based onOPV4T exclusively, the minimum is shifted
from λ ) 427 nm (OPV4T) to λ ) 507 nm (OPV4T:PBI-2) (see Supporting
Information). Jonkheijm, P.; Miura, A.; Zdanowska, M.; Hoeben, F. J. M.;
De Feyter, S.; Schenning, A. P. H. J.; De Schryver, F. C.; Meijer, E. W.
Angew. Chem. Int. Ed.2004, 43, 74-78.

(30) Depositing a 3.1× 10-5 M OPV4T:PBI-2 in heptane on graphite gave
rods of 105 nm in length and 3.3 nm in diameter. Depositing a 4× 10-4

M gave an interconnected network (see Supporting Information).

Figure 5. UV-vis (inset: show charge-transfer band) (a) and CD spectra (b) forOPV4T:PBI-2 (heptane, 3.1× 10-5 M). AFM phase images of a spin-cast
OPV4T:PBI-2 heptane solution, 10 g/L, 3.35× 3.35 mm2, z-scale 25°; inset 415× 415 nm2, z-scale 20°.
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electrode (Figure 6a), show that for high negativeVG the
transistor operates in hole-enhancement mode. The saturated
hole mobility is lower (about 2× 10-7 cm2/Vs), than described
for OPV4UT transistors. Note that the output curves in the
p-channel mode (Figure 6d) reveal an increase inID for VD <
-30 V atVG ) -10 V - -30 V. To investigate this behavior
further, we measured the transfer characteristics of a film of
OPV4T:PBI-2 in the electron-enhancement mode (Figure 6b).
The gate and drain electrode are biased positively with respect
to the grounded source electrode leading to transfer curves
typical for an electron-enhancement current. The electron
mobility of about 1.5× 10-7 cm2/Vs is lower than for thePBI-1
devices. The electron-enhancement is clearly observed in the
output curves forVG > 30 V (Figure 6c). Note that in all of
our measurements, the drain currents are more than a factor of
10 higher than the corresponding gate currents, emphasizing
the real n-channel operation of the films.28 The devices could
be cycled more then 20 times in air and light without significant
degradation while annealing to 100°C did not change the
electrical characteristics.

Our results, therefore, unambiguously illustrates that our
supramolecular assembly of hole and electron conducting entities
can successfully be employed to fabricate two independent
pathways for the respective charge carriers. This is confirmed

by the measurements on theOPV4T:PBI-2 films spun from
CH2Cl2, which do not show any ambipolar charge transport28

as in these films probably no interpenetrating network of donors
and acceptors is created.

Conclusions

We have shown that directed supramolecular self-assembly
of different entities prior to processing can be used to create a
network for the two charge carriers in thin films. We have
probed the ambipolar charge transport in field-effect transistors.
Generic use of hydrogen-bonding interactions will allow
synthetic chemists to modify the design of any building blocks
of interest to incorporate them into supramolecular structures
in solution that can be processes easily into thin films having a
controlled functional morphology.
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Figure 6. Transfer (ID - VG) curves at variousVD (a, b) and output (ID - VD) curves at variousVG (c, d) of FETs ofOPV4T:PBI-2 cast from heptane.
Hole-enhancement mode in a and d. Electron-enhancement in b and c.
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