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Understanding the Critical Role of Sequential Fluorination
of Phenylene Units on the Properties of Dicarboxylate
Bithiophene-Based Wide-Bandgap Polymer Donors for

Non-Fullerene Organic Solar Cells

Gururaj P. Kini, Eui Jin Lee, Sung Jae Jeon, and Doo Kyung Moon*

Design and development of wide bandgap (WBG) polymer donors with low-
lying highest occupied molecular orbitals (HOMOs) are increasingly gaining
attention in non-fullerene organic photovoltaics since such donors can
synergistically enhance power conversion efficiency (PCE) by simultaneously
minimizing photon energy loss (Ej,ss) and enhancing the spectral response.
In this contribution, three new WBG polymer donors, P1, P2, and P3, are
prepared by adding phenylene cores with a different number of fluorine (F)
substituents (n = 0, 2, and 4, respectively) to dicarboxylate bithiophene-based
acceptor units. As predicted, fluorination effectively aides in the lowering of
HOMO energy levels, tailoring of the coplanarity and molecular ordering in
the polymers. Thus, fluorinated P2 and P3 polymers show higher coplanarity
and more intense interchain aggregation than P1, leading to higher charge
carrier mobilities and superior phase-separated morphology in the optimized
blend films with IT-4F. As a result, both P2:IT-4F and P3:IT-4F realize the best
PCEs of 6.89% and 7.03% (vs 0.16% for P1:IT-4F) with lower E,. values of
0.65 and 0.55 eV, respectively. These results signify the importance of using
phenylene units with sequential fluorination in polymer backbone for modi-
fying the optoelectronic properties and realizing low Ej. values by synergisti-

tested.>3712l In particular, there have
been rapid advancements in the rational
design of low-bandgap non-fullerene
fused-ring small-molecule electron accep-
tors (NFAs or FREAs),"1 which yielded
easy tailoring of optical, electrochemical,
and electron mobilities (i), and good
charge transport properties compared to
fullerene acceptors. Consequently, the use
of FREAs in combination with appropriate
wide-bandgap (WBG) polymer donors has
boosted the power conversion efficien-
cies (PCEs) of single-junction OSCs to
14-17%.167-221 1t is well-known that the
PCE of an OSC depends on three key
parameters, that is, short-circuit current
density (J.), open-circuit voltage (V,), and
fill factor (FF). Hence, the simultaneous
maximization of all three factors is critical
for the development of efficient OSCs.
Although many successful OSCs dem-
onstrate outstanding PCEs by affording

cally lowering the HOMO energy levels.

1. Introduction

Organic solar cells (OSCs) are considered a front runner among
emerging next-generation low-cost and clean energy harvesting
technologies owing to their unique benefits in the fabrication of
highly flexible, semi-trasparent, low-cost, and weightless large-
area photovoltaic panels using simple solution-processable
roll-to-roll fabrication methods.-¢72] Over the last 5 years, the
design and development of novel photovoltaic materials have
been subjects of intense focus and several reliable molecular
strategies, including chemical and structural modification
methods, have been successfully developed and extensively
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superior J,. values of =85% that approach
the theoretical maximum obtained from
external quantum efficiency (EQE) pro-
files?>20] and remarkable FF values
over 80%,%28 but they show relatively low V. values due to
the low-lying lowest unoccupied molecular orbitals (LUMO)
of near-infrared NFAs, which negatively affects the photon
energy loss (Ejoss = Eg — qVoc, where Ej is the optical bandgap
of the main light absorber and g is the elementary charge).?>-31
Besides, recent developments in new donor materials with
deep-lying highest occupied molecular orbitals (HOMOs) sug-
gest that this approach could reliably enhance the efficiency of
NF-OSCs, since OSCs based on this type of polymers exhibit
a superior trade-off between V,. and J,. by greatly suppressing
Ejoge. V223234
In the OSC research community, polythiophene (PT)-based
donors have generated a considerable degree of interest, mainly
because of their high scalability at low cost.>**"] In particular,
with the addition of two carboxylate substituents to the side
position of 2,2"-bithiophene unit, the HOMO energy levels
are consecutively lowered, and the coplanarity and solubility
of the polymer backbone are successively enhanced, leading
to a remarkable enhancement in PCE in the corresponding
polymers.3#38#] For example, Hou et al. successfully broke
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Scheme 1. Synthesis routes of monomer M1 and polymers P1, P2, and P3.

