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Abstract:

Organic solar cells (OSCs) have recently achieved power conversion
efficiencies (PCEs) exceeding 20%; however, their long-term operational stability
remains a significant barrier to commercialization. A key factor in ensuring sustained
device performance is the morphological stability of the bulk heterojunction (BHJ)
layer, which is closely linked to the mobilities of the donor and acceptor materials. In
this study, we introduce a strategy to enhance morphological and thermal stability by

incorporating thermocleavable side chains into both the donor and acceptor components
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donor, PftBT-4T-TCS, and a functionalized fullerene acceptor, C60-TCS. Upon
complete thermal cleavage of the alkyl side chains, the backbone glass transition
temperature of PffBT-4T-TCS increased by 60 °C. To assess the morphological
stability of the thermocleaved BHJ, we utilized atomic force microscopy coupled with
infrared spectroscopy (AFM-IR) to analyze films before and after thermal treatment.
Our results demonstrate that the BHJ morphology remains remarkably stable after
cleavage, maintaining consistent donor/acceptor composition and surface roughness for
over 10 weeks at 85 °C thermal stress conditions. Normalized PCE measurements
further confirm that this thermocleavable side-chain strategy offers a promising route

to achieve both high efficiency and long-term stability in OSC devices.

Introduction

The performance of organic solar cell (OSC) devices has rapidly advanced since
the discovery of low bandgap polymers and fullerene acceptors used as bulk
heterojunction layers in the early 2000s.!-2 The current state-of-the-art OSC device PCE
has surpassed the 20% benchmark.?# 5 In addition to the impressive progress in device
performance, the unique advantages for OSC devices include light weight, flexibility,
low cost, and solution processability. However, despite achieving high PCE values, the
commercialization of OSC device is hindered by device instabilities.>!* External
factors, such as oxygen, water, and UV irradiation have been effectively mitigated
through encapsulation techniques.!! However, prolonged exposure to direct sunlight
generates heat that strongly impacts the energy collection and conversion process
occurring in the BHJ active layer during operation.!? This often leads to a continuous

decline in PCE over time at elevated operating temperatures. The performance
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degradation is primarily due to morphological changes, as the initially formed BHI 2 croies
morphology is thermodynamically unstable. During casting, high boiling point
additives and/or annealing at elevated temperatures are typically used to optimize the

BHJ morphology, to maximize devices’ PCE.!> However, as the device operating
temperatures rise, the regained segmental mobility of the components causes the
morphology to evolve spontaneously. This leads to the formation of greater phase
separation between the donor and acceptor phases, hindering charge diffusion and
collection, ultimately impairing device performance.'

Given the impact of chain dynamics on device performance, inhibiting
donor/acceptor chain mobility to raise the barrier against morphological degradation
presents an effective strategy for fabricating long-term stable OSC devices under
continuous thermal stress.!> Mobility restriction can be achieved through molecular
engineering of the donor and acceptor (e.g., backbone modifications, side-chain
engineering, or crosslinking) and/or processing techniques (e.g., annealing to promote

the system into more thermal equilibrium state).!? Backbone rigidity is closely tied to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

molecular mobility, and increasing the proportion of rigid building blocks in the
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polymer backbone has been shown to effectively reduce molecular dynamics, for
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example by raising glass transition temperatures (7;).'*!® Another strategy to enhance
active layer stability involves using block copolymers composed of donor and acceptor
segments, which can self-assemble into microdomains at thermal equilibrium.!®-2?
Additional innovative approach to enhancing device stability is through crosslinking
strategies for semiconductive polymers.?32* Unfortunately, the performance sacrifices
caused by the crosslinked structures make this approach less appealing within the
community. In addition to phase separation between donor and acceptor materials,

crystallization of either the donor polymer or the small-molecule acceptor can
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significantly influence device morphology.?26 Recent work from our group highlight§5 o5 ofies
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the cold crystallization behavior of the acceptor Y6: when the temperature exceeds
120 °C, Y6 molecules readily crystallize and phase-separate from PM6, leading to a
decline in device performance.! It is also worth mentioning that the OSC devices are
multi-layered structures, comprising various components, such as electrodes, electron
or hole transport layers, and the active layer, failure can occur in any of these layers or
at the interfaces between them, which is not a focus here.%°-13

Recently, side-chain engineering with cleavable functional groups has emerged
as a promising strategy to enhance device stability. The decomposition of alkyl side
chains at elevated temperatures was demonstrated using the P3ET polymer.?”-28 It was
observed that the 7, of P3ET increased from 23 to 75 °C after complete side-chain
cleavage.? Although thermal cleavage effectively raises 7, of the donor above room
temperature, thiophene-based donors are not optimized for harvesting red and inferred
light, resulting in lower device performance. To achieve both high performance and
morphological stability, Shanahan et al. synthesized a donor-acceptor (D-A) type
thermocleavable donor (PffBT-4T-TCS) and conducted stability measurements. Their
results showed that copolymers with 60% thermocleavable content enhanced
operational stability, achieving a reasonably high PCE of over > 3% under continuous
thermal stress at 85 °C.3° Compared to backbone engineering, side-chain engineering
holds similar potential for improving thermal stability due to the abundance of side
chains in conjugated polymer systems.

