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Abstract

WCes have led to conjugated polymer-based photovoltaic devices with efficiencies rivaling
ilicon. Nevertheless, these devices become less efficient over time due to changes in active
@i blogy, thereby hindering their commercialization. Copolymer additives are a promising
g g (s stabilizing blend morphologies, however, little is known about the impact of
Eonelymengscquence, composition, and concentration. Herein, we determine the impact of these
parfimeters by synthesizing random, block, and gradient copolymers with a poly(3-hexylthiophene)
(PLkbone and side-chain fullerenes (PCqBM). We evaluate these copolymers as
comatibligers in photovoltaic devices with P3HT:PC4BM as the active layer. The random copolymer
with 20 mglP6 fullerene side chains and at 8 wt% concentration in the blend gave the most stable

app

mo es. Devices containing the random copolymer also exhibited higher and more stable power
r ficiencies than the control device. Combined, these studies point to the random copolymer

isiflg new scaffold for stabilizing bulk heterojunction photovoltaics.

us

1. Introd

Th& National Renewable Energy Lab (NREL) has been tracking the “best” photovoltaic

F)

cells sinc highlighting growth trends in promising materials and technologies.!

d

Conjugated“pol§ifier-based solar cells exhibit some of the lowest efficiencies on this chart, but

are consl ‘emerging’ materials because of their advantageous properties, including

transp ibility, and low weight.2 In addition, the solution-based processing methods

M

used for device fabrication is commercially appealing.3 As a consequence, many researchers

continue s for organic materials with higher efficiencies.

Mo

or

ic photovoltaics are constructed from a blend of two materials: a conjugated

polymer eléctron donor and a small molecule electron acceptor. The optoelectronic properties

§

and deviceggperfomnance are dictated by the chemical structures of both components as well as

{

the blend logy. Recent advances in both donor and acceptor structures have led to

U

organic d ith efficiencies that rival amorphous silicon.#5 As an example, Hou and co-

worker ed a novel blend with a record-breaking 14.2% efficiency.*» This device has not

A
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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.“

Wi ies on the rise, many researchers are focused on improving device

H I
longevity. Bue to changes in the active layer morphology, organic photovoltaic devices gradually

lose efficiUr time.” The initial active layer morphology consists of nanoscale phase-

separated nd PC¢1BM domains. These domains coalesce, increasing in size over time due

S

to enthalpicdlly-driven phase separation.® The net result is that the power conversion

efficiencie ramatically decrease, reducing the device utility.

U

To e this detrimental process, researchers are investigating compatibilizers - a

n

third co added to the blend to stabilize the morphology through non-covalent

interactiog$.” e effective, the compatibilizer should minimize the overall free energy by

d

localizi

onor/acceptor interface, lowering the interfacial tension and suppressing

domain coale e. The compatibilizer can impart additional beneficial properties to the

Vi

device, broader and stronger absorption profile as well as more efficient exciton

dissociatigm and charge transport, all of which would contribute to a higher PCE.%

f

Bo molecules!® and polymers!li2 have been used as compatibilizers with

0

moderate s s. The majority of polymer compatibilizers have been diblock copolymers

containinggrepeat units that are structurally similar to the donor and acceptor.12 A prototypical

q

exampl il diblock copolymer with a conjugated segment (the rod) that resembles the

!

donor polymer aad a nonconjugated segment (the coil) with a side-chain group that interacts

U

with the acceptor One limitation of this approach is that the coil segment is frequently an

A
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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 bem hese copolymers can facilitate exciton dissociation and charge transport as
well. Althd w ing these tailored compatibilizers provides longer-lasting devices, no studies
have elilici@@#@@ e impact of sequence (e.g., block versus gradient) or composition (e.g., 50:50

versus 25: mpatibilization.

