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ABSTRACT: Organic photovoltaics (OPVs) possess the advantageous trait of solution processability, yet OPV blends typically
use hazardous chlorinated solvents for processing. In order to realize the full advantages of OPVs, as well as growing to an
industrial scale, the use of environmentally friendly solvents for processing OPVs needs to be pursued. In this study, we utilized
the well-studied polymer PBnDT-FTAZ system as the model conjugated polymer, and synthesized a series of structurally similar
conjugated polymers with oligo(ethylene glycol) (OEG) side-chains, aiming to understand the structural requirements to
convert conventional conjugated polymers into green-processable alternatives. We elucidated the impact of these OEG chains
on the properties of modified polymers when compared with the original PBnDT-FTAZ, including solubility and optoelectronic
properties. Finally, aiming to understand the impact of changing side chains to the device performance, we fabricated solar cells
with a nonfullerene acceptor (IT-M), achieving decent device efficiencies (over 7%). Additionally, using renewable and green
solvent, 2-methyltetrahydrofuran (2-MeTHF), we were able to achieve device efficiencies of over 2%.

KEYWORDS: organic solar cells, green solvent process, oligoethylene glycol (OEG), 2-methyltetrahydrofuran (2-MeTHF),
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1. INTRODUCTION

Organic photovoltaics (OPVs) have entered a new stage of
rapid development, largely due to the emergence of high
performance blends containing nonfullerene acceptors
(NFAs).1−3 The record high power conversion efficiency
(PCE) of small area single junction devices in research
laboratories has been boosted up to 15.7%;4 furthermore,
tandem (i.e., multijunction) devices have recently reached an
unprecedented efficiency value of 17.3%.5 These impressive
accomplishments bode well for the future commercial
production; however, there are still significant issues that
must be addressed. One of the unique traits of polymer based
OPV is solution processability, which can significantly lower
the production cost of solar cells; yet, the prevailing solvents
used for processing the active layertypically a bulk
heterojunction (BHJ) blend of conjugated polymers as the
donor and organic small molecule as the acceptorare

chlorinated solvents, such as chloroform (CF), chlorobenzene
(CB), dichlorobenzene (DCB), and trichlorobenzene (TCB).
All of these solvents, unfortunately, are hazardous and harmful
to health and environments.4−6 The impact would be
exponential if polymer-based OPVs were manufactured on a
commercial scale. Thus, seeking environmentally benign
solvents, in particular, green solvents,7 has become increasingly
important.6

The first important step toward green-solvent-based
processing is the transitioning to halogen-free solvents; there
has been significant progress in this regard, with efficiency
numbers breaching 12% in some cases.6,8−13 For many of these
studies, toluene has been the popular choice of solvent. For
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example, Ye et al. applied toluene to process FTAZ:IT-M and
achieved more than 12% efficiency in early 2018.9 Shortly after,
Maojie Zhang’s group also reported a high-performance
polymer solar cells with 13.1% efficiency via toluene
processing.8 Another similar solvent, xylene, has also been
used and demonstrated the ability to afford high performance
blends. For example, Jianhui Hou’s group achieved an
efficiency number (13.1%) with PBTA-TF:IT-M as the active
layer and o-xylene/1-phenylnaphthalene as the solvent
system.13 A third solvent that has also yielded success is
tetrahydrofuran (THF); for example, Jianhui Hou’s group
reported an efficiency of 11.7% by blade-coating the active
layer with a mixed solvent system of THF/isopropyl alcohol.13

The same group also accomplished an outstanding PCE of
12.10% with the THF-processed PBDB-BzT:IT-M based
device.14 Ideally, green solvents would be derived from
renewable sources rather than from petroleum industry. In
this regard, 2-methyltetrahydrofuran (2-MeTHF), derived
from renewable sources such as corncobs and bagasse,15 is a
green and ecologically friendly alternative to THF. Indeed, a
few research group recently reported efficiency numbers over
9% with OPV devices with active layer processed with 2-
MeTHF.16−20 Ultimately, the “greenest” solvents would be
simple alcohols (such as methanol and ethanol) and water,
which is the most environmentally favorable.7

