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A
significant amount of academic and
industrial efforts have been dedicated
to resolving scientific and techno-

logical issues in the development of effi-
cient polymer solar cells (PSCs) and their
practical implementations.1�6 One of the
most successful advances was achieved
with the advent of bulk-heterojunction
(BHJ) morphology that forms a large donor
(D)�acceptor (A) interface in close prox-
imity to the region of exciton diffusion and
dissociation (5�10 nm) while maintaining
the percolating pathway for charge trans-
port to the electrode.7�9 Currently, BHJ
blends comprising π-conjugated polymers
and fullerene derivatives dominate the field

of high-efficiency PSCs, and the highest
power conversion efficiency (PCE) is now
approaching about 10%.10,11

Despite suchsuccess, BHJblendsofpolymer/
fullerene have significant morphological in-
stability issues originating from strong im-
miscibility betweenpolymers and fullerenes,
resulting in the formation of weak D/A junc-
tions that have very sharp interfaces with
poor adhesion. The optimized BHJmorphol-
ogy is typically obtained from a kinetic trap
process during the solution processing of
two immiscible components.12,13 Therefore,
the BHJ morphology under nonequilibrium
status tends to shift toward macrophase
separation to reduce the thermodynamically
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ABSTRACT While most high-efficiency polymer solar cells (PSCs) are made of

bulk heterojunction (BHJ) blends of conjugated polymers and fullerene derivatives,

they have a significant morphological instability issue against mechanical and

thermal stress. Herein, we developed an architecturally engineered compatibilizer,

poly(3-hexylthiophene)-graft-poly(2-vinylpyridine) (P3HT-g-P2VP), that effectively

modifies the sharp interface of a BHJ layer composed of a P3HT donor and various

fullerene acceptors, resulting in a dramatic enhancement of mechanical and

thermal stabilities. We directly measured the mechanical properties of active layer

thin films without a supporting substrate by floating a thin film on water, and the

enhancement of mechanical stability without loss of the electronic functions of

PSCs was successfully demonstrated. Supramolecular interactions between the

P2VP of the P3HT-g-P2VP polymers and the fullerenes generated their universal use as compatibilizers regardless of the type of fullerene acceptors,

including mono- and bis-adduct fullerenes, while maintaining their high device efficiency. Most importantly, the P3HT-g-P2VP copolymer had better

compatibilizing efficiency than linear type P3HT-b-P2VP with much enhanced mechanical and thermal stabilities. The graft architecture promotes

preferential segregation at the interface, resulting in broader interfacial width and lower interfacial tension as supported by molecular dynamics

simulations.

KEYWORDS: thermal and mechanical stability of polymer solar cell . rod�coil copolymer . graft and block architecture .
universal compatibilizer . coarse-grained molecular dynamics simulations
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unstable interfaces as subsequent heat exposure upon
extended device operation.14�16 Furthermore, the
sharp and unstable interfaces between D/A junctions
cause mechanical fragility in the active layer within
the relatively low value of cohesion and ductility.17,18

For example, when phenyl-C61-butyric acid methyl
ester (PCBM) is added to poly(3-hexylthiophene)
(P3HT), the blended film becomes stiffer and more
brittle with a higher value of tensile modulus than that
of the pure polymer film. As a result, a 1:1 mixture of
P3HT/PCBM fractured at strains of only about 2% on
a stretchable substrate.19,20 Such progressive phase
separation and mechanically fragile properties of BHJs
ultimately lead to significant loss of the performance
and reliability of PSCs during subsequent operation.
Therefore, D/A interfaces in BHJ blends must be mod-
ified to improve the morphological stability against
phase separation and mechanical failure. In particular,
considering all of the potential applications of the
PSCs as printable and portable devices on flexible sub-
strates, the importance of enhancing the mechanical
properties of the PSCs will be greatly amplified.10,21

The sharp interface between two immiscible phases
can be modified by the addition of compatibilizers be-
cause unfavorable interactions can be alleviated by the
accumulation of compatibilizers at the interface.22�25