TOQS this knowledge gap, we have been exploring alternative copolymer

sequencesy (i€, fandom?3 and gradient!*15 copolymers) as compatibilizers in blends. For

S

example, ted that gradient copolymer compatibilizers led to smaller domain sizes than

the analo

U

ck and random copolymers in homopolymer blends.!* Gradient copolymers,

with theirffgradual compositional change, were best at interacting with both homopolymer

A

domains t the interfacial energy. In related work, we found that a gradient copolymer

d

could stab tovoltaic devices containing poly(3-hexylthiophene) (P3HT) and phenyl-Ce1-

butyric ethyl ester (PC¢1BM), with little change in efficiency over extended thermal

anneali es (> 60 min at 150 °C).15

Hesin, we expand on this work by examining the influence of copolymer sequence

(random, diblack, and gradient), composition (co-monomer ratio), and concentration on the

)

stabilizatiog HT:PCs1BM blends. All copolymers attenuated phase separation during

thermaﬂ. Their compatibilizing abilities depended on copolymer sequence, with
gradien random sequences outperforming the analogous diblock sequences. Further
studies shﬂt the random copolymer gave a higher and longer-lasting PCE than the blend

without ¢ r. These improvements were due to the random copolymer’s ability to

stabiliz{pholog}'. as well as facilitate exciton dissociation and charge transport.

This article is protected by copyright. All rights reserved.

4



WILEY-VCH

Combined, these results suggest that random copolymers are the best compatibilizers for

stabilizing organic photovoltaics.

=

2. Results sion
[ ]

I
2.1. Syntl@ characterization of copolymer additives.

Ning,c mers were targeted each with a different sequence and/or composition. The
d

copolyme oly(3-hexylthiophene) backbone with varying quantities and distributions of

side-chain fullesnes. Catalyst-transfer polymerization (CTP)16 was used to access all

Copolymerﬁandom, gradient, and block sequences, narrow dispersities (P), and high

regioregul Scheme 1). Polymers with approximately the same number-average

molecular@ (M) were targeted by using the same monomer/catalyst ratio for each

polymerj sing a precatalyst with an ortho-tolyl reactive ligand?!s 17.18 ensured

unidirectiona agation and led to polymers with tolyl/H end-groups. Activated (5-bromo-4-

hexylt Jmagnesium chloride (HT) and (5-bromo-4-(6-bromohexyl)thiophen-2-
yl)magness' m chloride (BrHT) were chosen as monomers to generate polymers with specified

reactive side-chain distributions. Using this approach, we synthesized random, gradient, and

diblock?® ers with three different theoretical HT:BrHT ratios (80:20, 65:35, and 50:50,

Supporﬂation, SI pgs S23-543.)15

Aut
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EEE—

|
Scheme 1¥ner synthesis with random, block, and gradient distributions of Br-

functional® chains.

nt copolymers were prepared by initiating HT polymerization and then
gradually rHT. The block copolymers were prepared by adding precatalyst to a solution
containin HT once the HT consumption reached >90%, BrHT was added. The random

copolyme mrepared by adding precatalyst to a solution containing both HT and BrHT. A
random (

han statistical) sequence was obtained due to the similar monomer

reactivi ¢ _The cumulative mole fraction incorporation of BrHT (fgmr) versus the
copoly normalized chain length was evaluated by running an independent set of
polymerizations where aliquots were periodically removed (Figure 1). As anticipated, the
random chr showed a consistent, cumulative HT:BrHT ratio, whereas the block and

gradlent q ers showed a changing HT:BrHT ratio consistent with the time-dependent

changes i 1n r monomer concentrations during the reaction.

Autho
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Figure 1. t of the cumulative BrHT mole fraction in each copolymer versus its
normalize@ cliinlength with a total monomer feed ratio of 60:40 HT:BrHT.2° (B) GPC traces for
the polymers obtained at normalized chain length = 1 (M, and P are shown).

