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Abstract:

Two wide-bandgap (WBG) conjugated polymers (PBPD-p and PBPD-m) based on phenyl-
substituted benzodithiophene (BDT) with the different substitution position of the alkyl side chain
and benzodithiophene-4,8-dione (BDD) units were designed and synthesized to investigate the
influence of alkyl substitution position on the photovoltaic performance of polymers in nonfullerene

polymer solar cells (PSCs). The thermogravimetric analysis, absorption spectroscopy, molecular
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energy level, X-ray diffraction, charge transport and photovoltaic performance of the polymers were
systematically studied. Compared with PBPD-p, PBPD-m exhibited a slight blue-shift but a deeper
highest occupied molecular orbital (HOMO) energy level, a stronger (100) diffraction peak with
tighter alkyl chain packing and a higher hole mobility. The PBPD-m-based PSCs blended with
acceptor I1T-4F showed a higher power conversion efficiency (PCE) of 11.95% with a high open-
circuit voltage (Voc) of 0.88 V, a short-circuit current density (Jsc) of 19.76 mA cm2 and a fill factor
(FF) of 68.7% when compared with the PCE of 6.97% with a Vo of 0.81 V, aJs of 15.97 mA cm 2

and an FF of 53.9% for PBPD-p. These results suggest that it is a feasible and effective strategy to
optimize the photovoltaic properties of WBG polymers by changing the substitution position of

alkyl side chain in non-fullerene PSCs.
Introduction

Recently, nonfullerene polymer solar cells (PSCs) based on conjugated polymer donors and
nonfullerene acceptors (NFAs) have been of great interest. This is because of their advantages such
as easy synthesis, strong absorption in a visible region, easily tunable energy levels, and good
stability'”, and the power conversion efficiencies (PCEs) achieved can be up to 16%°%°. Excellent
narrow bandgap NFAs such as ITIC, IDIC, IT-4F, and IT-M have recently been shown to exhibit
strong absorption in the range of 600-800 nm. 22! To completely utilize sunlight, the efficient wide
bandgap (WBG) conjugated polymer donors must be designed and developed.

The rational design and synthesis of conjugated polymers by optimizing backbone structures for
PSCs have attracted great attention and made remarkable progress.?28 Side-chain engineering is
another important strategy to optimize structures of polymers and improve the photovoltaic
performance of PSCs.234 Alkyl side chain was introduced into two-dimensional conjugated side
chains of the conjugated polymers, which adjusted the solubility, optical absorption, and molecular
energy levels of the polymers and tuned the molecular packing and blend film morphologies of the
active layer.3>%" Several efforts are focused on the length, branching position of the alkyl chain, and
type of alkyl side chains, which affect the performance of the polymers.®-*3 For example, Bin et al.
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reported two WBG polymers (J60 and J61). Devices based on J61 showed the higher PCE of 9.53%
when compared with the devices based on J60 with the PCE of 8.97% using the simple tuning of
alkyl side chain length.** In our recent study, *® devices based on PSBZ, which included branched 2-
butyloctylthio side chains showed the higher PCE of 10.5% with the high short-circuit current
density (Jsc) of 19.0 mA cm2 when compared with the PCE of 9.53% with the Jsc of 17.43 mAcm 2
for J61, which included linear dodecylthio side chains. However, few studies are focused on the
influence of a side-chain position on the performance of J60 and J61 polymers.*>#® For instance,
two polymers (P2 and P3) with different alkyl-substitution positions on a thienyl-conjugated side
chain in a benzodithiophene (BDT) unit were synthesized, and the devices based on P2 showed a
higher PCE than that of P3 in fullerene-based PSCs.* Therefore, it is necessary to investigate the
effect of alkyl substitution positions of polymers to optimize properties of the materials.