In this work, we advanced the investigation of thermocleavable sidechains on
the stability of OSC devices, utilizing both a thermocleavable donor (PffBT-4T-TCS)
and a thermocleavable acceptor (C60-TCS) for a more comprehensive study. The

reduced chain dynamics of thermocleavable materials, particularly regarding 7, were
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thoroughly examined by analyzing trends in 7, enhancement relative to the dggreg,of5/ e oeter
sidechain cleavage using flash differential scanning calorimetry (Flash DSC). The
cleavage efficiency of both the thermocleavable donor and acceptor was evaluated
using dynamic and isothermal thermogravimetric analysis (TGA). In addition to
thermal analysis, X-ray scattering techniques were employed to study the relationship
between film morphology and annealing temperatures. Advanced atomic force
microscopy coupled with infrared spectroscopy (AFM-IR) was used to characterize
domain purity and phase behavior in the thermocleavable donor/acceptor blend. Finally,
long-term stability under continuous thermal stress was monitored, and the results
confirmed that incorporating thermocleavable sidechain effectively enhances
operational stability. Our work shows that thermocleavable conjugated materials as
effective candidates for stabilizing morphology under operational thermal stress, due to
the significantly reduced molecular mobilities resulted from the removal of alkyl side

chains. These findings offer valuable insights for designing the next generation of OSC

devices with both long-term stability and superior performance.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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We began by examining the cleavage process of the thermocleavable donor
polymer, PffBT-4T-TCS, to determine both the onset temperature and the associated
efficiency. Because the alkyl side chains decompose at elevated temperatures, we
performed non-isothermal TGA to correlate the onset of cleavage with the extent of
alkyl side-chain decomposition in PffBT-4T-TCS. As noted in our previous study on
the cleavage kinetics of thermocleavable thiophene-based P3ET polymers, the heating
rate can influence the cleavage onset temperature.?® Accordingly, we maintained a TGA

heating rate of 10 K/min for this investigation.
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The thermocleavable donor polymer PffBT-4T-TCS appeared stable up ¢
217.5 °C, as shown in Figure 1a, which is 20 °C higher than that of previously studied
thermocleavable donor polymer, P3ET. The rapid weight loss observed thereafter
corresponds to the cleavage of alkyl side chains, with a 35% weight loss matching the
theoretical fraction of these chains.’® The next inflection point at 250 °C indicates a
second thermal cleavage step ( Figure 1a orange dashed vertical line near the 35% mass
loss), in which carboxylic acid groups further dissociate and release carbon dioxide.
Since too high a temperature would add too much thermal stress to the donor-acceptor
blend and deteriorate the morphology, we limited our annealing temperature to around
or slightly lower than the temperature required to cleave the alkyl chain (vide infra).
Additionally, the thermocleavable acceptor (C60-TCS) was analyzed at a heating rate
of 10 K/min, as shown in Figure 1e. The onset cleavage temperature for the acceptor
was lower, at 189 °C, compared to the donor. The amount of cleaved alkyl side chains
for PCBM-C60TCS was 11.3%, which matched with theoretical weight of the alkyl
sidechains.

Next, we evaluated the degree of thermocleavage as a function of isothermal
annealing temperature to determine whether low-temperature cleavage was a viable
option for donor-acceptor thermocleavable conjugated polymers. The degree of
thermocleavage, as defined in previous work, represents the extend of alkyl side-chain
removal (®) at various isothermal annealing durations.?® Isothermal TGA was used to
assess cleavage efficiency at annealing temperatures of 140, 200, and 220 °C.
Additional isothermal TGA data for both the donor and acceptor at various annealing
temperatures are presented in Figure S1. Figure 1b shows the cleavage efficiency for

PffBT-4T-TCS, where annealing at 140 °C resulted in only 13% of alkyl side chains
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Figure 1. Thermal analysis of thermocleavable donor and acceptor materials: a) Dynamic
TGA of donor PffBT-4T-TCS; b) Cleavage efficiency of PffBT-4T-TCS at 140, 200 and
220 °C under various annealing times; ¢) Dynamic DSC of the donor showing cleavage
enthalpy at a heating rate of 10 K/min; d) Glass transition temperatures enhancement of
the donor at different degrees of cleavage; e€) Dynamic TGA of acceptor C60TCS; f)
Cleavage efficiency of C60TCS at 140 and 200 °C under various annealing times; g)
Dynamic DSC of the acceptor showing cleavage enthalpy at a heating rate of 10 K/min;
h) Glass transition temperatures enhancement of the acceptor before and after cleavage.

being cleaved after 10 hours. Similarly, annealing at 200 °C was suboptimal, leaving

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

20% of the alkyl side chains intact after 10 hours. The most effective cleavage occurred
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at 220 °C, where 96% of alkyl side chains, based on comparison of actual mass loss vs
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theoretical 100% alkyl sidechain cleavage mass loss, were removed after just 30
minutes of isothermal annealing. For the acceptor C60-TCS, shown in Figure 1f, 96%
of alkyl side chains were cleaved after 30 minutes at 200 °C. Based on the above study
of cleavage efficiencies of the donor and acceptor, the final processing condition for
the thermocleavable donor/acceptor blend film was set to 220 °C for 30 minutes to
balance thermal stress on the film and efficiency of cleavage.