U

Fofl each copolymer, a chain length of 80 thiophene units was targeted using a

)

monomer ratio of 80/1, which would give theoretical M, of ~14-15 kg/mol depending

on the Br

d

raction. The experimental M, ranged from 18-22 kg/mol, consistent with the

known timation of GPC by a factor of ~1.3x when using polystyrene calibration standards

(Table anticipated for CTP, each copolymer sample exhibited low dispersity (P = 1.11-

M

1.24) and high regioregularity (SI pgs S35-S44). In addition, the mole fraction of BrHT

i

incorpora the copolymer (fgur) matched the experimental feed ratios, implying that

their conv @ tes were similar.

Table 1. Data for Copolymers with Br-functionalized Side Chains.

block random gradient

ut

BrHT:H *‘ 35:65  20:80  50:50 35:65 20:80 50:50  35:65  20:80
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T

(mol:mo
1 H

QL

M, mb8egmm 19.1 19.5 21.1 214 21.7 20.7 22.1 18.9
(kg/mol)

- B
b K19 N1.17 1.15 1.24 1.23 1.22 1.15 1.11 1.19

fBrmT IMJ’ 0.36 0.21 0.51 0.35 0.21 0.53 0.34 0.20

Tvﬁolymerization reactions were used to append fullerene units onto the

copolyme ains. The first reaction used sodium azide to substitute the side-chain

bromine Wit azide, generating a reactive handle for the click reaction (Scheme 2).1522

1

Subseq R spectroscopic analysis revealed quantitative conversion of the Br to Ns. In

addition, there e no significant changes in the GPC profiles. The second reaction involved an
azide- ' reaction to install the fullerene moieties onto the side chain. In our previous
work, wes:sed the copper-catalyzed azide-alkyne cycloaddition;!52 however, crosslinked

polymers were obtained when the azide concentration exceeded 10 mol%. To prevent this

deleteriou eaction, we employed the strain-promoted azide-alkyne cycloaddition

(SPAACﬂeeds without a copper catalyst.23 This approach involved 5 linear steps to
synthesize the s iiined alkyne fullerene derivative, with a 14% overall yield from commercial

starting ials (Scheme 3, SI pgs S8-511). Although low yielding, most alternative methods

for graftin e to P3HT require harsher conditions, including [3+2] cycloadditions,12f12h24

1,3-dipqdditions,12a.25 and Sn2 reactions.2¢ In contrast, the Steglich esterification?” and

This article is protected by copyright. All rights reserved.
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Diels-Alder cycloaddition?8 represent mild alternatives to SPAAC for grafting fullerenes to P3HT.
Our route began with ring-expansion of dibenzosuberenone followed by reduction with sodium
borohyMWbsequent dibromination followed by a double elimination with lithium
diisoprop @ afforded dibenzocyclooctynol (DIBO) in moderate yield.2? In a separate step,
the mdEhylesEed of PCs1BM was converted to the corresponding acid via hydrolysis.3?
Esterifyin id with DIBO in the presence of N,N’-diisopropylcarbodiimide yielded the

click-readyafullergnhe derivative PC41B-DIBO.15

Y
random, block & gradient mndwn biodr&gmrt
Lral [ o]
*(_2_ _(_z* T THFONF ‘ Z
CothoBr 1%, C ccH1s
(93-99% yield)
TH NMRspocIra GPC traces
21.7 kgimol
Br 122
) i \ 227kgmol
—————————

“ 18 16 17 18 1 20
retention time (min)

Schem

lymerization 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.

NVIE

[

Autho
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1. TMSCHN,
BFg-Et,0 1.Bry _
O (97% vield) {44% viek) =
T Q0 e, —
Q (73% yield) HO {63% yleld) Hd
DIBO

(

Scheme 3. tic route to generate PC¢1B-DIBO from dibenzosuberenone and PCs:BM.

