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Random Copolymers Outperform Gradient and Block 
Copolymers in Stabilizing Organic Photovoltaics

Chen Kong, Byeongseop Song, Emily A. Mueller, Jinsang Kim, and Anne J. McNeil*

Recent advances have led to conjugated polymer-based photovoltaic devices 
with efficiencies rivaling amorphous silicon. Nevertheless, these devices 
become less efficient over time due to changes in active layer morphology, 
thereby hindering their commercialization. Copolymer additives are a 
promising approach toward stabilizing blend morphologies; however, little is 
known about the impact of copolymer sequence, composition, and concentra-
tion. Herein, the impact of these parameters is determined by synthesizing 
random, block, and gradient copolymers with a poly(3-hexylthiophene) (P3HT) 
backbone and side-chain fullerenes (phenyl-C61-butyric acid methyl ester 
(PC61BM)). These copolymers are evaluated as compatibilizers in photovoltaic 
devices with P3HT:PC61BM as the active layer. The random copolymer with 
20 mol% fullerene side chains and at 8 wt% concentration in the blend gives 
the most stable morphologies. Devices containing the random copolymer 
also exhibit higher and more stable power conversion efficiencies than the 
control device. Combined, these studies point to the random copolymer as a 
promising new scaffold for stabilizing bulk heterojunction photovoltaics.
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flexibility, and low weight.[2] In addition, 
the solution-based processing methods 
used for device fabrication are commer-
cially appealing.[3] As a consequence, 
many researchers continue searching for 
organic materials with higher efficiencies.

Most organic photovoltaics are con-
structed from a blend of two materials: a 
conjugated polymer electron donor and 
a small molecule electron acceptor. The 
optoelectronic properties and device per-
formance are dictated by the chemical 
structures of both components as well as 
the blend morphology. Recent advances 
in both donor and acceptor structures 
have led to organic devices with efficien-
cies that rival amorphous silicon.[2a,4,5] 
As an example, Hou et  al. described a 
novel blend with a record-breaking 14.2% 
efficiency.[4a] This device has not yet been 
certified by NREL due to its instability. 
In a corresponding highlight article, Hou 

suggests that conjugated polymer-based devices may reach 
18–20% efficiency within the next few years.[6]

With efficiencies on the rise, many researchers are focusing 
on improving device longevity. Due to changes in the active 
layer morphology, organic photovoltaic devices gradually lose 
efficiency over time.[7] The initial active layer morphology 
consists of nanoscale phase-separated poly(3-hexylthiophene) 
(P3HT) and phenyl-C61-butyric acid methyl ester (PC61BM) 
domains. These domains coalesce, increasing in size over time 
due to enthalpically driven phase separation.[8] The net result 
is that the power conversion efficiencies (PCE) dramatically 
decrease, reducing the device utility.

To attenuate this detrimental process, researchers are 
investigating compatibilizers—a third component added to the 
blend to stabilize the morphology through noncovalent inter-
actions.[9] To be effective, the compatibilizer should minimize 
the overall free energy by localizing at the donor/acceptor inter-
face, lowering the interfacial tension, and suppressing domain 
coalescence. The compatibilizer can impart additional beneficial 
properties to the device, such as a broader and stronger absorp-
tion profile as well as more efficient exciton dissociation and 
charge transport, all of which would contribute to a higher PCE.[9]

Both small molecules[10] and polymers[11,12] have been used 
as compatibilizers with moderate success. The majority of 
polymer compatibilizers have been diblock copolymers con-
taining repeat units that are structurally similar to the donor 
and acceptor.[12] A prototypical example is a rod–coil diblock 
copolymer with a conjugated segment (the rod) that resembles 