the 10% PCE barrier for PT-based donors by synthesizing a
PDCBT polymer that demonstrated efficiency of 10.16% with an
excellent Vo of 0.94 V with an ITIC acceptor.*! In their next
study, the same group further introduced fluorine (F) atoms
into the PDCBT backbone to form PDCBT-2F, which showed a
0.36 eV deeper HOMO versus PDCBT and optimized PDCBT-
2F:IT-M-based OSCs that afforded a higher V¢ of 1.13 V and
an efficiency of 6.6%.13l Motivated by these successes, Geng
et al. further studied the effects of halogen inclusion in PDCBT
molecular design by varying the number (1 or 2) and type of
halogen (F or chlorine [Cl]) substituents in the bithiophene
units to form a series of PT-based polymers, among which
PDCBT-F and PDCBT-CI afforded the highest PCEs of 10.85%
and 12.38%, respectively, with Vo values above 0.93 V.34 These
results suggest that [2,2-bithiophene]-4,4"-dicarboxylate (DCBT)
is one of the promising monomer units for the design of WBG
donor materials. However, despite the impressive PCEs of these
polymers, the synthetic costs of the halogenated bithiophene
monomers are high because of more synthetic steps, tedious
purification procedures and lower reaction yield involved in
the introduction of halogen substituents in bithiophene units
(Scheme S1, Supporting Information). Therefore, further
exploration of new PT-based polymer donors with HOMO
energy levels and lower synthetic cost is an interesting topic of
research that may lead to the development of highly efficient,
scalable, and inexpensive polymer donors for OSCs.

Among the various emerging weak electron-deficient units,
phenylene moieties with high aromatic resonance energy are
considered an excellent choice for lowering HOMOs and, thus,
increasing Voc.[***! Importantly, there are four vacant positions
in the phenylene core which are readily available for structural
modification. This offers an excellent opportunity to optimize
the optoelectronic properties and aggregation behavior of the
resulting materials. The F atom, which has the highest electron-
egativity among the halogens, is highly studied and considered
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a smart choice for synergistic enhancement of the absorption
coefficient and coplanarity via enhanced F-induced inter/intra-
molecular interactions, crystallinity, and charge carrier mobility,
and suppression of the HOMO energy levels in resulted pho-
toabsorbant materials, thus providing excellent PCEs in both
fullerene and NF-OSCs.[%4-54 Although a few previous reports
have indicated drawbacks of fluorinated monomers, such as
high synthetic cost, low yields during fluorination exchange
reaction, and the need for complex purification procedures;?’!
however, fluorinated phenylene moieties are cheap and com-
mercially available and functionalization of them involves few
synthetic steps and easy purification as shown in Scheme S1,
Supporting Information. Moreover, there are various successful
examples of donor—acceptor polymers with fluorinated phe-
nylene moieties that were previously reported for organic photo-
voltaic applications, which illustrates their potential for the
development of efficient photoabsorbent materials.*:#45:48.56]
Considering the abovementioned facts, we propose the
design of a series of new WBG polymers, poly-{bis(2-octyldo-
decyl) 5”-methyl-5-(4-(5-methylthiophen-2-yl)phenyl)-[2,2:5",2"-
terthiophene]-3’,4”-dicarboxylate}(PDCBT-Ph  or P1), poly-
{bis(2-octyldodecyl)  5-(2,5-difluoro-4-(5-methylthiophen-2-yl)
phenyl)-5”-methyl-[2,2":5",2"-terthiophene]-3’,4”-dicarboxylate}
(PDCBT-Ph2F or P2), and poly-{ bis(2-octyldodecyl) 5”-methyl-
5-(2,3,5,6-tetrafluoro-4-(5-methylthiophen-2-yl)phenyl)-
[2,27:5%,2”-terthiophene]-3’,4”-dicarboxylate}(PDCBT-Ph4F
or P3) with deep HOMO energy levels. The newly designed
polymers were created by inserting a phenylene core with dif-
ferent numbers of F substituents (n = 0, 2, and 4, respectively)
into the PDCBT backbone (Scheme 1). The effects of the dif-
ferent extents of fluorination on the absorption, energy level,
molecular ordering, and charge transport properties of the
resulting copolymers were systematically studied. As expected,
from the F-less P1 to the difluoro analogue P2 and then to
the tetrafluoro analogue P3, the copolymers demonstrated
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progressive decrease in frontier energy levels, higher absorp-
tion coefficients, and strong aggregation behavior with shorter
n-m stacking distances. Moreover, when mixed with the IT-4F
acceptor, both P2- and P3-based OSCs displayed more comple-
mentary absorption with the IT-4F acceptor, well-balanced car-
rier mobilities and excellent surface morphology, which even-
tually leads to efficiencies of 6.89% and 7.03% with low Ej..
Thus, this set of copolymers provide valuable guidelines for
designing the WBG donor materials with enhanced voltage and
minimized E by integrating synergistic effects of sequential
fluorination.

