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ABSTRACT: Achieving green-solvent solubility of conjugated polymers in truly green solvents such as alcohols has proven to be a
significant challenge. In this work, we report the synthesis and characterization of three conjugated polymers derived from
poly[ (thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline) ] (PTQ10) with the goal of developing derivates which are more
green-solvent-processable. The traditional alkyl side chains are replaced by various oligo(ethylene glycol) (OEG) side chains of
different architectures, including one linear and two branched, all of which contain six ethylene glycol repeating units. It is
determined that the linear OEG side chain architecture, even when sufficiently long, will not give desired green-solvent solubility
shown by a small solubility capacity (R,). However, branched OEG side chains significantly improve solubility as R, was increased
from 4.7 of PTQI0 to 11.9 of PTQ-6bO/6bO2. Although the solution states of the polymers were vastly different, the solid-state
morphologies were more similar as all three OEG-based polymers retained a predominately face-on molecular orientation similar to
PTQI0. It was demonstrated that PTQ-60 devices showed the most comparable power conversion efficiencies (PCEs) to PTQ10 in
bulk heterojunction solar cells, while PTQ-6bO2 and PTQ-6bO showed poorer performances. With one extra carbon in the side
chain, PTQ-6bO2 showed higher PCE than PTQ-6bO, attributed to the improved aggregation properties and solid-state
morphology of PTQ-6bO2, highlighting the importance of OEG side chain architecture. This work serves to develop important
guidelines for future alcohol-soluble materials for green-solvent-processed OPVs.

B INTRODUCTION

Increasing demand for renewable energy sources as replace-
ments for fossil fuels has accelerated the emergence of solar

the beneficial traits of polymer-based OPVs is solution
processability, which can significantly lower production
costs.”” However, chlorinated solvents such as chloroform

cell technology. Ideally, renewable energy sources should be
cost-effective and result in a low environmental impact in its
creation to be considered truly sustainable."” Bulk hetero-
junction (BHJ) organic photovoltaics (OPVs) have gained
considerable attention over the past several decades as a
promising technology for harvesting clean and renewable solar
energy because of their attractive merits of lightweight, high
flexibility, and suitability for large-scale solution-processed
manufacturing.”* Rapid progress has been made; for example,
the record high power conversion efficiency (PCE) of small
area single junction devices in research laboratories for OPVs
have recently surpassed 19%.”> These impressive accomplish-
ments are promising for the future commercial production.
However, significant issues must still be overcome before
OPVs can be considered truly sustainable. For example, one of
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(CF) and chlorobenzene (CB) are the prevailing solvents used
for processing the active layers; since these solvents are
hazardous and harmful to human health and the environ-
ment,”” they are clearly not viable toward realizing sustainable

and commercially practical OPVs.'”"" Thus, seeking environ-
mentally benign solvents has become increasingly important as

environmental impacts would be significantly increased if
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Figure 1. Design and synthesis of the four polymers in this work: PTQ10, PTQ-60, PTQ-6bO, and PTQ-6bO2.

polymer-based OPVs were manufactured on a commercial
scale with environmentally harmful solvents.

There has been significant progress in transitioning away
from halogenated solvents to nonhalogenated ones; for
example, efficiency numbers have surpassed 17% using toluene
as the processing solvent.'” In addition, o-xylene and
tetrahydrofuran (THF) have also been popular solvents of
choice."*™"* Furthermore, solvents such as 2-methyltetrahy-
drofuran (2-MeTHF), p-limonene, or p-cymene represent
blorenewable alternatives to the previously mentioned
solvents;'¢ indeed, good efficiencies of over 10% can still be
achieved when processing from these biorenewable sol-
vents.'”~'? Although these solvent systems should mark a
significant improvement when compared to chlorinated solvent
processing, the ideal solvents would be simple alcohols such as
ethanol (EtOH) and water, which can be considered to be the
most environmentally favorable.”® Although significant pro-
gress has been made, PCEs achieved from devices processed
from alcohols are currently only 3%.”' The drastic difference in
performance between state-of-the-art devices processed from
chlorinated solvents and devices from green solvents and
alcohols is the primary gap that needs to be narrowed to fully
realize sustainably processed OPVs.