Generally, the solubility of conjugated polymers in solvents
is primarily determined by their side chains. While the typical
branched alkylated side chains allow the conjugated polymers
to dissolve in both halogenated and nonhalogenated solvents
(such as toluene or THF), different side chains are required to
render a conjugated polymer soluble in greener solvents (such
as simple alcohols and water).6,21−24 There are two main
techniques to impart solubility of conjugated polymers in green
solvents: adding oligo(ethylene glycol) side chains or adding
side chains containing an ionic group. Nonionic, ethylene-
glycol based side chains are preferably used to impart the
solubility in green solvents, because ionic groups (together
with the associated counterions) often traps charge carriers in
solar cells.25 In addition, a conjugated polymer having
ethylene-glycol based side chains could enjoy a higher
dielectric constant,26−31 which could be beneficial for exciton
splitting. In addition, since conjugated polymers are typically

used as the donor in a BHJ blend, the acceptor (fullerenes or
NFAs) would also need to be similarly engineered to render
their solubility in green solvents. For example, very recently,
using oligo(ethylene glycol) (OEG) as the side chains, Han
Young Woo’s group developed an ethanol-soluble donor-type
polymer, PPDT2FBT-A, and a water-soluble acceptor,
PC61BMO12, for green solvent processed solar cells.22,23,32 By
using a mixed solvent system (ethanol and water) as the
processing solvent, the authors were able to achieve an
efficiency value of 0.75%,22 which was later improved to
2.05%.32

These published works highlight that it is not straightfor-
ward, and is in fact very challenging, to re-engineer a BHJ
blend previously showing high device efficiency with
chlorinated solvents, to accommodate the green-solvent-
based processing and still accomplish high device efficiency.
Open questions include: (1) How to molecularly engineer the
structure of conjugated polymers to render the green solvent
solubility while largely maintaining the desirable optoelectronic
properties of such conjugated polymers for solar cells? More
specifically, if OEG is the choice of side chains, how would the
number, length, and position of these ethylene-glycol (EG)-
based side chains affect the solubility and optoelectronic
properties of the resulting conjugated polymers? (2) How such
modified conjugated polymers would impact the characteristics
of their devices (i.e., efficiency, morphology, etc.) when
processed with green solvents? (3) What factors would affect
the efficiency of such modified polymers based solar cells,
optoelectronics, morphology, or both? Additionally, can these
factors be controlled to achieve similar performance to the
conventional OPV blends processed with hazardous solvents?
As our initial attempt to answer these questions, we took the

well-studied conjugated polymer, PBnDT-FTAZ (herein
referred as FTAZ),33 which has demonstrated over 12%
device efficiency in a toluene-processed BHJ device,9 as the
model conjugated polymer in this study. We systematically
replaced the branched alkyl chains in the original FTAZ
polymer with OEG side chains (Scheme 1), and investigated
the impact of these OEG side chains on the properties of
modified FTAZ, including solubility and optoelectronic
properties. Furthermore, we fabricated BHJ blends with
selected polymers and a nonfullerene acceptor (IT-M),

Scheme 1. Design and Structure of the Six Polymers in This Work: PBnDT-FTAZ (P1), PBnDT-FTAZNO (P2), PBnDT-
OTAZ(P3), PBoDT-FTAZ(P4), PBoDT-FTAZNO (P5), and PBoDT-OTAZ(P6)
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processed with toluene, to investigate the impact of side chains
on device performance. Finally, with two polymers that have
sufficient solubility in 2-MeTHF,15 a green solvent from
renewable sources, we attempted to fabricate BHJ solar cells
with IT-M and achieved decent device efficiencies (∼2%).

