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13 ABSTRACT: Three structurally disordered terpolymer de-
14 rivatives of PABT4T-20D (PCEL11), prepared by replacing a
15 varied amount of bithiophene linkers with single thiophenes,
16  were found to exhibit reduced aggregation in solution with
17 increasing thiophene content, while important redox and
18 optoelectronic properties remained similar to those of
19 PIBT4T-20D. Solar cells based on random terpolymer-
20 PC,BM blends exhibited average power conversion efficien-
21 cies of over 9.5% when processed with preheated substrates,
22 with fill factors above 70%, exceeding those from PABT4T-
23 20D. Thanks to increased solubility, random terpolymer
24 devices were able to be fabricated on room-temperature
25 substrates, reaching virtually identical performance among all
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26 three polymers despite remarkable thicknesses of ~400 nm. Thus, we show that the random terpolymer approach is successful
27 in improving processability while maintaining device performance.

28 KEYWORDS: conjugated polymers, organic photovoltaics, random terpolymers, bulk heterojunction solar cells, organic electronics

29 ver the past decade, polymer-based organic photovoltaic
30 (OPV) bulk heterojunction (BHJ) devices have
31 advanced to the point that power conversion efliciencies
32 (PCEs), now exceed 14% for single-junction cells.'™ The
33 donor polymer PABT4T-20D [poly[(S,6-difluoro-2,1,3-ben-
34 zothiadiazol-4,7-diyl)-alt-(3,3”-di(2-octyldodecyl)-
35 2,2;5',2”;5”,2"-quaterthiophen-5,5-diyl)] (so called PCE11)
36 has been reported to provide one of the highest PCEs in the
37 field (>10% with multiple fullerene derivatives), and variants
38 on it can be synthesized readily by varying the structure of the
39 two monomers copolymerized to yield the active material.”~
40 A major challenge encountered when processing PCE11 is its
41 observed strongly temperature-dependent aggregation, which
42 can complicate the process of forming BHJ films with
43 morphologies that lead to high PCEs. This has inspired
44 studies aimed at either controlling the polymer molecular
4s weight or modifying the polymer structure in order to enhance
46 solubility and processability.'’™"

47 Employing random polymerization in the preparation of
48 well-performing donor—acceptor (DA) conjugated polymers as
49 OPV materials has proven to be a practical and convenient

v ACS Publications  © xxxx American Chemical Society

approach for polymer structural modification. Using this so
approach, the resulting polymers can exhibit a broader s
absorption band across the visible and near IR region of the s
spectrum relative to a simple DA alternating polymer because s3
of the presence of a variety of chromophores, which can lead to s4
higher short-circuit current (J,.) values in devices."*™"" ss
Further, random polymers may have higher solubility and a s¢
lower tendency to aggregate in comparison to parent polymers s7
with more regular repeat units. In addition, the degree of ss
crystallinity can be tuned based on polymer composition, thus so
allowing a modicum of control of the blend morphology in 6o
BHJ solar cells.'”**>° These physical aspects motivated our
interest to introduce randomness into the backbone of e
PABT4T-20D as a means of improving polymer solubility 63
and processability, while retaining straightforward monomer ¢4
synthesis with only one side-chain functionalized unit. 65
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Scheme 1. Structures of the Alternating and Random PCE11-Based Copolymers Studied in This Work
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66  Here, we report our work on a set of random terpolymer
67 derivatives of PIBT4T-20D by replacing a fraction of the
68 bithiophene linkers with single thiophenes, which led to a
69 family of polymers with (1) a reduced tendency to aggregate
70 and increased solubility of up to 50 mg/mL at room
71 temperature, (2) facile monomer access similar to PABT4T-
72 20D itself, (3) average PCEs approaching 10% in devices,
73 exceeding those based on PAABT4T-20D, and (4) less
74 demanding processing requirements in device fabrication.
75 Three random terpolymers with a varied bithiophene content
76 were synthesized by Migita—Kosugi—Stille polymerization as
77 shown in Schemes 1 and SI. The two alternating parent
78 copolymers, PIBT4T-20D and PIBT3T-20D, were prepared
79 as well for comparison. The polymer structures were verified
50 by elemental analysis (see Supporting Information) and 'H
81 NMR spectroscopy. The peaks at § 7.34 and 7.28 ppm in 'H
82 NMR spectra (Figures S1—S6) are characteristic of the
83 aromatic protons on the mono- and bi-thiophenes, respec-
84 tively, whose integrations were used to calculate the random
85 terpolymer compositions. As summarized in Table S1, the
86 calculated compositions of the synthesized terpolymers match
87 their feed ratios with no more than 2 mol % deviation. As
88 determined by high-temperature gel permeation chromatog-
89 raphy at 140 °C in 1,2,4-trichlorobenzene, the polymers have
90 similar-number average molecular weights (M,) estimated to
91 be ~45 kDa with monomodal chromatograms, except for
92 PABT3T-20D having a slightly higher M, of 60.4 kDa (see
93 Figure S7 in Supporting Information for chromatograms). This
94 minimizes the possible influence of molecular weight differ-
95 ences on the polymer solubility, molecular packing, and blend
96 morphology.”’