The solubility of conjugated polymers in solvents is
primarily determined by their side chains and aggregation
characteristics; the latter is particularly important to achieve
optimized morphology in BHJ to maximize the obtainable
PCE."" Alkylated side chains are commonly employed to
allow conjugated polymers to be processable in both
halogenated and nonhalogenated aromatic solvents (such as
CF or toluene). However, achieving solubility in truly green
solvents such as alcohols has proven to be a significant
challenge. There are two main techniques to impart solubility
of conjugated polymers in green solvents: adding side chains
which contain ionic groups or incorporating oligo(ethylene
glycol) (OEG) side chains.”*~*° Earlier attempts using ionic
groups produced poor efficiencies, likely due to the ionic
groups often forming traps in the polymer-based BH]J solar
cells.”®*” Thus, nonionic ethylene-glycol-based side chains are
preferably used to impart solubility in green solvents. Although
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this method is well documented, there are very few alcohol-
processable polzfmer donors, the most notable being
PPDT2FBT-A.>>*** Thus, general design knowledge regard-
ing the incorporation of OEG side chains into conjugated
polymers to achieve green-solvent processability has not yet
been firmly established. In fact, few OEG side chain
optimization efforts have been reported, primarily focusing
on the length of the OEG side chain.”"*°"** Ideally, design
rules and structure—property relationships when OEG side
chains are used in conjugated polymers need to be developed
in a similar fashion to the prevailing alkylated side chains.*®
This should include investigating different configurations of
OEG side chains and their impacts to develop coherent
structure—morphology—performance relationships; such
knowledge will establish guidelines for the future development
of green-solvent-soluble conjugated materials.

Herein, we report the synthesis of three new conjugated
polymers derived from poly[(thiophene)-alt-(6,7-difluoro-2-
(2-hexyldecyloxy)quinoxaline)] (PTQ10) with the goal of
developing PTQ_derivates which are more green-solvent-
processable. Specifically, traditional alkyl side chains in PTQ10
are replaced with various OEG side chains including one linear,
and two branched, all of which contain six ethylene glycol
repeat units. Hansen solubility parameters were then used to
understand and quantify the solubilities imparted by the
various side chains. The morphological properties in solution
and solid states were studied and compared to PTQIO to
develop structure—property relationships upon the implemen-
tation of OEG side chains. Interestingly, the structure of the
OEG side chain (even with the same number of ethylene
glycol units) has a profound effect on solubility, solution and
solid-state morphologies, and optical properties, all of which
ultimately influence the photovoltaic performance of BH]J solar
cells with these polymers. This work serves to develop
important guidelines for future alcohol-soluble materials for
green-solvent-processed OPVs.

B RESULTS AND DISCUSSION
Design and Synthesis. PTQI0 has attracted significant
interest as it offers high PCEs while possessing a rather simple
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Figure 2. Solubility spheres determined at 10 mg/mL by HSP. Black represents the sphere center, green represents soluble at 25 °C (gray sphere),
orange represents soluble at 60 °C (grid sphere), and red represents insoluble. (a) PTQ10, (b) PTQ-60, (c) PTQ-6bO, and (d) PTQ-6bO2.

structure in comparison to other high-performance donor
polymers.**~** The obvious benefit toward synthesizing
polymers with lower synthetic complexity is the significant
reduction in material cost, energy expenditure, and produced
wastes. These are important hurdles that should be considered
when realizing commercially viable OPVs. In our previous
work, the original synthesis of PTQI0 was redesigned,
resulting in significant cost reduction (1/7th the original).41
A key alteration in the synthesis was the use of Mitsunobu
reaction to attach the solubilizing side chain, allowing for the
use of alcohol-functionalized side chains instead of their
brominated counterparts. This becomes particularly significant
when looking to add OEG side chains as most are alcohol-
functionalized and bromination/tosylation would require
further synthetic efforts.*” Thus, this PTQ_synthetic scaffold
becomes an excellent way to attach various OEG side chains
while maintaining the polymer backbone structure. Also, as the
side chain of PTQIO is attached via an oxygen—carbon bond
to the conjugated backbone, potential electronic changes could
be minimized as the OEG groups would maintain a similar
attachment (Figure 1).

Thus, we chose PTQI0 as the platform to investigate the
effects of solubility and morphology in solution and solid state
upon implementation of various OEG side chains. Three new
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derivatives were designed: one polymer bearing a linear OEG
side chain with six ethylene glycol repeating units (thus PTQ-
60) and two bearing branched OEG side chains (PTQ-6bO
and PTQ-6b0O2) which differ in their branching point (1st or
2nd carbon, thus “O” and “O2” in the suffix). These structures
were targeted to encompass a large breadth of different (yet
related) side chain architectures that are commonly used. All
polymers were designed to contain a total of six ethylene glycol
repeat units to maintain approximately equal side chain
content. The two different alcohol-functionalized branched
OEG side chains were synthesized according to the previous
literature.*>** All four monomers (including the original
PTQIO as the control) were synthesized via Mitsunobu
reactions according to our previous report in yields >60%
(synthetic details in the Supporting Information).*' Finally, all
polymers were synthesized via microwave-assisted Stille
polymerization. The number-average molar mass (M,) and
dispersity (D) of the four polymers were measured by gel
permeation chromatography (GPC). Synthetic details and
corresponding characterizations are included in the Supporting
Information. With the four polymers of interest synthesized,
and motivated by the potential for green-solvent processability,
we next investigated the solubility limits.
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Solubility Properties. The solubility of conjugated
polymers is commonly investigated through an empirical trial
and error approach. Typically, the polymer of interest is put
into different vials of various solvents and the solubility is
directly investigated.’’ Although this method does provide
reasonable information about solubility, there is no predictive
nature in this process. To improve upon this traditional
practice of investigating solubility, a method which would
predictively create a model of solubility became desired. Since
Hansen Solubility Parameters (HSP) have been applied to
various different types of systems, including the field of organic
photovoltaics,"”**™° we applied HSP to quantitatively
investigate and create a predictive model of solubility for the
four PTQ polymers.

