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ABSTRACT: Thermal degradation by intrinsic morphological
change and extrinsic oxidation remain outstanding challenges for
bulk heterojunction (BHJ)-based polymer solar cells (PSCs).
Postprocessing thermocleavage of side chains on the donor
conjugated polymers using ester pyrolysis is a proven method to
kinetically trap the morphology via increased glass transition
temperature (T,) and improved thermal oxidation resistance. We
previously showed that having a certain fraction of thermocleavable
side chains (TCS) incorporated into the archetypical polymer P3HT,
achieved through the copolymerization of a TCS-functionalized o N
thiophene monomer, can offer high thermal stability to its BHJ 01 25 4567 5 5 tomiataians oSy
devices without compromising significant performance metrics. This Time (days)

work expands the concept of using the copolymerized TCS monomer

unit to balance the stability with efficiency into the state-of-the-art PSC system PABT-T4-OD:PCBM, where the original octyl—decyl
(OD) branched side chains are partially replaced with TCS in S0—70 mol % in the copolymers. Structural differences of the fully
cleavable PfIBT-T4-TCS polymer and P3ET polymers disclose that increasing backbone rigidity and alkyl chain length can increase
the temperature of eliminating alkyl chains by up to 20 °C in the solid state. Dynamic mechanical analysis shows the cleaved PABT-
T4-TCS polymer has significantly increased thermal relaxation temperatures and high storage modulus over a large temperature
range. Thermal stability testing at 100 °C in air reveals that increasing the TCS content drastically increases the polymer resistance
to oxidation. PSCs made with the fully cleavable PABT-T4-TCS polymer offer only a meager efficiency of 0.2%, while the copolymer
with 60 mol % TCS can deliver a PCE of 3.2% with its BHJ device, double the previous highest reported efficiency for TCS-
containing polymer-based PSCs. Importantly, the copolymer with the 60 mol % TCS-based device is stable, retaining 80% of the
initial performance after accelerated aging tests (100 °C, 2 weeks). Together with our previous works, these new findings
demonstrate that using partial cleavage of side chains could be a general strategy to gain both efficiency and stability for conjugated
polymer-based PSCs.
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B INTRODUCTION systems and are most often addressed on a case-by-case
L 912

Bulk heterojunction (BHJ) polymer solar cells (PSCs) have ba51s.. . N

made tremendous progress in the past three decades, with %11e a proper encapsulation of PSCs could largely mitigate

power conversion efficiencies (PCE) now approaching the impact of external factors such as water and oxygen,

20%.' The development of “push—pull” conjugated poly- addressing the intrinsic degradation by light and heat is much

mers with low-lying highest occupied molecular orbital mpie, .
(HOMO) levels and narrow band gaps® has skyrocketed morphology of a BHJ blend is kinetically trapped in order to

more challenging. For example, typically the optimized

PCEs to near 11%, benchmarked by the PABT-T4-OD:fuller- deliver the highest ef‘ﬁciency;12 yet the multicomponent nature
ene system in 2014.° The further innovation of non-fullerene

acceptors with complementary light absorption to that of the Received: August 31, 2023 i
donor polymer has pushed PCEs of binary PSCs above 19%.78 Revised:  October 31, 2023

However, many of these champion BH]J blends rapidly degrade Accepted: November 1, 2023

due to both intrinsic (e.g., light and heat) and extrinsic (e.g,, Published: November 21, 2023

water and oxygen) stressors.” Significant efforts have been
made on studying these degradation mechanisms in various
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Scheme 1. : Synthesis of PABT-T4-TCS Polymer and Copolymers
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of the BH]J blend is thermodynamically unstable and would
deteriorate upon high temperature, resulting in significantly
diminished device efliciency. Materials with high glass
transition temperatures (T,) can largely withstand heat-
induced morphological change, yet most conjugated polymers
do not demonstrate sufficiently high T, (e.g,, over 100 °C)
because “low-T,” alkyl chains (often over S0 wt % of the
conjugated polymer) are required to impart the solubility of
conjugated polymers in processing solvents.'*~"* To improve
the T, of the conjugated polymer in the finished BHJ device
and thereby the device stability, thermally removing these alkyl
chains via tertiary ester-based pyrolysis had been devel-
oped.'®"” Cleavable side chains have been frequently used in
different types of organic electronic devices (including PSCs,
transistors, © - and chemical sensors*"**) with a variety of
cleavable chemistries.”> > However, when used in PSCs, only
low PCE numbers (typically less than 1%) were obtained,
albeit the BHJ film/device was indeed much more stable after
removing alkyl chains.'” Recognizing that removing all alkyl
chains could have a strong (negative) impact on the
morphology of the BHJ blend, we recently designed a strategy
to minimize the impact of thermocleavage to the BH]J
morphology, yet still enjoy the benefits of removing alkyl
chains toward device stability.”” Using P3HT:PCBM as the
model system, we explored a series of polythiophenes with
different molar ratios of a thiophene unit bearing the tertiary
ester containing a thermocleavable alkyl chain (TCS) (i.e., ET)
and the original 3-hexylthiophene monomer (HT). While the
100% TCS-containing polymer (i.e, P3ET) was likely the
most stable (after thermocleavage of alkyl chains), its BH]J
device gave only negligible efficiency. On the other hand, the
TCS60 polymer, which contains 60 mol % TCS and 40 mol %
original hexyl chains, demonstrated the highest efficiency
(~1.3%) and excellent stability at 150 °C over a long period of
time. Mechanistically, it was proposed that retaining a certain

fraction of the alkyl chains (hexyl in this case) could help
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maintain the desirable morphology for high eficiency, yet
removing the rest of the alkyl chains would raise the T, of the
polymer and kinetically vitrify the morphology for better
stability.'>*”** Additionally, the carboxylic acid functional
group remaining on the thiophene unit after elimination of the
TCSs can provide resistance to thermal oxidation observed in
conjugated polymer films by lowering the oxidation potential
of the conjugated polymer and elimination of low-energy
degradation pathways initiated on alkyl chains.”~**