The first example of compatibilizers in the BHJ PSCs
was demonstrated by Frechet et al.26 Block copolymer
type compatibilizers were designed to have two dif-
ferent blocks of P3HT and fullerene, and the block
copolymer retards phase separation of BHJ PSCs under
long-term heat exposure. After this work, various types
of compatibilizers including copolymers,27�31 small
molecules,32�34 end-capped polymers,35 and in situ

compatibilizers36 have been reported with their effects
on the thermal stability of the PSCs. However, while
most of the compatibilizers mentioned above contain
covalently linked fullerene molecules to generate pre-
ferential enthalpic interactions with the fullerene ac-
ceptor phase of the BHJ active layer, the synthesis of
such compatibilizers is not trivial; multiple postpoly-
merization steps are often required, and low solubility
of the fullerene causes low yield of reactions.26�29

More importantly, the addition of covalent linkages
to fullerene molecules causes significant changes of
their intrinsic electrical properties including energy
levels and electron mobilities, which are the critical
factors in affecting the efficiency of the PSCs.37�39 In
particular, the development of appropriate compati-
blizers for bis-adduct fullerene based BHJ systems still
remains a challenge, while the bis-adduct fullerenes
have been considered as very promising acceptors for
amplifying open-circuit voltage and consequently PCE
due to their higher lowest unoccupied molecular
orbital (LUMO) energy levels than singly functionalized
PCBM.40�43 The use of noncovalent interactions would
be a promising way to overcome these drawbacks;

for example, electron-rich polymers such as poly-
(vinylpyridine) are known to have strong supramole-
cular interactions with electron-deficient fullerene
molecules.44�46 Although some studies have shown
the possibility of using noncovalent supramolecular
interactions to design active layers47 and structuring
agents48,49 in PSCs, a compatibilizer based on supra-
molecular interaction for enhancing themorphological
stability of PSCs has not been demonstrated. None
of works have studied the effect of compatibilizers on
the mechanical properties of PSCs despite their great
importance for the robust operation and reliability
of PSCs.
Herein, we developed a new architectural design

for effective compatibilizers and demonstrated their
use for the stable operation of a polymer/fullerene
BHJ against thermal stress and mechanical failure.
We utilized P3HT-graft-poly(2-vinylpyridine) (P3HT-g-
P2VP) copolymers50 as compatibilizers, which could
effectively modify the sharp interface of the BHJ
comprising the P3HT donor and various fullerene
acceptors (o-xylenyl C60 bis-adduct (OXCBA), PCBM,
and PC71BM), resulting in dramatic enhancement of
thermal andmechanical stabilities. The supramolecular
interaction between the P2VP block of P3HT-g-P2VP
polymers and the fullerenes resulted in the enhance-
ment of thermal and mechanical stabilities for all
different PSC systems even including bis-adduct-type
fullerene while maintaining a PCE value greater than
5%. To demonstrate the effectiveness of our newP3HT-
g-P2VP compatibilizers, we also synthesized P3HT-
block-poly(2-vinylpyridine) (P3HT-b-P2VP) copolymers
that had the same P3HT block length and volume
fractions. It was evident from the results of the thermal
and mechanical properties of the PSCs that the graft
architectured P3HT-g-P2VP copolymers had much
better compatibilizing power than linear-type P3HT-
b-P2VP copolymers. The effectiveness of the graft archi-
tecture was further demonstrated by coarse-grained
molecular dynamics simulations to describe the effects
of molecular configurations on interfacial width and
tension for both P3HT-g-P2VP and P3HT-b-P2VP poly-
mers at the D/A interface.

RESULTS AND DISCUSSION

P3HT-g-P2VP and P3HT-b-P2VP rod�coil copolymers
were synthesized using a microwave-assisted click
reaction between azide functional groups in P3HT
polymers and alkyne-terminated P2VP polymers ac-
cording to the modified literature procedure50

(Scheme 1). For producing graft or block architecture,
two different azide-functionalized P3HTs were pre-
pared via Grignard metathesis (GRIM) polymerization.
One has azide groups at the end of an alkyl chain
of 3-hexylthiophene units (3-(azidohexyl)thiophene)
in the polymers (P3HT-alkyl-azide), and the other
has only one azide group at the end of the polymer
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chain (P3HT-end-azide) (Schemes S1 and S2). The poly-
merization conditions including reaction time and
concentration were controlled to produce a similar
molecular weight (Mn) of both P3HT polymers
(P3HT-alkyl-azide Mn = 6.8 kg/mol, P3HT-end-azide
Mn = 6.4 kg/mol) with a narrow polydispersity index
(PDI) value. Detailed preparation of P3HT-alkyl-azide
followed a previously described method.36 The com-
position of 3-(azidohexyl)thiophene monomers was
confirmed by 1H NMR and controlled to be 5 mol %,
of which one P3HT-alkyl-azide chain contains an aver-
age number of two azide units. For the synthesis of
P3HT-end-azide polymers, a vinyl end-capped P3HT
chain was polymerized first according to the route
reported by McCullough et al.,51 and the vinyl group
at the end of the P3HT chain was converted into a
hydroxyl group and then into a azide group.52 The vinyl
end-capped P3HT polymers contained very homoge-
neous Br/vinyl end-groups, as evidenced byMADLI-TOF
(Figure S2). The substitution reaction of vinyl groups
was successfully performed as monitored by 1H NMR