The HSP of PTQI10, PTQ-60, PTQ-6bO, and PTQ-6bO2
were determined and plotted as a sphere of solubility along
with various solvents of interest (Figure 2) (HSP determi-
nation described in the Supporting Information). The sphere is
composed of a central coordinate with a radius defined as the
solubility capacity (R,), representing the maximum distance
between the center HSP coordinate and a solvent that enables
the arbitrary solubility limit (e.g., 10 mg/mL). With the goal of
processability in mind, the threshold of solubility was defined
at 10 mg/mL. As a reference, the HSP (6p, &p, ) for PTQ10
were initially determined to be 19.2, 1.9, and 3.7, respectively,
with an R, of 4.7. The HSP for all other three polymers were
similarly determined and all data are summarized in Table 1.

Table 1. Summary of the Determined Hansen Solubility
Parameters of the Four PTQ Polymers at 25 °C

polymer 6D (MPa'/?) 6P (MPa'?) 6H (MPa'’?) R, (MPa'/?)
PTQIO0 19.2 1.9 3.7 47
PTQ-60 18.5 3.8 6.1 1.7
PTQ-6bO 19.5 9.7 7.0 11.9
PTQ-6bO2 19.5 9.7 7.0 11.9

PTQI0 expectedly yields solubility in chlorinated solvents and
some nonchlorinated aromatic solvents commonly used for
OPV processing (Figure 2a). Solubility in a desired solvent can
be achieved in two ways; the first is by having very similar HSP
coordinates, and the second by having a large R, so that the
solvent is encompassed within the solubility sphere. It is
hypothesized that to gain solubility in solvents such as water or
alcohols, the 6p and Oy of the polymers should be closer to
those of the solvents. For example, the HSP coordinates of CF
are 17.8, 3.1, and 5.7 while the coordinates of EtOH are 15.8,
8.8, and 19.4. Thus, it is expected that OEG side chains will
increase the 8y and &} values due to their higher polarity.>
Indeed, the HSP were determined to be 18.5, 3.8, and 6.1,
respectively, with an R, of 1.7 for PTQ-60 with the linear
OEGg side chain. This represents an increase in the dp and dy
values by 1.9 and 2.4, respectively, in comparison to PTQI0.
Although an increase in the 6y and &y values is seen, a dramatic
decrease in R, (Figure 2b) causes PTQ-60 to possess
solubility in only CF and tetrachloroethane (TCE), which is
worse in comparison to PTQ10. This dramatic decrease in the
R,y shows that the linear OEG¢ side chain is not a good
architecture to provide improved solubility. On the other hand,
the HSP were determined to be 19.5, 9.7, and 7.0, respectively,
with an Ry of 11.9 for the branched OEG polymers PTQ-6bO
and PTQ-6bO2 at 25 °C. It is interesting to note that PTQ-
6bO and PTQ-6bO2 were determined to have indistinguish-
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able HSP at 25 °C, indicating that moving the branching point
from the first carbon to the second does not have a major
impact on the solubility of the polymer at 25 °C. Given the
much improved 8, and &y (as well as Ry) for PTQ-6bO and
PTQ-6bO2 with branched OEGg side chains, these two
polymers show a dramatic increase in the total solubility when
compared to PTQ10 or PTQ-60, indicating the importance of
the side chain architecture and branching point on solubility.
Interestingly, differences between PTQ-6bO and PTQ-6bO2
can be seen at higher temperatures (further HSP comparisons
shown in the Supporting Information). According to the HSP
prediction that was experimentally determined, PTQ-6bO
would possess solubility in EtOH at 60 °C whereas PTQ-6bO2
would not. Indeed, our experimental results validated our
prediction. We speculated that these differences in solubility
are due to different aggregation characteristics between the
represented polymers in solution, which we studied next.