However, P3HT represents the earlier examples of
conjugated polymers for PSCs; state-of-the-art conjugated
polymers that can achieve high PCEs in BHJ cells are typically
“push—pull” polymers that were synthesized by polycondensa-
tion. Applying the strategy of cleavable alkyl chains to such
“push—pull” polymers has been rarely reported, and only
modest PCEs (<2%) were obtained."®****™>¢ Given the
success of using partial cleavage of alkyl chains in our previous
study on P3HT/P3ET, we set our goal to apply the same
strategy to the state-of-the-art “push—pull” polymers and to
explore its potential in achieving stable PSCs without
sacrificing significant PCE.

The PABT-T4-OD:PCBM system demonstrates the apex of
PCE achieved for a polymer:fullerene-based PSC, where the
optimized ethyl-2-octyl—decyl (OD) side chains are crucial to
the temperature-dependent ag§regation behavior, leading to an
optimized BHJ morphology.””” However, this system also
suffers from severe morphological burn-in degradation where
up to 32% of the initial device efficiency was lost within S days
in inert room temperature conditions.”**” Thus, this system
was chosen to test our TCS copolymerization strategy where a
portion of the original OD alkyl chains would be directly
replaced by the TCS units in a systematic manner (i.e., 25—70
mol % TCS in the finished copolymers). Thermogravimetry
analysis (TGA) characterization revealed that the PABT-T4-
TCS polymer (i.e, 100 mol % TCS), incorporating the same
tertiary 3-ester thiophene functionality in our earlier work, had
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a 20 °C higher onset temperature (T.) and slower cleavage rate
than the polythiophene with 100 mol % TCS (i.e, P3ET) in
our earlier study. This difference was ascribed to a kinetic
effect of the stiffer polymer backbone. Evaluating all polymers
individually in BHJ solar cells showed that 60% TCS
incorporation (i.e, PABT-T4-TCS60) maintains a moderate
efficiency of 3.2% (after thermocleavage) but leads to an
intrinsically stable morphology (BH]J blend) than the original
PABT-T4-OD. Pleasingly, TCS60 polymer-based devices
showed a retention of 80% of the initial PCE after 2 weeks
at 100 °C, while the PABT-T4-OD-based device lost over 70%
of its original PCE.

B SYNTHESIS AND INITIAL CHARACTERIZATION OF
PffBT-T4 SERIES POLYMERS

Scheme 1 outlines the chemical structures and synthetic routes
of the TCS series PABT-T4-based polymers. The monomer,
fIBT-TCS (11), was synthesized via the bromination of the
product from Suzuki coupling of the TCS-based thiophene—
boronic ester unit (9) and the electron-deficient §,6-
difluorobenzothiodiazole—dibromo unit. Details of the syn-
thetic procedures and relevant characterizations of all
compounds are listed in the Supporting Information. Different
molar ratios of the commercial “high-efliciency” monomer
fIBT-OD vs fIBT-TCS monomer were employed to prepare
the targeted series of PIBT-T4-TCSx copolymers through
Stille step growth polycondensation with bis-stannylated
bithiophene as the other comonomer. Note that the series of
TCS-based copolymers are designated as PfBT-T4-TCSx (x =
50, 60, and 70) and PABT-T4-TCS (x = 100), where x denotes
the molar ratio of the fiIBT-TCS monomer.

Initially, a shorter alkyl-based TCS, 2-methylhexyl side
chains (C4), was used for this series of PABT-T4-TCSx.
Unfortunately, only insoluble polymer was produced when
using ffBT-TCS (C4), and only PAABT-T4-TCS25 was
confirmed to be soluble in hot chlorobenzene (Figure S1).
Therefore, the length of the alkyl chain was extended to C10 to
improve solubility, allowing the synthesis of copolymers
(PAABT-T4-TCSx and PABT-T4-TCS) containing 50% or
higher TCS content. The original PABT-T4-OD polymer
was also synthesized as the control. As expected, the longer
side chains provided necessary solubility to the copolymers as
well as the PHBT-T4-TCS homopolymer. Specifically, the
PAABT-T4-OD and all PABT-T4-TCSx copolymers were found
to be only soluble in hot chlorobenzene up to 12 mg/mL. By
contrast, 84% of the PIBT-T4-TCS homopolymer was able to
be extracted in the chloroform fraction from the Soxhlet
extraction leaving behind no residue. The PIBT-T4-TCS
homopolymer exhibited partial solubility (<1 mg/mL) in
Tetrahydrofuran (THF) and 2-methyl-THF and 20 mg/mL
solubility in chloroform, toluene, and o-xylene. We attribute
this greater solubility of the PABT-T4-TCS homopolymer to
the polar ester unit and the bulky tertiary ester side chains
which would inhibit extensive aggregation behavior.