(Figures S3 and S4) and Fourier transform infrared (FT-IR)
(Figure S5). In the meantime, a series of P2VP-alkynes
with different Mn,P2VP values were polymerized by using
analkyne-terminated reversible addition�fragmentation
transfer (RAFT) chain transfer agent.38 The resultingP2VP-
alkyne polymers were then coupled with two different
P3HT-alkyl-azide and P3HT-end-azide polymers via the
microwave-assisted click reaction to produce a series of
P3HT-g-P2VP and P3HT-b-P2VP copolymers, respectively.
It should be noted that both P3HT-g-P2VP and P3HT-b-
P2VP polymers have two different well-matched volume
fractions of P3HT (fP3HT) of approximately 0.45 and 0.35,
respectively. These are labeled P3HT-g-P2VP(0.43),
P3HT-g-P2VP(0.34), P3HT-b-P2VP(0.47), and P3HT-b-
P2VP(0.36). The Mn and PDI values of P3HT-alkyl-azide
and P3HT-end-azide were obtained by size exclusion
chromatography (SEC) calibrated with PS standards,
and then the fP3HT values for four different copolymers
were calculated from 1HNMR (Figures S1 and S6). Table
1 summarizes the characteristics of the P3HT-g-P2VP
and P3HT-b-P2VP copolymers. Details of the synthesis
and characterizations are described in the Supporting
Information.
In order to explore the potential of P3HT-g-P2VP and

P3HT-b-P2VP rod�coil copolymers as compatilizers for
the PSCs, they were incorporated as additives into the
BHJ PSC devices consisting of P3HT and various ful-
lerene derivatives includingOXCBA, PCBM, and PC71BM
(Figure 1). The inverted-type PSC has many advantages
over the conventional-type in terms of ambient device
stability and suitability for use in large-area solution
processing techniques.53 Therefore, the inverted PSCs
with ITO/ZnO/P3HT:(OXCBA, PCBM, or PC71BM)/PEDOT:
PSS/Ag geometry were fabricated in the presence of
either P3HT-g-P2VP or P3HT-b-P2VP.
Figure 2 shows the performances of P3HT/OXCBA

BHJ devices without any compatibilizers and with
5 wt % of P3HT-g-P2VP(0.43), P3HT-g-P2VP(0.34),
P3HT-b-P2VP(0.47), and P3HT-b-P2VP(0.36) copoly-
mers, respectively, as a function of annealing time at
150 �C. We have chosen the P3HT/OXCBA pair as a
model system because P3HT/OXCBA is one of themost
efficient P3HT-based PSCs with nearly 50% higher PCE
(PCE≈ 5%) than P3HT/PCBM.39,42,54 Theweight ratio of
rod�coil copolymers to P3HT in the active layer varied
from 0% to 15%, and the optimized weight ratio was
found to be 5% for all of different rod�coil copolymers,

Scheme 1. Synthesis of the P3HT-g-P2VP and P3HT-b-P2VP
copolymers via microwave-assisted azide�alkyne click reac-
tion. TheP3HT-g-P2VPandP3HT-b-P2VP copolymers have the
similar volume fractions and block lengths of the P3HT.

TABLE 1. Characteristics of Polymers Used in the Study

rod�coil copolymers type Mn,P3HT
b [g/mol] P3HT PDIb Mn,P2VP

c [g/mol] P2VP PDIb fP3HT
d

P3HT-g-P2VP(0.43) graft (5 mol %)a 6.8 K 1.18 4.6 K 1.13 0.43
P3HT-g-P2VP(0.34) 7.1 K 1.10 0.34
P3HT-b-P2VP(0.47) block 6.4 K 1.09 6.9 K 1.10 0.47
P3HT-b-P2VP(0.36) 11.7 K 1.14 0.36

a Determined from the 1H NMR spectra of P3HT-alkyl-azide. b Determined from SEC measurements. c Determined from 1H NMR spectra of copolymers. d Calculated based on the
integration of 1H NMR with densities of 1.10 g cm�3 for P3HT and 1.14 g cm�3 for P2VP.