Aggregation and Optical and Electrochemical Prop-
erties. Morphological optimization of the active layers in
OPVs requires a comprehensive understanding of polymer-
aggregated structures in solution and solid states; optical
spectroscopy is a common method used to investigate polymer
aggregation in solution or film state.’’ The absorption of the
four different polymers in CF solution is shown in Figure 3a.
The parent polymer PTQ10 possesses a 4,,,, at 560 and 590
nm corresponding to the 0—1 and 0—0 vibronic transitions,
with an absorbance onset at 635 nm. PTQ-60 shows a
relatively similar absorbance profile to that of PTQ-10 with
Amax at 563 and 593 nm, and an onset at 638 nm. This slight
red-shift and increased 0—0/0—1 ratio of PTQ-60 is indicative
of a slight increase in the conjugation length and increased
aggregation of PTQ-60 in solution, which can be attributed to
the reduction in sterics from the introduction of the linear
OEGg side chain in comparison to the branched alkyl variant in
PTQI0. Increased planarization and tighter packing of the
polymer chains have been seen in another study where
different branching points of alkyl chains of PTQ_polymers
were investigated.”” However, the two polymers bearing
branched OEG side chains produce vastly different absorption
profiles in CF compared to PTQ10 or PTQ-60. For example,
PTQ-6bO possesses a single 4., at 484 nm and an onset at
552 nm, representing an incredible 83 nm blue-shift in
comparison to PTQI10. On the other hand, PTQ-6bO2
possesses a similar blue-shift, albeit to a lesser extent with a
Amax 2t 514 and 564 nm, and an onset at 599 nm. As all of these
polymers maintain the same backbone or “chromophore”
component, differences in absorbance should be related to a
change in the backbone planarity and aggregation behavior.
Given that PTQ-6bO and PTQ-6bO2 show dramatic blue-shift
when compared to PTQI0 and PTQ-60, the former two
polymers would possess significantly more disordered con-
firmations in CF solution.

As the two branched polymers have improved solubility as
shown by the HSP spheres, the absorption of PTQ-6bO and
PTQ-6bO2 was further investigated in various green-solvent
alternatives. It can be seen that the optical properties of PTQ-
6bO and PTQ-6bO2 are heavily solvent-dependent as the
absorption changes significantly upon different solvent
conditions (Figures 3b,c and S5). As various green-solvent
systems are poorer solvents in comparison to CF, backbone
planarization and aggregation are induced,>® resulting in the
red-shift for PTQ-6bO and PTQ-6bO2 (Figure 3b,c). By
contrast, blue-shift in absorption is seen for the branched OEG

https://doi.org/10.1021/acs.macromol.2c02259
Macromolecules 2023, 56, 2092—2103


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02259/suppl_file/ma2c02259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02259/suppl_file/ma2c02259_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02259/suppl_file/ma2c02259_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(a)

(b) ..

—PTQ10 N = —CF .
%\\\Q < Anisole PTQ-6bO
107 109 ——2-MeTHF
——EtOH:H,0
4 08 & 084
< <
g el
N 06 N 06
© ©
E N7
2 04+ S 044
0.2 0.2
0.0 0.0
T T T T T T T T T T M T T T T T T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 300 350 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
(€) oo (d) »
A PTQ-6b0O2 1
Anisole 80 Q
104 2 MeTHF % .01 ¢ o Q 9 3 9o
——EtOH:H,0 g™ 0 9 O o
8 0.8+ X 60 o
< E |
o 04
N 06- £ 501 ° 9
T o
g O 404
S 3 10
2 04+ *g 30 1
2 ]
02 g 20 4 o ° PTQ10
- < 1 PTQ-60
104 @ PTQ-6bO
0.0+ 1 -
T T T ! ! ! ! ! 0—_q_q T T T |0 PTQ 6b(|)2
300 350 400 450 500 550 600 650 700 750 3 © . o < . < o
Wi & O F & S SRy
avelength (nm) & W@ <& RS
v v "Vé Q/\O

Figure 3. Normalized UV—vis absorption spectra in 25 yg/mL solution. (a) All four polymers in CF; (b) PTQ-6bO and (c) PTQ-6bO2 in various
solvents; (d) % area of aggregated content from deconvolution as described in the Supporting Information.

polymers in CF as the solubility for PTQ-6bO and PTQ-6bO2
is considerably higher in comparison to the linear OEG and
alkyl counterparts (PTQ-60 and PTQ10). For example, PTQ-
6bO exhibits a 4,,,, at 556 nm and an onset at 636 nm in a 25
v/v% H,0 in EtOH solvent system (denoted as EtOH—H,0).
Somewhat similarly, PTQ-6bO2 exhibits a 4,,,,, at 560 and 597
nm with an onset at 636 nm in the EtOH—H,0O solvent
system. However, it can be seen that the absorption profiles of
the two branched OEG polymers are slightly different as PTQ-
6bO2 possesses more distinct vibronic transitions compared to
PTQ-6bO. This could be attributed to a more increased order
of the aggregates formed by PTQ-6bO2 as the branching point
is moved away from the backbone, which would increase 7—7
interactions. To gain a more quantitative understanding of the
aggregation behavior of the polymers in different solvents,
deconvolution was performed by subtracting the area of the
disordered phase from the total spectrum to obtain the ordered
component (deconvolution example given in Figure S6).>*
From this deconvolution, the % area of the aggregated
component from the total spectrum was used as a simple
method to quantitatively compare the aggregated content of
the polymers in various solvents (Figure 3d). Unsurprisingly,
PTQ-60 possesses slightly higher aggregated content in
comparison to PTQI10. Also, PTQ-6bO and PTQ-6bO2
possess significantly lower amounts of the aggregated content
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in CF compared to PTQIO0, which is consistent with the
aforementioned results. Interestingly, the amount of the
aggregated content of PTQ-6bO and PTQ-6bO2 in more
environmentally friendly solvents such as 2-MeTHF, EtOAc,
and EtOH—H,O are similar to PTQI0 in toxic, chlorinated
solvents such as CF and CB. A complete summary of the
optical properties in solution is given in Table S9. Notably, the
aggregated content of PTQ-6bO2 is consistently higher than
that of PTQ-6bO in all solvents investigated (Figure 3d),
indicating that the branching point can impart subtle
differences in the aggregation characteristics.

