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Effect of main and side chain chlorination on the
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In developing organic semiconductor polymers for photovoltaic applications, chlorine substitution has
become an effective strategy in replacing fluorine substitution to overcome the drawbacks of low yield
and high cost, commonly associated with fluorination. In general, several molecular positions are
available for chlorination. To obtain a clear understanding of the impact of chlorine substitution on the
intrinsic polymer properties, an investigation of structure—property relationships is necessary. Herein,
four donor—acceptor type polymers with the same conjugated backbone and flexible alkyl chains, but
with chlorine atoms in different positions, are employed to systematically investigate the effect of the
site of chlorination on the optoelectronic properties and photovoltaic performance. Substitution of
fluorine by chlorine in the backbone slightly increases open circuit voltage (Vi) and fill factor (FF) of
the solar cells but causes a loss of short-circuit current density (Jso). The introduction of chlorine in
the conjugated side chains, however, significantly improves V.., FF, and power conversion efficiency,
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benefiting from a lower HOMO energy level, efficient and well-balanced transport properties, and
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Introduction

Organic solar cells (OSCs) have made rapid progress recently.
The low power conversion efficiency (PCE) faced in the past has
been overcome and PCE now exceeds 17%.'~ Coupled with its
low cost, lightweight, promise for flexible roll-to-roll processing,
and semi-transparent characteristics,” the gap to successful com-
mercialization is decreasing.”” The breakthrough in efficiency was
mainly due to the discovery and development of new non-fullerene
acceptors (NFAs) in the active layer,>® such as ITIC'® and Y6 and
their derivatives.'* Meanwhile, the donor materials that match the
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acceptors in the photoactive blend, play an equally important
role."”” To enable practical applications, researchers have devel-
oped efficient, lower cost donor materials, such as the polymers
PM6 and PTQ10.>"*"'7 Preferably, electron donor and acceptor
materials possess complementary optical absorption spectra to
capture photons over a large part of the solar spectrum and
have appropriate energy levels to promote exciton dissociation
and charge separation. Furthermore molecular orientation,®
molecular packing, and domain purity that are closely related
to nanoscale morphology and charge carrier mobility,"*?
strongly affect the photovoltaic performance. These properties
find their origin in the molecular structure, which can be
tailored with subtle structural changes.

Over the years, many molecular design strategies have been
adopted to alter optoelectronic properties and morphology of
photovoltaic materials, including main-chain engineering
(donor-acceptor units selection),®?* side-chain engineering,*>°
and atomic or functional group substitution.”*’* Among the
common strategies, fluorination is a widely studied and a well-
established approach for designing efficient photovoltaic
materials.’"**¢ Attributed to its small van der Waals radius
of 1.35 A and high electronegativity, fluorine (F) effectively
modifies the energy levels and enhances optical absorption,
without a negative influence on molecular packing. Moreover,
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benefitting from non-covalent intermolecular interactions, fluorine-
containing materials generally feature enhanced coplanarity,
molecular packing, and charge carrier mobility. Hence, fluori-
nation has provided numerous excellent donors and acceptors,
delivering outstanding PCEs in OSCs.>**> However, some intrinsic
demerits of fluorination exist. The selective formation of aromatic
carbon-fluorine bonds is synthetically challenging.*’ Hou et al.
reported e.g. that the synthesis of 2-ethylhexyl-3-fluorothiophene
requires four steps from 3-bromothiophene with tedious purifica-
tion of intermediates giving an overall yield of 15%."*® In another
example Leclerc et al. reported the synthesis of fluorinated
dithienyldiketopyrrolopyrroles in six steps,® which can be
compared to a one-step procedure for the nonfluorinated
analog. The multi-step synthesis and complex purification of
the intermediates lead to higher costs of fluorinated conjugated
materials and may hamper large-scale synthesis of these
materials towards their commercial application.**™*"