The molecular weights and dispersities of all polymers are
summarized in Table 1. As shown in Figures S2—S8, the true
molar ratios of TCS monomer in the polymer backbone were
verified by "H nuclear magnetic resonance (NMR) spectros-
copy, which are in good agreement with the feed ratios (within
a 5% mismatch). Moreover, TGA also quantitatively confirms
the weight ratios of TCS in the polymer (Figure 1) with
expected weight losses near 220 °C T, confirming ester
pyrolysis and evaporation of cleaved alkyl chains. Measured
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Table 1. Polymer Synthesis, Characterization, and Thermal
Degradation

TCS in TCS in wt % loss
PABT-T4  synthesis  polymer” M, (to P) T. after T,
polymer” gn?ol %)  (mol %) [kg/mol]® [°C]? (Th)®
TCS100 100 100 188 (1.7) 2192  30.6 (38.3)
TCS70 70 68.9 474 (1.8) 2214 259 (264)
TCS60 60 62.5 18.0 (2.1) 2229 221 (22.0)
TCS50 50 54.1 193 (1.8) 2228  18.1 (18.4)
TCS25 25 18.5 N/A 2287 6.6 (7.18)
oD 0 0 359 (1.4) N/A

“All polymers were made with 2-methylundecyl side chains (C10).
TCS25 was made using 2-methylhexyl chains (C4) and MW could
not obtained by GPC due to solubility issue. “Mol % was calculated
using 'H NMR spectra. “Molecular weight measured using HT-GPC
at 90 °C in trichlorobenzene, against a polystyrene standard curve.
“Thermal cleavage onset temperatures extracted from TGA using
tangent fitting. “Wt % loss was measured after the first weight loss
transition correlating with total elimination of alkene taken at 270 °C
in each TGA scan.

100
90
80+
70

60+
—— PffBT-T4-0D

Weight %

50 1 —— PfBT-T4-TCS25
——— PHfBT-T4-TCS50
401 — PffBT-T4-TCS60

—— PffBT-T4-TCS70

—— PffBT-T4-TCS100
30 T

100 200 300 400 500 600
Temperature (°C)

Figure 1. TGA of all polymers synthesized in this study taken at a 10
°C/min scan rate.

mass losses matched well with theoretically calculated losses
within § wt % for all copolymers and 9 wt % for the TCS
containing homopolymer. All TCS-containing copolymers
exhibit three distinct weight loss transitions near 220, 300,
and 450 °C, coinciding with alkene elimination, decarbox-
ylation, and alkyl decomposition of the fIBT-OD unit,
respectively. Mechanisms for elimination of the thermocleav-
able alkyl chains and decarboxylation are provided in Scheme
S3 and were discussed in our previous work.”” All PBT-T4-
TCSx polymers became completely insoluble in all common
processing solvents after the elimination of thermocleavable
alky chains. Although decarboxylation occurs before the
catastrophic decomposition step for all copolymers, temper-
atures >300 °C are not ideal for current device fabrication
procedures and were not applied in this study.
Ultraviolet—visible (UV—vis) absorption spectroscopy was
next conducted to assess the optical properties of all polymers
in chlorobenzene solution and the corresponding thin-film
states. Strong temperature-dependent aggregation in solution is
an important property of the original OD-based polymer.’
Indeed, the PfIBT-T4-OD shows significant signs of dis-
aggregation with increasing temperature (Figure 2a), and a
transition between ordered and disordered structure near 90
°C was observed where the relative intensities of the 0—0 and
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Figure 2. (a) Temperature-dependent UV/vis absorption of PfBT-T4-OD at 0.02 mg/mL in chlorobenzene. (b) Temperature-dependent UV/vis
absorption of PABT-T4-TCS polymer at 0.02 mg/mL in chlorobenzene. (c) UV/vis of all polymers at 0.02 mg/mL in chlorobenzene. (d) UV/vis
of as-cast TCS and OD films and the TCS film (COOH polymer) after annealing at 220 °C for 30 min.

0—1 vibrational peaks switch. PABT-T4-TCS (i.e.,, TCS 100)
containing bulky TCS units exhibits much less pronounced
changes in absorption spectra with temperature, as there is
only a slight loss in absorption intensity when temperature is
raised past 90 °C (Figure 2b). This behavior can be ascribed to
the steric hindrance from these bulky TCS units that prevents
the aggregation of the TCS polymers. Moreover, with
increasing fIBT-TCS monomer content in the polymer
backbone, the resulting copolymers produce less temper-
ature-dependent aggregation behavior (Figure S11), but they
also retain greater relative intensity of the 0—0 peak in both
solution and films. Overall, this qualitative analysis exemplifies
that despite having identical conjugated backbone, the steric
hindrance of TCSs largely mitigates desirable aggregation
behavior, which could lead to poorer performing devices (vide
infra).

The fact that the steric hindrance of the TCS units prevents
the aggregation of conjugated polymers could also explain the
significant blue-shift in the case of PABT-T4-TCS compared to
PABT-T4-OD in thin films and solution (Figures 2¢ and 2d).
On the other hand, the ester group of the TCS unit on the
conjugated backbone apparently exerts a stronger impact (than
the steric hindrance) on the measured HOMO energy level:
the estimated HOMO level of the PAABT-T4-OD (—5.42 eV)
via cyclic voltammetry is noticeably lower than that of PBT-
T4-TCS (—5.24 eV) (Table 2 and Figure S10); this interesting
observation is tentatively ascribed to the subtle electronic effect
of the ester group on the overall “donor—acceptor” nature of
PABT-T4-TCS.