Organic Photovoltaics

1. Introduction

The National Renewable Energy Lab (NREL) has been tracking 
the “best” photovoltaic cells since 1976, highlighting growth 
trends in promising materials and technologies.[1] Conjugated 
polymer-based solar cells exhibit some of the lowest efficiencies 
on this chart but are considered “emerging” materials because 
of their advantageous properties, including transparency, 
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the donor polymer and a nonconjugated segment (the coil) with 
a side-chain group that interacts with the acceptor. One limita-
tion of this approach is that the coil segment is frequently an 
insulating material, which lowers the effective concentration 
of absorbing and electroactive species in the device. Rod–rod 
diblock copolymers wherein both segments are conjugated have 
also been used.[12] These copolymers can facilitate exciton disso-
ciation and charge transport as well. Although adding these tai-
lored compatibilizers provides longer-lasting devices, no studies 
have elucidated the impact of sequence (e.g., block vs gradient) 
or composition (e.g., 50:50 vs 25:75) on compatibilization.

To address this knowledge gap, we have been exploring alter-
native copolymer sequences (i.e., random[13] and gradient[14,15] 
copolymers) as compatibilizers in blends. For example, we 
reported that gradient copolymer compatibilizers led to smaller 
domain sizes than the analogous block and random copolymers 
in homopolymer blends.[14] Gradient copolymers, with their 
gradual compositional change, were best at interacting with 
both homopolymer domains to lower the interfacial energy. In 
related work, we found that a gradient copolymer could stabi-
lize photovoltaic devices containing P3HT and PC61BM, with 
little change in efficiency over extended thermal annealing 
times (>60 min at 150 °C).[15]

Herein, we expand on this work by examining the influ-
ence of copolymer sequence (random, diblock, and gradient), 
composition (comonomer ratio), and concentration on the sta-
bilization of P3HT:PC61BM blends. All copolymers attenuated 
phase separation during thermal annealing. Their compatibi-
lizing abilities depended on copolymer sequence, with gradient 
and random sequences outperforming the analogous diblock 
sequences. Further studies showed that the random copolymer 
gave a higher and longer-lasting PCE than the blend without 
copolymer. These improvements were due to the random 
copolymer’s ability to stabilize the morphology, as well as facili-
tate exciton dissociation and charge transport. Combined, these 
results suggest that random copolymers are the best compatibi-
lizers for stabilizing organic photovoltaics.

2. Results and Discussion

2.1. Synthesis and Characterization of Copolymer Additives

Nine copolymers were targeted each with a different sequence 
and/or composition. The copolymers had a poly(3-hexylthio-
phene) backbone with varying quantities and distributions of 
side-chain fullerenes. Catalyst-transfer polymerization (CTP)[16] 
was used to access all copolymers with random, gradient, and 
block sequences, narrow dispersities (Đ), and high regioregu-
larities (Scheme  1). Polymers with approximately the same 
number-average molecular weights (Mn) were targeted by using 
the same monomer/catalyst ratio for each polymerization. 
Using a precatalyst with an ortho-tolyl reactive ligand[15,17,18] 
ensured unidirectional propagation and led to polymers with 
tolyl/H end groups. Activated (5-bromo-4-hexylthiophen-2-yl)
magnesium chloride (HT) and (5-bromo-4-(6-bromohexyl)thio-
phen-2-yl)magnesium chloride (BrHT) were chosen as mono-
mers to generate polymers with specified reactive side-chain 
distributions. Using this approach, we synthesized random, 

gradient, and diblock[19] copolymers with three different theo-
retical HT:BrHT ratios (80:20, 65:35, and 50:50; pp. S24–S44, 
Supporting Information).[15]

The gradient copolymers were prepared by initiating HT 
polymerization and then gradually adding BrHT. The block 
copolymers were prepared by adding precatalyst to a solution 
containing HT; once the HT consumption reached >90%, 
BrHT was added. The random copolymers were prepared by 
adding precatalyst to a solution containing both HT and BrHT. 
A random (rather than statistical) sequence was obtained due 
to the similar monomer reactivities.[14e] The cumulative mole 
fraction incorporation of BrHT (fBrHT) versus the copolymer’s 
normalized chain length was evaluated by running an inde-
pendent set of polymerizations where aliquots were periodi-
cally removed (Figure 1). As anticipated, the random copolymer 
showed a consistent, cumulative HT:BrHT ratio, whereas the 
block and gradient copolymers showed a changing HT:BrHT 
ratio consistent with the time-dependent changes in relative 
monomer concentrations during the reaction.