2. RESULTS AND DISCUSSION

2.1. Design, Synthesis, and Basic Properties of
PBnDT-FTAZ-Derived Polymers with OEG Side Chains.
The original PBnDT-FTAZ structure has a total of five
positions on the aromatic units which can be substituted with
an OEG side chain: two alkyl chains on the benzodithiophene
(BnDT), two fluorine and one more alkyl chain on the
benzotriazole (TAZ). These positions have been labeled as X,
Y, Z in Scheme 1. In this study, we applied linear OEG side
chains to decorate these positions to render the solubility of
the polymers in greener solvents. Scheme 1 exhibits the
structures of all six conjugated polymers in this study: PBnDT-
FTAZ (P1), PBnDT-FTAZNO (P2), PBnDT-OTAZ (P3),
PBoDT-FTAZ (P4), PBoDT-FTAZNO (P5), and PBoDT-
OTAZ (P6). With the original PBnDT-FTAZ (P1) as the
control, we introduce five new polymers (P2, P3, P4, P5, and
P6) decorated with OEG side chains at varying positions.
Similar to the original PBnDT-FTAZ, the five OEG

decorated polymers were synthesized via a conventional
microwave-assisted Stille polycondensation polymerization of
stannylated BnDT (and its analogs) monomers and bromi-
nated FTAZ (and its analogs) monomers.33−35 (Scheme 1).

The synthetic routes for those OEG-incorporated monomers
(FTAZNO, BoDT, and OTAZ) are shown in Scheme 2.
Specifically, compound 1 was prepared according to literature
reports,36,37 which then underwent ring closure in the presence
of sodium nitrate to afford compound 2 in a high yield of
90%.38 A Mitsunobu reaction between compound 2 and
tetraethylene glycol monomethyl ether resulted in compound
3.39 Flanking thiophene was added via Stille coupling reaction
to afford compound 4, which underwent bromination to obtain
monomer FTAZNO with one OEG chain on the nitrogen of the
triazole ring. Another monomer, OTAZ, which contains two
OEG side chains on the benzene ring of TAZ, was synthesized
via a nucleophilic aromatic substitution of the OEG side chain
onto the original FTAZ monomer.40 On the other hand, the
OEG substituted benzodithiophene, BoDT, was synthesized
via classical approaches.41 Synthetic details and corresponding
characterization are included in the Supporting Information.
We utilized standard microwave-assisted Stille polyconden-

sation conditions42,43 to synthesize all six polymers with high
yields (>93%). After precipitation in methanol, all polymers
were purified by Soxhlet extraction with organic solvents:
methanol, ethyl acetate, hexanes, and then chloroform. The
molecular weight data of these polymers were measured by gel
permeation chromatography (GPC) using both chloroform as
the eluent at 35 °C as well as trichlorobenezene as the eluent at
135 °C (details in Table S1 and Figure S16). Thermogravi-
metric analysis (TGA) indicates that polymers P3−P6 are less
thermally stable than P1 and P2, with thermal degradation

Scheme 2. Synthetic Routes of Key Building Blocks: FTAZNO, BoDT, OTAZ, TEG-I, and an Exemplary Polymer Synthesis,
PBoDT-OTAZ (P6)
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temperatures (Td) of the former four polymers significantly
lower than those of the latter two (Figure S14). We suspect the
OEG chains directly linked with the aromatic units via oxygen
(as appeared in the structures of P3−P6) would be thermally
cleaved at lower temperature compared to the alkyl side chains,
thus causing the lower thermal stability. Although P3−P6 have
lower thermal stability than P1 and P2, it is important to note
that all six materials made in this study are stable up to over
300 °C, which is significantly higher than the possible high
temperature (∼150 °C) experienced for processing organic
solar cells. We also attempted differential scanning calorimetry
(DSC) to investigate the thermodynamic behaviors of these six
polymers; however, no obvious glass transition temperature
(Tg) could be obtained with these polymers in the temperature
range 50−300 °C. Table 1 summarizes the molecular weight
and the thermal properties of these polymers, with
experimental details in the Supporting Information.