2. Result and Discussion

The new WBG polymers P1-P3 were prepared using the Stille
coupling reaction between bis(2-octyldodecyl)-5,5-dibromo-
[2,2"-bithiophene]-4,4’-dicarboxylate monomer (M1) and cor-
responding dithienyl-substituted phenyl compounds with
different numbers of F substituents (M2-M4), as presented
in Scheme 1. M1 was synthesized in three steps starting from
5-bromothiophene-3-carboxylic acid (1). First, 2 was prepared
with a 70% yield by the esterification of compound 1 using the
Steglich esterification procedure using 2-octyl-1-dodecanol and,
dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP) as the coupling agent and catalyst, respectively. Then,
a homocoupling of 2 in the presence of potassium iodide (KI),
zinc powder (Zn), triphenylphosphine (PPh;), and Ni(PPhj;),Cl,
at 50 °C afforded bis(2-octyldodecyl) DCBT (3) with a 70% yield.
Finally, the bromination of compound 3 using N-bromosuc-
cinimide (NBS) in chloroform (CF) and trifluoroacetic acid
(1:1) gave monomer M1 with a yield of over 70%. Monomers
M2-M4 were synthesized according to a previous report;*!
detailed synthesis procedures for M1 and P1-P3 can be found
in the Supporting Information. Generally, polymers with F sub-
stituents exhibit lower solubility than those without; therefore,
larger alkyl chains were introduced to M1 to guarantee the suf-
ficient solubility of the final polymers for solution processing.
Thus, all newly synthesized polymers showed good solubility in
organic solvents such as CF, chlorobenzene (CB), and o-dichlo-
robenzene. Using gel-permeation chromatography (GPC)
against polystyrene standards, the number-averaged molecular
weight (M,) was estimated to be 25.7, 32.7, and 278 kDa with
a corresponding polydispersity index of 1.63, 1.75, and 1.74,
respectively, for P1, P2, and P3.

To evaluate the influence of sequential fluorination of the
dithienyl-substituted phenyl unit on the torsional energy bar-
rier in the polymer backbone and its frontier molecular orbitals
(FMO) energy levels, theoretical calculations were performed
using density functional theory (DFT) at the B3LYP/6-31G(d)
level in Gaussian 09 (Figure S1, Supporting Information). To
minimize complexity and save time, the alkyl chain on the
polymer backbone was replaced with methyl substituents
and the calculations were carried out based on two repeating
polymer units. The results showed that polymers P2 and P3,
with two and four F atoms, respectively, showed smaller tor-
sion angles between the thiophene and phenyl moieties (6,/
03 = 22.85/22.41°, 0.65/1.22°, and 2.05/4.27° for P1, P2, and P3,
respectively) than P1, which lacked F substituents (Table S1,
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Supporting Information). Whereas, all of the polymers exhib-
ited similar torsion angles (0,/0, of =22.16-24.6°) between
thiophene and adjacent carboxylate-substituted thiophene
units. These results were ascribed from the weak covalent F-S
intramolecular interactions facilitated by fluorination, which
resulting in decreased F-S distances (2.75 and 2.72 A for P2
and P3, respectively) compared to the actual distance of 3.27 A
(calculated by combining the van der Waals radii of F and S
atoms).34#8:5257 Moreover, the side view showing an increase in
the bond length of the polymer backbone (L;,,q for P1, P2, and
P3 = 39.60, 40.05, and 39.99 A, respectively) suggests that fluor-
ination can improve effective conjugation and structural pla-
narity, which could promote more orderly interchain packing,
thereby affecting morphology and increasing the charge trans-
port efficiency of the solar cells. However, P3, with four F sub-
stituents, demonstrated slightly increased torsion profiles com-
pared to P2; this is because of the larger van der Waals radius
of F than H. As shown in the FMO energy diagrams (Figure
S1, Supporting Information), all of the polymers in this series
demonstrated similar electron distributions, with HOMO and
LUMO well-distributed along the entire backbone, but their
energy levels were synergistically downshifted depending on
the number of inserted F substituents due to the strong elec-
tronegativity of the F atom.