97  The strong temperature dependence of PIBT4T-20D to
98 aggregate is manifested by its remarkable thermochromic
99 behavior in dilute solution illustrated in Figures 1 and S8,
100 where the maximum absorption wavelength (A,,..) shifts from
101 ~700 nm at 25 °C associated with the aggregated polymers to
102 ~550 nm at 85 °C, as aggregates break up to molecularly
105 dissolved species.” A similar thermochromic behavior was
104 observed for the other polymers as well, as shown in Figure S8.
105 In general, the thermochromic behavior becomes less
106 pronounced as the monothiophene content is increased at
107 the expense of the bithiophene content in the polymers. This
108 phenomenon can be easily visualized by the comparison of
109 normalized UV—vis absorption profiles of the five polymer
110 solutions at 25 °C, as shown in Figure la. As the thiophene
111 content in the polymer increases, the absorption intensity at
112 around 700 nm reduces; the peak at 700 nm disappears
113 completely for PfIBT4Tsy-co-3Ts, and PABT3T-20D, with
114 their A, found below 600 nm. This phenomenon is indicative
115 of a reduction in aggregation of the polymer chains as the
116 bithiophene linkers are replaced by single thiophenes. UV—vis
117 absorption spectra of the annealed spin-coated thin films are
118 shown in Figure 1b. All samples exhibit similar A, values
119 around 700 nm and absorption peak shapes, suggesting that
120 replacing the bithiophene units with thiophenes does not
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Figure 1. Normalized UV—vis absorption profiles of the polymers (a)

in dilute o-dichlorobenzene solution (0.02 mg/mL) at 25 °C and (b)
as spin-coated thin films annealed at 150 °C for 15 min.
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significantly alter the polymer optoelectronic properties in the
solid state. The absorption onset wavelength of PABT3T-20D 122
is slightly longer than that of the other polymers, 123
corresponding to a slightly lower optical gap (determined by 124
the onset wavelength of UV—vis absorption profiles) of 1.59 125
eV, compared to 1.65 eV for all the other polymers. 126

As the aggregation in solution becomes weaker with a higher
monothiophene content in the polymer, the solubility in 128
typical organic solvents increases remarkably. For example, 129
where PABT4T-20D does not effectively dissolve in 130
chlorobenzene at room temperature, the polymers that have 131
30% monothiophene content and above can be processed from 132
6 mg/mL chlorobenzene solutions at room temperature to 133
form uniform films. The room-temperature solubilities of both 134
PABTA4T;-co-3T5, and PABT3T-20D in chlorobenzene are as 13s
high as 50 mg/mL. At the same time, the monothiophene 136
content has a minimal effect of ~50 mV on the onset of the 137
differential pulse voltammetry (DPV) oxidation curves (see 138
Figure S9 and Table S2 in Supporting Information), indicating 139
that only a small change in the ionization energy is to be 140
expected. In addition, hole mobilities of the alternating and 141
random copolymers, measured by the space-charge limited 142
current method, are all comparable in magnitude to that of 143
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144 PAABT4T-20D on the order of 107* cm?/V s (see Table S2),
145 which is consistent with the value reported in previous
146 literature.”

147 Thermogravimetric analysis (TGA) of the random terpol-
148 ymers and PABT3T-20D shows that each polymer has high
149 thermal stability as no weight loss can be observed until ~350
150 °C, and temperatures above 400 °C are needed to achieve 5%
151 weight loss of each sample (see Figure S10 in Supporting
152 Information). Differential scanning calorimetry (DSC) was
153 used to monitor the thermal properties of the polymers in the
154 solid-state. Figure 2 shows the melting transitions of the
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Figure 2. Second heating cycles of DSC curves of all five polymers.
PABT4T-20D (T, = 278.2 °C, AH; = 16.2 J/g); PABT4Tgg-co-3T
(T,, =267.7 °C, AH; = 14.6 J/g); PABT4T y-co-3T;, (T, = 249.1 °C,
AH; = 15.9 J/g); PABTAT5-co-3Tsy (T, = 229.8 °C, AH; = 18.8 ]/
g); PABT3T-20D (T,, = 225.1 °C, AH; = 14.6 J/g).