A key limitation of previously studied thiophene-based thermocleavable

polymer was the absence of any ordered crystalline structure after complete cleavage
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being lower than the cleavage temperature.?’ One of the innovations of the current
thermocleavable donor, PffBT-4T-TCS, is its ability for maintaining crystalline
structures even after the alkyl side chains removal. To investigate this, conventional
DSC was used to monitor the heat flow of PffBT-4T-TCS samples at a heating rate 10
K/min, as shown in Figure 1c. As the temperature increased, the first endothermic peak
reflected the heat absorbed to initiate thermal cleavage, with an onset temperature of
213.6 °C consistent with TGA measurements (Figure 1a). The red-shaded area
represents the total energy required for complete thermal cleavage. By varying
isothermal annealing times, the degree of cleavage can be controlled, as noted in
previous work.?’ A notable feature of the current D-A thermocleavable donor is the
appearance of an additional endothermic peak following the cleavage peak, which can
be attributed to the melting of ordered crystalline domains. The melting temperature
and enthalpy change associated with this process are indicated by the blue-shaded area
(Figure 1c¢). In contrast, similar measurements for the uncleaved C60-TCS acceptor,
shown in Figure 1g, revealed no additional endothermic peak beyond the single
cleavage peak, indicating that cleaved C60-TCS has an amorphous structure. This
matches the observation from the temperature dependent WAXS study, in the following
section of the discussion.

Our aim is to improve the morphological stability of the active layer in
thermocleavable BHJ blends by increasing the T, of each component, thereby limiting
molecular mobility under continuous thermal stress. The 7, enhancement for PffBT-
4T-TCS is shown in Figure 1d, where heat flow versus temperature plots were obtained
using flash differential scanning calorimetry (Flash-DSC) due to its superior resolution

and sensitivity. As noted earlier, the degree of thermal cleavage can be adjusted by
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varying the isothermal annealing temperature and duration. The 7, values, WereS heecoeiser

determined using the half-step method, and a clear, consistent increase in 7, was
observed as the degree of cleavage increased (Figure 1d). Ultimately, the backbone T,
of fully cleaved PffBT-4T-TCS rose from 11.1 °C in the uncleaved sample to 73.2 °C.
Although the thermocleavable acceptor contains only ~11% alkyl side chains, its 7,
also increased from 107.6 °C to 118 °C, as illustrated in Figure 1h. Since the step
change was less pronounced for C60-TCS, first derivative plots were included to
confirm the validity of the 7, values in Figure 1h. In summary, thermal analysis
confirms that the molecular mobility of both the thermocleavable donor and acceptor
can be significantly reduced, as demonstrated by the higher 7, values after side-chain

cleavage.

Investigating Crystalline Structures upon Thermal Cleavage via Scattering
Techniques

As noted earlier, a particularly exciting feature of PffBT-4T-TCS is its potential

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

to better retain or even enhance optoelectronic properties after complete decomposition

of alkyl side chains, owing to the persistence of crystalline structures. To investigate
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ordered crystalline domains in the BHJ film during and after thermal cleavage. The
corresponding 2D WAXS images were presented in Figure S2 and S3 for reference.
As shown in Figure 2a, the donor at room temperature (R.T.) exhibits sharp
peaks at ¢ = 0.28 A" and ¢ = 1.8 A™", corresponding to alkyl-side chain stacking and
n-n stacking, respectively. As the temperature increased from R.T. to 200 °C, the alkyl
side-chain peak remained largely unchanged, though a shift in the n-n stacking peak
toward a lower q values was observed, due to the thermal expansion of the packing

lattice. As cleavage of side-chain began around 220 °C, a significant reduction in peak
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intensity was observed as the temperature approached 250 °C, as shown by the grang

curve in Figure 2a. At 300 °C, the second stage of the cleavage occurred as noted in
the TGA data in Figure 1a, where the entire side-chains were removed, resulting in the
side-chain scattering peak disappeared entirely. The in situ heating WAXS
measurements allowed us to monitor the cleavage process and the crystalline domain
remained as several scattering peaks exist after cleavage, including those at ¢ = 0.5 and
0.75 A™'. To quantitatively track the evolution of key peaks, we plotted changes in peak
area and full width at half maximum (FWHM) in Figures 2b and 2¢, respectively. As
shown in Figure 2b, the peak area and FWHM for alkyl side chains remained stable up
to 200 °C, but began to decline at 225 °C and became indistinguishable by 300 °C.
Figure 2¢ shows that the scattering peak at ¢ = 0.69 A™', representing the donor’s

ordered crystalline structure, remained unaffected by the thermal cleavage process, as

PHfBT-4T-TCS

—
o
—
-
=

s
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Figure 2. In situ heating WAXS measurement of thermocleavable donor and acceptor:
a) 1D scattering profile of donor at various temperatures; b) Scattering peak area and
FWHM for the donor’s scattering peak at g = 0.28 A-!; ¢) Scattering peak area and FWHM
for the donor’s scattering peak at ¢ = 0.69 A-!; d) 1D scattering profile of acceptor at
various temperatures; e) Scattering peak area and FWHM for the acceptor’s peak at g =
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evidenced by consistent peak area and FWHM values. DOI: 101036/ DESC 061558
We next conducted in situ WAXS experiments on the thermocleavable acceptor,
C60-TCS, as shown in Figure 2d. Based on our thermal analysis from DSC and TGA,
we hypothesized that the alkyl side chain scattering peak at ¢ = 0.32 A" would
significantly diminish at elevated temperatures. As shown by the light blue curve in
Figure 2d, WAXS data at 200 °C already indicated a notable reduction in the alkyl
side-chain scattering peak, which disappeared entirely by 225 °C. Additionally, several
scattering peaks in the uncleaved acceptor, ranging from g = 0.65 to 1.2 A™', either
broadened into near amorphous peak or disappeared entirely above 200 °C. Fitted
results for the acceptor’s scattering peaks at ¢ = 0.32 A (alkyl side chains) and g =
0.65 A~ (ordered structures) are presented in Figures 2e and 2f, respectively. As shown
in Figure 2e, the alkyl side chain peak area and FWHM for the acceptor, similar to
those of the donor, gradually decreased with increasing temperature and were fully
eliminated by 225 °C. In contrast to the donor, the acceptor showed no residual ordered

