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ABSTRACT: A facile approach to develop the stable and well-
defined bulk heterojunction (BHJ) nanomorphology has been
demonstrated. Novel pyrene (Py)-functionalized diblock
copolymers poly(3-hexylthiophene)-block-poly[3-(10-(pyren-
1-yloxy)decyloxy)thiophene] (P3HT-b-P3TPy), and pyrene-
functionalized fullerene [6,6]-phenyl-C61-butyric acid 1-pyrene
butyl ester (PCBPy), were successfully synthesized. The π−π
interactions of Py mesogens interdigitated between the
functionalized fullerene and P3TPy segment can allow for
the cooperative assembly of P3HT-b-P3TPy and PCBPy. The
orientation of the Py mesogens also can further enhance the molecular arrangement. Compared with the as-cast and thermal
annealing, solvent annealing can promote cooperative assembly of P3HT-b-P3TPy:PCBPy undergoing the slow film growth.
Note that the assembly microstructure strongly depends on the molar ratio of P3HT and P3TPy with Py mesogens. Low loading
of P3TPy block in the copolymers blends keeps the same behavior to the P3HT, whereas relatively high loading of Py mesogens
favors the better intermolecular π−π stacking interactions between P3HT-b-P3TPy and PCBPy. As a result, the P3HT-b-
P3TPy(3/1) forms the orientated nanowires with PCBPy in bulk heterojunction, and the average domain size is estimated to be
10−20 nm, which is desirable for enlarge surface area for donor/acceptor interfaces and give a bicontinuous pathway for efficient
electron transfer. Furthermore, the cooperative assembly between P3HT-b-P3TPy and PCBPy is found to effectively suppress
the PCBPy macrophase separation, and stabilize the blend morphology.
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■ INTRODUCTION

Conjugated polymer-based bulk heterojunction (BHJ) photo-
voltaic devices have received strong interest for the past few
years with the urgent need of lightweight, flexible, low-cost
solar cells.1−3 The photoactive layer of BHJ solar cells is
consisting of a blend of conjugated polymers as the electron
donor and fullerene derivatives as the electron acceptor, which
is capable of forming the interpenetrated networks and
introducing a large interfacial area for effective exciton
dissociation.4−6 The blend systems of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) is one of the most widely studied active layer. To
date, the power conversion efficiency (PCE) of polymer solar
cells based on P3HT/PCBM systems has reached to 4−5%.7,8
As we all know, the nanomorphology of the photoactive layer

is one of the key factors to impact on the efficiency and stability
of the BHJ. Because of the limited exciton diffusion length of
the organic materials (ca. 10 nm),9,10 highly ordered nano-
structured morphologies, which have large interfaces and a
bicontinuous pathway, are expected for the photoactive layer.
Various approaches like thermal annealing,11,12 solvent
annealing13,14 and additives15 are applied to achieve the large

D/A interface and small-sized domains for efficient exciton
dissociation and charge generation. However, the network
structure of P3HT:PCBM can not give a bicontinuous pathway
for electrons and holes to transfer toward the corresponding
electrodes, and the extensive isolated domains by the
crystallization of PCBM are often observed. Thus, it is desirable
to find effective methods for controlling and achieving a stable
well-ordered morphology.
Recently, conjugated block copolymers (BCPs) consisting of

two or more chemically distinct chains covalently linked at one
end have been identified as a promising photoactive materials
in BHJ solar cell devices, which are able to self-assemble on
length scales from a few to hundreds of nanometers,
comparable to the exciton diffusion length. Meaningfully,
McCullough and co-workers16,17 have discovered the one-pot
synthesis of diblock conjugated polymer with high molecular
weights and narrow polydispersities by the Grignard metathesis
(GRIM) method. Up to now, the mostly synthesis of block
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copolymers with regioregular poly(3-hexylthiophene) (P3HT)
as the conjugated block can self-assemble into a relatively
ordered lamellar semicrystalline phase to possess a high hole
mobility.18−20 To control the nanoscale microphase saperation
and morphological stability, noncovalent or covalent inter-
actions between the donor and acceptor are introduced.21−29