2.3. Optical, Electrochemical, and Solubility Proper-
ties. For easy comparison, we arbitrarily group these polymers
based on the position and number of OEG side chains on
either donor moiety (i.e., benzodithiophene unit) or acceptor
moiety (i.e., dithienyl-benzotriazole unit, or dithienyl-TAZ). In
each group, we compare the optical, electrochemical and

solubility properties, in particular, focusing on the impact of
OEG side chains. We first tested solubility of all polymers in a
variety of solvents at room temperature, with the data
summarized in Table 2. For solubility, we defined three
categories: (1) soluble (>10 mg/mL); (2) slightly soluble (>1
mg/mL but <10 mg/mL), and (3) insoluble (<1 mg/mL).

Group A: Alkyl Chain on BnDT with OEG Chains on TAZ.
Group A contains the three polymers which retain the original
structure of alkylated BnDT unit, and thus each have varying
side chains on TAZ moiety. Specifically, P1 has a branched
alkyl chain on the triazole ring, whereas P2 has a linear OEG
side chain on the triazole ring. P3, on the other hand, retains
the branched alkyl chain on the triazole ring, but has two linear
OEG side chains replacing the original two fluorine
substituents. Each of these structures can be found in Figure
1a.
When looking at the solubility impact, replacing one

branched alkyl chain with a linear OEG chain does not have
a significant impact on the solubility of the polymer (e.g.,
comparing P1 with P2 in Table 2). However, having two OEG
chains on the benzotriazole unit (e.g., P3) offers better
solubility in greener solvents such as 2-MeTHF and ethyl
acetate. Solubility in 2-MeTHF and ethyl acetate is notable,
since it means that P3 should be processable with a
nonhalogenated, nonaromatic solvent, which is a significant
improvement from the aromatic toluene which has been seen
more frequently in literature. Furthermore, 2-MeTHF is
produced from renewable feedstock, thus making it ecologi-
cally friendly. Although this is an improvement in terms of
processing conjugated polymers in a green solvent, P3 still
lacks the solubility in simple alcohols (such as ethanol and
methanol) as well as water, which are the target solvents for a
truly green solvent based processing.
The absorption spectra of P2 both in solution and as thin

film are very similar to those of P1 (Figure 1a), indicating that
switching a branched alkyl chain to a linear OEG chain on the
triazole ring of the TAZ unit does not have a strong impact on
the absorption of the polymer. This can be explained by the
fact that the oxygen substituent (in the OEG chain) is

Table 1. Molecular Weight Data and Thermal Properties of
Polymers P1−P6

P1 P2 P3 P4 P5 P6

Mn
a (× 103) 54.1 120.7 66.8 46.9 39.3 23.3

Đa 7.2a 3.4 2.9 3.5 2.6 2.1
Td
b (°C) 420 406 339 327 336 332

aData were obtained with GPC using chloroform as the eluent at 35
°C. Mn is the number average molecular weight, which has no unit
(according to IUPAC). Due to the limited solubility of P1 in
chloroform, it had significant aggregation which resulted in the broad
dispersity (Đ). When run under high temperature (135 °C) and good
solvent (trichlorobenzene), more accurate molecular weight was
obtained (see Table S1 for more information). bThe temperature at
5% weight loss under nitrogen.