structure following complete side-chain cleavage, as indicated by the appearance of a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

smaller, broader amorphous peak in Figure 2f. In general, the in situ heating WAXS
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characterizations support our thermal DSC analysis of the thermocleavable donor and
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acceptor. Both components lost their alkyl side chains upon reaching the cleavage onset
temperature, however while the donor retained ordered structures after side-chain
cleavage, the acceptor transitioned into an amorphous state. Similar conclusion was

reached for 2D GIWAXS for thin film samples, which can be found in Figure S4.

Phase Seperation Behaviors of Cleavable BHJ and its Thermal Stability
After benchmarking the cleavage efficiency and evaluating its effects on the 7,
and crystalline structure of the individual components, we systematically investigated

the morphological behavior of the BHJ active layer composed of thermally cleavable
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ratio) blend film was characterized using AFM-IR, which simultaneously provides
surface topography and chemical composition maps. Because AFM-IR relies on
distinct absorption peaks for each component in the binary BHJ blend, it was essential
to first identify their respective infrared absorption characteristics. To this end, we used
Fourier-transform infrared spectroscopy (FTIR) to analyze the absorption peaks of the
thermocleavable donor and acceptor before and after cleavage, as shown in Figure SS5.
Before cleavage, distinguishable C=0O ester stretching peaks were observed at
1709 cm™ and 1736 cm™, corresponding to ester groups in the donor and acceptor,
respectively. After cleavage, the donor’s C=0 peak at 1709 cm™ split into multiple
peaks at 1680, 1690, and 1725 cm™, while the acceptor’s peak at 1736 cm™! shifted to
new peaks at 1709, 1725, 1744, and 1755 cm™. Based on these results, the IR laser for
AFM-IR was tuned to 1709 cm™ and 1736 cm™" for the donor and acceptor respectively
before cleavage and adjusted to 1680/1690 cm™ and 1744/1755 cm™ after cleavage,
depending on the sample’s spectral response.

We first examined the as-cast blend film on a silicon wafer to analyze its surface
morphology and analyzed its surface morphology and chemical composition. The AFM
height image, IR amplitude overlay, and IR spectral analysis are presented in Figures
3a, 3b, and 3c, respectively. The height image revealed a smooth surface with a root-
mean-square-roughness of 1.22 nm. The overlay AFM-IR phase image combines IR
amplitude maps obtained at 1709 cm™ and 1736 cm™. In the overlay image of the as-
cast film, excitation at 1709 cm™ corresponds to PffBT-4T-TCS (green areas), while
1736 cm™ corresponds to C60TCS (red areas). As shown in Figure 3b, we observed
well-mixed regions, where the domain size for donor and acceptor appears comparable.

Further nanoscopic spectral analysis in Figure 3¢ confirmed the presence of two
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distinct absorption peaks at 1710 cm™ and 1736 cm™, consistent with the bulk ETIRS o o155t
spectra and indicative of the donor and acceptor components. Additionally, spectra

acquired from positions 1 and 2 (marked with a “+”) were nearly identical, further
confirming the presence of mixed BHJ domains in the as-cast film.

Thermal treatment (220 °C for 30 minutes) was applied to the as-cast BHJ film,
and the post-annealing phase behavior was subsequently assessed using AFM-IR.
Following the removal of alkyl side chains, the domain size decreased, while the surface
roughness increased to 4.01 nm, suggesting surface coarsening due to thermal cleavage
and the formation of shallow drepressions (possibly pinholes) from the evaporated alkyl
chains, as shown in Figure 3d. Compared to the as-cast film, the cleaved film’s overlay
image in Figure 3e shows smaller domains for both the donor (scanned at 1680 cm™)
and the acceptor (scanned at 1744 cm™), represented by the green and red commingled
regions. The darker regions correspond to lower height areas in Figure 3d, associated
with alkyl side-chain removal from both components. Nanoscopic IR absorption

spectra at two locations on the cleaved film revealed that the original peaks for the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

uncleaved donor (1710 cm™) and acceptor (1736 cm™) had fragmented into multiple

Open Access Article. Published on 05 January 2026. Downloaded on 1/10/2026 3:40:46 AM.