For each copolymer, a chain length of 80 thiophene units 
was targeted using a monomer/catalyst ratio of 80/1, which 
would give theoretical Mn of ≈14–15 kg mol−1 depending on the 
BrHT mole fraction. The experimental Mn ranged from 18 to  
22  kg mol−1, consistent with the known overestimation of gel 
permeation chromatography (GPC) by a factor of ≈1.3× when 
using polystyrene calibration standards (Table  1).[21] As antici-
pated for CTP, each copolymer sample exhibited low dispersity 
(Đ  = 1.11–1.24) and high regioregularity (pp. S35–S44, Sup-
porting Information). In addition, the mole fraction of BrHT 
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Scheme 1.  Copolymer synthesis with random, block, and gradient distri-
butions of Br-functionalized side chains.

Figure 1.  A) Plot of the cumulative BrHT mole fraction in each copolymer 
versus its normalized chain length with a total monomer feed ratio of  
60:40 HT:BrHT.[20] B) GPC traces for the polymers obtained at normalized 
chain length = 1 (Mn and Đ are shown).
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incorporated into the copolymer (fBrHT) matched the experimental 
feed ratios, implying that their conversion rates were similar.

Two postpolymerization reactions were used to append 
fullerene units onto the copolymer side chains. The first 
reaction used sodium azide to substitute the side-chain bro-
mine with an azide, generating a reactive handle for the click 
reaction (Scheme  2).[15,22] Subsequent 1H NMR spectroscopic 
analysis revealed quantitative conversion of Br to N3. In addi-
tion, there were no significant changes in the GPC profiles. 
The second reaction involved an azide–alkyne “click” reac-
tion to install the fullerene moieties onto the side chain. In 
our previous work, we used the copper-catalyzed azide–alkyne 
cycloaddition;[15a] however, crosslinked polymers were obtained 
when the azide concentration exceeded 10 mol%. To prevent 
this deleterious side reaction, we employed the strain-promoted 
azide–alkyne cycloaddition (SPAAC) that proceeds without a 
copper catalyst.[23] This approach involved five linear steps to 
synthesize the strained alkyne fullerene derivative, with a 14% 
overall yield from commercial starting materials (Scheme  3,  
pp. S8–S11, Supporting Information). Although low yielding, 
most alternative methods for grafting fullerene to P3HT require 
harsher conditions, including [3  +  2] cycloadditions,[12f,h,24] 
1,3-dipolar cycloadditions,[12a,25] and SN2 reactions.[26] In con-
trast, the Steglich esterification[27] and Diels–Alder cycload-
dition[28] represent mild alternatives to SPAAC for grafting 
fullerenes to P3HT. Our route began with ring expansion of 
dibenzosuberenone followed by reduction with sodium boro-
hydride.[29] Subsequent dibromination followed by a double 
elimination with lithium diisopropylamide afforded dibenzocy-
clooctynol (DIBO) in moderate yield.[29] In a separate step, the 

methyl ester of PC61BM was converted to the corresponding 
acid via hydrolysis.[30] Esterifying this acid with DIBO in the 
presence of N,N′-diisopropylcarbodiimide yielded the click-
ready fullerene derivative PC61B-DIBO.[15]

Each of the nine copolymers were functionalized with 
fullerene via SPAAC by stirring the azide-functionalized 
copolymer with PC61BM-DIBO at room temperature over 48 h  
(Scheme  4, pp. S51–S56, Supporting Information).[31,32] The 
fullerene-loaded copolymers were characterized using IR 
spectroscopy to confirm >95% azide conversion via disappear-
ance of the peak at 2091 cm−1.[33] Comparing the copolymers 
to a fullerene-functionalized small-molecule analog (pp. S22 
and S23, Supporting Information) via 1H NMR spectroscopy 
supported cycloadduct formation. Multiple stereo- and regioi-
somers were generated due to both the racemic PC61B-DIBO 
and the non-regioselective reaction. Combined, these results 
indicate that fullerene-functionalized copolymers with varying 
sequences and compositions were obtained.