Wudl et al.21 reported on the synthesis of a rod−coil triblock
copolymer, P3HT-b-P(S89BAz11)-C60, via covalently linking the
P3HT and C60, and nanofibrilar structure has been successfully
achieved. However, it is extremely challenging to synthesize
block copolymers that possess high ratios of fullerene groups
via the covalently bound. On the other hand, the strong
noncovalent, such as hydrogen bonding, could construct
higher-order supramolecules by cooperative assembly of the
acidulated fullerene molecules and functionalized polythio-
phene.22−24 Zhu et al.25,26 reported on an interesting method to
construct supramolecular assembly between the uracil-function-
alized donor and 2,6-diaminopyridine-functionalized acceptor
by a three-point hydrogen bonding. By these approaches, the
compatibility of components and the D/A interface area can be
greatly enhanced, consequently resulting in more efficient
exciton dissociation and charge generation. However, the
ordering degree of the separated nanophase is difficult to
precisely control, which limits the charge carriers transporting
to their corresponding electrodes.
In our previous work,30 we have reported a diblock

copolymer bearing discotic liquid crystals moiety, poly(3-
hexylthiophene)-block-poly[3-(10-(2,3,6,7,10-pentakis-
(hexyloxy)triphenylen)-decyloxy)thiophene] (P3HT-b-
P3TPT). The diblock copolymer could easily self-assemble
into nanowire structure by tuning P3HT:P3TPT block ratio
and employing different annealing process. More importantly,
the orientation of mesogens could well induce the diblock
copolymers to pack with more ordered arrangement. However,
because of lack of the interaction between the copolymer donor
and fullerene acceptor, a favorable microphase nanomorpology
was not obtained by simply blend the P3HT-b-P3TPT with
PCBM. In this work, novel pyrene (Py) mesogen functionalized
diblock polythiophene and fullerene, namely poly(3-hexylth-
iophene)-block-poly[3-(10-(pyren-1-yloxy)decyloxy)thiophene]
(P3HT-b-P3TPy) and [6,6]-phenyl-C61-butyric acid 1-pyrene
butyl ester (PCBPy), respectively, are prepared. The π−π
interactions of Py groups31 between the functionalized fullerene
and P3TPy segment can promote the cooperative assembly of
P3HT-b-P3TPy and PCBPy, and the orientation of the Py

mesogens also can further enhance the molecular arrangement.
Therefore, a desirable BHJ nanostructure is anticipated, which
can enlarge surface area for donor/acceptor interfaces and give
a bicontinuous pathway for efficient electron transfer. On the
other hand, due to the strong interaction between the P3HT-b-
P3TPy and PCBPy by incorporation of Py mesogens, the
macrophase aggregation could be greatly suppressed to
improve the BHJ morphological stability. The assembled
nanostructures are investigated by X-ray diffraction (XRD),
atomic force microscopy (AFM) and transmission electron
microscopy (TEM), and the effect of P3TPy block ratio on the
morphology and its stability has also been given a special
attention.