To work around this issue, researchers are now devoting
considerable attention to chlorination. The synthesis of
chlorine-containing materials is simpler, its reaction steps
provide higher yields, and the raw materials are cheaper,
resulting in lower costs.*>*' More importantly, chlorine (Cl)
substituted organic semiconductors have similar or even super-
ior optoelectronic properties compared to fluorine substituted
analogs. In conjugated polymers for OSCs the incorporation
of chlorine was found to enhance the stability compared to
non-chlorinated and fluorinated analogs.*° In acceptor-donor-
acceptor (A-D-A) type NFAs, the F or Cl atoms are usually on
the terminal acceptor “A”. The higher dipole moment of the
carbon-chlorine bond enhances intramolecular charge trans-
fer, such that the optical band gap of chlorine-containing NFAs
is often narrower compared to their fluorinated analogs,***®
e.g. in IT4CI versus IT4F,**** and in IEICO-4Cl versus IEICO-4F.>>*¢
Also, the planarity, crystallinity, and charge mobility of some
chlorine-containing NFAs have been reported to increase.’”"” These
characteristics may enhance the short-circuit current density (Js.)
and fill factor (FF) in OSCs. Recently, Cui et al. demonstrated that
BTP-4C], a chlorinated NFA, exhibits less non-radiative energy loss
than its fluorinated analog BTP-4F (Y6) in combination with PM6 as
donor. As a result, a higher open-circuit voltage (Vo) is achieved with
BTP-4Cl, despite its lower lowest unoccupied molecular orbital
(LUMO) energy level.*® For the donor-acceptor (D-A) type conju-
gated polymers, the availability of empty d-orbitals on chlorine
enhances the delocalization of m-electrons. Hence, chlorine-
containing materials often offer deeper energy levels, even though
the electronegativity is less than that of fluorine.******® This is a
favorable characteristic for donor materials because the lower
highest occupied molecular orbital (HOMO) energy level can
afford a higher V,, in OSCs. Unlike the NFAs, most D-A polymers
offer a range of positions for chlorination, either in the main chain
or in a conjugated side chain. Some groups have reported main
chain and side chain chlorination, obtaining impressive results,
but a systematic study, in particular, on the synergistic effect of
bi-chlorination in the side and main chain is lacking at present.

To fill this gap and better understand the effect of the
chlorination position on material properties, we synthesized

This journal is © The Royal Society of Chemistry 2020
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and studied four benzodithiophene (BDT)-alt-benzotriazole
(BTz) based polymers with different motifs of chlorine substitu-
tion (Scheme 1). Compared to the reference material, J71 with
two F’s on the main chain, J71-Cl has two extra CI’s in the side
chains. J100 is similar to J71, but has two CI’s instead of two F’s
per repeating unit, while J101 has four CI’s; two in the main and
two in the side chains per repeating unit. The halogens on
the thiophenes adjacent to the BTz can planarize polymers
via through-space noncovalent conformational locks, a topic
recently discussed in detail by Marks et al.>* We apply these
polymers as donors in OSCs by blending with IT4F as acceptor.
Introduction of Cl in the side chains has a positive effect on
the energy levels, transport properties, molecular packing,
and photovoltaic performance. Using diphenyl ether (DPE) as
processing additive, J71-Cl-based and J101-based devices, with
chlorine in the conjugated side chains, afford PCEs over 11.0%,
featuring high Vi, /s, and FF. Although introduction of chlorine
in the backbone reduces the HOMO energy level of J100 to obtain
a higher V,., suboptimal morphologies and transport properties
result in a low J,. and FF and cause the optimized PCE of OSCs
based on J100 to be less than those based on the J71 reference.

Results and discussion

The synthesis routes to prepare the monomers and polymers
are shown in Scheme 1. Monomer M1 and M4 were synthesized
according to previous reported procedures.'>***>%*73> Although
the synthetic route to M4 is long, isolation of intermediates is
not required until intermediate 9 and the synthesis of M4
is therefore straightforward and has high overall yield. The
four polymers are prepared by palladium-catalyzed Stille poly-
merization. The synthetic procedures are described in the
Experimental section of the ESL.{ These four polymers are well
soluble in chloroform, which enables their solution processing
for thin-film devices. The number-average molecular weights (M,,)
of J71, J71-Cl, J100, and J101 were 28.2, 18.9, 35.5, and 24.6 kDa
with a polydispersity index (PDI) of 2.16, 1.94, 2.71, and 2.31,
respectively, as listed in Table 1.

