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ABSTRACT: Understanding how solvents influence the solution-state
aggregation of conjugated polymers and film morphology is crucial for
solution-processed organic solar cells (OSCs). Herein, using the
conjugated donor polymer PM7 D2, a more processable derivative of
PM7 that readily dissolves in a range of halogenated and nonhalogenated
(green) solvents, we find that solvent affinity toward the polymer
backbone, as opposed to the alkyl side chains, drastically tunes the
polymer solution aggregate structures and the resultant blend film
morphologies. Our findings reveal that using a poor side-chain solvent
forms semiflexible amorphous networks with strong side-chain associa-
tions, whereas using a poor backbone solvent leads to semicrystalline fiber
aggregates. On the other hand, mutual solvents, which balance the polymer
backbone and side-chain solubility, result in rigid amorphous networks
with weak/no side-chain interactions. Upon film deposition via blade coating, both semicrystalline fibers and flexible amorphous
network aggregates of PM7 D2 yield highly crystalline films with large domains. In contrast, rigid amorphous aggregates with weak
or no side-chain associations prevented excessive crystallization of PM7 D2. We found that the green solvent studied in this work
(anisole) exhibits poor affinity toward the backbone but is selective to the alkyl side chains, thus forming semicrystalline fibers in
solution. Consequently, PM7 D2:ITIC-4F-based OSCs cast from the green solvent only exhibit 5.8% efficiency. Interestingly, similar
to using mutual solvents, utilizing hot solution processing converts the semicrystalline fibers to rigid amorphous network aggregates
by increasing the backbone solubility, thereby suppressing the excessive crystallization of PM7 D2. Ultimately, the devices exhibited
a significant power conversion efficiency (PCE) improvement from 5.8 to 9%, where they were fully processed and tested under
ambient conditions in a glovebox-free environment (without additives).

■ INTRODUCTION
Owing to the development of non-fullerene-based molecular
acceptors, the efficiency of OSCs has rapidly progressed over the
past decade, triggering a renaissance in the field. Remarkably,
power conversion efficiencies (PCEs) have now surpassed 19%
in single junction cells,1−5 enabling opportunities for the
successful commercialization of organic solar cells (OSCs).
Despite these advances, processing of these highly efficient
OSCs often involves toxic halogenated solvents, which pose
serious health and environmental risks.6,7 Therefore, using less
toxic nonhalogenated or green solvents is crucial for the eco-
friendly processing of OSCs, particularly for large-scale
manufacturing. Green solvent-processed OSCs, however, often
underperform devices processed from halogenated solvents due
to the limited solubility of donor−acceptor-based conjugated
polymers in most nonhalogenated solvents, yielding undesirable
film morphologies. To overcome this challenge, molecular

engineering approaches have been utilized to increase the
solubility of conjugated polymers to improve the processability
of OSCs in green solvents.8 These approaches mainly involve
increasing the side-chain length of the conjugated polymer to
improve solubility and functionalizing the side chains or the
backbone to decrease the backbone rigidity to reduce
intermolecular interactions.6,9 While molecular design ap-
proaches have significantly contributed to improving the
solubility of conjugated polymers in green solvents, enhancing
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the solubility via molecular design alone has not been sufficient
to close the performance gap, suggesting that further
morphology improvements are needed for green solvent-
processed OSCs.
Conjugated polymers typically undergo self-assembly pro-

cesses in solution via π−π stacking and side-chain interactions,
leading to polymer aggregates that substantially impact the solid-
state morphology.10−13 Numerous studies have shown that
solution-state aggregation of conjugated polymers enhances
alignment,14,15 crystallinity,16−18 and out-of-plane molecular
orientation.19,20 Aggregation of conjugated donor polymers in
solution has also been found to be advantageous for OSCs as it
prevents large-scale phase segregation caused by liquid−liquid
demixing in both fullerene and other molecular acceptor (MA)-
based systems.21−23 Notably, Wang and Bredas et al. proposed
that the extent of aggregation of conjugated polymers,
determined by the Flory−Huggins interaction parameter, has
a strong correlation with film morphology, particularly domain
sizes and crystal coherence lengths.24 Besides the extent of
aggregation of conjugated polymers, the structure of polymer
aggregates in solution plays an important role in the morphology
and device performance of OSCs. Our previous work revealed
that amorphous network aggregates are beneficial for the
morphology of MA-based OSCs, leading to small domains with
predominantly face-on molecular orientation.25

When transitioning from halogenated to nonhalogenated
solvents, a change in the solution-state aggregation behavior is
inevitable, as nonhalogenated solvents are often poor solvents
for conjugated polymers. Therefore, understanding how the
solvent environment influences the aggregation and assembly
behavior of conjugated polymers is crucial for enhancing the
active layer morphology of green solvent-processed OSCs.
Previous studies have shown that the nature and extent of
solution-state aggregation of conjugated polymers is highly

dependent on the quality of solvents toward conjugated
polymers.26 For instance, using small-angle X-ray scattering
(SAXS), Nahid andMcNeill et al. have shown that solution-state
aggregation of the P(NDI2OD-T2) polymer (repeat unit
structure shown in Figure S1a) changes from coil-like polymer
chains in good solvents to elongated rigid-like aggregates in poor
solvents, which enhanced molecular ordering in thin films and
maximized the device performance of organic field effect
transistor (OFET) devices.26 Similarly, using SAXS and
freeze-dried imaging, Zheng and Pei et al. found that the
BDOPV-based conjugated polymer (repeat unit structure
shown in Figure S1b) can form either a 1D rod-like structure
in a good solvent or 2D lamellar aggregates in a poor solvent,
which is then directly inherited to the solid state, improving the
charge mobility from 1.8 to 3.2 cm2 V−1 s−1 in OFETs.27 Besides
influencing the initial solution aggregate structures, solvents can
also tune the assembly pathways of conjugated polymers during
solution processing.28,29 Our group has previously reported that
tuning the solvent selectivity toward conjugated backbone
versus side chains of the PII-2T polymer led to three distinct
assembly pathways, which are direct crystallization, liquid crystal
(LC)-mediated crystallization, and random agglomeration
during solution processing.29 When using a backbone-selective
solvent 1-chloronaphthalene, direct crystallization of the
conjugated polymer led to the highest degree of film alignment
and thus a 20-fold increase in the charge mobility compared to
LC-mediated crystallization and random agglomeration path-
ways. Although solvents can drastically influence solution-state
aggregation and assembly pathways of conjugated polymers
from the solution to the solid state, their implications on BHJ-
based OSCs are rarely investigated, particularly for green
solvent-processed OSCs. Therefore, the purpose of this study is
to examine the polymer aggregate structure−assembly morphol-
ogy relationship in the context of green solvent processing.