■ RESULTS AND DISCUSSION

Scheme 1 shows the synthesis of target diblock copolymers
P3HT-b-P3TPy (more detailed information in Scheme S1 in
the Supporting Information). The regioregular P3HT block
was first prepared by GRIM method (using Ni(dppp)Cl2) to
give P3HT with a living chain-end, followed by chain extension
with different feed ratios of activated 2-bromo-3-(10-
bromodecyl)-5-magnesium bromodithiophene monomer, to
obtain the medium diblock copolymers poly(3-hexylthio-
phene)-b-poly(3-(10-bromodecyl)thiophene)(P3HT-b-
P3BrDT). In copolymers P3HT-b-P3BrDT, the bromide
groups were completely substituted via Williamson ether
reaction by 1-hydroxypyrene (1H NMR spectroscopy in Figure
S1 in the Supporting Information), which was prepared
according to the methods described in the literature,32 to give
the resulting copolymers P3HT-b-P3TPy. All copolymers were
purified by sequential Soxhlet extraction using methanol,
hexane, and chloroform in succession. 1H NMR spectra of
copolymers P3HT-b-P3BrDT and corresponding polymer
P3HT-b-P3TPy are shown in Figure 1, respectively. The signal
(3.40 ppm) in spectrum of P3HT-b-P3BrDT is evident from
the protons on the methylene for Br (CH2−Br), while the
signal (4.10 ppm) in spectrum of P3HT-b-P3TPy is assigned to
methylene for oxygen (CH2−O). It confirms that all of the
bromine atoms were converted to Py moieties during the
substitution reaction. Three ultima diblock copolymers had
different targeted P3HT:P3TPy molar ratios of 3:1, 10:1 and
14:1, denoted P3HT-b-P3TPy(3/1), P3HT-b-P3TPy(10/1),
P3HT-b-P3TPy(14/1), respectively. The actual block ratios
(molar monomer equivalent) were calculated by comparing the
signal intensity of the methylene group (adjacent to the

Scheme 1. Synthesis of Diblock Copolymers P3HT-b-P3TPy
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thiophene ring) at 2.80 ppm to the methylene group (adjacent
to the oxygen atom) at 4.10 ppm in 1H NMR spectroscopy
(details in Figure S2 in the Supporting Information). These
block copolymers exhibit good solubility in common solvent
such as chloroform and tetrahydrofuran. Gel permeation
chromatography (GPC) measurements were done to calculate
their molecular weights by using tetrahydrofuran as the eluent.
And the Mw, polydispersity (PDI) and GPC curves have been
shown in Figure S3 in the Supporting Information. All three of
the diblock polymers have high molecular weights and very
narrow PDI.
The synthesis of fullerene derivative PCBPy is shown in

Scheme 2. PCBPy was successfully obtained from the
esterification reaction of PCBA and 1-pyrenebutanol. As can
be seen from the 1H NMR (see Figure S4 in the Supporting
Information) spectrum of PCBPy, two obvious resonance peaks
appear at 7.5−8.3 and 4.2, associated with the proton of the
pyrene ring and methylene for oxygen (CH2−O), respectively.
The PCBPy also exhibits excellent solubility in chloroform,
tetrahydrofuran, chlorobenzene, and orthodichlorobenzene
(oDCB).
P3HT-b-P3TPy is blended with PCBPy with the weight ratio

of 1:1, which is generally regarded as the optimized weight ratio
of P3HT:PCBM based solar cells. Through the π−π interaction
of Py mesogens between the P3TPy segments and PCBPy, the
PCBPy is expected to preferentially cooperative self-assemble
with the P3TPy domains. Different treatments including as-
cast, thermal annealing (TA) at 150 °C for 30 min, oDCB
solvent annealing (SA) for 1 h were performed on the blend
films. The temperature of thermal annealing has been set as 150
°C, which is found to be the optimal option after the
comparison of different annealing temperatures. Figure 2 shows
the UV−visible absorption spectra of the P3HT-b-P3TPy as-