The normalized UV-vis-NIR spectra of thin films of the
donor polymers and the IT4F acceptor are shown in Fig. 1a,
and the corresponding optical data are summarized in Table 1.
The four polymers share an absorption edge at ~632 nm and
have virtually identical optical bandgaps of 1.95-1.96 eV
(Table 1). J71 and J71-Cl exhibit two distinct absorption maxima,
but the corresponding peaks are less defined for J100 and,
especially, for J101. The relative intensities of the first and second
peaks in the absorption spectra are higher for the fluorinated
polymers J71 and J71-Cl than for J100 and J101. This suggests
that fluorine in the main chain promotes the n-r stacking and
intermolecular aggregation of the molecules, while introduction
of chlorine in the side chain has little effect on the molecular
packing. For J100 and J101, containing chlorine in the backbone,
the m—n stacking seems to be less strong. Apparently, fluorine
provides a stronger intermolecular interaction than chlorine of
which the larger Van de Waals radius (1.80 A) may reduce n-n

J. Mater. Chem. C, 2020, 8,15426-15435 | 15427
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Scheme 1 Synthetic routes of the monomers and polymers.

Table 1 Summary of molecular weights, physicochemical properties, hole mobilities, n—n stacking distance and coherence lengths of the (010)

reflection of the four polymers

Polymer M, (kDa)  PDI Jonsee (NM)  EgP'(eV)  HOMO (eV)  LUMO (eV)  p,(em®*V's™")  d(010) (A) L. (010) (A)
J71 28.2 2.16 632 1.96 -5.31 —2.94 2.04 x 10°° 3.79 25
J71-cl 18.9 1.94 632 1.96 —5.33 —2.98 1.96 x 107° 3.79 25
J100 35.5 271 636 1.95 -5.35 ~3.00 3.65 x 10°° 3.88 24
J101 24.6 231 632 1.96 —5.47 —2.97 3.49 x 10°° 3.83 27

stacking in the backbone. The thin film absorption spectra of
J71 and J71-Cl are only slightly redshifted compared to that of
diluted solutions (Fig. S1, ESIt). In contrast, J100 and J101 films
show a significantly redshift compared to the absorption in
solution (Fig. S1, ESIt). This implies a higher tendency for J71
and J71-Cl to aggregate in solution as a consequence of stronger
n-n stacking. The absorption spectrum of the four donor
polymers is complementary to that of the IT4F acceptor
(Fig. S2, ESIY).

The polymer energy levels were measured by square-wave
voltammetry on thin films (Fig. S3, ESIT) and are depicted in
Fig. 1b and summarized in Table 1. The energy levels were
determined from the onset potentials of the redox waves (Qoy/red),

15428 | J Mater. Chem. C, 2020, 8,15426-15435

referenced against the redox potential of ferrocene/ferrocenium
(Fc/Fc') versus Ag/AgCl in the measurement system (¢ ,(Fc/Fc’) =
0.37 eV), and converted to absolute energies by setting E(Fc/Fc')
vs. vacuum to —4.8 eV using Epomomwumo = —G(Poxred
@12(Fc/Fc') + 4.8) [eV]. Apart from an unknown uncertainty in
the energy of E(Fc/Fc') vs. vacuum, the accuracy of the values is
estimated to be £0.05 eV. As expected, the Cl-containing polymer
J100 has a lower HOMO level than J71. Two additional Cl atoms
introduced into the conjugated side chains of J71-Cl and J101
further reduce the HOMO energy levels, compared to J71 and
J100, which is expected to give a higher V. in OSCs.