B EFFECTS OF CHEMICAL STRUCTURE ON
THERMAL CLEAVAGE

To explore the structural effects on the thermal cleavage of side
chains, three TCS-homopolymers were thoroughly examined:
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Table 2. Optoelectronic Properties Comparison of TCS and
OD Homopolymers

Eox ~HOMO  Eyp, LUMO  ESY  E9

polymer W W V) (V) (V) (V)
PAABT-T4-TCS 0.53 —5.24 —1.67 —3.04 2.20 1.71
PABT-T4-OD 0.71 —5.42 N/A —3.78“ 1.64

“LUMO (lowest unoccupied molecular orbital) energy level is
estimated from the HOMO energy level and EgOPt

P3ET-C4 (the original P3ET), P3ET-C10, and PAABT-T4-TCS
(Figure 3a). Comparing P3ET (C4) and P3ET-C10 would
disclose the effect of side-chain length on the thermocleavage,
including thermal cleavage rate, onset temperature, and
activation energy. On the other hand, comparing P3ET-C10
and PABT-T4-TCS would show the effect of backbone
structure on thermocleavage. In addition, the monomer and
dimer units (Figure S14) were also investigated to understand
whether macromolecules would have any impact on
thermocleavage. Because the thiophene unit is the most
commonly employed heteroaromatic unit in conjugated
polymers for PSCs, we hope to use this section as a foundation
for further exploration of TCS in the field.

As shown in Table 3 and Figure 3, the thermal cleavage
onset temperature and inflection temperature for P3ET-C10
are approximately 10 °C higher than those for P3ET-C4.
However, the activation energies extracted using the Flynn—
Wall—Ozawa isoconversional method*® show negligible differ-
ence between these polymers (details in the Supporting
Information). Because both polymers share the identical
backbone, this small change in onset difference between
polymers can be explained by the difference in boiling point/
vapor pressure of the side chain: eliminated C4-based alkenes
boil between 90 and 95 °C while eliminated C10-based alkenes
boil between 225 and 230 °C. While the lower volatility of
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Figure 3. (a) Chemical structures of polymers used for cleavage rate study. (b) TGA data and first-derivative TGA data of TCS homopolymers
used for rate study at a 10 °C/min scan rate. (c) Isothermal annealing of TCS polymers at 130 °C for 24 h. (d) Isothermal annealing of PAABT-T4-
TCS at 200, 210, and 220 °C for 60 min. The dashed line is when the TGA reaches 200 °C. (e) Isothermal annealing of TCS polymers at 200 °C

for 60 min. The dashed line is when TGA reaches 200 °C.

Table 3. TGA Analysis of Side Chain Cleavage

activation energy (SD) T. inflection
polymer [k]/molf! [°C]®  temperature [°C]*
P3ET 113.5 (2.5) 2013 208.4
P3ET (C10) 110.0 (6.6) 2106 2188
PABT-T4-TCS 117.5 (5.9)4 2192 2347

“Activation energies calculated using the Ozawa method (Supporting
Information) from different TGA heating rates. “Thermal cleavage
onset temperatures extracted from 10 °C/min TGA curves.
“Inflection temperature calculated from first derivative of 10 °C/
min TGA curves. “Activation energy estimated from the TCS70

polymer.

C10-based alkene decreases the rate of thermal cleavage
slightly, according to TGA experiments and isothermal
annealing at 200 °C (Figures 3a and 3b), a much larger
difference in the rate of cleavage between the two side chains
appears at the low-temperature cleavage limit of 130 °C, where
P3ET-C4 cleaved to within 95% in 24 h and P3ET-C10 only
cleaved to 75% (Figure 3c).

On the other hand, both thermocleavage onset temperature
and the inflection temperature for the “push—pull” polymer
PABT-T4-TCS are appreciably higher than those of P3ET-C10
which has the identical TCS (Table 3), indicating that the
polymer backbone structure also has a strong impact on
thermal cleavage rate. While the onset cleavage temperature is
only a further 8 °C higher for PAABT-T4-TCS than P3ET-C10,
the inflection point of PAABT-T4-TCS cleavage occurs an
unexpected 24 °C higher temperature. Isothermal analysis at
130 °C (Figure 3c) discloses that only 10% of PffBT-T4-TCS
side chains were cleaved in 24 h. Furthermore, at the 200 °C
temperature we used in previous reports for rapid thermal
cleavage (Figure 3e), both P3ET-C4 and P3ET-CI10 exhibit
>90% DOTC (degree of thermocleavage) within the arbitrary
10 min time frame while PIBT-T4-TCS requires over 1 h to
cleave 80% of its side chains. Data from applying different
annealing temperatures of PABT-T4-TCS (Figure 3d) indicate
that 220 °C was needed to cleave over 90% of side chains
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within 10 min, and this temperature was therefore used for
fabricating BHJ devices and thin films tested in this work.
Further Fourier-transform infrared spectroscopy (FT-IR)
experiments (Figure S13) of PABT-T4-TCS films complement
the TGA experiment well, where the carbonyl CO stretch at
1708 cm™' is shifted to 1716 cm™ and broadened after
annealing at 220 °C for 30 min, indicating the transition from
the ester (precleavage of alkyl chains) to carboxylic acid (after
thermocleavage). The disappearance of the CH stretching at
2925 cm™' and the appearance of broad OH stretching from
3400 to 3500 cm™" are also observed, supporting the formation
of carboxylic acid (COOH). Furthermore, spun-cast films of
the PABT-T4-TCSx copolymers (100—150 nm) showed
thickness reduction after the annealing step, matching the
expected mass loss well (Table S1). No change in the FT-IR
spectrum or thickness compared to the as-cast film was
observed after heating at 150 °C for 24 h, indicating a
minimum amount of cleavage (if any). However, when
dissolving PABT-T4-TCS in 1,2-dichlorobenzene-d, (NMR
solvent) and heating the solution at 140 °C for 14 h, the
elimination of two isomers of alkene was confirmed by 'H
NMR spectroscopy, together with precipitated polymer
(Figure S9). This observation demonstrates that homoge-
neously dispersing polymers in good solvents can facilitate
thermocleavage.