Further investigation was carried out to understand the
differences in aggregation behavior as conjugated polymers are
known to undergo an order—disorder transition in solution
upon cooling.”’ Thus, temperature-dependent UV—vis absorp-
tion measurements were conducted in 1,2-dichlorobenzene (o-
DCB) and TCE (Figure S7a—h). At high temperatures,
PTQI0 shows a featureless peak centered around 500 nm,
corresponding to the disordered phase. Once cooled to around
125 °C, aggregate formation is seen and further cooling results
in the continued planarization of the polymer backbone and
further red-shifting (Figure S7a). A similar trend is seen with
PTQ-6bO and PTQ-6bO2 in 0-DCB (Figure S7c,d); however,
the temperatures at which aggregate formations become
discernable for these two polymers are significantly lower in
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Figure 4. UV—vis absorption spectra of spin-coated films cast at 6 mg/mL. (a) All four polymers from CF; (b) PTQ-6bO2 film cast from various
solvents; (c) cyclic voltammograms determined employing a 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile solution as the

supporting electrolyte; and (d) energy levels determined by CV.

Table 2. Summary of the Optical and Electrochemical Properties of the Polymers Determined in CF Solution and Film States

Cast from CF

solution film
polymer A (nm) Donse® (nm) Amae (NM) Aonser (nm) E (eV) HOMO (eV) LUMO" (eV) EgCV (eV)
PTQI10 560,590 635 558,601 642 1.93 —5.58 —-2.95 2.63
PTQ-60 563,593 638 561,608 648 191 —5.26 -3.03 2.23
PTQ-6bO 484 552 551,580 635 1.95 —-5.41 -3.17 2.24
PTQ-6bO2 514,564 599 555,594 640 1.94 -5.36 -3.12 2.24

“Calculated from the Eqy. “Calculated from the Eggp. The Eoy and Egpgp was determined

hexafluorophosphate in acetonitrile solution as the supporting electrolyte.

employing a 0.1 M tetrabutylammonium

comparison to PTQI0. A decrease in the aggregate formation
temperature is attributed to an increase in the solubility of the
branched OEG polymers by an increase in the side chain
entropy. Although there are small differences between the
three branched side chain polymers (alkyl or OEG), including
differences in the temperature of aggregate deformation, the
largest difference in temperature-dependent aggregation
behavior is seen in PTQ-60. As shown in Figure S7b, even
at high temperatures, PTQ-60 never shows a blue-shift
corresponding to the breakdown of the aggregation. The
absorption onset and A, remain mostly unchanged even at
150 °C. This further indicates the strong aggregation character
of PTQ-60 due to the linear OEG side chain.
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The absorption properties of all four polymers as thin films
were further measured, which represent the aggregated
polymers in the solid state. Differences in absorption profiles
are still visible yet become more subtle as film drying kinetics
tend to dominate over the confirmation of the polymer in
solution (Figures 4a and S4c). Nevertheless, the same trends
exist as in solution. PTQI10 shows a 4, at 558 and 601 nm
with an onset of 642 nm in the film cast from CF; in
comparison, PTQ-60 shows a slight red-shift with an onset of
648 nm with an increased 0—0/0—1 transition ratio relative to
PTQI0. These observations are consistent with the results in
solution. On the other hand, PTQ-6bO remains the most blue-
shifted among all four polymers with an onset at 635 nm.
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Figure S. GIWAXS of neat polymer films cast from CF (a—d) or EtOH—H,0,sy (e, f) and corresponding in-plane and out-of-plane line cut
profiles (g). Note that the in-plane peak around 0.6 A™' is an artifact of the measurement grid and cannot be removed.

Similar to the results in solution, the 0—0 and 0—1 transitions
of PTQ-6bO are less distinct in comparison to the other
polymers. This gives further evidence as PTQ-6bO possesses
less ordered aggregation due to disruption induced by a
branching point that is closer to the backbone. Further
evidence to this claim can be seen from PTQ-6bO2; it exhibits
an onset at 640 nm and more distinctive transitions which are
more similar to PTQ10. All optical properties are summarized
in Table 2.