The hole mobility of the polymers was determined from
space-charge-limited current (SCLC) measurements on pure

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Optoelectronic properties of the polymers. (a) Normalized UV-vis-NIR absorption spectra of polymers and IT4F in thin film. (b) Electronic energy

level diagrams of donors. (c) Hole mobility of the pure polymer films.

polymer films in hole-only devices (ITO/PEDOT:PSS/active
layer/MoO3/Ag) (Fig. 1c). The hole mobilities of J71 and
J71-Cl are approximately 2.0 x 10°° em® V™' s7', while those
of J100 and J101 are about 3.5 x 10" ecm® V' s~ (Table 1).
Hence, replacing fluorine by chlorine on the backbone
improves the hole mobility, while introducing chlorine in the
side-chain has virtually no effect on the hole mobility
(Table 1).*° The surface morphologies of the neat films were
investigated by atomic force microscopy (AFM) in tapping
mode. As shown in Fig. S4 (ESIt), AFM indicates that J71 and
J71-Cl thin films have a somewhat higher surface roughness
(Rq = 0.43 nm) than J100 (Rq = 0.39 nm) and J101 (Rq =
0.29 nm). A higher surface roughness can be expected when
the polymers have stronger tendency to aggregate and along this
line it suggests that double chlorination causes less aggregation.

The effect of chlorination on molecular packing in the
polymer films was studied by grazing-incidence wide-angle
X-ray scattering (GIWAXS).”® As shown in Fig. 2 and Table 1,
all polymers show a strong n-n stacking (010) reflection at

around 1.64 A" in the out-of-plane (OOP) direction. The OOP
n-n stacking diffraction peaks reveal that J71 and J71-Cl have a
somewhat closer n-n staking distance (d) than J100 and J101
(Table 1), consistent with information extracted from the
optical absorption spectra. The coherence length (L.) derived
from the (010) reflection does not change much with different
Cl substitutions (Table 1), suggesting that the spatial extent of
ordered aggregates of the four polymers is similar along the n-n
stacking direction in pristine films. Analyzing the texture of
(100) and (010) peaks qualitatively, we note an apparent high
intensity of the (010) peak in the OOP direction. This is often
interpreted to indicate preferred face-on orientation. However,
we note that the diffraction conditions (Ewald sphere) creates
an apparent signal for the (010) peak in the OOP direction even
for a random 2D isotropic materials (with the backbone
in-plane) (see Note S1 in the ESIT).””*® The weak enhancement
in the IP direction of the complementary (100) peak suggests
that these materials have a large isotropic population. Quanti-
tative and even further qualitative analysis would require
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@ © © _@
- - e "_<
s'c> s'C>, s,f,o. e
o o= o T«
© © © ©
o o (=] o
i 0
or | oL | o g
> (=]
©700-04 -1.0 ©700-04 1.0 -1.6 00-04 -10 00-04 -10
Oy [A ] Oy [A] Oy [A ] Oy [A ]
25x10° 12x10° 8l
n plane
— Out of plane —J71 -~ 104 P —J71
5 204 — J71-Cl = — J71-Cl
& 45 — J100 & 84 —— J100
= — J101 Z g — J101
‘2 10 2
5 5 a2
< =
£ 54 = 94
T T T T I T T T T T
0.5 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 25
-1 -1
q(A) q(A)

Fig. 2 2D GIWAXS patterns, out-of-plane and in-plane scattering profiles of the four polymers.
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sophisticated pole-figure analysis that properly takes the isotropic
population into account and furthermore considers that the n-n
stacking and lamellar stacking intensities and coherence length
can be independent of each other.’>®® Such analysis is outside
the current scope.

The combined results from optical absorption, n—n stacking,
and AFM demonstrate that if chlorine is located on the main
chain, it has a tendency to increase the n-n stacking distance
and decrease aggregation, but that it has little structural effect
when it is on the conjugated side chain.