weaker peaks between 1680 and 1744 cm™. As established in previous analyses, the

(cc)

local chemical composition correlates with the IR absorption peak area ratio; thus, we
used the ratio of the 1709 cm™ to 1725 cm™ peaks reflects the local concentrations of
cleaved donor and acceptor.’! We prepared samples with varying donor-to-acceptor
ratios (ranging from 2:1 to 1:2) and compared the peak area ratios to the theoretical
weight percentages, as described in our group’s previous work.'% 3! Peak area
calculations were performed by applying an unbiased baseline and simultaneously
fitting the 1709 and 1725 cm™ absorption peaks (Figure S6). As shown in Figure S7,

the absorption peak area ratio closely matches with the D/A weight percentage,
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confirming that the 1709/1725 cm™ peak ratio correlates with the local donor-agcept

chemical composition.
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Figure 3. AFM-IR analysis for PffBT-4T-TCS:C60TCS (1:1.2) blend film
morphology: a) Height image of the as-cast blend film, where the RMS surface
roughness is noted; b) Overlay image of the as-cast blend film, where green area

AFM IR Signals (a.u.)

represents donor contributions and red area represents acceptor contributions; ¢) AFM-
IR spectra of the as-cast blend film at positions 1 and 2, marked with “+” in the overlay
image; d) Height image for the cleaved blend film, where the RMS roughness is noted;
e) Overlay image the image of the cleaved blend film, with green area indicating
donors and red area representing acceptor contributions; f) AFM-IR spectra of the
cleaved blend film at positions 3 and 4, marked with “+” in the overlay image.

A long-term stability test was conducted to evaluate the morphological behavior
of the active layer under continuous thermal stress at 85°C for 10 weeks. The
experiment began with a thermally cleaved PffBT-4T-TCS:C60TCS (1:1 wt%) film,
and initial surface overlay images were captured, as shown in Figure 4a. After the
initial morphology analysis, the sample was placed on a hot plate inside a glove box
and maintained at 85 °C throughout the test duration. Additional representative overlay
images were taken after 4, 6, and 10 weeks of continuous thermal annealing, as shown

in Figures 4b, 4d, and 4e. Domain spacing between donor and acceptor phases was
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analyzed using circular integration of 2D Fourier transform images. Theg,phases Descoaissr
separation size remained nearly constant during the thermal stress period from weeks 4
to 10, at around 100 nm (Figure S8). Surface roughness (RMS) was also analyzed at
various annealing time points, as its fluctuations are linked to morphological stability.
As shown in Figure 4f, the RMS value increased from 2 to 4 nm immediately following
cleavage, attributed to surface coarsening. Although the RMS values fluctuated with
annealing time, the total variation was limited to 0.5 nm, indicating stable surface
morphology throughout the weeks of annealing process. Lastly, we examined the
domain purity change using nanoscopic spectroscopy. We investigated four locations
on the overlay AFM-IR images for detailed spectral analysis (Figure S9 and S10). The

average 1709/1725 cm™ peak ratio was plotted in Figure 4¢ to show the relationship
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Instantly cleaved Post Annealed at 85 °C for 28 days
(b) WA 3, #0I (c) l PHfBT4TTCS:C60TCS
1000 -~ - — oo
g 1:1 Ratio .,
CSormsle ¢ , o
g L =
<“ 1:1 Ratiogayey
~, 0.50}
0.25}
O as cast
® cleaved

0.00 L L L L
0 10 20 30 40 50 &0 70

Open Access Article. Published on 05 January 2026. Downloaded on 1/10/2026 3:40:46 AM.

(cc)

3
=
g
= 4-;,/§-~i,\\k‘(/,/§’——§

D

d 0 1‘0 ZlD :;0 4I0 SlO GID 7.0

days
Figure 4. Stability measurement of the active layer (PffBT-4T-TCS:C60TCS=1:1) under
continuous annealing at 85 °C: a) Overlay image of the cleaved active layer immediately
after thermal cleavage; b) Overlay image of the cleaved active layer after annealing at 85 °C
for 28 days; ¢) Evolution of local chemical compositions for as-cast and cleaved active layer
af a function of annealing time; d) Overlay image of the cleaved active layer after 42 days
of annealing at 85 °C; e) Overlay image of the cleaved active layer after 70 days of annealing
at 85 °C; f) surface roughness as a function of annealing time. In all overlay images, green
and red regions represent donor and acceptor, respectively.
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between local donor-acceptor chemical composition ratio and annealing time. , TheS/heccoe ser

dashed and solid lines represent the theoretical D/A weight ratios for the as-cast and
cleaved films, respectively. These results indicate that the local chemical compositions
of the as-cast and annealed samples remained stable, closely matching the theoretical

values within a margin of error even after 10 weeks of continuous thermal stress.
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Figure 5. Device stability test for cleavable materials. a) Inverted OSC device for 1:1.2
thermocleavable donor/acceptor active layer under operational conditions at 100 °C J-V
curves; b) Normalized device performance PCE data for device under continuous thermal
stress.

Table 1: Device metrics for BHJ samples outlined in Figure 5a.