A
RTIC

LE



KIM ET AL . VOL. 8 ’ NO. 10 ’ 10461–10470 ’ 2014

www.acsnano.org

10464

producing the maximal PCE values (Figure S7 and
Table S1). Our rod�coil compatibilizers for the P3HT/
OXCBA devices produced similar or even higher PCE

values than those of the reference device, whereas
no successful example of compatibilizers for the bis-
adduct fullerene based PSCs has been demonstrated
(Table 2). This result is mainly due to our molecular
design of P3HT-g-P2VP copolymers that utilize the
noncovalent, supramolecular interaction with fuller-
enes, which does not affect the electrical properties
of OXCBA. All of the rod�coil copolymers induced
greatly enhanced thermal stabilities in the PSC devices,
which is in stark contrast to that of the reference device
without compatibilizers (Table 2). It is remarkable to
note that the PSC device with the addition of P3HT-g-
P2VP(0.43) by 5 wt % had superior thermal stability,
producing a PCE of higher than 4.65% even after 72 h
of annealing at 150 �C. To the best of our knowledge,
this represents the most efficient and thermally
stable P3HT-based BHJ device. In contrast, the device
performance of the pristine P3HT/OXCBA blends de-
creased to a third of its initial efficiency value (PCE =
1.61%) after the same thermal treatment. This dramatic
contrast in thermal stability shows the benefits of
the P3HT-g-P2VP(0.43) compatibilizers for stable PSC

Figure 1. (a) Chemical structures of the conjugated polymer electron donor (P3HT) and various fullerene derivative electron
acceptors (OXCBA, PCBM, and PC71BM) used in this study. (b) Device architecture of inverted-type PSC applied in this study,
and (c) the predicted molecular configurations of graft and block copolymers at the interface between the D/A phases of the
BHJ active layer.

Figure 2. (a) Efficiencies of P3HT/OXCBAdevices containing
5 wt % of P3HT-g-P2VP(0.43), P3HT-g-P2VP(0.34), P3HT-b-
P2VP(0.47), and P3HT-b-P2VP(0.36) copolymers at different
times of thermal annealing at 150 �C. (b) Current�voltage
curves of the representative devices made of P3HT/OXCBA,
þ5% P3HT-g-P2VP(0.43), andþ5% P3HT-b-P2VP(0.47) with
initial (0.5 h) and long-term (72 h) thermal annealing.

TABLE 2. Photovoltaic Parameters of P3HT/OXCBADevices

with Prolongated Thermal Annealing at 150 �C

annealing time (h) Voc (V) Jsc (mA/cm
2) FF PCE (%)

P3HT/OXCBA 0.5 0.87 9.30 0.61 4.94
72 0.49 7.48 0.44 1.61

P3HT-g-P2VP(0.43) 0.5 0.89 9.28 0.63 5.21
72 0.84 9.20 0.60 4.65

P3HT-g-P2VP(0.34) 0.5 0.88 9.19 0.64 5.12
72 0.81 8.93 0.60 4.37

P3HT-b-P2VP(0.47) 0.5 0.89 9.30 0.61 5.11
72 0.76 7.64 0.58 3.36

P3HT-b-P2VP(0.36) 0.5 0.89 8.50 0.63 4.82
72 0.77 7.17 0.52 2.88
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operation. It is interesting to note that the devices
containing the graft copolymer compatibilizers exhib-
ited a much higher thermal stability compared to
the devices with block copolymer compatibilizers.
For example, after the same thermal treatment (72 h
at 150 �C), the device that contained 5 wt % of P3HT-g-
P2VP(0.34) shows a much higher efficiency (PCE =
4.37%) than the devices with 5% P3HT-b-P2VP(0.47)
(PCE = 3.36%) and P3HT-b-P2VP(0.36) copolymers
(PCE = 2.88%), while P3HT-g-P2VP(0.34) has a very
similar P2VP block length P3HT-b-P2VP(0.47) and a
similar fP3HT value to P3HT-b-P2VP(0.36). In order to
enhance the versatility of the P3HT-g-P2VP compatib-
lizers for other PSC systems, our rod�coil copolymers
were further applied to other BHJ PSCs systems such as
P3HT/PCBM (Figure S8 and Table S2) and P3HT/PC71BM
(Figure S9 and Table S3). The devices containing
the P3HT-g-P2VP copolymers exhibited much higher
thermal stabilities than those with the P3HT-b-P2VP
copolymers, which showed consistent trends with
those described in the P3HT/OXCBA system. These
results clearly demonstrated that graft architecture
is much more favorable for modifying the sharp inter-
face between P3HT/OXCBA and for producing highly
thermally stable BHJ PSCs. Also, universal compatibili-
zation of P3HT/fullerene BHJ PSCs can be successfully
achieved by utilizing our copolymers regardless of the
type of fullerene acceptors.
The effect of the P3HT-g-P2VP compatibilizers on the