The normalized ultraviolet-visible (UV-vis) absorption pro-
files of the newly synthesized polymers in CF solution and
the thin film states are demonstrated in Figure 1ab; the rel-
evant optical properties are presented in Table 1. In solution,
the three polymers showed absorption profiles with absorp-
tion maxima (A, located between 453-566 nm, whereas
in the thin film state, A, were red-shifted due to enhanced
interchain organization. However, the absorption profile of P1
without F substituents displayed largely blue-shifted absorption
spectra without any obvious shoulder peak in both the solution
and film states compared to P2 and P3, suggesting that the
weakest interchain aggregation exists in P1, which may lead to
decreased interchain interactions and poor molecular packing.
Such absorption features can be ascribed to the absence of
F-induced non-covalent interactions, resulting in larger back-
bone torsion, as shown in the DFT calculations. Therefore,
the insertion of difluoro- and tetrafluoro-phenylene units with
F substituents facilitated higher planarity and stronger aggre-
gation tendencies, resulting in a remarkable enhancement of
vibronic peaks in P2 and P3 and indicating that both polymers
have higher interchain aggregation than P1. Furthermore, the
molar extinction coefficients (€) of the polymers also increased
in the order of 4.7 x 10* > 5.4 X 10* > 5.7 x 10* M~ cm™, respec-
tively, for P1, P2, and P3, thereby emphasizing that insertion of
F atoms aids in the enhancement of € via the high coplanarity
and improved interchain ordering in the backbone of the fluori-
nated polymer.***8 The optical bandgaps (E,F"), which were
calculated from the respective absorption onset values (Agpser)
using the equation E,°P' = 1240/Agye, Were 2.13 (P1), 1.96 (P2),
and 2.00 eV (P3).

To further elucidate the electrochemical properties of these
new polymers, the HOMO and LUMO energy levels of the
polymers against the ferrocene standards were measured using
cyclic voltammetry. The cyclic voltammetry profiles of the poly-
mers are depicted in Figure 1c and the parameters extracted
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Figure 1. a) UV-vis absorption spectra of the three polymers in chloroform solution at room temperature, b) Absorption coefficient spectra of polymers
and IT-4F in the thin-film state, c) Cyclic voltammograms and d) Schematic illustration of the energy level alignment of the active layer components.

from these images are summarized in Table 1. From the onsets
of oxidation/reduction potentials, the HOMO/LUMO of P1,
P2, and P3 were estimated to be —5.42/-3.29, —5.54/-3.58, and
—5.62/-3.62 eV, respectively. As predicted, due to the insertion
of electrophilic F substituents with higher electronegativity,
from P1 to P2 and then to P3, both HOMO and LUMO energy
levels were reduced; these results were validated by the DFT
calculation results. Thus, the presence of the carboxylate group
and the extent of fluorination have a synergistic influence on
lowering the HOMO and are thus presumed to yield higher V.
in the order P3 > P2 > P1 in solar devices. Moreover, all three
polymers demonstrated complementary absorption and well-
aligned energy level matching with a well-proven IT-4F acceptor
(Figure 1b,d). Thus, IT-4F was used as an acceptor unit to test

the polymers. Moreover, all three polymers also showed good
thermal stability with a decomposition temperature (T3) of 365,
372 and 388 °C, respectively, for P1-P3, as estimated using ther-
mogravimetric analysis (Figure S2, Supporting Information).
X-ray diffraction (XRD) analysis was used to obtain more
information on the effect of sequential fluorination on mole-
cular orientation and packing in the pristine polymers. Figure 2
represents the in-plane direction (q,,) and out-of-plane direction
(4») profiles of the XRD images obtained from pristine P1-P3
polymers; the packing parameters extracted from these images
are listed in Table S2, Supporting Information. All of the poly-
mers exhibited intense (100) Braggs diffraction (located at 3.59—
3.78 A7) along both the g,, and g, directions, which corresponds
to a lamellar stacking d-spacing of =23.35-24.57 A. Likewise,

Table 1. Number-averaged molecular weights (M,,) with the corresponding polydispersity index (PDI), photophysical, and electrochemical properties

of the polymers.

Polymer M,, [kDa]/PDI? Photophysical properties Electrochemical properties
Armax €[109 Amax [NM], Aonset [NM], Eg°pl Eoomset HOMO LUMO
[nm], solution  [M™ cm™]P) thin film thin film [eV]9 R [eV]? [eV]?
P1 25.7/1.63 453 4.7 (at 550 nm) 493 580 2.13 1.09 —5.42 -3.29
P2 32.7/1.75 488, 587 5.4 (at 585 nm) 581 633 1.96 1.21 —5.54 -3.58
P3 27.8/1.74 522, 566 5.7 (at 566 nm) 572 618 2.00 1.29 -5.62 —-3.62

AMeasured by GPC; P’The molar extinction coefficient of the polymers in CF solution was measured using the Beer-Lambert law (A = ebc); 9Estimated values from the
UV-vis absorption edge of the thin film (E,°P" = 1240/Agnser, €V); 9The onset oxidation and reduction potentials were presented by reference to the redox potential of
ferrocene/ferrocenium (Fc/Fc+) system; ¥HOMO and LUMO energy levels of these polymers were estimated with the following equations: Eyopmo = —[Ee™(vs Ag/
AgCl) — Eyj of Fc/Fct(vs Ag/AgCl)] — 4.8 (eV) (Measured Ey, of Fc/Fc* (vs Ag/AgCl) = 0.47 eV) and LUMO = E,°P' — HOMO eV.
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Figure 2. a) In-plane (q,,) and b) out-of-plane (q,) line cut profiles of the XRD images obtained from pristine P1-P3 polymers.