Table 2. Solubilities of Polymers P1−P6 at Room Temperaturea

a[+ +] indicates soluble (>10 mg/mL). [+ − ] indicates slightly soluble (>1 mg/mL but <10 mg/mL). [− −] indicates insoluble (<1 mg/mL).
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separated from the triazole ring of TAZ by one ethylene unit,
thereby suppressing the electronic impact of the oxygen
substituent on the original conjugated backbone (as in P1).
However, substituting the fluorine substituents on the benzene
ring of TAZ with OEG side chains has a significant impact on
the absorption as the oxygen atoms are now directly linked
with the TAZ unit. Compared with P1, the maximum
absorption peaks of P3 are blue-shifted by 42 and 17 nm in
solution and as thin film, respectively. The calculated band gap
of P3, from the onset absorption in thin film, is slightly larger
than that of P1 (2.06 eV vs 1.99 eV, Table 3). We identified
two reasons to account for the significant different optical
behavior of P3, in particular, in its solution. First, replacing the
electron withdrawing fluorine substituents with electron
donating oxygen substituents (as in OEG) would decrease
the electron withdrawing nature of the TAZ unit and thereby
weaken “donor−acceptor” nature of the conjugated backbone,
leading to an enlarged band gap in the case of P3. This is the
primary, and “intrinsic” reason. Second, replacing fluorine with
oxygen would also diminish the noncovalent interactions

induced by F, such as F···H, F···S, and F···π;44 these
interactions help increase the planarity of the conjugated
backbone (and certain aggregation) even in the solution. For
P3, the lack of those intra/inter chain interactions and the
increased solubility induced by the two additional OEG side
chains would decrease the aggregation of polymer backbone in
solution, resulting an enlarged band gap. This is the secondary,
and “extrinsic” reason. This reduced aggregation for P3 can be
further verified with temperature dependent UV−vis measure-
ments (Figure S13). Specifically, both P1 and P2 maintain the
aggregation peak at higher temperatures, while the aggregation
peak of P3 decreases and eventually merges with the
intramolecular charge transfer band.
Estimating the energy levels of these polymers via cyclic

voltammetry disclose further the impact of OEG side chains
(Figure 1c). As expected, there is negligible difference in the
energy levels of highly occupied molecular orbital (HOMO)
between P1 and P2, yet the HOMO energy level of P3 is
noticeably increased by over 0.1 eV when compared with that
of P1 (or P2). This further supports that directly linking

Figure 1. (a) Chemical structures for PBnDT-FTAZ (P1), PBnDT-FTAZNO (P2), and PBnDT-OTAZ (P3), (b) normalized absorption in
chloroform solutions (dashed lines) and as thin films (solid lines), and (c) energy levels determined by CV.

Table 3. Optical and Electrochemical Properties of Polymers P1−P3

λmax(nm)

no. polymer solution film λonset(nm) E gOpt (eV) EHOMO (eV) ELUMO (eV) E gEle (eV) E LUMOOpt (eV)

P1 PBnDT-FTAZ 535, 573 534, 576 623 2.00 −5.46 −2.76 2.70 −3.46
P2 PBnDT-FTAZNO 536, 575 536, 577 623 2.00 −5.42 −2.94 2.48 −3.43
P3 PBnDT-OTAZ 506, 531 521, 560 603 2.06 −5.28 −2.83 2.45 −3.22
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oxygen with TAZ would increase the overall electron density of
the conjugated backbone and lead to an elevated HOMO.
Group B: OEG Side Chains on BoDT with Different Side

Chains on TAZ. Group B also contains three polymers with
slight structural variations, but this group replaced the
branched alkylated BnDT unit in all the polymers of Group
A with the OEG functionalized BoDT unit. Thus, from P4 to
P6, the number and position of side chains on the TAZ unit
vary, similar to the series of P1 to P3. On the other hand, it
would also be interesting to compare P1 with P4 (or P2 vs P5
or P3 vs P6), since the only difference in here is the side chains
on the benzodithiophene unit (i.e., alkyl vs OEG).
The loss of branched alkyl chains on the benzodithiophene

unit, even replaced with linear OEG side chains, has a quite
dramatic impact on the solubility of these three polymers (P4
to P6). This can be best illustrated by P5, where there is no
branched side chain in presence, and this polymer shows the
worst solubility behavior; it is only soluble in chloroform
(Table 2). In contrast, P4 and P6 still have one branched alkyl
chain on the triazole ring of the TAZ unit, which affords
decent solubility of both polymers in toluene. We note that P6
has appreciable solubility in greener solvents (such as 2-
MeTHF, and even methanol), which can be ascribed to its four
OEG chains (two on the benzodithiophene and two on the
benzotriazole).
The trend in absorption behaviors of P4−P6 is quite similar