155 second heating/cooling cycles for each polymer. The melt-
156 transition temperatures (T,,) of the random terpolymers fall in
157 between those of the two alternating copolymers, PABT4T-
158 20D and PABT3T-20D, and follow a trend that the transition
159 temperatures decrease as more monothiophene repeat units
160 are present in the terpolymer backbones. Similar phenomena
161 can be seen for the crystallization temperatures (T.) as well in
162 Figure S11, where the full curves for the second heating/
163 cooling cycles are shown. Such changes in T, and T, are in
164 agreement with previous reports on random conjugated
165 terpolymers,'*”*” and are highlighted in Figure 3, where
166 the relationship of T, and T to the monothiophene content is
167 shown. In addition, compared to the alternating copolymers,
168 the random terpolymers show a broader temperature range for
169 both melting and crystallization transitions, which is a typical
170 behavior for random copolymers.”” The heat of fusion (AHj)
171 and heat of crystallization (AH_) for all polymers were
172 calculated and can be seen in Figures 2 and S11. Interestingly,
173 the values are found to be quite similar between 14 and 19 J/g
174 independent of the copolymer composition, in contrast to the
175 previous findings that particular random terpolymers had lower
176 melting enthalpies than the parent alternating copolymers.”
177 This suggests that the random terpolymer derivatives of
178 PIBT4T-20D and PAABT3T-20D do not necessarily have less
179 crystallinity in the solid state, although their aggregation in
180 solution is suppressed compared to PABT4T-20D. This
181 observation is similar to what was previously reported for
182 another random PfBT4T-20D system,'” where the DSC
183 curves of all five random copolymers showed strong tendency
184 to form highly crystalline domains.
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Figure 3. Temperatures of melting and crystallization transitions
(peak values) vs polymer backbone compositions (the content of
thiophene units). Dashed lines are to guide the eyes.

The performance of the DA copolymers and terpolymers as
donor-phase materials in BHJ solar cells were investigated with
PC,,BM as the electron acceptor-phase material. Devices were
fabricated by preheating both the blend solution and indium
tin oxide (ITO) substrate at 110 °C and by using a custom
fabricated chuck for the spin coater with elevated edges to
prevent heat dissipation from the hot substrate, which was
optimized for processing PABT4T-20D (experimental details
available in Supporting Information). The average device
parameters are summarized in Table 1, and the current
density—voltage (J—V) characteristics of the best performing
devices are shown in Figure S12. We find the three random
terpolymers to exhibit average PCEs over 9%, exceeding those
based on either of the two alternating copolymers. Such an
enhancement in PCE is mostly owing to the high fill factors
(FFs) above 70%, while the J,. and open circuit voltage (V)
values remain similar to those based on PABT4T-20D. The
external quantum efficiency (EQE) results shown in Figure
S13 in Supporting Information have verified the ] values
achieved from J—V curves, with discrepancies within 10%, as
shown in Table S3. In particular, the random terpolymers have
led to high incident photon to current conversion efficiencies
approaching 80% from 370 to 730 nm.

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
images of the pristine polymers are shown in Figure S14 in
Supporting Information, and those of the blends are shown in
Figures 4a,b and S15. For these measurements, hot solutions at
110 °C were spin-coated onto silicon substrates that were
roughly 75 °C. The one-dimensional (1D) line-cuts in the in-
plane and out-of-plane directions for all blend samples can be
seen in Figures 4c and S16, respectively. Overall, the
morphology among all polymers is very similar. In the two-
dimensional (2D) images of the blends (see Figures 4 and
S15), both lamellar packing and 7— stacking signals can be
observed for all five samples, suggesting that each of these
copolymers exhibit semicrystalline features in the blends with
PC;,BM despite their varied tendency to aggregate in solution.
The diffraction signal associated with 77—z stacking of the
polymer backbone appears in the out-of-plane direction,
indicating that each of the polymers mainly adopts a face-on
orientation relative to the substrate. This is consistent with
previous reports of PIBT4T-20D deposited via blade coating
at slightly cooler temperatures than the optimum substrate
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Table 1. Summary of Average Device Characteristics for Solar Cells