they also showed intense (010) peaks along g, and g,, signi-
fying the coexistence of bimodal, that is, edge-on and face-on,
orientated semicrystalline domains. Notably, with the increase
in the number of F substituents from P1 to P2 and then to P3,
both fluorinated P2 and P3 polymers displayed intense (200)
and (300) diffraction peaks along both directions with shorter
lamellar stacking distances (d00)qxy/@100)9- = 24.57/24.33 A for
P1 to 23.91/23.35 A for P2 and 24.28/23.61 A for P3) and n—n
stacking d-sRacing length (d(ow)qw/(%(looﬂz =3.72/3.70 A for P1
to 3.57/3.56 A for P2 and 3.55/3.54 A for P3), implying both P2
and P3 exhibit higher crystallinity and more orderly molecular
packing. In contrast, P1 showed the larger n—n stacking dis-
tances because of its twisted backbone, which led to low crystal-
linity. The higher crystallinity and favorable molecular ordering
of P2 and P3 will aid in achieving higher carrier mobilities
in OSCs, thereby assist in boosting J,. and FF. These results
further substantiate that the introduction of a fluorinated phe-
nylene core in the molecular design is a significant approach for
enhancing crystallinity in the resulting polymer via induction
of stronger interchain packing, as reported previously.3+48:50.5]
To gauge the potential of this series of polymers as donor
materials for OSCs and to elucidate the effect of fluorination
strategy on the molecular structure—property relationship,
photovoltaic devices with an inverted device configuration of
ITO/ZnO/polymer:IT-4F/MoO3/Ag was fabricated. Initially,
the systematic optimization of OSC device conditions was

—
Q
N
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performed by optimizing the ratio of polymer:IT-4F and the
processing solvents. As fluorination led to completely different
aggregation behavior in the resulting copolymers, the opti-
mized polymer concentration was found to be 10 mg mL™ for
P1 and 6.6 mg mL™! for P2 and P3 in CF. Thermally annealed
devices (100 °C for 10 min) with a polymer:IT-4F ratio of 1:1
(w/w) in CF yielded the best performance. The current density—
voltage (J-V) curves of the various optimal photovoltaic devices
are presented in Figure 3a, and the relative characteristics
extracted from these curves are shown in Table 2. In this series,
the optimized devices with fluorinated polymer donors P2 and
P3 exhibited greatly enhanced PCEs of 6.89% (V,. of 0.852V,
Jsc 0f 15.22 mA cm™2, and FF of 53.1%) and 703% (V,. of 0.96 V,
Joc 0f 13.00 mA cm2, and FF of 56.3%), respectively, compared
to P1 with the lowest PCE of 0.16%. Notably, this enhancement
of PCE resulted from radical enhancements and a good bal-
ance between all photovoltaic parameters compared to those in
P1. The highest J, of =15.22 mA cm™ of P2 is attributable to
enhanced absorption, whereas the high V. of =0.96 V of P3 is
due to its deep HOMO energy levels than those of the other
polymers. Meanwhile, V,. increased in the order P1 < P2 < P3,
which is in good agreement with the low-lying HOMO energy
levels caused by sequential fluorination. However, both P2-
and P3-based optimal devices demonstrated lower FF values
(<60%), which could be a consequence of the strong aggrega-
tion behaviors of P2 and P3, which subsequently hindered any

(b)

—=— P1:IT-4F, CB; —— P2:IT4F, CF
| ——P2IT-4F, CF 0.2 % DIO; ——P3:IT4F, CF
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Figure 3. a) The J-V curves and b) EQE spectra of the optimized P1-P3:IT-4F solar cells with the best performance.
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Table 2. Photovoltaic performance of the optimal OSCs based on the polymers:IT-4F (1:1, w/w) under different fabrication conditions.

Blend Vo [V] Jsc [mA/cm?] FF [%] PCE [%]?) Egomset [eV]? Ejoss [€V]" Ue [cm? V7 s7Te) U, [em? V1 s We/Up
P1:IT-4Fb) 0.754 0.803 26.9 0.16 (0.15) 1.53 0.77 6.71x 107 9.93x 107 73.09
P2:1T-4Fb) 0.852 15.22 53.1 6.89 (6.55) 1.50 0.65 8.57 107 9.18 x 107 9.33
P2:1T-4F°) 0.769 16.43 54.5 6.89 (6.62) - - - - -
P3:IT-4Fb) 0.960 13.00 56.3 7.03 (6.75) 1.51 0.55 9.31x107* 1.43x 107 6.51
P3:IT-4F9) 0.926 12.64 59.8 7.00 (6.68) - - - - -