To investigate the photovoltaic properties of the four polymers,
OSCs with a conventional ITO/PEDOT:PSS/active layer (polymer:
IT4F)/PDINO/AI device structure and active area of 0.09 cm” were
fabricated. The optimized polymer : IT4F weight ratio was 1.2:1.
Active layers with a thickness of about 120 nm were prepared
by spin coating blend solutions with a total concentration of
20 mg mL~" in chloroform at 2000 rpm for 60 s (because of its
higher My, the concentration for J100 : IT4F was 12 mg mL ™). The
active layers were processed under three different conditions:
without any extra treatment (as-cast), with thermal annealing at
120 °C for 10 min. (annealed), and using 1% DPE as processing
additive combined with annealing at 100 °C for 10 min. (additive).
The photovoltaic performance is shown in Fig. 3 and the data are
presented in Table 2. Compared to as-cast devices, thermal
annealing slightly improves the J;. and FF, whilst largely retaining
the original V.. such that the PCE of the devices increases after
annealing. Compared to J71, introduction of Cl in the backbone
enhanced the V,. from 0.80 V for J71 to 0.86 V for J100. The
increase in V. is even more pronounced when Cl is in the side
chain, resulting in a high V. of 0.92 V for J71-Cl and of 0.96 V for
J101. These changes are consistent with the differences in the
HOMO energy levels. However, due to a limiting FF, which may
result from suboptimal morphologies or transport properties,
the device efficiencies of the four polymers are lower. Only for
the J71-Cl based device, the PCE exceeds 10%. To improve device

a
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performance, 1% (v/v) DPE was added to the blend solution as
processing additive to optimize the active layer morphology.
DPE has a higher boiling point (b.p. 258.55 °C) and lower vapor
pressure (p = 2.7 x 102 kPa) than chloroform (b.p. 61.15 °C,
p = 25.9 kPa) and is thus expected to evaporate slowly which
causes DPE enrichment in the solvent mixture as drying
progresses. Using the additive, OSCs based on J101:IT4F give
the best PCE of 11.34%, with the highest V,. of 0.93 V, a high
Jsc and FF of 18.20 mA cm ™ and 0.67, respectively. Using DPE,
also the PCE of J71-CL:IT4F based OSCs increased, to 11.1%,
with a high V,. of 0.87 V, a high J,. of 18.41 mA cm > and FF
of 0.69. However, the performance of devices based on J71
and J100 could not be improved with the additive. Thermal
annealing provided the J71:IT4F based OSC an optimized PCE
of 8.16%, with a low V,. and FF of 0.79 V and 0.52, respectively.
Here, the additive hardly improves Js. and FF, but reduces V. to
0.72 V, leading to a decrease in PCE. The optimal J100:IT4F
based OSC only shows a PCE of 7.7%, due to a low Js. of
17.50 mA cm 2 and low FF of 0.52. Although the additive
improves the FF to 0.57, the V,. decreases concomitantly from
0.86 to 0.76 V, and the PCE is not improved. The external
quantum efficiencies (EQE) of the optimized devices were
measured (Fig. S5, ESIt) and the Js. values calculated from
the EQE curves (Table 2) match well with those obtained from
the current density-voltage (/-V) measurements.

As can be seen from Fig. 3e-h, the J,. of all devices is not very
sensitive to the different processing conditions. Although the
DPE additive causes a decrease in V,, for all four polymers, the
loss is comparatively less for side-chain Cl-containing polymers
J71-Cl and J101 where V,,. remains at a high level. Especially for
J101, the V. loss is small. In other words, the introduction
of chlorine in the side chain not only successfully improved V.,
but also reduced V. loss caused by device processing conditions
(or morphology change). The main factor in enhancing the PCE
using DPE as an additive is the FF. For the Cl-containing polymers
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Fig. 3

(a—d) J-V characteristics of as-cast, annealed and additive OSCs based on J71, J71-Cl, J100, and J101 as donor and IT4F as acceptor.

(e—h) Histograms of the Js., Vo, FF and PCE values for the four OSCs under different processing conditions.