To account for the significant differences in the cleavage rate
between PABT-T4-TCS and P3ET-C10, we considered two
plausible explanations. First, the electronic structure of the
polymer can lower the enthalpy for elimination. The tertiary
ester syn-elimination reaction proceeds through a concerted
El mechanism with a six-membered transition state.*"**
Previous reports on TCS have demonstrated that functional
groups next to the tertiary carbon can lower the energy of this
transition state and lower the temperature of cleavage.*>**
Because all three polymers tested (in this study) have the same
functionality (i.e., thiophene) attached to the tertiary ester and
there is no difference in measured activation energy, there
should be no significant differences resulting from the
electronic effect. The second possibility is that PBT-T4-
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Figure 4. (a) DMA graph of PABT-T4-OD, including thermal relaxation temperatures and chemical structure with attributed relaxations. (b) DMA
graph of cleaved PABT-T4-COOH (PAIBT-T4-TCS polymer after thermocleavage) and its chemical structure.

TCS’s entropy of elimination is lower due to its higher rigidity
of the polymer in the solid state than P3ET-C10. PIBT-T4-
OD (the TCS-free analogue) has a very rigid backbone
(persistence length = 3.7 nm) compared to P3HT (persistence
length = 2.7 nm)."* Substituting the OD or hexyl side chains
with TCS would introduce the steric hindrance (from TCS) to
the conjugated backbone and reduce the chain rigidity, which
would lead to a lower temperature of thermocleavage. Indeed,
experimental data show that increasing density of TCS on the
PAIBT-T4 copolymer decreases the onset temperature of
cleavage (Table 1), with lowest temperature observed for
PABT-T4-TCS (i.e, 100% TCS). In fact, similar behavior was
also observed for the P3ET/P3HT copolymers, where P3ET-
C4 (ie, 100% TCS) showed the lowest temperature of
cleavage.”’

Because of the complexities of measuring polymer rigidity
(which will be discussed later in this work), we are not able to
construct a numerical correlation between a material value
(e.g., glass transition) and cleavage rate. We instead chose to
indirectly test this hypothesis with two dimers (and also
structural isomers) of ET, OET, and IET, together with the
“monomer” of PABT-T4-TCS, ABT (C4). OET is a crystalline
powder with esters on the 4 positions (outside positions), and
IET is an amorphous oil with esters on the 3 positions (inside
positions) at room temperature (structures shown in Figure
S14). TGA data show that the more crystalline/rigid fiBT
monomer and OET dimer has a 20 °C higher cleavage
temperature than the amorphous IET dimer (Figure S15),
consistent with the observed higher cleavage temperature of
PABT-T4-TCS than P3ET-C10. Additionally, the fIBT-TCS
monomer also has a lower cleavage temperature than the
PABT-T4-TCS polymer, implying that the macromolecular
structure could increase the cleavage temperature. Overall, our
brief study suggests that rigidity of backbone in conjugated
polymers impacts the rate of thermal cleavage more
significantly than the length of the alkyl chain on the TCS unit.
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B THERMOMECHANICAL PROPERTIES RELATING TO
INTRINSIC STABILITY

Characterization of all polymers with differential scanning
calorimetry (DSC) (Figure S16) did not reveal clear glass
transition for any PABT polymer; however, PABT-T4-OD has
a reversible melting peak at 262 °C, while PABT-T4-TCS has
no observable melting peak and a large endothermic transition
around 220 °C, coinciding with thermal cleavage of side
chains. The first cooling scan and second heating scan in the
range of —10 to 300 °C of PfIBT-T4-TCS did not show any
other thermal transition, indicating the vitrification of the
polymer. The copolymers TCS50, TCS60, and TCS70 have
similar thermal behavior, with lower enthalpies of thermal
elimination for the cleavage step with lower TCS content.

The vitrification of the polymer is better exemplified using
dynamic mechanical analysis (DMA) (Figures 4 and S17),
which is more sensitive at detecting thermal relaxation in
conjugated polymers than DSC alone. In typical commodity
polymers, the T, is taken as the metric for identifying the
transition between a viscous liquid and frozen glass in the
amorphous phase of the polymer. Most push—pull conjugated
polymers, however, possess no clear glass transition due to
their comb-like structures and high crystallinity.'*">* Instead,
most such polymers possess localized mechanical relaxations
along the side chain (T,), backbone (T}), and rigid amorphous
phase (T,), often with side-chain relaxation being the
dominating feature and occurring at temperatures below 0
°C. The temperatures of these transitions are extracted from
Gaussian fitting the tan(5) (Figures S18—S20) as in previous
reports.15