polymer/PC,;BM substrate temperature” Joe (mA/cm?) V,. (V) FF (%) PCE (%)
PABT4T-20D preheated 182 + 1.2 0.70 + 0.01 69 +2 8.7 £ 0.6
PABT4T®-c0-3T preheated 18.5 + 0.6 0.72 + 0.01 73+ 1 9.6 + 0.6
PABT4T,-co-3T5 preheated 17.7 + 1.0 0.73 + 0.01 74 £ 1 9.6 + 0.6
PIBT4Ty-co-3T5 preheated 17.6 £ 0.8 0.72 £ 0.01 72+ 1 9.1 £ 0.6
PABT3T-20D preheated 12.0 + 0.4 0.74 + 0.01 69 +2 5.1 +0.7
PABT4Tog-co-3T rt 199 + 0.8 0.73 + 0.01 65 + 4 9.6 + 0.5
PABTA4T,(-co-3T5 rt 17.5 £ 0.5 0.75 £ 0.01 72+ 1 9.5+ 03
PIBT4Ty-co-3T rt 16.6 + 1.2 0.74 £ 0.01 74 + 1 9.1 £ 0.6
PABT3T-20D rt 14.0 + 0.4 0.74 + 0.01 S8+5 6.0 +£ 0.9

“For processing with preheated substrates, prior to spin coating, both the blend solution and ITO substrates were preheated on a hot plate at 110
°C; a custom fabricated chuck for the spin coater with elevated edges was used to prevent heat dissipation from the hot substrate to the spin coater
to ensure good coverage of the solution. For processing with rt substrates, the substrates were kept at room temperature using a regular substrate
holder instead of the custom chuck with elevated edges, and the solution was heated at 90 °C for 2 h. Experimental details can be found in the

Supporting Information.
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Figure 4. 2D GIWAXS patterns of (a) PABT4T-20D:PC,BM
blends, (b) PABTA4Ty-co-3T5o:PC,;BM blends, and (c) 1D line-cut

profiles in in-plane direction (right images).

228 temperature of 110 °C.” The signals corresponding to the
229 lamellar packing are present in both in-plane and out-of-plane
230 directions, which suggests that there is a certain degree of
231 isotropic distribution of the packed polymer chain orientations.
232 Such observations are also seen in the GIWAXS results of the
233 pristine polymer films, as shown in Figure S14 in Supporting
234 Information.

235 Minimal yet observable differences can be found in the in-
236 plane lamellar packing distances, which are annotated for each
237 polymer/PC,BM film as d(;o) in Figure 4c. As the
238 monothiophene linkers are introduced into the polymer
239 backbones, the d-spacings attributed to lamellar packing
240 gradually increase from 21.3 nm for PABT4T-20D to 24.1
241 nm for PABT3T-20D. This can be attributed to the closer
242 proximity between the solubilizing side chains along the
243 polymer backbone when thiophene linkers are present,
244 interrupting the interdigitation of side chains. A higher volume
245 percentage of side chain may additionally induce order and
246 could explain why the backbones are driven farther apart.

As the random terpolymers and PABT3T-20D are more
soluble and have less of a tendency to aggregate in solution
relative to PABT4T-20D, we surmised they might be easier to
process than the parent PIBT4T-20D. To test this hypothesis,
devices were prepared with warm processing solutions (90 °C)
deposited on room-temperature substrates (experimental
details available in Supporting Information) and the results
are presented in Figure S17 and Table 1. Because of the strong
aggregation of PABT4T-20D, its blend with PC,;BM becomes
a gel immediately after being transferred onto the room-
temperature substrate (illustrated by the photograph in Figure
S18), preventing it from forming a uniform film and
subsequently making a functional device. In sharp contrast,
all random terpolymers lead to devices that perform similar to
their hot-substrate processed counterparts. Generally, when
building devices on room-temperature substrates, current
increases while FF decreases, which is an indication of a
thicker active layer film being formed. Indeed, film thicknesses
for the three random terpolymer active layers increased from
~250 to ~400 nm as we moved from heated to room-
temperature substrates (see Table S4), the latter of which is
significantly thicker than active layers typically found in OPV
devices. These results confirm that the random terpolymer
approach is successful in improving the solubility and
processability of conjugated polymers, which can provide
practical implications in ease of device fabrication.

In summary, we have demonstrated that random terpol-
ymers based on the PIBT4T-20D parent copolymer with
varied amounts of monothiophene linkers replacing bithio-
phene had reduced aggregation in solution with an increasing
monothiophene content, and due to the favorable blend
morphology and high hole mobility on the order of 1073 cm?/
V s, the resulting fullerene-based solar cells could reach PCEs
averaging above 9.5% with especially high FFs of over 70%.
Importantly, as the polymers aggregated less and exhibited
higher solubility at room temperature, devices based on the
random terpolymers could be prepared on room-temperature
substrates and achieve a very similar performance, even at
remarkably thick films of ~400 nm. This latter point is
especially important as one considers the future of coating and
printing organic solar cells where the use of room-temperature
substrates will make practical processing more facile.
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