thermal stability of the PSC performance can be visua-
lized by direct examination of the morphology of the
active layer through transmission electron microscopy
(TEM) (Figure 3). The TEM samples were prepared
identically to the optimized device condition according
to the previously reported method.55,56 After 30 min
of thermal annealing at 150 �C, the P3HT/OXCBA film
exhibited well-developed interpenetrating networks
consisting of long P3HT fibrils, which providemaximum
interfacial area for charge generation and efficient
charge transport pathway. However, progressive and
severe phase separation occurred in the presence of
clusters of fullerene molecules with a length scale of
20�50 nm when the prolongated thermal annealing
was applied (Figure 3 and Figure S10). The size of the
fullerene aggregates, however, was much smaller com-
pared to those of PCBM or other monoadduct fullerene
derivative. Fullerene bis-adducts are known to have
relatively low crystallinity and thus a weaker trend for
crystallization because the presence of their regioi-
somers and second substituent hinders the close con-
tact of fullerene cores from forming large clusters.57,58

In striking contrast, the morphologies of BHJ films that
contained 5 wt % of P3HT-g-P2VP and P3HT-b-P2VP
remain almost unchanged, as shown in Figure 3c and d
after 24 h of annealing at 150 �C. The same trend of
compatibilizing effects by P3HT-g-P2VP polymers was
clearly observed for other PSC systems of P3HT/PCBM.

Both the optical microscopy and grazing incidence
wide-angle X-ray scattering results confirmed that the
presence of rod�coil compatibilizers successfully sup-
pressed macrophase separation, thus enabling ther-
mally stable performances of the PSCs (Figures S11 and
S12). Although the comparison of the BHJ morphology
by TEM did not provide sufficient contrast in the
morphologies between the graft and the block copo-
lymer added BHJ layer, this morphological observation
strongly demonstrated the excellent ability of P3HT-g-
P2VP and P3HT-b-P2VP compatibilizers for reducing the
interfacial tension and for preventing themorphologies
from undergoing phase separation.
For an in-depth study to elucidate the effect of our

rod�coil compatibilizers on the mechanical properties
of BHJ active layers, wemeasured both fracture energy
and elastic modulus of the BHJ layer, which represent
the mechanical properties in the perpendicular and
horizontal directions, respectively. The cohesive frac-
ture energies of both P3HT/PCBM and P3HT/OXCBA
in the presence of the compatibilizers were compared
using the double cantilever beam (DCB) fracture
mechanics testing method (Figure 4a).59�61 The DCB
specimens were prepared with the geometry glass/
P3HT:(OXBA or PCBM)/Pt/epoxy/glass. The identical
conditions of optimized PSCs were used for the pre-
paration of the active layer, and the sputtered Pt layer
was introduced to prevent the diffusion of the epoxy
resin. Cohesive failure of the BHJ layer was observed in
all the specimens (Figure S13). The critical cohesive
fracture energy (Gc) values for P3HT/PCBM BHJ films
were measured to be 3.73( 0.18 J m�2, which agreed
well with the previously reported value for fracture

Figure 3. TEM images of P3HT/OXCBA films after (a) 0.5 h of
annealing and (b) 24 h of annealing at 150 �C. OXCBA
clusters were found after 24 h of annealing. In contrast,
the devices that contained 5 wt % of (c) P3HT-g-P2VP(0.43)
and (d) P3HT-b-P2VP(0.47) maintained their morphology
without any aggregation of fullerenes after 24 h of anneal-
ing at 150 �C. Scale bars are 200 nm.
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energy of P3HT/PCBM devices prepared under similar
conditions.18,62,63 Interestingly, the Gc values were
increased up to 4.42 ( 0.75 and 4.32 ( 0.41 J m�2