PABT-T4-OD and PfABT-T4-TCS show pronounced peaks
in tan(8), coinciding with thermomechanical relaxations of the
side chain and backbone and a decreasing storage modulus
with increasing temperature. For PIBT-T4-OD, three distinct
transitions occur in the tan(§) at —28, 4.9, and 106 °C, which
are assigned as T, Ty, and T, respectively. The corresponding
temperatures for PABT-T4-TCS are 49.4, 19.4, and 89.6 °C,
respectively. Given that the side chain is 54% of the total
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Figure S. (a) As-cast polymer films (spun-cast at 10 mg/mL in chlorobenzene at 600 rpm). The PABT-T4-TCS polymer was spun-cast at 20 mg/
mL for similar thickness. UV/vis of polymer films after annealing at 220 °C for 30 min, followed by at 100 °C for 24 h, and last by at 100 °C for §
days. Photos of films are shown after each annealing step in order from top to bottom.

weight of PfIBT-T4-OD, the T, is the most pronounced
transition with a steep loss in storage modulus and sharp peak
in tan(5) (Figure 4a). On the other hand, once PAABT-T4-TCS
was heated to 220 °C for 30 min (to thermally remove alkyl
chains), as-formed PABT-T4-COOH shows a more consistent
storage modulus with temperature and a smaller loss modulus
and tan(§) than PABT-T4-TCS or PABT-T4-OD. The first
three thermal relaxations for PABT-T4-COOH are fitted as
10.6, 115.6, and 209 °C, further demonstrating a significant
enhancement of thermomechanical properties compared to the
other two polymers.

B EXTRINSIC THERMAL STABILITY OF NEAT
POLYMER FILMS

Our previous works have shown that, upon thermally removing
the alkyl chains, the pendent carboxylic acid groups in cleaved
TCS polymers help reduce oxidation potentials and increase
resistance of the vitrified Eolymer films to external stressors
(e.g, oxygen and water).””* In addition to lower oxidation
potentials, eliminating alkyl chains removes radical-based
hydrogen abstraction which can serve as a pathway for further
degradation of the conjugated polymer (Scheme S4).””** To
evaluate the stability of this series of polymers, neat polymer
films (after thermocleavage) were first studied using UV/vis
absorption spectroscopy in air (40—50 nm films, relative
humidity ~57%, 100 °C in the dark for S days). Prior to
thermocleavage, the two reference polymers (PfIBT-T4-OD
and PABT-T4-TCS) show similar absorption profiles in their
thin films (Figure Sa) to those in their solutions (Figure 2c);
however, the three copolymers (TCSS50, -60, and -70) clearly
show more aggregation in the solid state when compared with
their solution state. This observation indicates that retaining a
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certain fraction of the strong aggregation polymer (i.e., PBT-
T4-OD) can preserve the strong interaction/aggregation even
in copolymers, which could be beneficial to BHJ devices. On
the other hand, the as-cast PABT-T4-OD polymer film is the
least stable among this series of polymers, losing 40% of its
initial absorption in 24 h under 100 °C annealing (Figure Sb).
Additionally, the relative heights of the 0—1 and 0-0
absorption peaks flip, and the band edge blue-shifts, indicating
that a more amorphous morphology becomes dominant. After
S days under 100 °C, the film was completely bleached (losing
72% of the initial absorption), and the spectrum is entirely
blue-shifted with no aggregation-related peaks. In complete
contrast, the PABT-T4-COOH polymer (PBT-T4-TCS after
thermocleavage) retains 95% of its initial absorption after S
days under 100 °C with no change in spectral shape (Figure
Sc). Other copolymers show the expected trend of higher
absorption retention with greater TCS content (Figures Sd—f).
Specifically, the TCSS0 copolymer shows a loss of 20% of its
initial absorption after 1 day and a loss of 50% of its initial
absorption after S days with a higher retention of spectral
shape and smaller blue-shift than PIBT-T4-OD. On the other
hand, the TCS60 copolymer shows much higher stability:
retaining 98% of the initial absorption after 1 day and 80% by
day S. Interestingly, the TCS70 copolymer demonstrates
slightly lower absorption retention than TCS60, 90% and 75%
after 1 and S days, respectively; yet, the longer term stability of
TCS60 and TCS70 is comparable (e.g., after S days). These
data indicate that applying the TCS strategy to more
contemporary “push—pull” conjugated polymer is also effective
to significantly improve the stability of such polymers (after
thermocleavage of alkyl chains on TCS) in air.
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Figure 6. (a) Average PCE vs TCS content for polymer:PC,;BM solar cells before and after thermal annealing at 220 °C for 30 min. (b) Solar cell
stability study for TCS60 and the reference polymer in BHJ solar cells at 100 °C in an inert atmosphere (i.e., nitrogen-filled glovebox) and under
darkness. The cell efficiency was normalized vs time.