Figure 1. Molecular structures of (a) PM7 D2, (b) ITIC-4F, and (c) solvents (CN − 1-chloronaphthalene, CB − chlorobenzene, toluene − TL,
anisole − AN) used in this study. (d) Hansen solubility distance (Ra) comparison for the conjugated backbone and the side chain of PM7 D2,
depending on the solvent. (e) UV−vis spectra of PM7 D2 solutions (20 mg/mL) in these four solvents.
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Herein, using a benzodithiophene-based donor polymer
(PM7 D2)30 as our model system and a range of halogenated
and nonhalogenated solvents, we demonstrate how solvent
properties, particularly solvent−backbone and solvent−side
chain interactions, impact the polymer solution-state aggregate
structures and their crystallization behavior. The donor polymer
PM7 D2 is chosen in this study due to its good solubility in a
wide range of halogenated and nonhalogenated solvents
compared to its counterpart, PM7, which strongly aggregates
even in chlorobenzene because of its highly planar backbone.25

Depending on the solvent properties, three distinct aggregate
structures of PM7 D2 were obtained: semiflexible amorphous
networks in a poor side-chain solvent, rigid amorphous networks
in mutual solvents, and semicrystalline fiber aggregates in a poor
backbone solvent. Upon film deposition, both semiflexible
amorphous network and semicrystalline fiber aggregates led to
highly crystalline films with large domains, yielding 7.1 and 5.8%
PCEs in PM7 D2:ITIC-4F-based devices, respectively. In
contrast, rigid amorphous network aggregates formed in mutual
solvents achieved a more balanced crystallization of PM7 D2,
resulting in PCEs of 8−9%, with devices being fully fabricated
under ambient conditions. Importantly, we demonstrate that the
semicrystalline fiber aggregates formed in the poor backbone
solvent anisole, the green solvent studied in this work, undergo
an order-to-disorder transition to form rigid amorphous
network aggregates at high temperatures. Consequently,
processing PM7 D2:ITIC-4F-based devices at elevated temper-
atures when cast from the green solvent substantially enhanced
the device performance from 5.8% to 9.0%. Our findings thus
highlight that forming rigid amorphous network aggregates,
compared to crystalline fiber aggregates or semiflexible
amorphous network aggregates, is critical to achieving a
favorable blend filmmorphology, thereby enabling green solvent
processing of nonfullerene organic solar cells.

■ RESULTS AND DISCUSSION
Materials Systems and Solvent Properties. Figure 1a

shows the repeat unit structure of the conjugated donor
polymer, PM7 D2, used in this study (the synthesis results are
tabulated in Table S1). First reported by Jones and Reynolds et
al.,30 PM7 D2 is a derivative of the benzodithiophenedione
(BDD)-based PM7 donor polymer featuring an ester-function-
alized terthiophene group, which was found to be more soluble
than PM7 in chlorobenzene due to its flexible backbone
conformation and reduced tendency to form semicrystalline
fiber aggregates.25 As a result, OSCs fabricated from this donor
polymer have been found to be more resilient to different
coating temperatures.30 Compared to PM7, we also found that
PM7 D2 is soluble in toluene even at 20 mg/mL, whereas PM7
does not dissolve in the same solvent (Figure S2a). Due to its
poor solubility, PM7-based devices exhibit an extremely poor
performance of 3.1% when blade-coated from toluene solution
(Figure S2b), making it difficult to use for green solvent
processing. Other high-performing donor polymers, such as
D18, are also poorly soluble in toluene due to their highly
conjugated backbone.31 In contrast, the improved backbone
flexibility of the PM7 D2 polymer makes it an excellent model
system for studying the impact of the solvent environment on
the polymer aggregate structure and morphology. In this study,
we thus investigate how varying the solvent−polymer affinity,
particularly when transitioning from halogenated to non-
halogenated solvents, impacts the solution aggregate structures
of PM7 D2. Figure 1b,c shows the molecular structures of the

small molecule acceptor, ITIC-4F, and a series of halogenated
(1-chloronaphthalene − CN and chlorobenzene − CB) and
nonhalogenated (toluene−TL and anisole−AN) solvents used
in this study, respectively. The color background of Figure 1c
indicates that the solvent becomes greener, moving from CN to
AN. Larsen and Edman et al. have recently published an online
tool32 that provides a quantitative sustainability score (G) for
common solvents in printed electronics using the GlaxoSmithK-
line (GSK) green solvent selection guide.33−35 Based on this
guideline, the G index for CB, TL, and AN are found to be 5.4, 6,
and 7.4, respectively, suggesting that AN is the greenest solvent
among this series of solvents (G index for CN has not been
determined, but it is reported to be more lethal to health
compared to CB).6 It is also worth mentioning that AN is a
natural product found in plants, Peristeria Elata and Phallus
Impudicus, and is even used as a food additive,36 which is another
strong indication of its potential as a useful green solvent to
process printed electronic devices.
Conjugated polymers are often poorly dissolved in non-

chlorinated or green solvents, making it challenging to obtain
uniform thin films. Therefore, determining the solvent quality is
a crucial step toward morphology control in green solvent-
processed OSCs. We resort to Hansen solubility parameters for
the initial estimation of solvent quality, which is based on the
“like-dissolves-like” principle and is calculated using a group
contribution approach.37 Although it remains in question
whether the Hansen solubility theory is applicable to π-
conjugated systems featuring extensive electron delocalization,
recent work has shown that it correlates well with solubility in
common solvents due to the dominating impact of dispersion
interactions.38 The Hansen solubility method takes three
solubility parameters into consideration: (1) dispersion (δD);
(2) polar (δP); and (3) hydrogen bonding contributions (δH).
By using these parameters for polymer (1) and solvent (2), the
solubility distance (Ra), a relative measure of solubility, is then
calculated as follows

= + +R 4( ) ( ) ( )a
2

D1 D2
2

P1 P2
2

H1 H2
2

A low Ra value implies that the polymer has good solubility,
thereby exhibiting strong polymer−solvent interactions. In poor
solvents with a large Ra value, on the other hand, the polymer−
polymer interaction is stronger than the polymer−solvent
interaction, making it easier to form solution-state aggregates.24

Since the polymer−polymer interaction involves backbone−
backbone, side chain−side chain, and side chain−backbone
components, it is imperative to compare the quality of solvents
for the conjugated backbone and the side chains, respectively.
Accordingly, we estimated the solubility distance for the
backbone and side chain of the PM7 D2 polymer in these
halogenated and green solvents using the group contribution
method by van Krevelen and Hoftyzer,39 which uses the
individual functional groups or structural elements to estimate
the solubility parameters. Using the molecular structures of the
conjugated backbone and the alkyl side chain (Figure S3), the
solubility distance for each solvent was determined as shown in
Figure 1d (details of the solubility parameters are tabulated in
Table S2). Due to its fused-ring aromatic core, CN appears to be
the best solvent for the conjugated backbone but the poorest
solvent for the alkyl-ester side chains. In fact, CN has also been
demonstrated to be a poor solvent for alkyl side chains in other
conjugated polymer systems, including PII-2T and P(NDI2OD-
T2).15,29
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Moving toward greener solvents, solvent quality decreases
toward the conjugated backbone, as evidenced by the increase in
the Ra value, which closely aligns with the trend observed in the
dispersion contribution (δD) among the four solvents (Table
S2). The δD parameter is strongly correlated with the solvation
enthalpy of conjugated polymers based on molecular dynamics
simulations.38 The fact that halogenated solvents are generally
good solvents for the π-conjugated backbone due to their larger
van der Waals coefficient of chlorine atoms compared to carbon
atoms38 is also consistent with our findings. This result is further
confirmed by the UV−vis spectroscopy measurements of these
polymer solutions, as shown in Figure 1e. The UV−vis
absorption onset of PM7 D2 redshifts from CN to AN,
suggesting an increase in the conjugation length or the backbone
rigidity due to the decreasing solvent affinity toward the
backbone.40 We note, however, that red shift in the UV−vis
spectra can also be related to the solvatochromic effect due to
the change in solvent polarity, making it difficult to directly
correlate the wavelength shifts to polymer conformation.41

Besides the red shift in the absorption onset, a shoulder peak at
585 nm emerges in AN, indicating the formation of ordered
aggregates.42,43 We also observed micrometer-scale large
aggregates in PM7 D2 solution in AN under microscopy
(Figure S4a), validating that the shoulder peak in the UV−vis is
due to aggregation. In TL, a weak shoulder peak is also observed
in the UV−vis spectra, implying a small amount of such ordered
aggregates. Interestingly, the CN solution seems to have a
shoulder peak at 545 nm; however, the location of this peak is at
a much lower wavelength compared to the aggregate peak,
denoting that it likely originates from vibronic transitions. The
energy separation between this shoulder peak and the main
absorption of CN solution at 510 nm is 0.16 eV, which lies in the
range of 0.14 to 0.18 eV for vibronic progressions.44,45