AThe best and the average results (4-6 devices) are tabulated outside and inside of the parentheses, respectively; ") Device processed with CF and thermal annealing at
100 °C for 10 min; “Device processed with CF with 0.29% DIO and thermal annealing at 100 °C for 10 min; 9 Device processed with CF with 0.2% DPE and thermal annealing
at 100 °C for 10 min; 9E,™ is the optical gap of the main light absorber, which is calculated from EQE spectrum; NEjoss = E,P"¢ — qVoc, where q is the elementary
chargel?®3%; &The hole-only device had the configuration ITO/PEDOT:PSS/active layer/MoOs/Ag; "The electron-only device had the configuration ITO/ZnO/active-layer/

LiF/Al

further enhancement in PCE relative to other high-efficiency
PT-copolymers. Details regarding the optimization of P2- and
P3-based devices are given in Figure S3 and Tables S3 and S4,
Supporting Information. The EQE profiles of the best devices
were measured to further probe the effectiveness of photon
harvesting and verify the accuracy of the Jsc values obtained
from the J-V curves. As shown in the EQE spectra in Figure
3b, both the P2- and P3-blend devices processed with/without
solvent additives afforded a remarkably broad photoresponse
range from 400-880 nm with larger EQE values exceeding
60% and 55%, respectively, in the 500-780 nm region, which
suggests that strong and more complementary absorption of
polymers and IT-4F is responsible for the observed effective
light-harvesting and high Jsc values. From the EQE curves,
the calculated Jsc values calculated for the devices without any
additives were 0.91, 14.41, and 12.79 mA cm™2, respectively, for
P1-P3, which is in accordance with those obtained from the
corresponding [-V measurements. Thus, enabled by the higher
planarity and absorption coefficient, P2-based devices showed
the best Jsc values among the series.

Furthermore, the use of solvent additives is a proven tech-
nique to boost PCE by refining the crystalline phases and mor-
phology of the resulting blend;[®*®! thus, we used 1,8-diiodooc-
tane (DIO) or diphenyl ether (DPE) additives to further improve
the PCEs of the P2 and P3 blend systems (Figures S4 and S5
and Tables S5 and S6, Supporting Information). With the addi-
tion of 0.2 vol% DIO in the solution of P2:IT-4F, J,. and FF were
increased from 15.22 to 16.43 mA cm™2 and 53.1% to 54.5%,
respectively, with a slight decrease in V, from 0.852 to 0.769 V,
leading to a PCE of 6.89%. Likewise, P3:IT-4F devices also pro-
duced the best PCE of 700% by the addition of 0.2 vol% DPE,
where FF was slightly improved from 54.5% to 59.8%, and V,,
and J,. were marginally lowered to 0.926 V and 12.64 mA cm2,
respectively. We believe these changes were ascribed from the
change in the micromorphology caused by changes in the
crystallinity and interfacial area for effective charge separa-
tion, which in turn, critically affects J,. and FF by changing
individual phases of the blend components.[®*-2 Besides, as
discussed in the many reports, the drop in the V. mainly cor-
responds either to the improved crystallinity of the polymers
caused by the low solubility of polymers in additives, thereby
leading to the reduction in the effective bandgap estimated
from the energetic onset of the charge-transfer band/® or due
to the decreased carriers lifetime/lower quasi-Fermi levels for
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both carriers caused by the depleted steady carriers density.[6364
The EQE spectra of the devices with additives are shown in
Figure 3b. Notably, the addition of 2 vol% DIO into P2:IT-4F
devices resulted in enhanced light-to-current conversion along
the whole wavelength region of the EQE spectra, thus justifying
the highest J,. compared to as-cast devices without any solvent
additives (Figure 3a and Table 2). Next, realizing low Ejy is
thought to be crucial to achieving high V,. and photovoltaic per-
formance in OSCs. From the E,* of each combination (P1 or
P2 or P3:ITIC-4F) and the V,. values of the best devices, the rel-
ative Ej. values of the P1-, P2- and P3-based devices were esti-
mated to be 0.77, 0.65, and 0.55 eV, respectively. Relative to P1
and P2, P3 displayed a considerably lower E. value of 0.55 eV,
which is even smaller than the empirical threshold of 0.6 eV.
Thus, both carboxylation and sequential fluorination aided in
realizing lower Ej. values by lowering the AEyopmo values from
0.26 eV for P1 to 0.14 eV for P2 and finally 0.05 eV for P3 via
decreasing the HOMO energy levels.