Table 4. Photovoltaic Performance of PABT-T4-TCSx:PC,,BM PSCs as Cast and Annealed at 220 °C for 30 min

system

PABT-T4-OD (as cast)
PABT-T4-OD (220 °C)
PABT-T4-TCS50 (as cast)
PABT-T4-TCS50 (220 °C)
PABT-T4-TCS60 (as cast)
PABT-T4-TCS60 (220 °C)
PABT-T4-TCS70 (as cast)
PABT-T4-TCS70 (220 °C)
PABT-T4-TCS (as cast)
PABT-T4-TCS (220 °C)

Vo [V]
0.715 (0.713 = 0.001)
0.576 (0.570 + 0.002)
0.575 (0.570 + 0.003)
0.716 (0.716 + 0.001)
0.605 (0.601 + 0.005)
0.761 (0.758 + 0.002)
0.600 (0.600 + 0.002)
0.749 (0.739 + 0.001)
0.378 (0.374 + 0.003)
0.548 (0.541 + 0.00S)

Ji* [mA em™]
18.34 (18.01 + 0.30)
6.06 (5.85 + 0.31)
14.30 (13.92 + 0.54)
7.64 (7.34 + 0.45)
14.74 (14.41 + 0.32)
8.05 (7.90 + 0.18)
11.99 (11.62 + 0.46)
7.30 (7.07 + 0.33)
2.13 (1.86 + 0.22)
1.31 (1.30 + 0.10)

FE” [%]

69.94 (69.77 + 0.28)
60.34 (59.86 + 0.32)
41.47 (41.07 + 0.13)
50.21 (49.82 + 0.22)
46.47 (45.82 + 0.28)
51.50 (50.56 + 0.48)
42.17 (41.38 + 0.36)
49.68 (48.31 + 0.57)
35.63 (35.33 + 0.12)
34.72 (34.47 + 0.24)

PCE“ [%]
9.17 (8.95 + 0.28)
2.10 (1.99 + 0.15)
3.41 (3.26 + 0.26)
2.75 (2.62 + 0.15)
4.14 (3.97 + 0.19)
3.16 (3.02 + 0.13)
3.03 (2.88 + 0.28)
2.71 (2.52 + 0.18)
029 (0.25 + 0.09)
0.25 (0.24 + 0.01)

“The statistical values in parentheses are obtained from 10 cells.

B DEVICE PERFORMANCE AND INTRINSIC
STABILITY TESTING

The major goal of this study was to explore whether
incorporating TCS units into the original PffBT-T4-OD
polymer could increase the intrinsic morphological stability
of the BHJ devices while retaining the device efficiency. As the
final step of this study, BHJ solar cells made with
polymer:PC, BM were fabricated in an inverted structure
according to previous literature.’ Details of device fabrication
and characterization are included in Section S of the
Supporting Information. Figure 6a presents the device
efficiency vs TCS content before and after thermal cleavage
(i.e, annealing the BHJ film at 220 °C for 30 min). Again, a
larger film thickness reduction was observed in the BHJ after
thermal annealing with increasing TCS content (Table S8).
The OD reference polymer (ie, 0% TCS in Figure 6a)
without thermal annealing yields the highest PCE value of
9.17%, close to the expected efficiency for this polymer
system.6 However, after the 220 °C annealing, device
efficiencies plummeted to 2.10% with the largest loss in ]
(Table S9 and Figure S21). On the other hand, the 100% TCS
polymer, PABT-T4-TCS, only offers very low efficiency
numbers: 0.29% and 0.24% respectively for before and after
thermal annealing at 220 °C. Similar results were reported
earlier for a fully cleavable benzothiadiazole—terthiophene-
based TCS polymer, which was attributed to poor aggregation
of that polymer.”> Overall, PABT-T4-OD (ie, 0% TCS)
delivers the highest efficiency as expected; however, the
morphology of its BHJ blend is rather fragile when subjected to
high temperature, consistent with previous discoveries by Li et
al.”” By contrast, PABT-T4-TCS (i.e., 100% TCS) is not able
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to construct an effective charge transport channel due to lack
of forming sufficient aggregation in its BHJ blend, resulting in
the observed low efficiency; this nonideal morphology was not
improved (and likely further exacerbated) after thermocleav-
age.

Pleasingly, the three copolymer (TCSS0, -60 and, -70)-
based devices show much better performance metrics than the
PABT-T4-TCS polymer (i.e, TCS100). Before thermocleav-
age, all three copolymers delivered PCEs around 3—4% (Table
4); after the 220 °C annealing to remove the alkyl chains, these
numbers slightly decrease to 2.75, 3.16, and 2.71% for TCSS0,
TCS60, and TCS70 polymers, respectively. A closer look at the
device characteristics (before and after thermocleavage) reveals
that the open circuit voltage (V,.) and fill factor (FF) are
noticeably improved for the device after thermocleavage, yet
the short circuit current (J,.) is significantly reduced (by
almost 50%). We tentatively ascribe these observed differences
to morphological changes of the BHJ film after thermocleav-
age, which requires a detailed morphological study and device
physics (out of the scope for this work). Nevertheless, these
PCEs (~3%) represent the highest values to date for polymers
having TCS used for BHJ solar cells.**~*¢

Because the TCS60 copolymer demonstrates the highest
efficiency in its device and best thermal stability in its neat
polymer film, this polymer was chosen to compare with the
reference polymer (PIBT-T4-OD) in BHJ devices for further
thermal stability study (duration of 2 weeks at 100 °C) (Figure
6b). These tests were performed in an inert atmosphere in the
dark to examine intrinsic degradation by heat only. For the
reference polymer-based device, 34% of the initial efficiency
was lost after 2 days and over 70% was lost after 2 weeks. By
contrast, the TCS60-based device lost roughly 18% of the
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initial efficiency after the initial 2 days (likely due to the burn-
in loss) but only lost an additional 4% after 2 weeks. These
results clearly demonstrate that applying TCS to modern
push—pull low-band-gap polymer can significantly improve the
device stability over high temperature (e.g., 100 °C).