As the two branched OEG polymers showed high solvent
dependence in solution, the effects of different casting solvents
were further investigated to study the solid-state morphology.
Figure 4b shows the absorbance of PTQ-6bO2 in the film state
processed from four different solvents: CF, 2-MeTHF, 2-
propanol, and EtOH—H,O. Although differences are more
minor in comparison to solution, the films processed in the
three green-solvent systems (2-MeTHF, 2-propanol, and
EtOH—-H,0) are marginally more red-shifted in comparison
with that cast from CF. Regardless, the final absorption profile
of PTQ-6bO2 is largely unchanged (i.e., independent of the
processing solvent), which is also true for PTQ-6bO as similar
results were obtained (Figure S8). This observation indicates
that the casting solvent may not play a major role in controlling
the morphology of the polymer under our experimental
conditions, opening the choice of the processing solvent.
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To evaluate the impact of different side chains on the energy
levels of this PTQ _series, we applied cyclic voltammetry (CV)
to estimate the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) energy
levels (Figure 4c). The HOMO energy levels can be calculated
from the conversion of the oxidation onset (Eqx) through the
ferrocene standard (Egc) using the equation HOMO = —(4.8
+ (Eox — Egpc)), and the LUMO can be found in a similar
fashion using the reduction onset (Eggp). From the oxidation
and reduction onsets, the HOMO and LUMO levels of
PTQI0 were estimated to be —5.58 and —2.95 eV,
respectively, and the energy levels of other three polymers
were determined similarly. Interestingly, the HOMO and
LUMO levels of all three OEG-bearing polymers narrow
significantly in comparison to PTQI0, which has also been
observed in other studies.*”***° This is an unexpected result as
the OEG side chains, from an electronic point of view, should
be equal to an alkoxy group as both are linked to the aryl ring
by an oxygen atom; thus, the energy levels of all four polymers
would be expected to be very similar. Various interpretations
have been proposed®”® to account for similar behaviors. For
example, Roncali et al. argued that an increase in the ionic
conductivity of the polymer via these OEG groups would assist
the electrochemical doping process of conjugated polymers
during the CV measurement and alter the obtained redox
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potentials.”” Furthermore, Johansson et al. proposed that the
ion-complexing ability (among other factors) of OEGs could
be more important than electronic effects in influencing the
redox potentials of OEG-substituted polythiophenes.*® Thus,
caution should be taken when estimating the HOMO and
LUMO energy levels of the three OEG polymers by CV.
Nevertheless, the narrowed band gap of PTQ-60 as seen by
UV—vis (Egopt) is also corroborated by CV measurement
(EgCV) as this reduction is likely due to extensive aggregation
of PTQ-60.

Morphological Properties. To further evaluate the
impact of the different OEG side chains on the molecular
self-assembly orientational features of the films, grazing
incidence wide-angle X-ray scattering (GIWAXS) was
conducted for thin films of pure polymers (Figure 5) and
their BHJ blends with ITIC as the acceptor (Figure S9).
Interestingly, all films show a preferred face-on packing
orientation in the vertical direction of the substrate, evidenced
by the 7—x stacking (010) diffraction peak in the out-of-plane
(OOP) direction and lamellar d-spacing peak (100) in the in-
plane direction (Figure 5a),%’ indicating that the various side
chains do not have a major impact on the molecular
orientations (Figure Sa—f). However, differences in the 7—7x
stacking and lamellar d-spacing are observed. The correspond-
ing detailed data of peak analysis along in-plane (IP) and out-
of-plane (OOP) directions are depicted in Tables 3 and S11.

Table 3. GIWAXS Summary of Neat Polymer Films
Annealed at 140 °C for § min“

in-plane (100) out-of-plane (010)

polymer film g, (A7)  d-spacing (A) q, (A™") z—x distance (A)
PTQIOZ’ 0.275 22.8 1.800 3.49
PTQ-60" 0.258 24.4 1.823 3.45
PTQ-6bO" 0.256 24.5 1.775 3.54
PTQ—ébOZb 0.240 26.2 1.79§ 3.50
PTQ-6bO° 0.253 24.8 1.774 3.54
PTQ-6bO2° 0.242 25.9 1.798 3.49

#(100) along IP and (010) along OOP. bFilms processed from CF.
“Films processed from EtOH—H,0,gy.