15430 | J Mater. Chem. C, 2020, 8, 15426-15435

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tc03095c

Open Access Article. Published on 22 September 2020. Downloaded on 2025-10-18 2:14:15 nm..

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

(cc)

Paper

View Article Online

Journal of Materials Chemistry C

Table 2 Photovoltaic parameters of the OSCs recorded under simulated AM1.5G (100 mW cm™2) illumination

Device Processing Jse (MA cm™?) Voe (V) FF (%) PCE (%) tn (em®> Vv 71T e (em®> Vs
J71:IT4F As-cast 19.30 0.80 0.50 7.79 3.05 x 107° 3.32 x 107°
Annealed 19.90 (19.57)" 0.79 0.52 8.16 3.06 x 107° 4.60 x 107°
Additive 20.00 0.72 0.50 7.25 4.06 x 107° 4.16 x 107°
J71-CL:IT4F As-cast 18.10 0.92 0.57 9.47 2.97 x 107° 4.28 x 107°
Annealed 18.50 0.92 0.60 10.30 4.26 x 107° 4.35 x 107°
Additive 18.41 (18.40)° 0.87 0.69 11.10 4.98 x 107° 5.26 x 107°
J100:IT4F As-cast 16.80 0.86 0.46 6.71 1.48 x 10°° 0.45 x 107°
Annealed 17.50 0.85 0.52 7.70 1.72 x 107° 0.41 x 107°
Additive 17.80 (17.58)° 0.76 0.57 7.67 410 x 107° 0.85 x 107°
J101:IT4F As-cast 18.10 0.96 0.46 8.07 2.23 x 107° 2.81 x 107°
Annealed 18.40 0.95 0.48 8.43 2.30 x 107° 2.86 x 107°
Additive 18.20 (18.13)" 0.93 0.67 11.30 4.64 x 107° 4.71 x 107°

“ Values are calculated from EQE.

J71-Cl and J101 the increase is very outspoken (Table 2). Interest-
ingly, when we used PNDIT-F3N and Ag to replace PDINO and Al
as the electrode (Fig. S6 and Table S1, ESI{), we found that the
PCE of J71-Cl can be further increased to 12.4%, with V,. of
0.90 V, Ji of 18.59 mA cm 2 and FF of 0.74. But the PCE of
J101:IT4F remained 11.3%, with V, of 0.92 V, J. of 18.6 mA cm >
and FF of 0.66. The increased FF (from 0.69 to 0.74) for
J71-CLIT4F indicates an improved contact with the PNDIT-F3N/
Ag electrode, but this improvement does not occur for J101
(FF goes from 0.67 to 0.66), demonstrating that the effects of
interlayers in modifying the contact are rather delicate and
difficult to predict. Overall, the results demonstrate that introdu-
cing chlorine in the side chains improves the photovoltaic
performance, while introducing chlorine into the main chain of
BTD-ait-BTz polymers does not give a clear advantage. Of course
the four polymers have somewhat different molecular weights
(Table 1) which may affect the results. A higher M,, often improves
device performance.’’ In that respect, we note that the two
polymers with chlorinated side chains (J71-Cl and J101) have
somewhat lower M,, (Table 1) than the other two (J71 and J100)
but still give rise to higher PCEs. This supports our conclusion
that chlorination of the side chains causes the beneficial effect.
To investigate the charge transport properties of these four
bulk heterojunction blend films, hole and electron mobilities
(un and p) were determined from SCLC measurements (Fig. S6,
ESIT). The resulting p, and p. values are listed in Table 2.
Unlike in the pure polymer films, the blend films of
F-containing polymers (J71 and J71-Cl) have higher mobilities
than the blend films of Cl-containing polymers (J100 and J101),
and the mobilities of polymers with chlorine in the side-chain
are higher than those without, implying that in the blend films,
the crystallinity of the donor and acceptor affect each other.
The mobilities of J71:IT4F blends are relatively high and vary
little with processing conditions. This is consistent with the
small difference in J,. and FF under different conditions. The
mobilities of J71-CL:IT4F increase with thermal annealing and
use of the DPE additive, its optimal u;, and y. are up to 4.98 x
107° and 5.26 x 107> cm?® V! 57!, these mobilities are the
highest in the whole series and give a high FF of 0.67.
For J100:IT4F and J101:IT4F, the mobilities significantly
improved by using the DPE additive. The optimal u, and pe