Page 16 of 29

Thermal

Stress duration Voc Ise 5 FOF I:,CE

[Day] V] [mA cm™] [l [“o]

0 0.260 2.82 33.65 0.25
(0.243 £0.01) (2.72+0.07) (33.53+0.13) (0.22 +0.02)

1 0.248 2.51 33.58 0.22
(0.236 £ 0.01) (2.46+0.04) (35.09+0.45) (0.20+0.01)

) 0.229 2.57 37.66 0.22
(0.203 £0.02) (2.57+0.08) (36.69+0.48) (0.19+0.03)

3 0.218 2.58 36.52 0.21
(0.208 £0.01) (2.48+£0.09) (35.70+0.67) (0.18 +0.01)

5 0.213 2.57 37.95 0.21
(0.183 £0.01) (2.59+0.07) (35.70+0.58) (0.17 +0.02)

7 0.220 2.44 37.93 0.20
(0.210+0.01) (2.42+0.05) (37.11+0.56) (0.19+0.01)

3 The statistical values in parentheses are obtained from 10 cells
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Having successfully established morphological stability of the active layer
under continuous thermal stress for over 10 weeks, we proceeded to fabricate a batch
of devices incorporating a thermocleavable donor—acceptor BHIJ layer, to evaluate
long-term device performance stability at an elevated temperature of 100 °C. The
devices were constructed in an inverted geometry, with a BHJ layer composed of
thermocleavable donor (PffBT-4T-TCS) and thermocleavable acceptor (C60-TCS) in
a 1:1.2 weight ratio. After thermal treatment to cleave the side-chains and lock in the
morphology, the Js¢ vs. V¢ curves showed consistent trends and covered area across
all samples, indicating stable device performance over extended operational time
(Figure 5a). The device matrix are summarized in Table 1. The device showed
consistent PCE over the week long thermal stress, despite the relatively low PCE value
around 0.20 ~0.25% Since the primary focus of this manuscript is to investigate device

stability under high temperature after morphology lock-in, we compared the normalized

PCE over time for between devices with thermocleavable and non-thermocleavable

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

active layers. As shown in Figure Sb, devices incorporating the thermocleavable

Open Access Article. Published on 05 January 2026. Downloaded on 1/10/2026 3:40:46 AM.

donor-acceptor blend maintained over 80% of their initial PCE during the testing period,
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clearly demonstrating their long-term stable stability. On the other hand, the control
device PffBT-4T-OD and PC7;BM showed a much quicker drop in the normalized PCE,
which dropped to around 50% during the 7 days of continuous thermal stress. In other
word, although this work did not aim to achieve peak PCE values, the applied thermal
treatment effectively stabilized the morphology by cleaving alkyl side chains and
raising 7T, of the BHJ layer, resulting in OSC devices that retained consistent
performance at 100 °C for 7 days. This outcome provided a promising route toward the

development of long-term stable and high- performance devices.
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The T, is a key indicator of molecular mobility. The difference between the
device’s operational temperature and the 7, of the active layer blend affects the mobility
and behavior of the donor and acceptor phases, given the thermodynamically unstable
nature of the mixed D/A phases. Therefore, raising the 7, above the device’s operating
temperature is a highly effective strategy to enhance the thermal stability of the active
layer. In this section, we will discuss various 7T, enhancement approaches from the
literature and compare them with our current method of using thermal cleavage
sidechains.

Backbone engineering is a strategy for increasing polymer’s T, typically
achieved by incorporating rigid building blocks that restrict molecular motion. Our
group’s previous work systematically investigated the molecular mobility of PDPPT-
series polymers with varying number of thiophene units. We observed that increasing
the number of isolated thiophene units from one to three enhanced 7, by over 30 °C,
while introducing fused thiophene rings led to 7, increases ranging from 3.5 °C to
22 °C.3? This concept was also suggested by Gomez group showing the effective
mobility value, can be calculated using an assigned atomic mobility value within each
repeat unit to predict 7,.3> Moreover, we developed a machine learning model capable
of quantitatively predicting the dynamic contributions of individual monomer units,
thereby enabling the rational design of the next-generation of high 7, donor/acceptor
material.!® A key limitation of both backbone engineering is that, although the
backbone 7, can be increased, the T, of the side-chain region remains low. In dynamic
heterogeneous conjugated polymers, where 30-50% of the polymer volume is
composed of slow-moving backbones and the remaining side-chains are highly mobile

at room temperature. In this case, large-scale rearrangement for polymer chain to allow


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5SC06155E

Page 19 of 29 Chemical Science

ew Article Online

macrophase separation is unlikely. However, the local side-chain motion could induges)eccoeiser

subtle interface rearrangement that compromise device stability.
Our current approach, thermal removal of flexible alkyl side chains, offers a

highly effective alternative to above strategies. According to the empirical Fox

. 1 w
34. — 1
equation’”: = +
q Tg,overall Tg,side Tg,back

W3

, the overall 7, of a conjugated polymer lies

between the T, values of the side-chain and the backbone. For instance, although the 7,
of the polythiophene can exceed 120 °C, the very low 7, of side-chains (~-70 °C)
significantly reduces the overall conjugated polymer’s 7, to near room temperature.>>:
36 Thus, modifying only the backbone could raise the backbone 7, but it is rather limited
give the high heterogeneity in dynamics for conjugated polymers. Historically, alkyl
side-chains has been incorporated into conjugated polymers to improve solubility,
enabling solution processing. Therefore, removing side-chains after film deposition is
the most effective way to raise T, as it eliminates at least 40% of the low 7, components,

and yielding T, increase of over 60 °C, higher than those achieve by other methods.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

This enhancement can be realized via brief thermal treatment, with the cleavage process

tunable by temperature and duration. While thermal cleavage effective raises 7, the
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loss of cleaved side chains can also affect film morphology. Thus, a careful balance
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must be struck between maximizing thermal stability and preserving device

performance.