Compared to Pl-based OSCs without fluorination, di- and
tetra-fluorinated P2- and P3-based OSCs exhibit drastically
higher J,. and FF values, which suggests that an in-depth anal-
ysis that investigates charge dissociation, carrier mobilities, and
morphology is necessary to identify the dominant constraints
responsible for the abysmal PCEs of P1. First, steady-state photo-
luminescence (PL) quenching of the optimized polymer:IT-4F-
based blend devices were assessed to obtain information about
the photo-induced charge transfer caused by the degree of phase
separation. Figure 4 represents the PL spectra of the pure poly-
mers and IT-4F (excited at 490, 575, 575, and 720 nm for P1, P2,
P3, and IT4F, respectively) as well as the optimal polymer:IT-
4F blend films (excited at 600 and 700 nm [P1:IT-4F] and 575
and 700 nm [P2 or P3:1T-4F]), and corresponding PL quenching
efficiencies were tabulated in Table S7, Supporting Information.
Notably, all three pristine polymer films have an intense PL
emission band from 600-900 nm with =20 nm red-shift in com-
parison with their UV-vis absorption spectra. In contrast, these
emission profiles were greatly quenched by over 90% for all of
the polymer:IT-4F blends, implying that the electrons formed
in the donor polymer were effectively dissociated into IT-4F
(Figure 4a—c).[>%l Similarly, all of the blend films were excited
at 720 nm to estimate the efficiency of hole transfer from IT-4F
to the corresponding polymer donors (Figure 4d—f). However, in
this case of P1-, P2-, and P3-based blends, they presented a PL
quenching rate of 76.8%, 93%, and 95.8%, respectively, versus
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Figure 4. Photoluminescence spectra of the a) P1 (excited at 500 nm), b,c) P2 and P3 (excited at 575 nm), respectively, d) IT-4F (excited at 720 nm), as
well as blend films of P1:IT-4F (excited at 500 and 720 nm) (a,d), P2:IT-4F (b,e) and P3:IT-4F (c,f), respectively (excited at 575 and 720 nm).

pristine IT-4F film, which indicates that the hole transfer rate
of P1is the poorest among all three polymers. The insufficient
PL quenching suggests the ineffective transition from exciton
to charge-transfer exciton, which may be related to the lower
energy difference between E; and energy of the charge-transfer
state (Ecr) and/or slightly poor energy level alignment of the P1
and IT-4F as indicated in the previous studies,”%% and thereby
emphasizing improving the BH] morphologies is highly desir-
able to further enhance the J in the corresponding devices. As
a result, both P2:IT-4F- and P3:IT-4F-based devices displayed
more effective charge dissociation and collection processes than
P1:IT-4F blend films (where these processes were effective only
in Pl-rich domains and not in IT-4F-rich domains) and these
findings correspond well with the J . values obtained from the
optimized blend films.

Next, the hole (w,) and electron mobilities (u) of the blend
film were estimated using the space charge limited current
technique to ascertain the effects of fluorination on J, and
FF. As shown in Table 2 and the plots of J'/>-V,,, (Figure S6,
Supporting Information), W, was estimated to be 9.93 x 107°,
9.18 x 107, and 1.43 x 10~* cm? V™! 57! for P1-, P2-, and P3-based
blend films, respectively. Among the devices, the P2- and
P3-blend films displayed one and two orders higher y,, respec-
tively, due to F-induced non-covalent intra/intermolecular
interactions, which correlate well with their superior molecular
ordering and shorter n—r stacking distance as revealed in the
XRD study. In contrast, P1-based devices displayed inferior p,
due to their weak n—m stacking and distortion of the copolymer
backbone. [, also followed the same trend as p,. There was
an increasing trend in the . values from P1 to P3: 9.31 x 10~
(P3) > 8.57 X 107 (P2) > 6.71 X 10 (P1) cm? V7! 57, leading
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to relative P/, ratios of 73.09, 9.33, and 6.51, respectively. It
is well-known that, along with higher charge carrier mobilities,
a good balance between L. and y, is essential since this bal-
ance aids in reducing charge build-up at the interface, favoring
higher FF and PCEs in the devices.®”% Considering the effi-
cacy of exciton dissociation and high charge mobilities, it is evi-
dent that both fluorinated P2 and P3 displayed more balanced
He/Up values relative to their without-F counterpart P1, hence
justifying the superior ;. and PCE values of the corresponding
optimized OSC devices. In contrast, owing to the lower and
unbalanced charge carrier mobilities and hindered charge
transport from IT-4F to P1 and poor morphology (discussed
below), P1-based blends showed the lowest ], FF, and PCE.
Since the BH] morphology of the blend films is another crit-
ical determining factor for realizing effective exciton dissocia-
tion at the polymer/acceptor interfaces and charge transport in
OSCs, the morphology of the blends in this series was also esti-
mated using atomic force microscopy (AFM) and transmission
electron microscopy (TEM). The AFM height images of the
P1:IT-4F blend revealed a relatively smooth surface with a root-
mean-square roughness (Ry) of 1.22 nm (Figure 5a). On the
other hand, the P2:IT-4F and P3:IT-4F blends displayed rougher
surfaces, with Ry of 1.70 and 2.04 nm, respectively (Figure 5b,c),
which accords with the UV and XRD results, confirming that
stronger interchain aggregation and enhanced crystallinity
resulted from fluorination. These features could enhance the
interfacial contact area between the active layer and the inter-
facial electrode, in turn improving charge collection. The TEM
image in Figure 5d shows that the Pl-based film exhibits a
homogenous but featureless morphology that is made up
of very small domains (<=10 nm). As indicated in previous
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Figure 5. Tapping mode AFM a—c) topography (along with 3D images) and d—f) TEM images of optimal (a,d) P1:IT-4F, (b,e) P2:IT-4F and (c,f) P3:IT-