Polymer Solution-State Aggregation. To investigate the
solution aggregate structures of PM7 D2 in various solvents, we
utilized small-angle X-ray scattering (SAXS), which has been
widely used to decipher the solution-state aggregate structures
of conjugated polymers.25,46−48 Shown in Figure 2a are the 1D

scattering profiles, as well as their model fits of PM7 D2 in four
different solvents. Because of the poor solubility of PM7 D2 in
AN, we used a mixture of TL and AN solvent with 25 vol % TL
content (TL+AN), which dissolved the micrometer-scale
aggregates in pure AN (Figure S4b). Based on the scattering
profiles, it is clearly observed that PM7 D2 in TL+AN contains
two Guinier knees around 0.01 and 0.3 Å−1, which can be
attributed to the cross sections of fiber aggregates and single
polymer chains, respectively.25,47 Using the model fitting
approach that we previously reported for conjugated polymer
solutions containing polymer fibers and single polymer chains,47

the diameter of these fiber aggregates is determined to be ≈10
nm (Table S3). Further details of fitting the scattering profiles
are provided in Supplementary Note 1, which includes the
deconvolution of the model fits (Figure S5) and the resulting
fitting parameters (Table S3). Notably, the scattering profile of
PM7 D2 in TL+AN also contains a crystalline lamellar peak at
0.25 Å−1, corresponding to a lamellar stacking distance of dlamellar
= 2.5 nm. This suggests that the fiber aggregates of PM7 D2
formed in this solvent are semicrystalline.
In comparison to PM7 D2 in TL+AN, the scattering profiles

for PM7 D2 in CN, CB, and TL are rather featureless with no
Guinier knee at lowQ (Q < 0.03 Å−1) or crystalline lamellar peak
at highQ range (Q > 0.1 Å−1). However, a broad structure factor
peak at 0.26 Å−1 (dlamellar = 2.4 nm) is visible in CN but becomes
less apparent in CB and disappears entirely in TL. We attribute
this broad structure factor peak to disordered or amorphous
lamellar interactions based on its proximity to the crystalline
lamellar peak observed in TL+AN. The fact that this broad peak
is more obvious in CN but less apparent in CB and completely
absent in TL is consistent with the fact that CN is a poor side-
chain solvent and that the solubility toward the side chain
progressively increases from CN to CB to TL (Figure 1d).
Besides the broad structure factor peak, the scattering profile for
PM7D2 in CN contains a Porod region with a slope of−3 at low
Q, which represents a fractal or network-like structure,49,50

confirmed with freeze-dried imaging discussed later. This
observation suggests that PM7 D2 forms amorphous network

Figure 2. (a) Solution SAXS profiles for PM7 D2 in CN, CB, TL, and TL+AN solvents at 20 mg/mL concentration. (b) AFM height images of the
freeze-dried PM7 D2 solutions in the same four solvents and their corresponding height profiles across the dashed lines. The concentration used for
freeze-drying is also 20 mg/mL for all solutions.
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aggregates via side-chain associations. At the intermediate
region of PM7 D2 in CN, the Porod slope changes from −3 to
−1 due to the contribution of rigid polymer chains or chain
segments. Compared with PM7 D2 in CN, the scattering
profiles of CB and TL are dominated by the Porod region with a
slope of −1, indicating that the polymer chains become more
rigid. Accordingly, the model fitting results indicate that the
persistence length of polymer chains increases from 3.8 nm in
CN to 18.7 nm in CB, which is consistent with the decreasing
solvent quality toward the conjugated backbone. The
persistence lengths of polymer chains in TL and TL+AN cannot
be determined accurately due to the slope of −1 being too close
to the asymptotic limit for the flexible cylinder model, but they
are expected to be highly rigid (lp ≫ Rp).

47

Although polymer chains become rigid when transitioning to
nonhalogenated solvents, the exact nature of aggregates in CB
and TL is difficult to determine from SAXS measurements
because the low Q region in our SAXS measurements is limited
to 0.006 Å−1. It is possible that PM7 D2 exists as fully dispersed,
noninteracting polymer chains in these solvents. However, we
observe a broad scattering feature around 1.5−1.7 Å−1 (d = 3.8−
4.2 Å) from our wide-angle X-ray scattering (WAXS) measure-
ments (Figure S6a,b), indicative of loose packing of alkyl side
chains and/or backbone interactions. In a poor side-chain
solvent CN, this WAXS scattering feature has a d-spacing of 4.2
Å, consistent with the typical alkyl side-chain stacking
distance.51,52 In contrast, CB and TL solutions have a shorter
d-spacing of around 3.8 Å, which is much smaller than the alkyl
side-chain stacking distance observed even in crystalline
octadecyltrichlorosilane (OTS) films (d = 4.2 Å).52 Further-
more, considering the weak lamellar stacking of PM7 D2 in CB

and the absence of lamellar stacking in TL, the broad peak near
1.65 Å in the WAXS measurements of CB and TL solutions is
attributed to interactions between polymer backbones rather
than alkyl side chains. Furthermore, for PM7 D2 in TL+AN, we
observe an additional π−π stacking peak at dπ−π = 3.6 Å (Figure
S6a), which is close to the crystalline π−π stacking in most
conjugated polymer films. Our X-ray scattering measurements
thus suggest that PM7 D2 in TL+AN forms semicrystalline fiber
aggregates through crystalline lamellar and π−π stacking,
whereas CN forms semiflexible amorphous network aggregates
via side-chain associations. Mutual solvents, including CB and
TL, on the other hand, lead to rigid amorphous network
aggregates via polymer backbone interactions.
To complement our SAXS results, we further conducted

atomic force microscopy (AFM) imaging on the freeze-dried
solutions, as shown in Figure 2b. Freeze-drying is an effective
technique to preserve the solution-state aggregates by rapidly
quenching the solutions using cryogens (i.e., liquid ethane),
which has been applied to deciphering the solution aggregate
structures of conjugated polymers in previous studies.25,47,53,54

Based on AFM imaging on the freeze-dried samples, fiber
aggregates with thicknesses of around 20−30 nm were observed
in TL+AN, as shown in Figure 2b. This result is larger than the
diameter of 10 nm obtained from SAXS fitting, which could be
due to the polydispersity of these polymer fibers and the
instrument limitation of SAXS. Compared to TL+AN, no large-
scale aggregates are observed in all other solutions; instead, small
polymer network-like aggregates can be seen in AFM height
imaging. These networks are likely comprised of single polymer
chains since the height profiles indicate thicknesses less than 5
nm. For CB and CN, the thickness of the network aggregates is

Figure 3. Temperature-dependent SAXS profiles of PM7 D2 in four different solvents. The scattering profile for PM7 D2 in TL+AN changes most
drastically with increasing temperatures as compared to the other solutions, as the semicrystalline fiber aggregates dissolve at high temperatures.
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only 1−1.5 nm, a strong indication that the network aggregates
are comprised of single polymer chains. For TL, the width of
these aggregates is around 4 nm, somewhat larger than those
observed in CB and CN. This could be correlated with more
extended/solubilized side chains and/or the absence of side-
chain associations for holding together a tight network of
polymer chains resulting in polymer chains being overlapped
during the freeze-drying process. In contrast, the network
aggregates of CN are more compact, likely due to the strong
side-chain associations, which agrees with the more intense
structure factor peak observed in the scattering profile.
We have previously demonstrated that the donor polymer,