cast thin films and their blends with PCBPy after various
annealing treatment (see details in the Supporting Informa-
tion). From Figure 2a, we can see that absorption spectra of
three different ratios as-cast P3HT-b-P3TPy thin films are
almost identical. They all exhibit three peaks at 520, 560, and
610 nm, respectively, which are the characteristic absorption
bands of P3HT, indicating that the P3TPy block does not affect
the conjugation length of the P3HT block. The absorption
shoulder at 610 nm has been reported to be indicative of the
strong polythiophene interchain interaction, therefore it
suggests the copolymers remain the high degree of crystallinity
in P3HT, despite the presence of the P3TPy segment. In the
ultraviolet region around 350−385 nm, the absorption band is
attributed to π−π* transition of the Py moiety,31 and the
intensity of the absorption shoulder peak is proportional to the
ratios of the Py moiety. After being blended with PCBM with
the weight ratio of 1:1, the P3HT-b-P3TPy(14/1):PCBM film
shows the similar behavior to the P3HT:PCBM (w:w = 1:1)
film, in which the thermal treatment could increase the
interchain interaction and strengthen crystallinity of the P3HT
block as evidenced by the enhanced shoulder intensity at 610
nm (see Figure S5b in the Supporting Information). With the
content of Py moiety increasing, both TA and SA exert little
influence on the shoulder intensities of P3HT-b-P3TPy(10/1)
and P3HT-b-P3TPy(3/1), probably because too much bulky
Py mesogens in the copolymer films is not beneficial for the
arrangement of polymer chains (see Figure S5c, d in the
Supporting Information). Interestingly, if the copolymer
P3HT-b-P3TPy is blended with mesogen-modified PCBPy,
followed by SA, the interaction between P3HT-b-P3TPy and
PCBPy can induce the films arranged with more ordered
nanostructure. As shown in Figure 2b−d, compared to the
thermal annealing process, the solvent annealing can prolong
the film growth and enable the molecules to arrange with
higher crystallinity, thus the more ordered structure causes a
significant red-shift in their absorption edge, together with a
relative higher intensity of the absorption shoulder peak.
However, the direct thermal annealing (TA) can not serve the
same function on all the blends of the P3HT-b-P3TPy/PCBPy
compared to SA. This may be because thermal annealing
process results in relative fast film growth, and therefore the
bulky mesogen makes it hard to promote the original
arrangement of polymer chains and develop less ordered
nanostructures with lower crystallinity.
To probe into it adequately, we also investigated the

photoluminescence. The fluorescence spectra of as-cast films
of the P3HT-b-P3TPy block copolymers, and of their blends
with PCBM or PCBPy produced by excitation with the 520 nm,
are represented in Figure S6 in the Supporting Information and
Figure 3, respectively. From them, we can see that a strong
decrease in luminescence intensity can be seen on the all blend
films under thermal or solvent annealing treatments compared

Figure 1. 1H NMR spectra of (a) P3HT-b-P3BrDT and (b) P3HT-b-
P3TPy after complete substitution by the pyrene group.

Scheme 2. Synthesis of Fullerene Derivative PCBPy
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to as-deposited ones. The luminescence quenching is attributed
to the fast photoinduced charge transfer between the electron
donor and the electron acceptor. For P3HT-b-P3TPy:PCBM
blends in Figure S6b−d in the Supporting Information, the
films under thermal annealing treatment all exhibit the
strongest fluorescence quenching, which is well consistent
with PL spectra of the P3HT:PCBM system (see Figure S6a in
the Supporting Information) upon different annealing treat-
ment. The similar behavior can also be observed in the cases of
P3HT-b-P3TPy(14/1) and P3HT-b-P3TPy(10/1) blended
with PCBPy(Figure 3a and 3b), respectively, implying the
content of Py mesogen is not high enough to alter the P3HT
block dominated photoinduced charge transfer. Nevertheless,
for P3HT-b-P3TPy(3/1):PCBPy blend (Figure 3c), the
situation is just on the opposite. PL spectrum of P3HT-b-
P3TPy(3/1):PCBPy under SA presents the stronger fluo-
rescence quenching compared to the sample undergoing TA. It
can explain that with the amount of Py mesogens increasing,
intermolecular interaction between the P3TPy block and
PCBPy can be enhanced. And the π−π interaction of Py
mesogens between donor and acceptor under the slow film
growth (SA) can be strengthened, consequently leading to
more favorable morphology with nanoscale phase separation
for more efficient charge transfer. The result is in good
agreement with the UV observation. Although P3HT-b-
P3TPy(3/1):PCBPy system formed more ordered morphology
under solvent annealing, the less severe fluorescence quenching
of P3HT-b-P3TPy(3/1):PCBPy system than that of P3HT-b-
P3TPy(14/1):PCBPy and P3HT-b-P3TPy(10/1):PCBPy is
probably due to higher ratio of P3TPy, which possesses the
strong light-emitting property.
It is well-known that the intermolecular arrangement and