This journal is © The Royal Society of Chemistry 2020

were determined to be 4.10 x 10 > and 0.85 x 10 °>cm?*V ‘s '

for J100:IT4F, and 4.64 x 10 > and 4.71 x 10> cm®> V' s for
J101:IT4F. Clearly, the J100:IT4F blend shows unbalanced
mobilities due to the low u.. This may contribute to the low
Jsc of its OSCs. J101 is similar to J71-Cl, with high and balanced
mobilities when using the processing additive, which sup-
presses charge recombination and improves charge extraction
and collection, leading to a high Js. and FF in OSCs. The UV-vis-
NIR absorption spectra of the blend films measured with the
three different processing conditions (Fig. S2, ESIt), reveal only
minor differences between the as-cast films and the thermally
annealed films. In contrast, when using the additive, the
absorption intensity corresponding to the acceptor region
(630-800 nm) decreased for the four blends. Concurrently, the
additive slightly increased the absorption intensities of the donor
for the J71-Cl and J101 based films, but not for the J71 and J100
based blends. These results indicate that DPE can inhibit the
strong crystallization and self-aggregation behavior of IT4F, and
at the same time seems to promote aggregation of J71-Cl and J101,
allowing the donor and acceptor to achieve synergistic molecular
packing in blend films,*> which may result in better nanoscale
phase separation and more appropriate morphology.

The surface morphology of all active layers was studied by
tapping-mode AFM (Fig. 4). The height and phase images reveal
that the blend films with the F-containing polymers J71 and
J71-Cl have similar surface features, and that their roughness is
relatively large under the same processing conditions. The
surface features of blends with the Cl-containing polymers
J100 and J101 are also very similar, but their surfaces are
smoother and the roughness is less than for the blends with
F-containing polymers, consistent with the AFM results of neat
polymer films. Compared to J71 and J71-Cl, the size of the
surface features in the lateral dimensions is larger for blends
with J100 and J101. Blend films of the polymers J71 and J100,
which do not contain chlorine in the side-chains, have signifi-
cantly increased roughness when using the additive (R; from
0.74 to 1.44 nm for J71; Ry from 0.42 to 1.01 nm for J100).
For blends of the polymers with Cl in the side-chain J71-Cl and
J101, the roughness of the blend film increased less (R, from
0.99 to 1.06 nm for J71-Cl; Ry from 0.46 to 0.81 nm for J101).
Changes in surface morphology as a result of processing

J. Mater. Chem. C, 2020, 8,15426-15435 | 15431
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Fig. 4 AFM height and phase images of the four blend films for different processing conditions.

conditions often coincide with a loss of V,,* presumably
because surface roughness is a sign of increased aggregation
which often causes a reduction of V,., via a shift of energy levels
and reduction of the optical band gap.

The domain spacing distribution and average purity of the
mixed domains of the blends was characterized by resonant
soft X-ray scattering (R-S0XS).°»*> In multiphase systems, the
square root of the integrated scattering intensity (ISI) and the
component scattering intensity (CSI) of organic blend films
(that track the standard deviation of the composition) correlate
in a mostly linear relation with the device FF.*"?**°%%” The
higher the ISI and CSI, the higher the domain purity of the
related domain populations and the higher the FF. Fig. S7 and
Table S2 (ESI) show that for each blend system both the
normalized total ISI and CSI is highest when the FF is highest
(annealed for J71 based blends, and additive for the other three
blends). Overall, the blends with the highest FF, shows the
highest domain purity. The R-SoXS data also shows differences
in domain spacing, with J71-Cl exhibiting the largest spacing.
Furthermore, the scattering intensity increases with the addition
of the additive DPE for all but J71. The annealing had a disparate
effect, with J71-Cl having unchanged intensity, but decreased
intensity for J71 and increased intensity for J100 and J101. This
indicates that the thermodynamics (miscibility between the
polymers and the acceptor, solubility) might be different, or