PM7, forms semicrystalline fiber aggregates that are sensitive to
solution temperature.25 Notably, the fiber aggregates of PM7D2
formed in TL+AN also depend strongly on temperature, as
evidenced by our temperature-dependent SAXS (Figure 3).
With increasing solution temperature, the Guinier region
corresponding to the fiber aggregates and the crystalline lamellar
stacking peaks completely disappear, suggesting the dissolution
of these aggregates. As the fiber aggregates dissolve at high
temperatures, the crystalline π−π stacking peak also disappears
based on the temperature-dependent WAXS measurements
(Figure S6c). Nevertheless, the broad scattering feature at d =
3.8 Å, corresponding to amorphous backbone interactions
between polymer chains, remains at high temperatures. This

observation suggests that the TL+AN sample at high temper-
atures is composed of rigid amorphous network aggregates
resembling those found in PM7 D2 in TL and CB. It is
interesting to note that compared to previous studies where
temperature-dependent aggregation has been correlated to
molecular design,55,56 our findings reveal that temperature-
dependent aggregation is a more general behavior that is
dependent on polymer−solvent interactions. Compared to TL
+AN, all other solutions are less dependent on the solution
temperature, only leading to a decrease in the scattering
intensity, which is consistent with the absence of semicrystalline
fiber aggregates in these solutions.
Figure 4 depicts the schematics of the solution-state

aggregates as a function of solvent and solution temperature
based on our X-ray scattering and freeze-dried imaging results.
In the poor side-chain solvent CN, PM7 D2 forms semiflexible
amorphous network aggregates with strong lamellar and side-
chain interactions (dlamellar = 2.4 nm and dside chain = 4.2 Å),
whereas in a poor backbone solvent (TL+AN), the polymer
chains become more rigid, eventually forming semicrystalline
fiber aggregates in TL+AN with crystalline lamellar (dlamellar =
2.5 nm) and π−π stacking (dπ−π = 3.6 Å). In mutual solvents
(CB and TL), PM7 D2 forms rigid amorphous network
aggregates mainly through polymer backbone associations
(dbackbone = 3.8 Å) with weak (dlamellar = 3.2 nm) or no lamellar

Figure 4. Schematic illustration of the solution-state aggregates depending on the solvent and solution temperature. Transitioning from halogenated to
nonhalogenated solvents decreases the backbone solubility, which causes the polymer aggregate structure to transition from amorphous networks with
strong side-chain associations (CN) to semicrystalline fiber aggregates (TL+AN). In solvents where the side-chain and backbone solubility are
balanced (CB and TL), the polymer also forms amorphous network aggregates but mainly through backbone interactions rather than side-chain
associations compared to the CN case. Similar amorphous network aggregates are also obtained by increasing the solution temperature of TL+AN,
which leads to an order-to-disorder transition of semicrystalline fiber aggregates. Solution-state aggregate structures at high solution temperatures of
CN, CB, and TL are not shown since the structure does not change with the increasing solution temperature.

Figure 5. (a) Current density and voltage (JV) characteristic curve for PM7 D2:ITIC-4F-based devices blade-coated from various solvents; (b) those
cast from the TL+AN mixture solvent at room temperature and 88 °C, which will be referred to as high temperature (HT). (c) Comparison of the
power conversion efficiencies for the devices in (a) and (b). All devices are fabricated and tested under ambient or glovebox-free conditions.
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stacking. Rigid amorphous network aggregates, resembling

those in CB and TL, are also obtained from semicrystalline

fiber aggregates when increasing the solution temperature of TL

+AN.

Device Performance Characterizations. We subse-
quently investigated how these distinct solution-state aggregates
of PM7 D2 impact the device performance of the OSCs. Using
the inverted (ITO/ZnO/PM7 D2:ITIC-4F/MoO3/Ag) archi-
tecture, we fabricated BHJ-based OSCs, in which the photo-

Table 1. Photovoltaic Parameters of PM7D2:ITIC-4F-Based OSCs Blade-Coated fromDifferent Solvents under an Illumination
of Air Mass 1.5 Global (AM 1.5G) at 100 mW/cm2

samples coating temperature (°C) PCE (%) FF (%) Jsc (mA/cm2) VOC (V)

CN 122 7.1 ± 0.3 56.6 ± 1.6 15.3 ± 0.8 0.82 ± 0.01
CB 25 8.9 ± 0.3 62.7 ± 1.2 17.4 ± 1.2 0.82 ± 0.01
TL 25 8.2 ± 0.2 63.2 ± 0.9 15.9 ± 0.1 0.81 ± 0.01
TL+AN 25 5.8 ± 0.2 49.3 ± 0.9 14.9 ± 0.1 0.80 ± 0.01
TL+AN (HT) 88 9.0 ± 0.2 68.8 ± 0.4 16.4 ± 0.3 0.80 ± 0.01

Figure 6. (a) 2D GIWAXS patterns of PM7 D2:ITIC-4F blend films. (b) Comparison of Herman’s orientation parameter where more negative value
corresponds to edge-on population; (c) fwhm of (010) and (100) peaks from the GIWAXS patterns. (d) Comparison of the relative degree of
crystallinity (rDoC) of blend films cast from different solvents.
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active layer was blade-coated from a blend solution of PM7
D2:ITIC-4F (1:1) under ambient conditions without additives
for relevance to industrial manufacturing of OSCs. All other
fabrication steps and device testing were also conducted under
glovebox-free or ambient conditions. Figure 5a shows the
comparison of the current density (Jsc) as a function of voltage
(V) depending on the casting solvent with the device parameters
provided in Table 1, which also includes the coating temper-
atures used for blade coating. In all cases except for CN, room
temperature (25 °C) was selected as the coating temperature,
whereas in CN, a coating temperature of 122 °C was selected
due to its high boiling point. At these coating temperatures, the
vapor pressures of all solvents are matched to ensure similar
drying times, except for TL (Table S4). Due to the high volatility
of TL, the coating temperature had to be decreased much lower
than room temperature to match the vapor pressures of the
other solvents, which was impractical due to considerations such
as water condensation at low temperatures. For the TL+AN
mixed solvent, we note that the drying kinetics becomes more
complicated than a single solvent system due to the different
boiling points of TL and AN. Although the vapor pressure of the
initial TL+ANmixture matches that of CB at room temperature
(Table S4), TL has a lower boiling point than AN, resulting in an
increased volume fraction of AN later in the drying stage and
thus overall slower drying kinetics. However, we show that
devices cast from CB and TL do not depend significantly on the
coating temperatures, as the film thickness is matched by varying
the coating speed (Figure S7). This implies that drying time
differences arising from unmatched vapor pressures likely have
minimal impact on the performance of devices cast from TL and
TL+AN.
When comparing the device parameters as shown in Figure 5a

andTable 1, it is apparent that the intermediate solvents, CB and
TL, yield higher efficiencies compared to the two extreme cases
when either backbone-selective (CN) or side-chain-selective
(TL+AN) solvents are used. This result implies that forming
rigid amorphous network aggregates with weak or no side-chain
interactions by balancing the solubility of the polymer backbone
and side chains is critical for optimizing the device performance
of OSCs. Besides using mutual solvents, these rigid amorphous
aggregates can also be formed from semicrystalline fiber
aggregates when the solution temperature is increased (Figure
4). Accordingly, when we fabricate devices at high coating
temperatures (HT), devices cast from TL+AN yielded a drastic
enhancement in performance from 5.8 to 9.0% (Figure 5b,c).
On the other hand, devices cast from CB and TL showed
minimal dependence on the coating temperatures, consistent
with the relative stability of PM7 D2 aggregates depending on
the solution temperature as compared to TL+AN (Figure S7�
due to the high boiling point of CN and instrument limitations,
CN-based devices are not fabricated at temperatures higher than
122 °C). Nevertheless, it is important to highlight that a slight
improvement in PCE was observed with an increase in the
coating temperature, especially when CB was employed (Figure
S7). This implies that coating temperature and/or drying
kinetics have a minimal but non-negligible effect on the device
performance, likely inducing changes in the blend film
morphology.57 In contrast to CB and TL, TL+AN devices
exhibit a strong coating temperature dependence, which can be
primarily attributed to the structural transition of semicrystalline
fiber aggregates to form rigid amorphous network aggregates at
high temperatures. We also note that this result closely aligns
with our previous report, where semicrystalline fiber aggregates

of the PM7 polymer formed in CB lead to a substantial
enhancement in OSC performance from 5.8 to 8.7% as these
aggregates form amorphous network aggregates during hot
solution processing.25