4F blend films.

reports, such a small phase separation hinders the generation
of charge carriers by lowering the exciton diffusion length and
causes a drastic loss in photocurrent and FF by promoting
charge recombination.’>’!l In the P2- and P3-based blends,
domains become well-resolved and bicontinuous nano-fibrillar
interpenetrating networks with finely distributed phase separa-
tion were unambiguously present (Figure 5e,f). Such phase-
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separated morphology can form well-developed D-A interfaces
and well-percolated channels for effective dissociation and
transport of the charge carriers by minimizing charge recombi-
nation, thus improving Jsc and FF. Overall, sequential fluorina-
tion of the phenylene units in the P2 and P3 backbone greatly
improved the intermolecular interactions, molecular ordering,
and nanoscale BH] morphology with higher D-A interfacial
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area, thereby affording efficient PL quenching, higher charge
carrier mobilities, J,., FF, and PCE in the optimized devices.
In contrast, as indicated by DFT, UV-absorption profiles, XRD,
TEM, and the behavior of the Pl-based devices, insertion of
a phenylene moiety without any intermolecular interactions
could induce distortion of the polymer backbone and weaken
the molecular ordering while increasing the n—n stacking dis-
tance, which explains why the Pl-based devices showed poor
performance.

Overall, we tested the feasibility of replacing the critical hal-
ogenated bithiophene with phenylene moieties with a different
amount of F in the reference PDCBT polymer donor. The
study of opto—electrochemical properties and XRD analysis
revealed that the new polymers exhibited a similar bandgap,
deep-lying HOMO energy levels, and strong aggregation
behavior when compared to halogenated PDCBT. Meanwhile,
they also showed lower synthetic costs due to the lower raw
materials cost, shorter synthetic steps, and easy purification of
fluorinated phenylene precursors. The OSCs devices of these
polymers were prepared by blending with IT-4F acceptor. The
devices based on P2 and P3 showed the PCE of 6.89% and
703%, respectively, which is lower than previously reported
reference PDCBT polymers. As expected, new polymers dem-
onstrated high V,. with remarkably low E values, but they
demonstrated marginally lower FF and Jsc due to the high
aggregation tendencies of polymers caused by the synergistic
carboxylation and fluorination. Because of the advantage of
easy scalability of these polymers, further tests to improvise
the FF and Js¢ via decreasing the high aggregation by synthe-
sizing terpolymers and optimizing the device fabrication con-
ditions like using mixed solvents, solvent vapor annealing, and
ternary OSCs is underway at present.

3. Conclusion

In conclusion, we reported three new dicarboxylate bithio-
phene-based WBG polymers, P1, P2 and P3, having phenylene
cores with different numbers of F substituents (n =0, 2, and 4,
respectively) by facile synthetic routes with high yields. Enabled
by the fluorination effect, both P2 and P3 possessed deeper
HOMO energy levels, higher absorption coefficients, and
more favorable molecular ordering with shorter n—m stacking
distances than seen in their without F-counterpart P1. When
blended with the non-fullerene IT-4F, both P2- and P3-based
OSCs demonstrated PCEs as high as 6.89% and 703% with
lower Ej. values from 0.65 to 0.55 eV, respectively, thereby
vastly outperforming P1 (PCE of 0.15%). In addition to the
planar molecular backbone, more effective complementary
absorption and well-aligned energy level matching with IT-4F,
higher and more well-balanced charge carrier mobilities, and
optimal nanoscale morphology were other main reasons behind
the superior PCEs of the P2- and P3-based OSCs. By contrast,
P1 showed an extremely low PCE, mainly because of its twisted
polymer backbone, which hampered its molecular ordering
and intra/intermolecular charge transport in the corresponding
OSCs. This systematic structure—property relationship provides
valuable insights for the synthesis of efficient WBG polymers
with increased V¢ via minimization of Ej, in OSCs.
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