to that observed in Group A (P1−P3). For example, both

absorption features of P4 and P5 are quite similar in solution,
and P6 shows a blue shift in its solution absorption (Figure
2b). This both highlights the impact of replacing fluorine with
oxygen (in OEG chain) on the benzene ring of the TAZ unit
and corroborated what we previously described in the case of
P3. We further notice that replacing these two branched side
chains on the benzodithiophene unit with two linear OEG side
chains introduces a noticeable redshift in the thin film
absorption of P5 when compared with P4; in contrast, there
is not much redshift when comparing P1 with P2 in their thin
film absorption spectra (Figure 2a). This is likely due to
increased stacking of P5 in the solid state, since there is no
more branched side chain on P5 (vs P2 that still has branched
side chains on the benzodithiophene unit).
The more dramatic impact of replacing the alkyl side chains

with OEG chains on the benzodithiophene unit was observed
on the energy levels of these three polymers (P4−P6, Figure
2c). Directly linking the OEG chains via the oxygen atoms to
the benzodithiophene unit would significantly increase the
electron density of the “donor” unit (i.e., benzodithiophene) in
the conjugated backbone, thereby elevating the HOMO level
of resulting polymers. Indeed, the HOMO energy levels of P4
and P5 are much elevated than those of P1 and P2, by ∼0.2
eV. With fluorine substituents were also replaced by oxygen (in
OEG), P6 shows a similar HOMO energy level to those of P4
and P5. It appears that further increasing the electron density
of the conjugated backbone by adding more electron rich

Figure 2. (a) Chemical structures for PBoDT-FTAZ (P4), PBoDT-FTAZNO (P5), and PBoDT-OTAZ (P6), (b) normalized absorption in
chloroform solutions (dashed lines) and as thin films (solid lines), and (c) energy levels determined by CV.
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substituents (oxygen in OEG) does not seem to add much
additional impact (in the case of P6). Table 4 summarizes all
optical and electrochemical data for three polymers in Group
B.
Group C: Donor or Acceptor with Two OEGs. In Group C,

we deliberately picked P3 and P4 to compare with P1. P3 and
P4 both contain two OEG side chains, yet in different
positions of the conjugated backbone. With this group, we
intend to understand the positional impact of these OEG side
chains (since we keep the number of OEG chains constant).
Having three branched side chains on P3 (and two

additional OEG side chains) offers noticeably better solubility
than P4, which has only one branched side chains (Table 2).

Yet, the better stacking of P4 in the solid state leads to a
reduced band gap when compared with P3 (Figure 3c). On the
other hand, these two OEG side chains, regardless of where
they are positioned (i.e., on the benzodithiophene unit or the
benzene ring of the TAZ unit), are able to elevate the HOMO
level of these two polymers (P3 and P4), interestingly, to a
similar amount when compared with P1 (Figure 3b). Please
note that the difference between the P3 and P4 are not just the
position of these two OEG side chains. While P4 still has the
two electron-withdrawing fluorine substituents on the benzene
unit of the benzotriazole (with OEG chains on benzodithio-
phene), for P3, the two fluorine substituents are replaced with
two OEG chain (with the oxygen substituents directly linked

Table 4. Basic Optical and Electrochemical Properties of Polymers P4−P6

λmax(nm)

no. polymer solution film λonset(nm) E gOpt (eV) EHOMO (eV) ELUMO (eV) E gEle (eV) E LUMOOpt (eV)

P4 PBoDT-FTAZ 535, 570 539, 580 640 1.94 −5.24 −3.05 2.19 −3.30
P5 PBoDT-FTAZNO 535, 569 542, 585 646 1.92 −5.22 −3.00 2.22 −3.29
P6 PBoDT-OTAZ 504, 528 527, 568 618 2.01 −5.18 −2.87 2.31 −3.17

Figure 3. (a) Chemical structures for PBnDT-FTAZ (P1), PBnDT-OTAZ (P3), and PBoDT-FTAZ (P4), (b) normalized absorption in
chloroform solutions (dashed lines) and as thin films (solid lines), and (c) energy levels determined by CV.