Ea nine copolymers were functionalized with fullerene via SPAAC by stirring

the azide- lized copolymer with PCs1:BM-DIBO at room temperature over 48 h (Scheme

ne

4, SI pgs =-556).31.32 The fullerene-loaded copolymers were characterized using IR

spectroscapy nfirm >95% azide conversion via disappearance of the peak at 2091 cm-1.33

d

Compa olymers to a fullerene-functionalized small-molecule analog (SI pgs S22-523)

via 1H NM oscopy supported cycloadduct formation. Multiple stereo- and regioisomers

)Y

were generated due to both the racemic PCe1B-DIBO and the non-regioselective reaction.

Combined@{ these results indicate that fullerene-functionalized copolymers with varying

[

sequences positions were obtained.

G

Auth
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random, biock & gradient random, block & gradient
Artg®y oSyt OB S o SayH
*Q‘ L Govenon *Q‘ WA
CeHia 12 (dﬂ'k’ CoHia  HLLEN" N
48 h
——
IR GPC tra
spectra ces / Py Bd
trlazole
2000 18 16 16 17 18 19 20
wavenumber {cm-) retention time (min)
-

Scheme Wyolymerization transformation to generate random, block and gradient
copolymers with fullerene-functionalized side chains. IR spectra and GPC traces of the block

copolymer %) before and after the reaction.

2.2 Quanl;wse Separation in Blends

U

As

a

ove, one of the biggest challenges for polymer-based photovoltaics is their

unstab e layer morphologies,” which form micron-scale domains with reduced interfacial

area o e. We hypothesized that fullerene-functionalized P3HT copolymers could

M

enthalpically stabilize P3HT:PCs:BM blends, minimizing their micron-scale phase separation. To

test this

1

is, we examined the thermal stability of P3HT:PCs:BM blends with and

without eg @ ymer additive using optical microscopy.

ark was set by annealing P3HT:PCs:BM (1:1 wt:wt) blends for 1 h at 150 °C.

Subseq 1 microscope images revealed needle-shaped PCs1BM aggregates34 (~5-30

e

mm length and ~1 mm width) occupying 11.4% of the film area (Figure 2A). Next, blends with

different r sequences and compositions were co-deposited with P3HT:PC¢:BM at

U

several di concentrations. After thermal annealing, optical microscope images revealed

A
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that all copolymer additives led to reduced sizes and densities of PCs1BM aggregates (Figure 2B-

D, SI pgs S57-S59).

H
Plo ese data as a function of the copolymer variables revealed that the random
and gradiaes outperformed the diblock sequence regardless of the composition or
I
concentraSn (Figure 2E). We suspect that this effect is entropic in origin, wherein the gradient
and randoas copglymers have more low-energy orientations at the interface (than the block)
due to the ed composition. When comparing copolymers of the same sequence and
compositiw different concentrations in the blend (e.g., 2 versus 8 wt%), we found that
higher co oncentrations were better, presumably because more of the interfacial area
can be sta nder these conditions. When comparing copolymers with the same sequences
but differgt compositions (e.g, random 50 versus 20 mol%), the higher fullerene loading
exhibited se separation. In this case, less compatibilizer is added to the blend when the
V)

fullerene- s higher because the average ‘repeat unit’ mass is higher; consequently, less

interfac is stabilized under these conditions. In total, these data suggested that the most
stable s would be obtained with random and/or gradient copolymers at 20 mol%

fullerene loading and at 8 wt% concentration in the blend.