for the P3HT/PCBM films that contained 5% of P3HT-g-
P2VP(0.43) and P3HT-b-P2VP(0.47) copolymers, respec-
tively. Similar trends were observed for the P3HT/
OXCBA system. The P3HT/OXCBA film exhibited a Gc

value of 4.51 ( 0.11 J m�2, but the films with 5% of
P3HT-g-P2VP(0.43) and P3HT-b-P2VP(0.47) had much
larger Gc values of 5.46 ( 0.42 and 4.75 ( 0.20 J m�2,
respectively. Preferential localization of our rod�coil
compatibilizers at the D/A interface can increase the
entanglement density of the polymer chains across
the interface, which lead to increase the energy
needed to be broken for cohesive failure of BHJ films.
In addition, the covalent joint between P3HT and P2VP
blocks of the compatibilizers could enhance the resis-
tance against the crack growth and the debonding
between the two phases.
Next, wemeasured the tensilemodulus of BHJ active

layers, which aremore closely related for the realization

of flexible and stretchable PSC applications. Despite
such importance, not much work has been done on
even basic measurement of the tensile modulus of the
active layer in PSCs. Recently, the elastic modulus of
thin films of P3HT/PCBM BHJ was measured by utilizing
an underlying compliant substrate.19,64 However, ex-
tracting mechanical properties of the active layer
from the underlying substrate is challenging because
the thickness of the BHJ active layer for efficient PSC
is typically less than 200�300 nm, and the adhesion
between the thin film and the underlying substrate
causes additional difficulty.20,65 Therefore, we con-
ducted a “pseudo free-standing tensile test”,65 which
enables direct measurement of the tensile modulus
without specimen damage or substrate effects by
utilizing the water surface as the underlying support
for free-standing thin films. Figure 4b shows the elastic
modulus of the P3HT/OXCBA with 0% or 5% of P3HT-g-
P2VP(0.43) and P3HT-b-P2VP(0.47). The pictures of
specimens floating on water are shown in Figure 4b.
Specimen gripping was performed by attaching poly-
dimethylsiloxane (PDMS)-coated grips, and tensile test
was performed by a linear stage with a strain rate of
6� 10�5/s.65 The Young's modulus of the P3HT/OXCBA
film was found to be 3.87 GPa. In contrast, the tensile
modulus decreased remarkably to 3.03 and 2.79 GPa,
respectively, with the addition of 5%P3HT-b-P2VP(0.47)
and P3HT-g-P2VP(0.43) compatiblizers. It should be
noted that this is the first time that the modulus of an
active layer of a solar cell wasmeasured directlywithout
a supporting layer. More importantly, the addition
of rod�coil compatibilizers, especially with the graft
architecture, enhances the fracture energy between
two immisciblephases and reduces the tensilemodulus
without any loss of electronic function of PSCs. The low
modulus of the BHJ film allows the PSCs to tolerate
mechanical deformations such as bendingor stretching
without the formation of a crack.20,66 Mechanical stabi-
lity experiments consistently lead to the same conclu-
sion that the graft architecture is more efficient as the
compatibilizer in the PSCs.
To gain a deeper understanding of interfacial activity

differences between P3HT-g-P2VP and P3HT-b-P2VP
compatiblizers, we performed coarse-grained bead-
spring (CGBS)molecular dynamics simulation, in which
a collection of atoms is mapped into a smaller number
of beads. Initially, we constructed an immiscible D/A
homopolymer bilayer blend, and then energy minimi-
zation and a simulated annealing process were applied
to obtain the minimum energy structure. The density
profiles of D/A binary blends are shown in Figure S14,
and there is a flat and sharp interface between im-
miscible A and B regions. Into that system, we intro-
duced equal numbers of the simulated P3HT-g-P2VP
and P3HT-b-P2VP copolymers, which have the same
molecular shape and length scale as P3HT-g-P2VP-
(0.43) and P3HT-b-P2VP(0.47), respectively. Then, the