Table 5. Basic Optical and Electrochemical Properties of Polymers P1, P3, and P4

λmax(nm)

no. polymer solution film λonset(nm) E gOpt (eV) EHOMO (eV) ELUMO (eV) E gEle (eV) E LUMOOpt (eV)

P1 PBnDT-FTAZ 535, 573 534, 576 623 1.99 −5.46 −2.76 2.70 −3.46
P3 PBnDT-OTAZ 506, 531 521, 560 603 2.06 −5.28 −2.83 2.45 −3.22
P4 PBoDT-FTAZ 538, 572 539, 580 640 1.94 −5.24 −3.05 2.19 −3.30
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with the benzene unit in TAZ). Thus, the ‘rather similar
HOMO energy levels’ of P3 and P4 are the combined effect of
fluorination and e-donating of OEG chains. Compared with
P4, P3 seems to be a better choice of materials for OPVs
processed with greener solvents. Table 5 summarizes the data
for P1, P3, and P4 for convenience.
2.4. Device Results with Selected Polymers. As the

ultimate goal of this study is to create green-solvent processed
OPVs, we first explored toluene as the processing solvent for
preparing the BHJ active layer, since toluene has shown
success as a nonhalogenated processing solvent. We paired the
polymers with IT-M, a nonfullerene acceptor (NFA), because
previous work has achieved over 12% efficiency with FTAZ:IT-
M, processed with toluene.9 Although P4 and P5 (Table 2) did
not mix well with IT-M in toluene due to the poor solubility of
the two polymers in toluene, P2, P3, and P6 had sufficient
solubility in toluene to enable the fabrication of active layers.
To test the efficiency of each, an inverted device configuration
of ITO/ZnO/polymer:IT-M/MoO3/Al was used for all
devices in this study. Preliminary device results are
summarized in Table 6, with representative J-V curves plotted
in Figure 4a and external quantum efficiency (EQE) data
plotted in Figure 4b.
Among all three BHJ blends, P2:IT-M shows the highest

efficiency, in particular, due to the highest short circuit current
(Jsc). EQE data disclose that P2 can utilize its absorbed
photons (400 to 600 nm range) to generate current, as
efficiently as IT-M in the BHJ blend (600 to 800 nm range). In
contrast, the other two polymers (P3 and P6) cannot
efficiently utilize the absorbed photons, manifested by the

low EQE in the range of 400 to 600 nm. In addition, the IT-M
also generates less Jsc in its absorption range (Figure 4b). Both
factors, in particular the former, contribute to the lower Jsc
values for P3:IT-M and P6:IT-M based devices.
For the other two key device characteristics, open circuit

voltage (Voc) and fill factor (FF), we also observe a similar
downward trend from P2 to P6 (Table 6). It becomes clear
that, the device performance becomes worse with more OEG
side chains (i.e., one OEG in P2, two OEG in P3, and four
OEG in P6). The decreasing Voc can be roughly explained by
the electronic effect that the OEG side chains have on the
HOMO energy level. As shown in Figure S15, the energy of
the HOMO increases from P2 (−5.42 eV) to P3 (−5.28 eV)
to P6 (−5.18 eV), which follows the same trend in the Voc. We
note that while the Voc is roughly proportional to the energy
difference between the HOMO of the polymer donor and
LUMO of the acceptor, there are more complex variables, such
as CT state and nongeminate recombination, which serve as
the root cause for the Voc loss. The details are still being
investigated and are beyond the scope of this work.
Finally, we tentatively ascribe the low performance of P3 and