For example, when processed in CF, PTQI10 shows a 7—x
stacking distance of 3.49 A, whereas PTQ-60 has a
corresponding distance of 3.45 A. A smaller 7—7 stacking
distance for PTQ-60 is expected, as there should be a
reduction in the sterics of the linear OEG side chain compared
to one that is branched. On the other hand, an increased 7—x
stacking distance of 3.54 A is observed for PTQ-6bO than the
observed 3.50 A for PTQ-6bO2, as the side chain branch point
is closer to the polymer backbone in the case of PTQ-6bO and
offers more steric hindrance. These trends in the 7—7 stacking
distances are in agreement with the results obtained from UV—
vis, where the absorption peaks of the films with smaller 7—n
stacking distances are red-shifted compared with those with
larger 7—m stacking distances. Expected trends are also seen for
the lamellar d-spacing distances. For example, with the shortest
length of branch (C10), PTQ10 possesses the smallest lamellar
d-spacing distances of 22.8 A, whereas PTQ-6bO with the
“C13” side chain as the longest branch (from the O attached to
the quinoxaline core) shows longer lamellar d-spacing
distances of 24.5 A. Interestingly, PTQ-60 with even longer
“C19” has a similar distance of 24.4 A to that of PTQ-6bO,
which could be attributed to increased interdigitation of the
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linear OEG side chains in comparison to the branched variants.
Finally, with one more carbon longer than in its side chain than
that of PTQ-6bO, PTQ-6bO2 shows the largest lamellar d-
spacing distance of 26.2 A when processed from CF.*’
Furthermore, to investigate the effects of different processing
solvents, films of PTQ-6bO and PTQ-6bO2 cast from an
EtOH—H,O cosolvent mixture were also subject to GIWAXS
characterization. Contrary to previous reports,25 no significant
changes in the neat polymer film morphology were seen upon
casting from different solvents. For example, when processed
from EtOH—H,0, PTQ-6bO possesses the same 7—7 stacking
distance of 3.54 A compared to CF, and only a marginally
increased lamellar d-spacing distance of 24.8 A was observed.
On the other hand, PTQ-6bO2 (processed from EtOH—H,0)
possesses a 7—7 stacking distance of 3.49 A and a lamellar d-
spacing distance of 25.9 A. This insensitivity to processing
solvent condition of PTQ-6bO and PTQ-6bO2 is interesting,
especially considering the vastly different polymer conforma-
tions seen in solution previously shown by UV—vis. However,
this insensitivity may be beneficial for future green-solvent
processing as in an ideal case, the morphology would remain
consistent even upon different processing solvents.
Photovoltaic Properties. To investigate how the
aforementioned properties of these polymers impact device
efficiency, all four polymers were employed as the donor in
BH]J solar cells with ITIC as the acceptor, with a device
architecture of ITO/PEDOT:PSS/PTQ donor:ITIC/PDINO/
Al (active area of 6.8 mm?). ITIC was chosen as the acceptor
material to match with the PTQ polymers as it has been
previously investigated with PTQ10,°° and serves as a
consistent control to investigate the different photovoltaic
properties. The J—V curves are shown in Figure 6. The
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Figure 6. =V curves of optimized PTQ—ITIC devices cast from CF.

PTQIO0:ITIC reference device achieved a PCE of 9.5% at the
optimized annealing condition of 140 °C for S min. From the
UV—vis data of pure polymers (Figure 4a), it would be
expected that PTQ-60 could show the most comparable PCE
to PTQIO as its aggregation character is the most similar to
PTQI10 in CF, potentially resulting in the most similar
morphology for their BHJ blends. As shown by the GIWAXS
data, the morphology of the BHJ blend of PTQIO0:ITIC is
most comparable to that of PTQ-60:ITIC, while the PTQ-
6bO:ITIC and PTQ-6bO2:ITIC blends show more significant
changes (Figure S9 and Table S12). Indeed, the PTQ-
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Table 4. Summary of the Photovoltaic Properties for the PTQ-Based PSCs

polymer processing solvent Jsc £ 0 (mA/cm?)?
PTQ10” CF 1646 + 0.15
PTQ-60° CF 15.81 + 0.38
PTQ-6bO° CF 9.30 + 0.29
2-MeTHF 8.20 + 0.19
anisole 6.71 + 0.40
PTQ-6b02¢ CF 10.86 + 0.77

Voc £ 6 (V)¢ FF + ¢ (%) PCE + o (best) (%)”
1.02 + 0.00 55.6% + 1.0 9.3% + 0.1% (9.5)
0.93 + 0.00 41.7% + 1.1 6.2% + 0.3% (6.4)
0.92 + 0.01 44.3% + 1.3 3.8% + 0.2% (4.1)
0.97 + 0.01 32.4% + 0.8 2.6% + 0.1% (2.7)
0.96 + 0.01 33.3% + 0.7 2.1% + 0.2% (2.3)
0.96 + 0.03 43.5% + 0.8 4.5% + 0.5% (5.0)

“Optimized devices with an architecture of ITO/PEDOT:PSS/PTQ donor:ITIC/PDINO/Al (estimated from at least four devices with an active
area of 6.8 mm?). *D:A weight ratio of 1:1, annealed at 140 °C for S min. “D:A weight ratio of 1:1.5, annealed at 140 °C for S min. DA weight

ratio of 1:1, annealed at 125 °C for S min.

60:ITIC device performed the best of the OEG-based
materials, achieving a PCE of 6.4%. On the other hand,
since the film absorption profiles of PTQ-6bO2 and PTQ-6bO
show more amorphous conformations compared to PTQIO0
(Figure 4a), it was assumed that BH]J devices comprising these
two polymers would likely show lower PCEs. Indeed, this
trend was found to be true as PTQ-6bO:ITIC and PTQ-
6bO2:ITIC devices achieved PCEs of 4.1 and S5.0%,
respectively (Tables 4 and S13). Importantly, our results
show that the subtle optimization of the OEG side chains can
result in improved device performance as PTQ-6bO2
consistently shows improved PCE over PTQ-6bO.