L

Thesegconclusions are further supported by UV/vis spectroscopic data collected on

selected fi & pre and after thermal annealing (SI Figure S55). The blend with no additive
showed s 1 phase separation after annealing as evidenced by a drop in the PCs:BM
signal (due to crystallization) and an increase in the P3HT peak intensity (due to de-mixing). In

contrast, ontaining random copolymer (20 mol% fullerene, at 8 wt% concentration)

showed n in the PCs1BM intensity and only a small increase in P3HT intensity after

therma%

This article is protected by copyright. All rights reserved.
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Combined, these results indicate that all copolymers suppress phase separation in
P3HT:PC¢1BM blends, presumably by serving as an interfacial compatibilizer. One alternative
explanatiof is that the copolymer increases the glass transition temperature of the blend

(Tgle"d), uld minimize phase separation at the temperatures studied herein. To

pi

evaluate t ypothesis, the Tgle"d was measured for blends with and without added copolymer

£

via differengial gcanning calorimetry (DSC). Blends without the copolymers exhibited a weak,

C.

broad Tgle °C, consistent with previous reports (SI Figure S69).35In contrast, blends

blend
Tg

containingdth® cgpolymer additive did not exhibit a discernable ,regardless of sample

S

mass, sca an range, and even with a modulated temperature profile (SI pgs S69-71). At

U

this time, the precise mechanism for the stabilization remains unclear.

A

N

28 films examined, the random and gradient copolymers showed the least

macroscalg p eparation overall. Because the random copolymer with 20 mol% fullerene

d

side c 8 wt% concentration was both the best compatibilizer and the easiest to

access synth

ly, we focused the following device studies on this copolymer alone,

compa C61BM blends with and without it.

Author M
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o I block random gradient
|, |/
/
2 wi% A
5wt
8 Bwi%h

area%

&@%ﬂ@@%ﬁ%@w

Figure Optical microscope images of P3HT:copolymer additive:PCs1BM blends after
anneali C for 1 h (scale bar = 30 um). (E) The relative area% of PC¢1BM aggregates
within each blend as a function of the copolymer sequence, composition and concentration.

2.3 Device @ ance and Longevity

Or

Th€ PCE depends on the efficiencies of absorption and exciton dissociation, as well as

q

the ele ole mobilities. Although we anticipated that the random copolymer devices

{

would hav stable PCE during annealing due to the copolymer’s morphology-stabilizing

U

properties, it was unclear what effect the copolymer additive would have on the other processes

A
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that contribute to PCE. To elucidate its effect, photovoltaic devices were fabricated using an
inverted device architecture: glass/ITO/Zn0O/polymer blend/MoO3/Ag (SI pg S5).36 The
polymems prepared by spin-casting a P3HT:PCs:BM solution with or without random
copolyme @ e to achieve a final thickness of ~175 nm (SI pgs S3-S4). Photovoltaic
measurf@nmente® W ere performed under simulated AM 1.5G conditions both before and after
annealing.hin statistically significant results, each data point represents an average of six

measure ts obfained from three different devices fabricated on two different substrates.

Deflice§ c@ntaining the random copolymer additive exhibited an unexpectedly higher

SC

initial PCE 12%) than the control device (2.4 + 0.2%) (Figure 34, SI Figures S56 and S57).

U

The obse E 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 amgi ase in the absorption efficiency because the copolymer has a nearly identical

d

absorption¥§p m to the P3HT:PCs1BM blend (SI Figure S62). We hypothesized that the

copoly: t instead facilitate exciton dissociation because its HOMO and LUMO levels both

lie bet ose of P3HT and PCs:1BM, providing an ‘energy cascade’ (Figure 3C, SI Figures S62

M

and S63).37 In addition, we observed that the electron current was significantly higher in the

r

blends co imgathe random copolymer than those with none (202 + 47 pA/um?2 versus 88 +
11 pA/ un@ure S64).38 This increased electron mobility may be due to better charge
migration a m the interface through the fullerene units in the copolymer (Scheme 5). To
suppor thesis, we compared the series resistances (R;), which reflects the overall

L

device (Figure 3D). The device containing random copolymer exhibited a

significantly lowédk series resistance, consistent with the notion that the copolymer plays an

b

active role i iton dissociation and electron percolation. Last, atomic force microscope

A
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images revealed that the films containing random copolymer exhibited smaller feature sizes
with larger interfacial area than the control (SI Figure S65). More interfacial area should
translatm efficient excitons dissociation, and an ensuing higher PCE. To summarize
these stu random copolymer had an unanticipated beneficial impact on the initial

device PCHESS#@Ancing both exciton dissociation and electron percolation and mobility.