P6 based devices, in particular, the significantly lower Jsc and
FF value of P6 based devices, to the unoptimal morphology of
the BHJ blend likely caused by the lower solubility of P6 in
toluene. Preliminary investigation on the morphology of these
BHJ blends with atomic force microscopy (AFM) supports
this. While a rather smooth film was observed with P2:IT-M
based BHJ (Figure 4c), the other two films are very rough on
the surface (Figure 4d, e), with root-mean-square (RMS)

Table 6. Photovoltaic Characteristics for P2, P3, and P6 based BHJ Devices with IT-M as the Acceptor

processing solvent active layera (1:1 ratio) Jsc (mA/cm2) Voc (V) FF (%) efficiency (%)

toluene P2:IT-M 15.44 ± 0.71 0.870 ± 0.008 52.5 ± 2.3 7.06 ± 0.65
P3:IT-M 11.58 ± 0.55 0.709 ± 0.011 43.4 ± 0.9 3.57 ± 0.27
P6:IT-M 9.51 ± 0.32 0.382 ± 0.065 33.6 ± 2.0 1.23 ± 0.25

2-MeTHF P3:IT-M 7.58 ± 0.36 0.645 ± 0.005 42.9 ± 1.0 2.10 ± 0.14
P6:IT-M 5.36 ± 0.25 0.506 ± 0.011 37.6 ± 0.4 1.02 ± 0.06

aThicknesses of these films were 80−90 nm, and annealing temperature was 150 °C

Figure 4. (a) J−V curves and (b) EQE curves of devices of P2-, P3-, and P6 -based BHJ with IT-M as the acceptor, processed with toluene. (c−e)
AFM images of films casted from toluene after thermal annealing at 150 °C for 10 min.
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roughness close to 19 times larger than that of the P2:IT-M
film.
Since the solubility data indicates that P3 and P6 are also

quite soluble in 2-MeTHF (Table 2), we last tested this
greener solvent (2-MeTHF) from renewable sources to
process the active layer for solar cells. Collated in Table 6,
the preliminary device performance is quite appreciable. An
overall efficiency of over 2% was obtained for P3:IT-M based
BHJ devices (processed with 2-MeTHF), and over 1% was
observed for P6:IT-M based ones. A careful look at the EQE
spectra (Figure 5b) and surface morphology (Figure 5c, d)
indicate that the morphology of these BHJ blends (processed
with 2-MeTHF) is different from the ones processed with
toluene. This significant change in morphology could lead to
worse device performance. This apparent difference in
morphology, for the same BHJ blend processed with different
solvent (toluene vs 2-MeTHF in here), is likely caused by the
different interaction between the BHJ blend with the
processing solvent. Because the kinetic process of solvent
removal and BHJ formation is highly dependent on such
interactions, different solvents can lead to dramatic difference
in the morphology of the finished BHJ film. This has been
commonly observed in BHJ solar cells.45 In addition, to further
improve the device efficiency of such solar cells processed with
green solvents, one should also consider other nonfullerene
acceptors, such as N-2200.46

3. CONCLUSION
A few conclusions can be drawn from this work. First, to
render a conjugated polymer soluble in green solvents, the idea
of “the more OEG side chains, the better solubility,” holds
true. Furthermore, branched side chains are important to
enhance the solubility; thus, the future design should consider
the branched OEG side chains.22,23 Second, to minimize the
impact of adopting OEG side chains on energy levels of the

original conjugated polymer, one should avoid directly linking
the OEG side chain to the aromatic units on the conjugated
backbone via the oxygen atom (of the OEG chain). Third,
adopting green solvents to process the BHJ blend poses
significant challenges to the control of the morphology; the
interaction between the BHJ blend with the processing (green)
solvent needs to be seriously considered, given the BHJ film
formation is a kinetic and dynamic process. These insights
from this rather comprehensive and systematic study will offer
help the future design of conjugated polymers to enable green-
solvent processed OPV devices with high efficiency.
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