Flim Morphology Characterizations. As shown in Table
1, the differences in the device efficiencies are mainly due to the
large short circuit current (Jsc) and fill factor (FF), which depend
on the blend filmmorphology.58 Therefore, to better understand
the trend observed in the device performance of OSCs, we
studied the morphology of the blend films using various X-ray
diffraction methods, including grazing-incidence-wide-angle X-
ray scattering (GIWAXS), resonant soft X-ray scattering
(RSoXS), and complementary imaging techniques, including
photoinduced force microscopy (PiFM) and conductive AFM
(c-AFM). Figure 6a shows the 2D scattering patterns of the
blend films obtained from GIWAXS measurements. The
scattering patterns and linecut profiles for the neat donor and
acceptor films are provided in Figures S8 and S9. Both neat
donor polymer and blend films exhibit in-plane and out-of-plane
(010) peaks, corresponding to π−π stacking distance around q =
3.6 Å, determined from the linecut profiles (Figure S10).
Notably, this distance is the same as the π−π stacking distance
observed in the fiber aggregates in the TL+AN solution.
However, the ITIC-4F acceptor barely shows any (010) peak
(Figure S9), suggesting that the π−π stacking peaks observed in
the blend films arise largely from the crystallization of the donor
polymer. When comparing the scattering patterns, it is evident
that the blend film cast fromCN exhibits a strong in-plane (010)
peak, which corresponds to edge-on polymer orientation in the
crystalline domains. To better compare the distribution of
molecular orientation in these blend films, partial pole figures
were obtained (Figure S11a) using approaches previously
reported.59−62 These pole figures are constructed by plotting
the intensity of the (010) peak from 5° sector cut profiles from
the scattering patterns within the range of 10° < χ < 80°, where χ
= 0° corresponds to the out-of-plane direction. The peak
intensities are then normalized to the 0−1 scale for direct
comparison of the molecular orientations across different films.
Based on these pole figures, a sharp increase in the intensity of
the (010) peak at higher χ angles is observed for the blend film
cast from CN, which is more drastic compared to other films.
We further estimated Herman’s orientation parameter

(S)63,64 based on the distribution of the (010) peak using the
sample normal as the director as shown in Figure 6b. The S
parameter ranges from −0.5 to 1, corresponding to a complete
edge-on to face-on population when the azimuthal angle is
selected along the surface normal. Figure 6b clearly shows that
the S parameter is more negative for CN compared with the
other films, which is a clear indication of predominantly edge-on
molecular orientation in the crystalline domains. Interestingly,
we found that the orientation parameter is significantly more
negative at the air−liquid interface for the CN case (Figure
S11b). Therefore, we attribute the edge-on preferred molecular
orientation in CN to the unfavorable side-chain and solvent
interactions of PM7 D2 and CN, causing the side chains to
orient toward air. Compared to the blend film cast from CN,
other films yield preferential face-on orientation, which is
evident from their positive S parameters. Since edge-on
orientation is often unfavorable for charge transport in OSCs,
the fact that devices cast from CN yield poorer performance is
not surprising. However, molecular orientation does not seem to
be themain reason for the poor performance in devices cast from
TL+AN at room temperature, given that the orientation is
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mainly face-on, which is expected to favor charge transport in
OSCs.
To compare the crystallinity of the blend films, we determined

the full width at half-maximum (fwhm) of the (010) and (100)
peaks and the relative degree of crystallinity of the blend films
using GIWAXS measurements as shown in Figure 6c,d,
respectively. Based on Figure 6c, the fwhm of both (010) and
(100) peaks are much smaller in CN and TL+AN films than in
CB and TL, suggesting larger crystal sizes and/or lower
paracrystalline disorder65 compared to the films cast from CB
and TL. In CN, high-order lamellar peaks are also clearly visible
compared to other films, suggesting its long-range crystalline
order. We also calculated the relative degree of crystallinity
(rDoC) by integrating the geometrically corrected (010) peak
intensities over χ following the protocols of previous
reports.59,66 Figure 6d shows the comparison of rDoC in these
blend films, suggestive of the higher crystallinity of PM7 D2 cast
from CN and TL+AN solvents compared with CB and TL.
To understand why CN and TL+AN yield more crystalline

films than CB and TL, we first investigated the assembly
pathways of PM7 D2 using cross-polarized optical microscopy
(CPOM). As we increase the solution concentration to 200 mg/
mL using the drop and drying method (see Experimental
Methods for details), we observe the emergence of lyotropic
liquid crystalline (LC) phases in CB, TL, and TL+AN, with TL
+AN more readily forming LC phases even at 60 mg/mL
(Figure S12). In CN, PM7 D2 shows some birefringence at the
edge of the solution at 200 mg/mL, although the bulk of the
solution is still mainly isotropic. This observation aligns with
previous findings suggesting that poor backbone solvents are
more likely to induce the lyotropic LC phase.67 On the other
hand, we observe that semiflexible amorphous network
aggregates, particularly those formed in CN, delay the formation
of LC phases. Given that CN does not readily crystallize or form
an LC phase even at 200 mg/mL, it is surprising that the blend
film is more crystalline than other films based on our GIWAXS
results. Investigating the crystallization mechanism of PM7 D2
in CN using in situ CPOM measurement (Supplementary v 1)
reveals direct crystallization of PM7 D2, similar to the
crystallization of the PII-2T polymer in CN as previously
reported.29 We thus attribute the pronounced crystallization of
PM7D2 in CN to the strong side-chain interactions within these
amorphous network aggregates caused by the poor solvent
quality of CN toward the side chains. We also note that the top
and bottom surface of the dried film of PM7 D2 in CN show
different birefringence under CPOM (Figure S13), consistent
with the different molecular orientation at the interface (edge-
on) versus in the bulk of the film (face-on).
In contrast to CN, where PM7 D2 undergoes direct

crystallization, the higher crystallinity of PM7 D2 in TL+AN
could be attributed to its tendency to form an LC phase (Figure
S12). However, our findings suggest that LC phase formation is
suppressed when the film is blade-coated in the Landau−Levich
(LL) regime, highlighting the importance of coating regimes on
the assembly pathway of conjugated polymers.68 To demon-
strate this, we compared the assembly pathways of PM7 D2
under the evaporation regime vs the Landau−Levich (LL)
regime.69 When the films were coated in the evaporation regime
at low coating speeds, all films were highly birefringent under
CPOM (Figure S14), implying that the crystallization process
undergoes an LC-mediated assembly pathway. However,
coating in the evaporation regime led to highly nonuniform
films due to the stick and slip effect,70 prompting us to choose