stack could be gained from X-ray diffraction analysis. In order

to gain deep insight into the intercalation occurs in P3HT-b-
P3TPy/PCBPy blend films, the structure of P3HT-b-P3TPy/
PCBPy films prepared from oDCB solutions were analyzed by
XRD measurement. Figure 4A shows the XRD profiles of
P3HT-b-P3TPy(3/1) pristine film and the blend film under-
going SA. The strong sharp diffraction peak at the low angle
(2θ = 5.3°, d1 = 1.67 nm) corresponds to the arrangement of
inter-P3HT aligned by the alkyl side chain, whereas the
diffraction peak at high angle implies the π−π interchain
stacking of P3HT. These signals indicate that the hexyl side
chains of the P3HT blocks in the P3HT-b-P3TPy are oriented
normally to the substrate to form an edge-on orientation as the
geometry of pure P3HT chains, and the intermolecular π−π
stacking between thiophene rings is parallel to the substrate.
Compared to pure P3HT-b-P3TPy(3/1) (Figure 4A), pure
PCBPy, P3HT-b-P3TPy(14/1):PCBPy ,and P3HT-b-P3TPy-
(10/1):PCBPy blend (see Figure S7 in the Supporting
Information), only the diffractogram of the P3HT-b-P3TPy-
(3/1):PCBPy blend after SA shows an additional weak
reflection at 2θ = 2.5°, from which a d2-spacing of 3.53 nm is
obtained. To precisely deduce the possible cooperative packing
of the polymer and fullerene, we used density functional theory
(DFT) with the Gaussian 09 program package to calculate and
simulate the interaction between the polymer and fullerene.
The simulated illustration of cooperative assembly structure of
P3HT-b-P3TPy:PCBPy blend is depicted in Figure 4B. Thus,
the d2-spacing is close to the calculated distance (3.36 nm)
from the polymer main chain to the fullerene with the Py
groups well interdigitately packed between the P3TPy block
and PCBPy.
The UV, PL, and XRD results demonstrate that the SA

treatment prolongs the crystallization of the polymers and
enable the blend molecules to aggregate together and render a

Figure 2. UV−vis spectra of films of (a) pure P3HT-b-P3TPy, (b) P3HT-b-P3TPy(14/1):PCBPy, (c) P3HT-b-P3TPy(10/1):PCBPy, and (d)
P3HT-b-P3TPy(3/1):PCBPy under as-cast, thermal annealing at 150 °C for 30 min (TA), oDCB solvent annealing for 1 h (SA).
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more-ordered arrangement. In fact, the assembly micro-
structure undergoing SA is strongly correlated to the packing
competition between polythiophene interchain interaction and
Py mesogen interdigitated orientation. The blend with a very

low content of Py shows only weak π−π mesogen stacking
between the donor and acceptor, and the molecular arrange-
ment is dominated by the polythiophene interchain interaction.
Inversely, when the ratio of P3TPy is high enough, the blend
film tends to cooperatively assemble into highly ordered
microphase separation structure by the interdigitately packed
Py mesogen of P3TPy and PCBPy after solvent annealing,
which can enlarge surface area for donor/acceptor interfaces
and give a bicontinuous pathway for efficient electron transfer.
However, too high content of P3TPy block in the copolymer
will also disrupt the polythiophene interchain interaction even
after long time solvent annealing.30