A B
0.6 random
4 —1I g T
—3 T —3
g 3 Nﬂ 04 ./’__{W(:
w &
£,
control 0.2
1
0 0.0
0 20 40 L] 80 0 20 40 0 50
annealing time {min) annealing time (min)
[+ w0 D
50 1 control
40 4
eV P3HT ‘E
% 30 -
PC BM 3‘.
20 4

[} 20 40 0 80
annealing ime (min)

Figure 3. Rlots of the (A) power conversion efficiency (PCE), (B) fill factor (FF), and (D) series
resistance rsus annealing time for P3HT:PC¢:BM devices with and without random
copolymeIOematic comparing the HOMO/LUMO levels of the copolymer relative to P3HT
and PC61B

F

bulk P3HT interface bulk PCg,BM

random copolymer

“—@ O —TO—F O —>
percolation pathway

<
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Scheme 5. Proposed percolation pathway in which electron mobility is facilitated at the
interface by the side chain fullerenes on the random copolymer.

{

To ine device stabilities over time, thermal studies were performed by annealing
the active 0 °C before Mo0O3/Ag deposition. Devices containing random copolymer
I

significantly outlasted and outperformed the control devices (Figure 3 and SI pgs 60-63). After

annealing in the control device lost >50% of its initial PCE; however, the random

G

copolymer- ining device lost just 15% of its initial PCE (Figure 3A). The biggest change in

the contr i as a significant drop (>50%) in the short-circuit current (Js), which reflects

S

charge ge and collection processes (SI Figure S57). This result can be rationalized in

U

conjunction with the micron-scale phase segregation occurring during this time. These

)

morphological changes reduce the donor/acceptor interfacial area, decreasing the exciton

dissociati cy. This conclusion is supported by the changes in Rs,3% which for the control

d

device increaseé®®from 24.6 to 47.7 Qxcm? after annealing (Figure 3D). Combined, these data

suggest t tabilizing the active layer morphology, the random copolymer compatibilizer

also st evice PCE.

]

Alglough the random copolymer led to a longer-lasting device, a minor but significant

[

drop in PC observed. The culprit was a decrease in open-circuit voltage (Vo SI Figure

9)

S57), whi ts the amount of charge recombination. Further analysis showed that the

reverse bi@S saturation current (Jy),%0 which also reflects the amount of charge recombination,

g

was one @rder of magnitude higher with random copolymer present (SI Figure S61). The

t

theoretica nges expected from this J, difference is ~ 0.07 V, consistent with the

U

experime rences in V. (SI pg S65). Combined, the V,c drop and increased Jyimplies that

after a the copolymer additive facilitates some charge recombination.

A
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3. Conclusions

W"le PCi have been on the rise for organic photovoltaics, the poor longevity of these
devices re concern. We demonstrated that a random copolymer additive can both
enhance nd improve efficiency. Other areas for future exploration include

I
understanfing the increased charge recombination that occurs after annealing as well as how

the transpggt lafier interfaces are affected by compatibilizer. Overall, this approach to stabilizing

organic ph aics should be generalizable, and our future efforts are focused on applying it

toward hi@iency conjugated polymer-based devices.
Supporting Infos-lation

Supportins:nsormation is available from the Wiley Online Library.
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Photovolt ices made from conjugated polymers now exhibit efficiencies rivaling
amorphous silicon; however, the poor longevity of these devices continues to stymie their
commercig@l impact. Copolymer additives represent a promising solution, yet little is known

about copolymer sequence, composition and concentration influence their
compatibiE ing ')ilities in the blend. Herein, random copolymer additives led to higher
efficiency and longer-lasting photovoltaic devices.

U
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