15432 | J Mater. Chem. C, 2020, 8, 15426-15435

that the aggregation kinetics during casting and film formation
is impacted due to differences in packing or molecular weight
dependences impacting solidification.®®

To obtain more insight into the morphology of the blends,
GIWAXS has been carried out to investigate the molecular packing
and orientation/texture in the four blend films without and with
different post-treatments. Fig. 5 shows the 2D GIWAXS patterns
and the corresponding line-cut profiles in the OOP and IP direc-
tions of each series blends. The values of n-r stacking distance, -1
stacking coherence length, and the integrated intensity of n-n peak
in OOP directions are summarized in Table S3 (ESIt). All blends
show apparent, but very weak face-on orientation. Further texture
analysis requires pole figure analysis that takes into account the
isotropic population properly. The calculated g parameters show
that all the blends are amorphous in the m-n direction with
only subtle differences in molecular packing, and the different
processing conditions do not have any significant impact on this
parameter (Table S3, ESIT). However, the diffraction intensities are
clearly different with the use of 1% DPE. For ]J71, the molecular
packing is suppressed, whereas it is enhanced for the other three
polymers. Furthermore, the intensities of J71 and J100 based
blends are highest in the annealed blends, which agrees with
the device PCE of the blends. The GIWAXS intensities mirror and
correlate with the observations regarding the relative soft X-ray
scattering intensities and emphasize the same conclusions here:

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 2D GIWAXS patterns and in-plane and out-of-plane scattering profiles of the blend films without and with post-treatments.

Kinetics (solubility, M,-dependence)®® and possibly thermo-
dynamics properties (solubility, miscibility)*"® are impacted by
the chlorine substitution and even the particular substitution
locations. Yet, these changes might be beneficial or at least not

detrimental as excellent device performance could be achieved.

Conclusions

By employing four BDT-alt-BTz polymers with the same con-
jugated main chain and alkyl side chains, but different chlorine

This journal is © The Royal Society of Chemistry 2020

substitution motifs, we systematically studied the effect of the
site-specific chlorine substitution on the optical and electronic
properties and on the photovoltaic performance in combi-
nation with IT4F as a common acceptor. Compared to the
chlorine-free polymer J71, replacing the main chain fluorine
by chlorine reduces the HOMO energy level of J100, increases
the n-m stacking distance, and suppresses the tendency to
aggregate. However, in OSCs, J100:IT4F blends have a suboptimal
morphology and transport properties, leading to reduced photo-
voltaic performance (PCE = 7.70%) compared to J71-IT4F (8.16%).
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On the other hand, introducing chlorine into the conjugated side
chain of J71 does not affect the n-n stacking, hole mobility, and
aggregation of the polymer, but significantly reduces the HOMO
energy level. In OSCs, with the aid of additives, the molecular
packing, phase separation, and charge transport properties of
J71-CLIT4F blend are improved, thus contributing to a much
better photovoltaic performance (PCE = 11.10%) than for J71:ITF4
under optimized conditions. For J101, in which both the main
chain and the conjugated side-chain have chlorine substitution,
the n-n stacking and aggregation are further weakened, but the
HOMO energy level is more reduced. With the help of additives,
J101:IT4F provides an efficient solar cell (PCE = 11.30%) with well-
balanced transport properties. The blend morphology was similar
to J71-CLIT4F, yet with more pure and more ordered/aggregated
domains. The results demonstrate that optimization of polymer
photovoltaic performance by introducing chlorine into the con-
jugated side chains can yield more efficient OSCs. Incorporation
of chlorine in the side chains reduces the HOMO more and affects
the n-n stacking less than introduction of chlorines in the main
chain and so enables reaching more optimal blend morphologies.
We think this concept provides useful guidance for the future
design of new materials.
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