Figure 4. (a) Comparison of internal cohesive fracture en-
ergy of the P3HT/PCBM and P3HT/OXCBA BHJ films in the
presence of 5% of P3HT-g-P2VP(0.43) and P3HT-b-P2VP-
(0.47). The structure of specimens for the measurement of
the cohesive energy of the active layer is illustrated. (b)
Tensile modulus of the P3HT/OXCBA films containing 0%
or 5% of P3HT-g-P2VP(0.43) and P3HT-b-P2VP(0.47). The
active layer thin films were afloat on the water surface with
alignment and grip attachment.
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same energy minimization and simulated annealing
stepswere applied to theD/A binary blendsþ (P3HT-g-
P2VP or P3HT-b-P2VP) system. The density profiles
of D/A homopolymers and copolymers are shown
in Figure 5. P3HT-g-P2VP copolymer has a higher
areal chain density close to the interface between the
D and A phase, whereas the linear-type P3HT-b-P2VP
copolymer has a broader density distribution. These
results indicate that graft architecture has structural
advantages for preferential segregation at the inter-
face with a minimum energy state. For a precise
comparison of interfacial width changes due to the
addition of two different copolymers, interfacial width
(δ) is calculated by a previously reported equation.67,68

The δ is calculated to be 1.033σ for the D/A blend
system, and δ was broadened to 1.194σ and 1.272σ
with the addition of P3HT-b-P2VP and P3HT-g-P2VP
copolymers, respectively (Table 3). Preferential locali-
zation of P3HT-g-P2VP copolymers at the interface
increases the interfacial width between two immiscible
components. Through CGBS simulation, the interfacial
tension (γs) of the systems, which is themost important
parameter for determining the compatibilizing effec-
tiveness of the copolymers and directly related to the
tendency for phase separation upon heat exposure,
can be further calculated using the modified Irving
and Kirkwood equation.69 The calculated γs values are
listed in Table 3. The graft copolymers produced the
lowest interfacial tension value in the immiscible blend
system, which is well matched with the experimental

results of P3HT-g-P2VP copolymers. The broad inter-

facial width and low interfacial tension due to the

higher preferential segregation of the graft copolymer

at the interface induce strong enhancements of the

mechanical and thermal stabilities of immiscible binary

blends.

CONCLUSIONS

In this work, we demonstrated new architectured
P3HT-g-P2VP polymers for the use of effective com-
patbilizers in mechanically and thermally stable PSCs.
The addition of P3HT-g-P2VP compatibilizer into BHJ
PSCs effectively modified the sharp interface between
P3HT and fullerene derivatives, resulting in superb
thermal and mechanical stabilities without any loss of
performance. The P3HT-g-P2VP copolymer universally
enhanced the stability of BHJ PSCs regardless of
the type of fullerene acceptors including bis-adduct
fullerenes. The P3HT/OXCBA device with 5% of
P3HT-g-P2VP exhibited a PCE of over 4.6% even after
72 h annealing at 150 �C, which represents one of

Figure 5. Simulated density profiles of (a) P3HT-b-P2VP and (b) P3HT-g-P2VP copolymers at the immiscible D/A blends at the
minimum energy states. P3HT-g-P2VP copolymer has a higher areal chain density at the interface and broader interfacial
width compared to linear-type P3HT-b-P2VP copolymer.

TABLE 3. Comparison of the Interfacial Properties of the

D/A Blends without and with Rod�Coil Compatibilizers

compatibilizer interfacial width (δ) interfacial tension (γs)

D/A blends 1.033σ 0.224σ�2kBT
P3HT-b-P2VP 1.194σ 0.190σ�2kBT
P3HT-g-P2VP 1.272σ 0.180σ�2kBT
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the best thermal stability performances in the PSCs.
In addition, the fracture energy of BHJ PSCs was also
increased above 20% compared to the reference
device. We directly measured the tensile modulus
of active layer without the supporting layer and exam-
ined the effect of the compatibilizers on themechanical
property of PSCs for the first time. More importantly,
graft architecture of copolymers couldpromote abetter

compatibilzing effect that leads to higher thermal
and mechanical stability compared to P3HT-b-P2VP
with well-matched volume fraction and block length
of P3HT. The effectiveness of graft architecturewaswell
supportedby the results fromcoarse-grainedmolecular
dynamics simulations. Our results provide guidelines
for the design of of effective compatibilizers toward
thermally and mechanically stable operation of PSCs.