To intuitively determine the microstructure of the P3HT-b-
P3TPy/PCBPy blends by solvent annealing (SA), AFM are
performed on pure P3HT-b-P3TPy and the P3HT-b-P3TPy/
PCBPy blends with oDCB vapor annealing for 1 h. From
Figure 5, we can see that the pure P3HT-b-P3TPy(14/1)
shows a smooth morphology like that of the pure P3HT.
However, with the ratio of P3HPy increasing, the P3HT-b-
P3TPy(3/1) shows random nanowires structure, which may be
attributed to the self-assembly of the Py groups. Figure 6 shows
the topographic and phase images of the blends films of P3HT-
b-P3TPy(14/1):PCBPy, P3HT-b-P3TPy(10/1):PCBPy and
P3HT-b-P3TPy(3/1):PCBPy. Phase separation within the
P3HT-b-P3TPy(3/1):PCBPy appears as distinct domains.
Obviously, the surface morphology of P3HT-b-P3TPy(14/
1):PCBPy and P3HT-b-P3TPy(10/1):PCBPy blends is much
random, with a rms roughness of 1.93 and 1.33 nm,
respectively. Nevertheless, P3HT-b-P3TPy(3/1):PCBPy devel-

Figure 3. Fluorescence spectra for (a) P3HT-b-P3TPy(14/1):PCBPy,
(b) P3HT-b-P3TPy(10/1):PCBPy, and (c) P3HT-b-P3TPy(3/
1):PCBPy blend films treated with as-cast, TA, and SA.

Figure 4. (A) XRD profiles of pure P3HT-b-P3TPy(3/1) film and the
P3HT-b-P3TPy(3/1):PCBPy blend films treated with SA; (B) the
simulated illustration of cooperative assembly structure of P3HT-b-
P3TPy:PCBPy blend.
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ops the desirable bulk heterojunction morphology with highly
ordered lamellar structure in the blend. The P3HT-b-P3TPy(3/
1) and PCBPy forms the intimate mixture on the nanoscale,
and the phase separation size is very close to the exciton
diffusion length, which would remarkable facilitate exciton
dissociation. Compared to the random nanowire structure of
pure P3HT-b-P3TPy(3/1), the small domain size and well-
defined nanoscale morphology of P3HT-b-P3TPy(3/1):PCBPy
illustrate that a strong intermolecular interaction between the
P3HT-b-P3TPy and PCBPy chains, which is primarily due to
the presence of Py mesogens that are capable of forming

intermolecular π−π stacking interaction between P3TPy and
PCBPy. As the component of P3TPy block in P3HT-b-
P3TPy(10/1) and P3HT-b-P3TPy(14/1) decreased, the
intermolecular interaction between the P3HT-b-P3TPy and
PCBPy has been greatly weakened. The related DSC results of
the three diblock copolymers P3HT-b-P3TPy, PCBPy and the
blends have been shown in Figure S8 in the Supporting
Information. The P3HT-b-P3TPy:PCBPy blend was dissolved
in the oDCB. After the solvent evaporated, the drying solids of
the blends are obtained for DSC measurement. The three
diblock copolymers show two characteristic melting peaks of

Figure 5. AFM images(3 × 3 um2) of spin-coated pure P3HT-b-P3TPy films. (a) Topography and (d) phase images of P3HT-b-P3TPy(14/1) film
with SA treatment; (b) topography and (e) phase images of P3HT-b-P3TPy(10/1) film with SA treatment; (c) topography and (f) phase images of
P3HT-b-P3TPy(3/1) film with SA treatment.

Figure 6. AFM images (3 × 3 um2) of spin-coated blend films. (a) Topography and (d) phase images of P3HT-b-P3TPy(14/1):PCBPy blend film
with SA treatment; (b) topography and (e) phase images of P3HT-b-P3TPy(10/1):PCBPy blend film with SA treatment; (c) topography and (f)
phase images of P3HT-b-P3TPy(3/1):PCBPy blend film with SA treatment.
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diblock copolymers (see Figure S8A in the Supporting
Information), compared to the pure P3HT. The peak at low
temperature belongs to the P3HT block, while the peak at high
temperature is assigned to the P3TPy block. With the ratio of
P3TPy block increasing, the peak at high temperature becomes
stronger. But from the Figure S8B in the Supporting
Information, we can see clearly that the melting transition
peaks of the P3TPy block at the three copolymers all disappear,
indicating that interaction has happened between the P3TPy
block and PCBPy, which limits the crystallization of the P3TPy
block and PCBPy. Thus, the DSC analysis is consistent with the
AFM results.
The cooperative assembly of P3HT-b-P3TPy and PCBPy by