2.2. Quantifying Phase Separation in Blends

As noted above, one of the biggest challenges for polymer-based 
photovoltaics is their unstable active layer morphologies,[7] 
which form micrometer-scale domains with reduced interfacial 
area over time. We hypothesized that fullerene-functionalized 
P3HT copolymers could enthalpically stabilize P3HT:PC61BM 
blends, minimizing their micrometer-scale phase separation. 
To test this hypothesis, we examined the thermal stability of 
P3HT:PC61BM blends with and without each copolymer addi-
tive using optical microscopy.

The benchmark was set by annealing P3HT:PC61BM  
(1:1 wt:wt) blends for 1 h at 150  °C. Subsequent optical micro-
scope images revealed needle-shaped PC61BM aggregates[34] 
(≈5–30  mm length and ≈1  mm width) occupying 11.4% 
of the film area (Figure  2A). Next, blends with different 
copolymer sequences and compositions were codeposited 
with P3HT:PC61BM at several different concentrations. After 
thermal annealing, optical microscope images revealed that 
all copolymer additives led to reduced sizes and densities of 
PC61BM aggregates (Figure 2B–D, Figures S51–S54, Supporting 
Information).

Plotting these data as a function of the copolymer variables 
revealed that the random and gradient sequences outperformed 
the diblock sequence regardless of the composition or con-
centration (Figure  2E). We suspect that this effect is entropic 
in origin, wherein the gradient and random copolymers have 
more low-energy orientations at the interface (than the block) 
due to their mixed composition. When comparing copoly-
mers of the same sequence and composition but at different  
concentrations in the blend (e.g., 2 vs 8 wt%), we found that 
higher copolymer concentrations were better, presumably 
because more of the interfacial area can be stabilized under 
these conditions. When comparing copolymers with the same 
sequences but different compositions (e.g., random 50 vs 
20 mol%), the higher fullerene loading exhibited more phase 
separation. In this case, less compatibilizer is added to the 
blend when the fullerene-loading is higher because the average 
“repeat unit” mass is higher; consequently, less interfacial area 
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Table 1.  Data for copolymers with Br-functionalized side chains.

BrHT:HT [mol:mol] Block Random Gradient

50:50 35:65 20:80 50:50 35:65 20:80 50:50 35:65 20:80

Mn [kg mol−1] 18.8 19.1 19.5 21.1 21.4 21.7 20.7 22.1 18.9

Đ 1.19 1.17 1.15 1.24 1.23 1.22 1.15 1.11 1.19

fBrHT 0.52 0.36 0.21 0.51 0.35 0.21 0.53 0.34 0.20

Scheme 2.  Postpolymerization reaction to generate random, block, and 
gradient copolymers with N3-functionalized side chains. 1H NMR spectra 
and GPC traces of the random copolymer (20 mol%) before and after 
the reaction.
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is stabilized under these conditions. In total, these data sug-
gested that the most stable devices would be obtained with 
random and/or gradient copolymers at 20 mol% fullerene 
loading and at 8 wt% concentration in the blend.

These conclusions are further supported by UV–vis spec-
troscopic data collected on selected films before and after 
thermal annealing (Figure S55, Supporting Information). 
The blend with no additive showed substantial phase sep
aration after annealing as evidenced by a drop in the PC61BM 
signal (due to crystallization) and an increase in the P3HT 
peak intensity (due to demixing). In contrast, a blend con-
taining random copolymer (20 mol% fullerene, at 8 wt% 
concentration) showed no change in the PC61BM intensity 
and only a small increase in P3HT intensity after thermal 
annealing.