the LL regime for OSC fabrication. When PM7 D2 solution in
TL+AN was printed in the LL regime, however, we did not
observe any LC phase formation during the coating process
under CPOM imaging (Supplementary Video 2). Typically,
crystallization mediated by the LC phase shows highly
birefringent features at the triple-phase contact line before
crystallization.61,68 Figure S14 also shows that all films become
less birefringent and thus more isotropic in the LL regime
compared to those coated in the evaporation regime at very low
coating speeds, indicating that the LC mesophase is suppressed
to result in the direct crystallization pathway. Therefore, we
attribute the improved crystallinity of PM7 D2 cast from TL
+AN to the direct crystallization of the pre-existing crystalline
fibers rather than the LC-mediated crystallization. As shown in
Figure 6a, we also observe an out-of-plane peak near 0.4 Å−1,
which is not observed in any other blend films. Based on the neat
acceptor GIWAXS patterns, we attribute this peak to the ITIC-
4F acceptor (Figure S9c). The fact that this peak is more
pronounced in the TL+AN solvent seems to suggest that the
semicrystalline fiber aggregates also enhance the crystallization
of ITIC-4F. It is also worth noting that even at an elevated
temperature of 88 °C, the film cast from TL+AN (HT) retains
its crystallinity (Figure 6c,d) even though the fiber aggregates
dissolve at high temperatures. This suggests that PM7 D2 still
maintains its strong tendency to crystallize in TL+AN due to the
reduced nucleation barrier in a poor solvent.71

Since PM7 D2 undergoes direct crystallization in TL+AN
when coated in the LL regime, it also implies that CB and TL
lead to direct crystallization of PM7D2 since CB and TL are less
conducive to the LC phase (Figure S12). The film crystallinity of
PM7 D2 in CB and TL, however, is lower compared to TL+AN,
which is attributed to the formation of rigid amorphous network
aggregates of PM7 D2 in CB and TL solutions that delay the
formation of crystalline fiber aggregates during drying, thereby
preventing strong crystallization of PM7 D2. The lower
crystallinity of CB and TL films compared to CN is also
attributed to the rigid amorphous network aggregates of PM7
D2 in CB and TL. Unlike the flexible amorphous aggregates of
PM7 D2 with strong side-chain associations in CN, these rigid
amorphous network aggregates only possess weak or no side-
chain associations, which prevent strong crystallization at the
air−liquid interface. Furthermore, the rigid amorphous network
aggregates likely undergo crystallization through backbone
ordering rather than side-chain ordering, which could contribute
to increased nucleation density and small crystal sizes in the solid
state.15

To sum up, although PM7 D2 can form an LC phase in all
solvent systems at high solution concentrations, we found that
coating films in the LL regime suppress the formation of the LC
phase, even in TL+AN, which readily forms the LC phase.
Ultimately, PM7 D2 undergoes direct crystallization in all
solvents, where the structure of the solution aggregates tuned
the film crystallinity. In CN, semiflexible amorphous network
aggregates led to strong crystallization driven by their strong
side-chain associations at the air−liquid interface. Similarly,
semicrystalline fiber aggregates formed in TL+AN also led to
high film crystallinity by acting as the seed crystallites (e.g.,
heterogeneous crystallization). On the other hand, rigid
amorphous network aggregates formed in CB and TL led to
reduced film crystallinity owing to the more balanced side-chain
and backbone solubility.
Besides the crystallinity and molecular orientation, the phase-

separated structure of the photoactive layer is crucial for charge

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c03055
Chem. Mater. 2024, 36, 2819−2834

2827

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03055/suppl_file/cm3c03055_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


generation in organic solar cells. To quantify the domain sizes in
the blend films, we used resonant soft X-ray scattering (RSoXS),
which uses X-ray energies near the aromatic C 1s → π* to
enhance the contrast between the donor and acceptor materials.
As previously reported, the scattering contrast, however, not
only originates from material contrast but also includes
contributions from molecular orientation and surface rough-
ness.72,73 Based on our previous study, the surface roughness
contribution is negligible for the PM7 D2:ITIC-4F system, but
molecular orientation contribution in this case cannot be easily
separated from material contrast.25 This suggests that scattering
features from RSoXS originate from both material and
orientation contrasts. Figure 7a,b shows the RSoXS scattering
profiles obtained at 284.8 eV for blend films cast from different
solvents and films cast from TL+AN at different temperatures.

Based on Figure 7a, the scattering features for CN and TL+AN
are located at the lower Q range, corresponding to a larger length
scale, which is consistent with their high crystallinity. When
coating PM7 D2 in TL+AN at a high coating temperature, on
the other hand, the scattering feature shifts toward the higher Q
range or smaller length scale (Figure 7b). Using the Debye−
Anderson−Brumberger (DAB) model for randomly distributed
two-phase systems to fit the scattering profiles,74 we estimated
the correlation length or spacing between the donor and
acceptor materials, as shown in Figure 7c. This figure clearly
shows that CN and TL+AN lead to larger correlation lengths
compared to those of CB, TL, or TL+AN (HT).
Since the scattering features from RSoXS involve contribu-

tions from molecular orientation, we utilized PiFM as a
complementary technique to compare the phase-separated

Figure 7. Characterization of phase-separated morphology. RSoXS profiles of (a) PM7 D2:ITIC-4F blend films cast from four different solvents and
(b) those cast fromTL+AN at 25 °C and high coating temperatures (HT) at 88 °C. (c) Correlation lengths of blend films based on DABmodel fitting.
(d) Bulk FTIR measurement results for PM7 D2 and ITIC-4F materials. (e) Surface PiFM measurements on PM7 D2 and ITIC-4F neat films blade-
coated from CB. (f) PiFM imaging results for the blend films when using the IR laser tuned at 1280 cm−1, where the circled regions correspond to the
donor-rich domains. (g) c-AFM images of the blend films using a bias voltage of +3 V, where the circled regions correspond to the donor-rich domains.
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structure of the blend films. PiFM is a scanning probe technique
that combines AFM with a tunable infrared (IR) laser to impart
chemical contrast, and it has only recently been used to
investigate the blend film morphology of OSCs.2,75−77 During
the PiFM measurement, the IR laser is focused on the region of
the sample that interacts with the AFM probe, inducing an
electric dipole from the sample, which then creates a mirror
dipole on the AFM tip.76 The dipole−dipole attractive forces
between the sample and the tip then create a compositional map
of the blend film at 10 nm resolution. Figure 7d,e shows the IR
spectra of PM7 D2 and ITIC-4F films obtained from Fourier
Transform Infrared (FTIR) for the bulk and PiFM for the
sample surface, respectively. Both FTIR and PiFM spectra
match very well; particularly, the major peaks at 1280 and 1540
cm−1 for ITIC-4F and 1180 and 1720 cm−1 for PM7 D2 are
clearly observed in both FTIR and PiFM. The IR excitation
wavelength was then tuned to 1280 cm−1 to image the blend
films, as shown in Figure 7f. We note, however, that it was
difficult to selectively map the donor-rich regions due to the
poor absorption of the donor material in the blend films, even at
peak wavelengths 1180 and 1720 cm−1. Nonetheless, the dark
regions in Figure 7f can be attributed to the donor-rich domains,
which clearly show that PM7 D2 forms large domains when cast
from CN and TL+AN compared to those in CB, TL, and TL
+AN (HT), consistent with our RSoXS results.
Since the donor domains could not be selectively mapped

with PiFM, we also employed c-AFM to map the PM7 D2
domains, as shown in Figure 7g. Using high-work function top
and bottom electrodes (PEDOT:PSS for hole transporting layer
and Au probe), we were able to map the hole-only transport or
donor regions in the blend films.78,79 The bright regions in
Figure 7g thus show regions with high current due to hole
transport, which correspond to PM7 D2 domains. Although the

resolution of the images is lower compared to PiFM, we were
able to observe large polymer domains in CN and TL+AN,
which is consistent with PiFM imaging. Overall, it is worth
noting that our RSoXS, PiFM, and c-AFM results are strongly
correlated with the trend observed in the device performance
results (Figure 5c), suggesting the importance of domain sizes
on OSC performance. It is also generally observed that the more
crystalline films tend to form larger domains in blend films,
except for TL+AN (HT), which still retained its crystallinity
while forming relatively small domains in the blend film. This
result could be attributed to the temperature-dependent
aggregation behavior of PM7 D2 in TL+AN. It is consistent
with previous reports that conjugated donor polymers with
temperature-dependent aggregation enable morphology control
by processing at elevated temperatures, leading to highly
crystalline films with desirable domain sizes.45,55,80