On the other hand, a control study is valuable for understating how thermally
cleavable sidechains influence OSC performance under operational conditions. In fact,
the initial thought to introduce cleavable side chains to PCE11 (the non-cleavable
analogue) was driven by stability investigations of such popular fullerene-based system
owning over 10% PCE. Itis widely studied for PCE11:PCBM BHJ system and relevant

morphological analyses are available in the literature 3. In that study, Brebec and co-
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workers reported that the PCBM domains grow in size under operational conditjons, as/heecoe ser
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the acceptor molecules diffuse out of the finely mixed donor—acceptor regions, leading
to morphological instability and the formation of larger fullerene aggregates in the aged

BHIJ layer.

In addition to morphological studies, the device performances of non-cleavable
counterparts were previously compared from our collaborator’s work 3° focusing on
influences of conventional acceptor PCBM. Moreover, we have also identified other
reports demonstrating that non-cleavable devices exhibit rapid PCE degradation under
thermal stress. For instance, James Durrant and co-workers investigated the stability of
PffBT4T-20D:PC,;BM and EH-IDTBR systems ** and found that the normalized PCE
of PffBT4T-20D:PC,,BM dropped to 35% after only 50 hours of aging, whereas our
device retained 80% of its initial PCE even after months of thermal exposure. They
attributed this degradation to a ~50% increase in charge-carrier density at 85 °C, which
led to a higher density of electronic trap states. Another literature *also illustrated if
the morphology is not “locked”, the normalized PCE would significantly reduce in short
time period at elevated temperature conditions. In this case, the binary blends dropped

50% PCE over the period of 1 hour.

Conclusion

The use of thermocleavable donors and acceptors has proven to be one of the
most effective approaches to increase the 7, of active layer components, thereby
suppressing molecular mobility and enabling stable morphology under continuous
thermal stress. In this study, we demonstrated that a novel donor—acceptor-type
conjugated polymer donor with thermocleavable alkyl side chains can achieve a T,

increase of over 60 °C through thermal annealing at 220 °C for 30 minutes. Additionally,
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we report for the first time that a fullerene-based acceptor bearing thermocleavable,sideS)eccoe ser
chains successfully undergoes side-chain removal at a lower temperature, further
contributing to thermal stability. The BHJ active layer composed of both
thermocleavable donor and acceptor exhibited excellent morphological stability over a
10-week period under continuous annealing at 85 °C. This stability was evidenced by
consistent local chemical composition, minimal surface roughness variation, and
preserved donor—acceptor domain spacing. Furthermore, OSC devices incorporating
the cleaved BHJ layer retained over 80% of their initial PCE after one week of operation
at 100 °C, confirming their exceptional thermal durability. Future research should focus
on optimizing the balance between morphological stability and device performance in
thermocleavable systems. This strategy holds great promise for enabling the next
generation of OSCs that combine high energy conversion efficiency with long-term

operational stability.
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Materials: 2-bromo-2-phenylacetic acid was purchased from Ambeed, Inc. and

(cc)

Fullerene was purchased from Sigma Aldrich and were used without further
purification.

Synthesis of Materials:

(1) 2-bromo-2-phenylacetic acid (6.665 g, 1 Eq, 31.000 mmol) and oxalyl dichloride
(4.3280 g, 2.92 mL, 1.1 Eq, 34.100 mmol) was added to a 100 mL round bottom flask
with DCM (25 mL). N,N-dimethylformamide (453.2 mg, 480 uL, 0.2 Eq, 6.2000
mmol) was then added to the open flask and left stirring for 2 hrs to form acyl chloride.

The solution was then concentrated under reduced pressure to remove excess oxalyl
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dichloride. To a separate 50 mL 2-neck round bottom flask with,refl

condenser, pyridine (2.452 g, 2.50 mL, 1 Eq, 31.000 mmol) and 2-methylhexan-2-ol
(7.2044 g, 2.00 Eq, 62.000 mmol) was dissolved in DCM (25 mL). The acyl chloride
was redissolved in 5 mL of DCM and added dropwise the alcohol solution at room
temperature, then heated to 40 °C for 18 hours. The solution was then added to 500 mL
of water and extracted with ethyl acetate 3x, washed with brine and dried over MgSO,.
The crude product was further purified by column chromatography 1:1 DCM:Hexane
to yield 2-methylhexan-2-yl 2-bromo-2-phenylacetate (5.421 g, 17.31 mmol, 55.83 %)).
'H NMR (400 MHz, CDCl3) & 7.58 — 7.43 (m, 2H), 7.40-7.30 (m, 3H), 5.24 (s, 1H),

1.70 (m, 2H), 1.42 (s, 6H), 1.29 — 1.01 (m, 4H), 0.83 (t, ] = 7.2 Hz, 3H).