B CONCLUSIONS

The most important finding is that the strategy of partial
cleavage of alkyl chains can also be applied to modern “push—
pull” conjugated polymers to achieve significantly higher
thermal stability of BHJ solar cells while retaining much of
the efficiency achieved from the parent system. While PBT-
T4-OD (the parent system) can achieve close to 10%
efficiency of its PSCs, over 70% of its original efficiency was
lost after 2 weeks under our test conditions (100 °C, inert
atmosphere). By contrast, the copolymer TCS60 could achieve
a modest efficiency of 3.2% after thermally removing alkyl
chains, but its PCE was retained at the ~80% level under the
same testing conditions, and its BHJ morphology appeared to
be extremely stable for an extended period of time. Together
with our earlier results on applying partial cleavage to the
P3HT system,”” our new results indicate that this partial
cleavage strategy could be generally applicable to other high-
efficiency polymer-based BH]J systems.

Detailed thermal analysis revealed that extending the length
of the cleavable alkyl chains can noticeably increase the
cleavage temperature; furthermore, polymers with higher
rigidity require higher temperature for cleaving alkyl chains,
and the cleavage is slower when compared with more
amorphous polymers. However, these factors do not have an
impact on the activation energy of the thermocleavage because
the mechanism of thermocleavage primarily concerns the
functional groups employed (tertiary ester in our case).

Nevertheless, there are remaining questions that need
further study. For example, what causes the relatively low
efficiency of TCS60 (after thermocleavage)-based PSCs
compared with the reference (PABT-T4-OD)? Thermal
treatment induced morphological change is certainly a serious
concern. In fact, our previous work had discovered the strong
impact on the morphology of TCS-containing polythio-
phenes.*® Thus, methods to control temperature-dependent
morphology and engineering solutions to avoid reductions in
film quality should be further developed. On the other hand, if
high-temperature annealing (e.g., 220 °C, 30 min) were the
primary factor to account for the observed modest efliciency,
we can design new methods to lower the temperature for
removing alkyl chains. Increased efforts in these directions
would further advance the TCS strategy where not only the
thermal stability of the resulting optoelectronic device is
enhanced but also the optoelectronic performance can be
retained or even improved.

B METHODS

General Methods. All chemicals were purchased from a
commercial source (Sigma-Aldrich, Fisher, Acros, etc.) and used as
received, except when specified. High-temperature size exclusion
chromatography (HT-SEC) was performed relative to the polystyrene
standards in hot 1,3,5-trichlorobenzene at 90 °C on a TOSOH
EcoSEC high-temperature GPC system with an RI detector. 'H
nuclear magnetic resonance (NMR) measurements were recorded
with Bruker DRX spectrometers (400 or 600 MHz). Absorption
spectra were obtained with a Shimadzu UV-2600 spectrophotometer.
IR spectra were taken on a Bruker Optics Hyperion 1000 with a
Tensor 27. The film thicknesses were recorded with a profilometer
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(Alpha-Step 200, Tencor Instruments). Differential scanning
calorimetric measurements were performed on a TA Instruments
Discovery DSC instrument at a heating and cooling rate of 10 °C/
min. Thermal gravimetric analysis (TGA) was performed on a TA
Instruments QS00 thermogravimetric analyzer under a nitrogen
atmosphere. The thermomechanical behavior of the polymers was
characterized using a TA Instruments DMA 850. The polymers were
drop-cast onto a woven glass mesh that was then loaded into the
DMA following a previously described process.”

Device Fabrication. The PSCs were fabricated with a device
structure of ITO/ZnO/PIBT-T4-based polymers:PC, BM/MoO;/
Al, where ITO, ZnO, and MoOj refer to indium tin oxide, zinc oxide,
and molybdenum oxide, respectively. Patterned ITO-coated glass
substrates (size of 1.5 cm X 1.5 cm) were rinsed using detergent,
acetone, and isopropanol for 15 min. The substrates were treated with
ultraviolet-ozone plasma for 15 min. ZnO solution was spin-coated at
3500 rpm 60 s onto the ITO surface, followed by annealing at 200 °C
for 1 h under air. Subsequently, ZnO-coated substrates were relocated
to a glovebox filled with inert nitrogen gas. The solutions of the active
layer (PBT-T4-OD, PABT-T4-TCSS0, PABT-T4-TCS60, or PABT-
T4-TCS70:PC,;BM) were prepared with a donor:acceptor ratio of
1:1.2 in CB:0-DCB (50:50) containing 3% v/v diiodooctane additive
with total concentration of 22 mg mL™". In the case of the PABT-T4-
TCS100:PCBM solution, it was prepared with a concentration of 40
mg mL™". Before spin-coating, all solutions were stirred at 150 °C for
2 h. Note that all substrates were preheated on a hot plate at 120 °C.
The solutions were spin-coated onto the ZnO layer with a thickness
of ~200 nm. Next, the PABT-4T-TCS-based films were treated with
thermal annealing (220 °C, 30 min) for thermal cleavage. Finally,
MoOj (thickness: 10 nm) and Al (thickness: 100 nm) were deposited
under vacuum (<5.0 X 107® Pa). The active area of each sample was
0.068 cm’.

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02181.

Detailed synthetic procedures; basic information on
P3ET, P3ET(C10), and PABT-T4-TCSx polymers; 'H
NMR spectra; DMA scans; DSC thermograms; FT-IR;
data for the stability test including UV—vis spectra and
photos of films; and J—V curves and photovoltaic
parameters for all devices (PDF)
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