Combined, these results indicate that all copolymers sup-
press phase separation in P3HT:PC61BM blends, presumably 
by serving as an interfacial compatibilizer. One alternative 
explanation is that the copolymer increases the glass transition 

temperature of the blend (Tg
blend), which would minimize phase 

separation at the temperatures studied herein. To evaluate this 
hypothesis, the Tg

blend was measured for blends with and without 
added copolymer via differential scanning calorimetry (DSC). 
Blends without the copolymers exhibited a weak, broad Tg

blend  at 
42 °C, consistent with previous reports (Figure S69, Supporting 
Information).[35] In contrast, blends containing the copolymer 
additive did not exhibit a discernable T ,g

blend  regardless of 
sample mass, scan rate, scan range, and even with a modulated 
temperature profile (pp. S69–S71, Supporting Information). At 
this time, the precise mechanism for the stabilization remains 
unclear.

Among the 28 films examined, the random and gradient 
copolymers showed the least macroscale phase separation 
overall. Because the random copolymer with 20 mol% fullerene 
side chains and at 8 wt% concentration was both the best com-
patibilizer and the easiest to access synthetically, we focused the 
following device studies on this copolymer alone, comparing 
P3HT:PC61BM blends with and without it.

2.3. Device Performance and Longevity

The PCE depends on the efficiencies of absorption and 
exciton dissociation, as well as the electron and hole mobili-
ties. Although we anticipated that the random copolymer 
devices would have a more stable PCE during annealing due 
to the copolymer’s morphology-stabilizing properties, it was 
unclear what effect the copolymer additive would have on the 
other processes that contribute to PCE. To elucidate its effect, 
photovoltaic devices were fabricated using an inverted device 
architecture: glass/ITO/ZnO/polymer blend/MoO3/Ag (p. S5, 
Supporting Information).[36] The polymer blend was prepared 
by spin-casting a P3HT:PC61BM solution with or without 
random copolymer additive to achieve a final thickness of 
≈175 nm (pp. S3 and S4, Supporting Information). Photovoltaic 
measurements were performed under simulated AM 1.5G con-
ditions both before and after annealing. To obtain statistically 
significant results, each data point represents an average of six 
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Scheme 3.  Synthetic route to generate PC61B-DIBO from dibenzosuberenone and PC61BM.

Scheme 4.  Postpolymerization transformation to generate random, 
block, and gradient copolymers with fullerene-functionalized side chains. 
IR spectra and GPC traces of the block copolymer (20 mol%) before and 
after the reaction.
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measurements obtained from three different devices fabricated 
on two different substrates.

Devices containing the random copolymer additive exhib-
ited an unexpectedly higher initial PCE (3.1  ±  0.2%) than the 
control device (2.4  ±  0.2%) (Figure  3A, Figures S56 and S57, 
Supporting Information). The observed PCE increase is largely 
attributable to a higher fill factor (FF), which is proportional 
to the maximum power available from a solar cell (Figure 3B). 
This FF difference is not due to an increase in the absorption 
efficiency because the copolymer has a nearly identical absorp-
tion spectrum to the P3HT:PC61BM blend (Figure S62, Sup-
porting Information). We hypothesized that the copolymer 
might instead facilitate exciton dissociation because its highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) levels both lie between those of 
P3HT and PC61BM, providing an “energy cascade” (Figure 3C, 
Figures S62 and S63, Supporting Information).[37] In addition, 
we observed that the electron current was significantly higher 
in the blends containing the random copolymer than those 
with none (202 ± 47 pA µm−2 vs 88 ± 11 pA µm−2, Figure S64, 
Supporting Information).[38] This increased electron mobility 