C60TCS: Fullerene (1000 mg, 1 Eq, 1.388 mmol) and 2-methylhexan-2-yl 2-bromo-
2-phenylacetate (652.0 mg, 1.5 Eq, 2.081 mmol) was dissolved in Toluene (120 mL) in
a 500 mL round bottom flask. After most material was dissolved 2,3,4,6,7,8,9,10-
octahydropyrimido[1,2-aJazepine (316.9 mg, 311 pL, 1.5 Eq, 2.081 mmol) was added
to the solution. The reaction was left stirring at room temperature for 18hrs. Silica gel
was next added to the solution and solvent was evaporated. The product was then
purified by column chromatography. Hexane to wash away fullerene followed by 1:1
toluene:hexane. The product fractions were concentrated again and precipitated in
acetone and washed through centrifugation three times. Excess solvent was evaporated
by high vacuum to give [6,6] Phenyl-C61-acetic acid-2,2-methyl-hexyl ester, C60-TCS
(325 mg, 341 pmol, 24.6 %). 'H NMR (600 MHz, CDCl3) & 8.16 — 8.04 (m, 2H), 7.60
—7.47 (m, 3H), 1.87 — 1.78 (m, 2H), 1.30 — 1.15 (m, 6H), 0.84 (t,J = 7.1 Hz, 3H). 13C
NMR (151 MHz, CDCl;) 6 165.40, 147.76, 146.49, 145.47, 145.26, 145.11, 145.10,

145.08, 145.03, 144.73, 144.65, 144.60, 144.59, 144.50, 144.33, 144.23, 143.83,

Page 22 of 29
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143.64, 143.04, 142.96, 14291, 142.89, 142.86, 142.83, 142.32, 142.13, 142,075 eecoeries

140.91, 140.86, 138.08, 137.67, 133.00, 132.08, 129.07, 128.49, 86.29, 76.11, 57.32,
40.43, 25.99, 25.90, 22.90, 14.05. The related synthetic route is listed below, and the

corresponding NMR results were shown in SI from Figure S11 to Figure S13.

Scheme 1 Synthesis of C60-TCS:

O
Cl

oy
it 1. ODMF o o
HO 2. Pyridine 4 Q)Lo @

Br OH
Br

56% M

Characterization techniques:

DSC: A Mettler-Toledo DSC (DSC 3+) was used to monitor the thermal cleavage
process with an indium standard was used to calibrate the heat flow and onset of melting
at 10 K/min heating rate. A Mettler-Toledo Flash differential scanning calorimeter
(Flash DSC 2+) was used for 7, measurement of thermocleavable donor and acceptor
materials. The ultra-fast standard chip capable of heating and cooling rates up to 4000
K/s was employed in Flash DSC. All measurements were conducted under nitrogen

flow ( 60 ml/min) at ambient pressure.

TGA: Thermal gravimetric analysis (TGA) was performed using a Mettler-Toledo
TGA/DSC 3+ thermogravimetric analyzer under a nitrogen atmosphere. Dynamic
heating was conducted from 25 to 600 °C and isothermal heating was maintained for

24 hours.
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WAXS: WAXS of sample powder was performed using a laboratory beamling, sy stems;ecc e ser
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(Xenocs Inc. Xeuss 2.0) with an X-ray wavelength of 1.54 A and a sample-to-detector
distance of 15 cm. Samples were maintained under vacuum to minimize air scattering
and temperature was controlled using a thermal stage (Linkam HFSX350-GI).
Scattering images were recorded on a Pilatus 1M detector (Dectris Inc.) with an
exposure time of 15 minutes for transmission mode and 2 hours for grazing incidence
mode. For grazing incidence mode, samples were exposed at a fixed incidence angle of
0.2°. Data were processed using the Nika package and WAXSTools packages in Igor

Pro (Wavemetrics).

AFM-IR: AFM-IR was performed using NanolR3 system (Anasys Instrument Inc))
coupled with a MIRcat-QT™ quantum cascade mid-infrared laser (frequency range of
917-1700 cm™! and repetition rate of 1,470 kHz). AFM-IR measurements were collected
in tapping mode using a gold-coated AFM probe (spring constant of 40 N/m and
resonant frequency of 300 kHz). The pulsed mid-IR laser was tuned to absorption bands
characteristic of each component, as determined by FTIR (1709 cm™! for uncleaved
PffBT-4T-TCS and 1736 cm™! for uncleaved C60TCS). Acquired images were flattened

using Anasis Studio software.

Device Characterizations: Devices were fabricated with the following layer structure:
ITO/ZnO/PHIBT-4T-TCS donor: C60-TCS acceptor/MoOs/Al, where ITO, ZnO, and
MoO; 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 cleaned
sequentially with detergent, acetone, and isopropanol for 15 minutes. The substrates

were then treated with ultraviolet-ozone plasma for 15 min. A ZnO solution was spin-


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5SC06155E

Page 25 of 29 Chemical Science

O (Wew Article Online

coated at 3500 rpm 60 seconds onto the ITO surface, followed by annealing at,200, 7C5/ s oe156r
for 1 hour in air. The ZnO-coated substrates were then transferred into a nitrogen filled
glovebox. The solutions of the active layer were prepared with a donor:acceptor ratio
of 1:1.2 in a mixed solvent of CB:0-DCB (50:50 volume ratio). For PffBT-4T-TCS:
C60-TCS solution, the concentration was 40mg mL™!. All solutions were stirred at
150 °C for 2 hours before spin coating. Note that all substrates were preheated on a hot
plate at 120 °C. The solutions were spin-coated onto the ZnO layer to form a ~200 nm-
thick films. Next, the BHJ films were thermally annealed at 220 °C for 30 minutes to
induce thermal cleavage of the sidechains. Finally, MoO; (thickness: 10 nm) and Al
(thickness: 100 nm) were deposited under vacuum (<5.0 x 107%Pa). The active area of

each device was 0.068 cm?.
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