Owing to the increased solubility of the PTQ polymers
bearing branched OEG side chains (PTQ-6bO and PTQ-
6b02) in green solvents, we wanted to investigate the impact
on device performance when casting the active layer from
greener solvent systems, including 2-MeTHF and anisole. As
PTQ-6bO showed the best solubility, this material was chosen.
For simple comparison, the same device architecture as
previously stated was maintained, with the only difference
being the casting solvent. It should be noted that upon the
dissolution of PTQ-6bO and ITIC in 2-MeTHF/anisole,
significant aggregation was observed. This can be largely
attributed to the acceptor due to the poorer solubility of ITIC
in 2-MeTHF/anisole when compared to CF. However, heating
the solution to 60 °C can alleviate this issue. PCEs of 2.7 and
2.3% were achieved for PTQ-6bO:ITIC devices from 2-
MeTHF and anisole, respectively (Table 4 and Figure S10).
Compared to the CF devices, the 2-MeTHF and anisole
devices both showed decreases in the short circuit current
(Jsc) and fill factor (FF).

The consistent decrease in the PCE of devices with the
OEG-based donor polymers (with ITIC as the acceptor) when
compared to the reference polymer PTQIO is intriguing. We
hypothesize that this decrease in performance is related to the
blend morphology and miscibility between the OEG-based
polymers and ITIC. As demonstrated from our HSP analysis
above, the OEG-based PTQ_polymers have much higher 6,
and Oy parameters when compared to PTQI10. It can be
expected that common acceptors bearing alkyl side chains such
as ITIC or Y6 have closer dp and y parameters to more
traditional, alkyl-based donors, which would lead to improved
miscibility of these donor/acceptor pairs.”’ Poor miscibility
between the donor and acceptor will likely result in significant
phase separation, becoming detrimental to device performance
(particularly to Jc and FF, as seen in Table 4). If the trend of
the HSP parameters of the polymers is considered, the device
results correlate well as PTQ-60, compared with PTQ-6bO or
PTQ-6b0O2, is more similar to PTQ10. However, more in-
depth investigation is needed to fully understand how the
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miscibility of the two materials changes with the incorporation
of OEG side chains. Importantly, the poor device performance
of PTQ-6bO (an OEG-modified donor) and ITIC (an
alkylated acceptor) emphasizes the need for developing
acceptors with improved miscibility with the OEG-based
polymers to further explore the potential of green-solvent-
processed OPVs. Although there have been efforts in making
EtOH—H,O0 soluble acceptors with OEG side chains, 3previous
work has focused on the PCBM or N2200 platform.**” As the
state-of-the-art high-efficiency BH]J solar cells almost exclu-
sively employ Y-series acceptors,®” synthetic efforts should be
directed to developing high-performance EtOH—H,O soluble
Y-series acceptors with OEG side chains.

Bl CONCLUSIONS

In summary, three new conjugated polymers (i.e, PTQ-60,
PTQ-6bO, and PTQ-6b02) derived from PTQI0 were
synthesized by replacing traditional alkyl side chains with
polar, OEG side chains of various architectures. Hansen
solubility parameters were used to understand and differentiate
solubility differences between the various side chains while
creating predictive solubility models for green-solvent
selection. It was determined that the linear OEG side chain
architecture, even when sufficiently long, will not give desired
green-solvent solubility shown by a small R, However,
branched OEG side chains are able to significantly improve
solubility as the R, was increased from 4.7 of PTQ10 to 11.9 of
PTQ-6bO/6bO2. The poor solubility of PTQ-60 with a linear
OEG side chain is attributed to strong aggregation character in
solution. Meanwhile, the branched OEG polymers PTQ-6bO
and PTQ-6bO2 were significantly more disordered in CF
solution and displayed heavily solvent-dependent aggregation
characteristics. Although the solution states of the polymers
were vastly different, the solid-state morphologies were rather
similar. All three OEG-based polymers retained a predom-
inately face-on molecular orientation similar to PTQ10, and
PTQ-6bO and PTQ-6bO2 even retained a relatively similar
morphology when processed in a green solvent (EtOH—H,0).
With ITIC as the acceptor, PTQ-60 devices showed the most
comparable performance to PTQI0, while PTQ-6bO2 and
PTQ-6bO showed poorer performances. However, PTQ-6bO2
showed improved performance over PTQ-6bO, which can be
attributed to improved aggregation properties and the solid-
state morphology of PTQ-6bO2. Taken all together, it
becomes clear that the architecture of the OEG side chain
has a profound effect on solubility, solution/solid-state
morphologies, and photovoltaic performance. This work can
serve as important guidelines for the future design of alcohol-
soluble materials for green-solvent-processed OPVs. Future
work should focus on the synthesis of an alcohol-processable
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small-molecule acceptor to match with these polymers,
ultimately striving for high-performance alcohol-processed
OPVs.
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