may be due to better charge migration away from the interface 
through the fullerene units in the copolymer (Scheme  5). To 
support this hypothesis, we compared the series resistances 
(Rs), which reflects the overall device resistance (Figure  3D). 
The device containing random copolymer exhibited a signifi-
cantly lower series resistance, consistent with the notion that 
the copolymer plays an active role in exciton dissociation and 
electron percolation. Finally, atomic force microscope images 
revealed that the films containing random copolymer exhibited 
smaller feature sizes with larger interfacial area than the con-
trol (Figure S65, Supporting Information). More interfacial area 
should translate to more efficient exciton dissociation and an 
ensuing higher PCE. To summarize these studies, the random 
copolymer had an unanticipated beneficial impact on the initial 
device PCE by enhancing both exciton dissociation and electron 
percolation and mobility.

To determine device stabilities over time, thermal studies 
were performed by annealing the active layer at 150 °C before 

Adv. Funct. Mater. 2019, 29, 1900467

Figure 2.  A–D) Optical microscope images of P3HT:copolymer 
additive:PC61BM blends after annealing at 150  °C for 1 h (scale bar = 
30 µm). E) The relative area% of PC61BM aggregates within each blend as 
a function of the copolymer sequence, composition, and concentration.

Figure 3.  Plots of the A) power conversion efficiency (PCE), B) fill factor 
(FF), and D) series resistance (Rs) versus annealing time for P3HT:PC61BM 
devices with and without random copolymer (20 mol%, 8 wt%). C) Sche-
matic comparing the HOMO/LUMO levels of the copolymer relative to 
P3HT and PC61BM.

Scheme 5.  Proposed percolation pathway in which electron mobility is 
facilitated at the interface by the side-chain fullerenes on the random 
copolymer.
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MoO3/Ag deposition. Devices containing random copolymer 
significantly outlasted and outperformed the control devices 
(Figure 3 and Figures S56–S59, Supporting Information). After 
annealing for 90 min the control device lost >50% of its initial 
PCE; however, the random copolymer-containing device lost 
just 15% of its initial PCE (Figure 3A). The biggest change in 
the control device was a significant drop (>50%) in the short-
circuit current (Jsc), which reflects charge generation and col-
lection processes (Figure S57, Supporting Information). This 
result can be rationalized in conjunction with the micrometer-
scale phase segregation occurring during this time. These 
morphological changes reduce the donor/acceptor interfacial 
area, decreasing the exciton dissociation efficiency. This conclu-
sion is supported by the changes in Rs,[39] which for the con-
trol device increases from 24.6 to 47.7 Ω cm2 after annealing 
(Figure  3D). Combined, these data suggest that by stabilizing 
the active layer morphology, the random copolymer compatibi-
lizer also stabilizes the device PCE.

Although the random copolymer led to a longer-lasting 
device, a minor but significant drop in PCE was observed. The 
culprit was a decrease in open-circuit voltage (Voc, Figure S57, 
Supporting Information), which reflects the amount of charge 
recombination. Further analysis showed that the reverse bias 
saturation current (J0),[40] which also reflects the amount of 
charge recombination, was one order of magnitude higher with 
random copolymer present (Figure S61, Supporting Informa-
tion). The theoretical Voc change expected from this J0 differ-
ence is ≈ 0.07 V, consistent with the experimental differences in 
Voc (p. S65, Supporting Information). Combined, the Voc drop 
and increased J0 imply that after annealing the copolymer addi-
tive facilitates some charge recombination.

3. Conclusions

While PCEs have been on the rise for organic photovoltaics, 
the poor longevity of these devices remains a concern. We dem-
onstrated that a random copolymer additive can both enhance 
longevity and improve efficiency. Other areas for future explora-
tion include understanding the increased charge recombination 
that occurs after annealing as well as how the transport layer 
interfaces are affected by compatibilizer. Overall, this approach 
to stabilize organic photovoltaics should be generalizable, and 
our future efforts are focused on applying it toward higher effi-
ciency conjugated polymer-based devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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