METHODS

Materials. P3HT was obtained from RIEKE Corporation with
an approximateMn of 20 K. PCBM and PC71BMwere synthesized
by the previously reported procedure.70 Highly purified OXCBA
was synthesized according toour previous paper.42,54 Thedetailed
synthetic procedures of P3HT-g-P2VP and P3HT-b-P2VP are
described in the Supporting Information

Device Fabrication and Measurement. Indium tin oxide (ITO)-
coated glass substrates were subjected to ultrasonication in
different solvent systems including acetone, 2% soap in water,
deionized water, and then 2-propanol. The ZnO was pre-
pared using a sol�gel procedure, dissolving zinc acetate
dihydrate (Zn(O2CCH3)2 3 (H2O)2, 99.9%, 1 g) and ethanolamine
(NH2C2H5OH, 99.5%, 0.28 g) in anhydrous 2-methoxyethanol
(10 mL) under vigorous stirring for more than 24 h to allow the
hydrolysis reaction. ZnO thin films with a thickness of ∼40 nm
were prepared by spin-coating the sol�gel precursor solution
at 4000 rpm on top of the ITO substrate. The films were heated
at 200 �C for 1 h in air. After application of the ZnO layer, all
subsequent procedures were performed in a glovebox under a
N2 atmosphere. P3HT/PCBM or PC71BM (1:0.67 wt %) and P3HT/
OXCBA (1:0.6 wt %) with 60mg/mL of P3HT concentration were
dissolved in ODCB and stirred at 90 �C for more than 24 h.
The solutions were passed through a 0.2 μm PTFE syringe filter.
Blended solutions (P3HT/(PCBM, PC71BM, or OXCBA)þ P3HT-g-
P2VP or þ P3HT-b-P2VP) were prepared with a final P3HT
concentration of 15 mg/mL, and the weight ratio of copolymers
with respect to the P3HT was varied from 0% to 15%. Active
layer blend solutions were spin-cast onto an ITO/ZnO substrate
at 900 rpm for 40 s. PEDOT:PSS (VAITRON AI 4083) was
then spin-cast at 4000 rpm on top of the aforementioned
layer using X-triton 100 (1�1.5 wt %) as processing additive
to form a smooth layer with a thickness of ∼40 nm and
then annealed at 120 �C in the glovebox for 10 min. Finally,
to complete the devices, the top electrode, 100 nm Ag film,
was thermally evaporated under high vacuum (less than 10�6

Torr). The active area of the fabricated devices was 0.09 cm2.
The photovoltaic performance of the devices was character-
ized with a solar simulator (Peccell) with an air mass (AM)
1.5 G filter. The intensity of the solar simulator was carefully
calibrated using an AIST-certified silicon photodiode. The
current�voltage behavior was measured using a Keithley
2400 SMU.

Double Cantilever Beam Based Adhesion Technique Testing. For DCB
specimen preparation, the active layer that has the same
condition as the optimized solar cells is first spin-coated on a
bare glass substrate. A 50 nm thick Pt layer is deposited by a
sputtering process in order to prevent the penetration of epoxy
into the active layer. The Pt/active layer/glass structure is diced
as an 8 mm wide and 2.54 mm long glass beam, and then it
is sandwiched by other glass substrate with epoxy (Epo-Tech
353ND consisting of bisphenol F and imidazole; Epoxy
Technology). Two aluminum taps are attached at the specimen
to apply loading and delaminate the DCB specimen. The high-
precision DCB testing equipment (Delaminator Adhesion Test
System; DTS Company, Menlo Park, CA, USA) consists of a linear
actuator, and a load cell is used for the adhesion measurement
test. All tests are performed in controlled lab air conditions
(∼20% RH) at 21 �C, and multiple loading/crack-growth/
unloading cycles are performed to measure the adhesion

energy. Gc was calculated as the critical value of the strain
energy release rate, as in the previous reports.18,62

Pseudo Free-Standing Tensile Test. For the tensile testing speci-
men, the active layers were spin-coated on the PEDOT:PSS/
glass substrate. The dog-bone-shaped active layer specimen
is prepared by using a cutting plotter (GCC Jaguar IV-61, USA).
In order to float the specimen on the water surface, water is
penetrated into the PEDOT:PSS layer. Subsequently, PEDOT:PSS
is dissolved and the active layer can be delaminated from
the glass substrate. By performing this process at the water
surface, the floating active layer specimen can be obtained.
Specimen gripping is achieved by attaching PDMS-coated
Al grips on the specimen gripping areas using van der Waals
adhesion. The tensile test is performed by a linear stage with a
strain rate of 0.06 � 10�3/s. During the tensile test, stress and
strain data are obtained through a load cell and a DIC device,
respectively.

Coarse-Grained Bead-Spring Molecular Dynamics Simulations. The
detailed procedures of the molecular dynamics simulation are
described in the Supporting Information.
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