The assembly pathways of PM7 D2, as inferred from our
solution and film characterization results, are illustrated in
Figure 8. The schematics portray the relationship between
solvent quality, the structure of polymer aggregates, and their
crystallization pathways. As solvent affinity decreases toward the
conjugated backbone while increasing toward the side chains,
the structure of polymer aggregates transitions from semiflexible
amorphous networks to rigid amorphous networks and
semicrystalline fibers. A Goldilocks effect is exhibited, featuring
rigid amorphous network aggregates with weak or no side-chain
association, which is the most conducive to favorable
morphology for BHJ organic solar cells. During the coating
process, both fiber aggregates and semiflexible amorphous
networks with strong side-chain interactions showed a greater
propensity to crystallize, resulting in blend films with large
domains and high crystallinity. When the solvent quality is
intermediate for both the backbone and the side chains, rigid

Figure 8.Overall schematics of the assembly pathways for PM7 D2 during OSC processing, depending on the solvent and coating temperature. Poor
backbone and side-chain solubility lead to semicrystalline fiber aggregates and amorphous networks with strong side-chain associations, respectively,
both resulting in excessive crystallization and large domain sizes. Balancing the backbone and side-chain solubility, on the other hand, forms
amorphous network aggregates with weak or no side-chain associations, yielding the most favorable blend morphology with small crystalline domains.
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amorphous network aggregates with weak or no side-chain
interactions form to prevent excessive crystallization, reducing
the domain sizes in the blend film. These rigid amorphous
network aggregates can also be achieved from the semicrystalline
fiber aggregates by simply raising the solution temperature,
resulting in a small phase-separated morphology. Notably, even
after the dissolution of fiber aggregates at high temperatures,
crystallinity can bemaintained while yielding small domain sizes,
which is attributed to the temperature-dependent aggregation
behavior of PM7 D2 in TL+AN.

■ CONCLUSIONS
In summary, using PM7 D2 as our model system, along with a
series of halogenated and nonhalogenated solvents, we
demonstrated that the backbone and side-chain solubility of
conjugated polymers plays the key role in determining the
structure of polymer aggregates in solution, their assembly
pathways, and the blend film morphology. We found that the
solvent affinity toward the conjugated backbone decreased while
it increased for the side chains when transitioning from
halogenated to nonhalogenated solvents. As a result, we
obtained three distinct conjugated polymer aggregate structures
for PM7 D2 depending on the solvent properties: semiflexible
amorphous networks in a poor side-chain solvent, rigid
amorphous networks in mutual solvents, and semicrystalline
fiber aggregates in a poor backbone solvent. During solution
processing, the semicrystalline fiber aggregates acted as
nucleation seeds to promote crystallization, leading to large
crystalline domains that are detrimental to the OSC perform-
ance. Similarly, semiflexible amorphous network aggregates also
led to excessive crystallization via crystallization at the air−liquid
interface. On the other hand, rigid amorphous network
aggregates with weak to no side-chain interactions led to the
most favorable blend film morphology owing to the balanced
crystallization of PM7D2, yielding small domain sizes. The rigid
amorphous network aggregates were also achieved when
increasing the temperature of a poor backbone solvent. Efficient
green solvent-processed OSCs were thus enabled by tuning the
solution aggregate structures using hot solution processing,
which substantially improved the device performance from 5.8
to 9%. Our findings also revealed that despite PM7 D2′s ability
to form an LC mesophase at high solution concentrations,
coating the films in the LL regime suppressed the LCmesophase
formation. Instead, direct crystallization pathways were
observed in all cases where crystallization of the conjugated
polymer strongly depended on the solution aggregate structures.
Through this work, we highlight the importance of balancing the
backbone and side-chain solubility of conjugated polymers to
achieve favorable blend film morphology for the fabrication of
efficient OSCs.

■ EXPERIMENTAL METHODS
Materials. PM7 D2 was synthesized based on the synthesis

procedures outlined in the study by Jones and Reynolds et al.,30 with
the corresponding molecular weight and dispersity results provided in
Table S1. The molecular acceptor, ITIC-4F (purity >99%), was
purchased from Brilliant Matters.
UV−Vis Spectroscopy. UV−vis (Cary 60 UV−Vis, Agilent)

spectroscopy was used to measure the absorbance of 20 mg/mL
polymer solutions of PM7D2 in a short path length of 10 μmquartz cell
(Starna Cells). Before each solution measurement, a blank solvent
measurement was taken for background subtraction.
SAXSMeasurement. SAXS experiments were performed at the 16-

ID beamline of the National Synchrotron Light Source II at

Brookhaven National Laboratory to probe the Q ranges of 0.006 < Q
< 3 Å−1 using multiple Pilatus detectors.81 The samples were measured
using a 1.5 mm diameter quartz capillary and custom-made flat sample
cells made of 100 μm ultrathin glass windows from Schott AG. Before
solution scattering measurements were performed, both empty cells
and blank solvents were measured for proper background subtraction.
For each measurement, 10−20 repeated measurements were taken on
various parts of the sample using X-ray energy at 13.5 keV with a 1 s
exposure time to avoid beam damage. The scattering profiles were then
obtained by averaging the repeated measurements and subtracting the
empty cell and blank solvent contributions using a Python package
py4xs in Jupyter Notebooks.82 The model fitting of the scattering
profiles was performed using the SasView program with dI data for
weighting, Levenberg−Marquardt with 200 steps for the algorithm
where the uncertainties are determined from the covariance matrix, and
χ2 values and the residuals plot were used as the goodness of fit metrics.

Freeze-Drying Method for Imaging the Solution-State
Aggregates. Freeze-drying experiments were conducted to image
the structure of aggregates in solution by using AFM. The freeze-drying
process involves rapid freezing of polymer solutions in a liquid ethane
and propane mixture (63% propane and 37% ethane) with a melting
point followed by liquid nitrogen storage. The purpose of using the
liquid ethane mixture is to ensure rapid freezing of the solution due to
its large heat capacity and to prevent polymer aggregation during the
cooling process. The resulting frozen polymer solution is then quickly
transferred to a Linkam stage at −120 °C under vacuum. The Linkam
stage temperature is then slowly increased at a rate of 0.5 °C/min to
−80 °C (far below the melting point of chlorobenzene solvent mp =
−45 °C and 1-chloronaphthalene mp = −20 °C), followed by 6−8 h of
constant monitoring with cross-polarized microscopy to ensure
sublimation of all solvents. For TL and TL+AN solvents, liquid
nitrogen (bp = −195.8 °C) was used to freeze the solutions due to the
low freezing points of TL and TL+AN (mp = −95 °C). The samples
were then transferred to the Linkam stage at −135 °C, which was then
slowly increased at a rate of 0.5 °C/min to −100 °C, followed by over
12 h of solvent sublimation. The freeze-dried samples were then imaged
by the Cypher AFM from Asylum Research using tapping mode.