solvent annealing has also been confirmed by TEM. As shown
in Figure 7, the P3HT-b-P3TPy(14/1):PCBPy blend film
forms homogeneously morphology with isotropic distribution
of donor and acceptor, which is very similar to the
P3HT:PCBM blend.33 As the weight ratio of P3TPy and
P3HT block increases to 1:10, a large amount of nanowires are
observed in P3HT-b-P3TPy(10/1):PCBPy blend film, because
of the strong assembly nature of Py-functionalized block
copolymers. Further increasing the content of P3TPy block,
these nanowires are orientated to highly ordering lamellar
structure. It is worth noting that the driven force behind the
assembled nanowires is related to the strong π−π interactions
of pyrene moiety in both donor and acceptor. The domain size
of lamellar structure is calculated to be 10−20 nm, which is also
in accordance with the AFM results.

The morphological stability of the blend is a crucial factor for
practical PSC application. Most BHJ structures usually suffer
from damage during prolonged exposure to operation
conditions, because of the fullerene diffusion and phase
separation caused by the heat. Polarizing optical micrographic
images of P3HT-b-P3TPy/PCBPy (1:1 wt %) under harsh
thermal annealing conditions (2 h, 6 h) at 150 °C describe the
function of cooperative assembly on the morphology stability.
The samples are prepared on the SA treatment before the
thermal treatment. The images are shown in Figure 8. It is
clearly observed that large aggregates of PCBPy appears and
gradually grows to ball-like crystals throughout the P3HT-b-
P3TPy(14/1):PCBPy films after annealing for 2 and 6 h.
Similar phenomenon happens to the P3HT-b-P3TPy(10/
1):PCBPy films, but with less formed PCBPy crystallites. In
sharp contrast, for P3HT-b-P3TPy(3/1):PCBPy, thermal
annealing can not induce the large aggregation of PCBPy,
and the morphology almost keeps unchanged undergoing
thermal annealing for 2h, even after 6 h of continuous
annealing. This suggests that the cooperative assembly between
P3HT-b-P3TPy and PCBPy can effectively suppress the PCBPy
diffusion and phase separation, and stabilize the blend
morphology.

■ CONCLUSIONS

In this study, Py-functionalized diblock copolymers P3HT-b-
P3TPy were successfully synthesized by Grignard metathesis
(GRIM) reaction. And the fullerene derivative PCBPy

Figure 7. TEM images of nanostructure assembled from (A) P3HT-b-P3TPy(14/1):PCBPy, (B) P3HT-b-P3TPy(10/1), and (C) P3HT-b-
P3TPy(3/1):PCBPy blend films prepared by SA treatment.

Figure 8. Optical microscopy images of (a, d) P3HT-b-P3TPy(14/1):PCBPy (1:1 wt %) blends, (b, e) P3HT-b-P3TPy(10/1):PCBPy (1:1 wt %)
blends, and (c, f) P3HT-b-P3TPy(3/1):PCBPy (1:1 wt %) blends with thermal annealing at 150 °C. The annealing time for a−c is 2 h, and that for
d−f is 6 h.
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containing Py was obtained via esterification reaction. The
strong π−π stacking interactions of Py mesogens interdigitated
between PCBPy and P3TPy segment result in a preferential
distribution of the fullerenes within the P3TPy domains and a
desirable nanostructured D/A interpenetrated network. Under
SA treatment, the P3HT-b-P3TPy(3/1):PCBPy blend film can
cooperative self-assemble into highly ordered nanowires which
can enlarge surface area for donor/acceptor interfaces and give
a bicontinuous pathway for efficient electron transfer. Because
of the strong π−π stacking interactions of Py mesogens,
morphological stability has also been greatly improved.
Therefore, this study paves a facile way for the development
of stable and well-defined BHJ nanomorphology by mesogen-
induced cooperative assembly of donor and acceptor via
intermolecular noncovalent π−π interactions.
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