Device Fabrication. OSCs were fabricated by using the inverted
architecture (glass/ITO/ZnO/polymer: ITIC:4F/MoO3/Ag). Before
film deposition, 20 cm × 15 cm ITO-patterned glass substrates (Ossila,
Inc.) were cleaned by sonicating sequentially with water, acetone, and
finally 2-propanol for 10 min each. The cleaned substrates were then
dried with nitrogen and plasma treated (Harrick Plasma PDC-001-HP)
for 6 min in 300 mT dry air and high power (30 W). To deposit the
electron transporting layer, ZnO solution was prepared by dissolving 1 g
of zinc acetate dihydrate (Sigma-Aldrich) and 0.28 g of ethanolamine
(Sigma-Aldrich) in 10 mL of 2-methoxyethanol (Sigma-Aldrich) under
vigorous stirring for over 12 h in air. This solution was then filtered with
a 0.45 μm PTFE syringe filter before deposition. The filtered solution
was deposited on the cleaned ITO substrates by spin-coating for 30 s at
3000 rpm in an ambient atmosphere, which resulted in an active layer
thickness of ≈20 to 30 nm measured by a Bruker Dektak XT
profilometer. After spin-coating, the ZnO layer was annealed in air at
150 °C for 30 min, followed by slow cooling to room temperature for
active layer deposition. The photoactive layer solution for all devices
was prepared by dissolving the polymer and ITIC-4F (Sigma-Aldrich)
at a 1:1 (w/w) ratio in CN, CB, TL, and TL+AN without any additives.
The resulting blend solution was stirred at 40 °C overnight, brought to
room temperature, and stirred for at least 12 h before deposition before
blade coating. The blend solutions were then blade-coated using a blade
angle of 7° and a solution volume of 3 μL. The conditions used for
coating from each solvent are provided in Tables S4 and S5. The film
thickness corresponding to these optimal coating conditions was ∼80
nm. After blade coating, all films were thermally annealed at 100 °C for
10 min in air before thermal evaporation of MoO3 and Ag electrode
using the Kurt J. Lesker Nano36 Thermal Evaporator System.

Device Characterization. The current density (J−V) curves were
characterized by using an automated Solar Cell I−V Test System
(Ossila) under AM 1.5G illumination (100 mW/cm) with a class AAA
solar simulator from Newport under a glovebox-free or ambient
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environment. Before each test, the solar simulator was calibrated by
reference single-crystal Si cells (Sciencetech). For each condition, a
total of 8 pixels or devices with an active area of 0.04 cm2 were tested. A
mismatch factor was not applied for calculating the device performance.
Solution Characterization Using CPOM. Solution character-

ization under CPOM was performed by sandwiching the polymer
solutions between two microscope glass coverslips placed on a Si wafer
during the CPOM measurements using the reflection mode. High-
concentration solutions were obtained by the drop and dry method,83

where the concentration of the pristine solution is increased by drying a
certain amount of solution and then adding 1 μL of the solution to the
dried droplet and mixing the solution by shearing with the microscope
cover glasses to increase the concentration. For instance, a 200 mg/mL
solution was achieved by drying 9 μL of 20 mg/mL solution and adding
1 μL of solution to increase the concentration of 20 mg/mL solution by
10-fold. The solution samples then underwent thermal annealing cycles
to reach an equilibrium state before imaging under CPOM.
GIWAXS. GIWAXS measurements were performed at the 7.3.3

beamline of the Advanced Light Source at Lawrence Berkeley National
Laboratory using incident angles of 0.08, 0.1, 0.12, and 0.14° with an X-
ray energy of 10 keV and a beam size of 30 μm × 50 μm. All samples
were placed in a helium chamber for measurement. For sample
preparation, ZnO was first deposited on a Si wafer, followed by the
photoactive layer deposition and thermal annealing in the same way
that all OSC devices were fabricated. FromGIWAXSmeasurement, 2D
scattering images were obtained and converted to 1D linecut profiles by
using the beamline NIKA package in Igor Pro.84 The Ewald sphere
correction (missing wedge correction) for the 2D images was obtained
using the WAXSTools plugin85 in Igor Pro. For molecular orientation
analysis, pole figures are constructed by plotting the geometrically
corrected intensity of the (010) peak from 5° sector cut profiles from
the scattering patterns within the range of 10° < χ < 80°. The intensity
of the (010) peak at each χ angle was determined by Gaussian peak
deconvolution analysis. For rDoC analysis, the geometrically corrected
intensities were integrated over χ and normalized by the total
illumination volume (thickness and area of the sample) as previously
reported.59

RSoXS. RSoXS data were collected at the National Synchrotron
Light Source II at beamline 7-ID-1 in the transmission geometry. For
sample preparation, the photoactive layer was blade-coated and
thermally annealed using the same device fabrication conditions on a
polystyrenesulfonate (PSS) film, which was spin-coated from a 10%
PSS solution in water. The PSS solution was stirred overnight at room
temperature before depositing on a Si wafer substrate. After photoactive
layer deposition, the sample on a Si substrate was immersed in water,
which dissolved the PSS layer and separated it from the substrate. The
sample was then picked up with a 1 mm × 1 mm, 100 nm thick Si3N4
membrane supported on a 5 mm × 5 mm, 200 μm thick Si frame
(Norcada) and transferred into the vacuum chamber for RSoXS
measurement. RSoXS measurements were performed at beam energies
from 270 to 290 eV with 5 s of exposure time per scan. The collected 2D
scattering images were then converted into 1D profiles using the Nika
package supported by the Igor Pro environment.
PiFM Measurements. The PiFM measurements were conducted

using VistaScope fromMolecular Vista, Inc. and using Pt-coated silicon
cantilevers from Molecular Vista. Before starting the measurement, the
laser power was recorded within the IR range of 733−1960 cm−1,
followed by the laser alignment using a parabolic mirror to ensure that
the laser was focused on the tip of the cantilever. The wavelength of the
quantum cascade laser (QCL) used for alignment was tuned to 1850
cm−1 at an intensity of 20% of the recorded maximum power. For PiFM
imaging, a scan size of 500 nm × 500 nm with a pixel size of 256 × 256
was used at a speed of 1 line/sec. During the measurement, the 1280
cm−1 laser was tuned to <5% of the maximum power with 20−30 s
duration per spectrum. To obtain PiFM spectra of the neat films, the
QCL laser was first turned off to obtain only AFM topography images
using a scan size of 1 μm x 1 μm. Afterward, the point spectra were
obtained based on the collected AFM topography images with an IR
intensity of <5% of the maximum power with 20−30 s duration per
spectrum. The bulk FTIR spectra of neat materials using solid powder

samples were obtained using a Thermo Nicolet iS50 spectrometer as a
comparison with the PiFM spectra on neat films.

c-AFM Measurements. Hole current mapping was conducted
using an AIST-NT SmartSPM instrument on the XploRA-Nano system
by Horiba, Inc. Budget sensors ContGB-G Au-coated conductive
probes with amanufacturer-specified spring constant of 0.2Nm−1 and a
probe radius less than 25 nmwere employed to record c-AFM scans. An
applied probe-sample force ranged between 3 and 5 nN, with a
substrate bias voltage of +3 V. High-work function top and bottom
electrodes (PEDOT:PSS for hole transport layer and Au probe) were
used to ensure hole-only transport.

Film Thickness Measurements. Film thickness was measured by
using the Bruker Dektak XT profilometry with a 12.5 μm radius stylus.
During thickness measurements, a stylus force of 3 mg and a scan range
of 1000−2000 μm were used at a speed of 50 μm/s. For thickness
measurements, a part of the film was removed with a cotton swab with
toluene. The thickness measurements were repeated in three to five
different positions to obtain the average and standard deviation.
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