In the past few years, WBG polymers have shown great potential and advantages during the use
of nonfullerene-based photovoltaic devices, which are benefited from the complementary
absorption, matching energy levels, and highly balanced electron-hole mobility between a WBG
polymer donor and a nonfullerene acceptor.8” Huo et al. developed an efficient copolymer (PBDT-
T1) based on BDT and benzodithiophene-4,8-dione (BDD) units, serving as a donor in PSCs, and
the devices showed a PCE of 8.12% with a open-circuit voltage (Voc) 0of 0.86 V, a Jsc of 13.13 mA
cm2 and a fill factor (FF) of 71.8%.%" To further explore the effects of alkyl substitution position on
photovoltaic properties, we designed and synthesized two WBG conjugated polymers (PBPD-p and
PBPD-m) based on phenyl-substituted BDT units with different substitution positions of an alkyl
side chain and BDD units. The influence of the alkyl substitution positions of the two polymers on
the thermogravimetric analysis, absorption spectroscopy, molecular energy level, X-ray diffraction,
charge transport, and photovoltaic performance were systematically studied. The PBPD-m polymer
showed a slight blue-shift with a lower-lying highest occupied molecular orbital (HOMO) energy
level when compared with the PBPD-p polymer. Moreover, the PBPD-m demonstrated a stronger

(100) diffraction peak with a tighter alkyl chain packing and higher hole mobility (un) compared
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with the PBPD-P polymer. Nonfullerene PSCs based on the abovementioned polymers and IT-4F
were fabricated. The PBPD-m-based devices showed a higher PCE of 11.95% with a Vo 0f 0.88 V,
a Jsc 0f 19.76 mA cm2 and an FF of 68.7% compared with the PCE of 6.97% with a Vo of 0.81 V,
a Jsc of 15.97 mA cm? and an FF of 53.9% for th®BPD-p-based devices. These results suggest
that it is a feasible and effective strategy to optimize photovoltaic properties of WBG polymers by

changing the substitution position of alkyl side chain in nonfullerene PSCs.
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Figure 1. (a) Molecular structures; (b) absorption spectra and (c) energy level diagram of PBPD-p,

PBPD-m and IT-4F.
Results and Discussion

Figure 1a shows molecular structures of PBPD-p, PBPD-m, and IT-4F polymers. The two
polymers were synthesized through a Stille coupling reaction using a Pd catalyst. Synthetic routes
of PBPD-p and PBPD-m are shown in Scheme S1 in the supporting information (SI). The PBPD-m
exhibited the higher average molecular weight (Mn) of 42.1 kDa and the polydispersity index (PDI)
of 2.40 than PBPD-p with the M, of 22.5 kDa and the PDI of 2.38, which were measured by high-
temperature gel permeation chromatography. The two polymers exhibit good solubility in common
solvents such as chloroform, chlorobenzene (CB), and o-dichlorobenzene. The decomposition
temperatures (Tq, 5% weight loss) of the PBPD-p and PBPD-m polymers were found to be 351 °C

and 368 °C, respectively, as measured using the thermogravimetric analysis under an inert
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atmosphere (see Figure Sla, Sl), which indicates an excellent thermal stability. Differential
scanning calorimetry measurement showed that there were no obvious exothermic or endothermic
peaks between 30 °C and 300 °C (see Figure S1b, SI).

UV-vis absorption spectra of the two polymers in dilute CB solution and thin films were
investigated (Figure S2a in the Sl and Figure 1b). Table 1 contains the corresponding parameters. In
the dilute solution and thin film, both the polymers showed two obvious absorption bands in the
ranges of 350—450 and 500-700 nm. The maximum absorption peak of the thin films waat 572
and 563 nm for PBPD-p and PBPD-m, respectively. Both the polymers showed distinct shoulder
peaks at the long-wavelength range, indicating strong intermolecular interaction in the solid film.
Absorption spectra of the PBPD-m polymer show obvious blue-shifts both in the solution and thin
film when compared with PBPD-p. These results may be attributed to the weaker conjugative effect
of the meta-substituted alkyl group compared with the para-substituted alkyl group. The absorption
edges (Jedge) Of PBPD-p and PBPD-m films were observed at 682 and 662 nm, which corresponded
to the optical bandgap (E¢°") of 1.82 and 1.87 eV, respectively. Molecular energy levels of the two
polymers were measured by electrochemical cyclic voltammetry. As shown in Figure S2(b), the
onset oxidation potentials (¢ox) were 0.68 and 0.79 V for the PBPD-p and PBPD-m vs Ag/Ag",
respectively. The HOMO energy level (Enomo) and the lowest unoccupied molecular orbital energy
level (ELumo) were calculated to be —5.39/-3.57 eV for PBPD-p and —5.50/-3.63 eV for PBPD-m,
according to the equations,*®%° Epomo = —(Eox + 4.71) and ELumo = Enomo + E¢° eV. These results
indicate that PBPD-m possesses deeper HOMO energy level, which enables PBPD-m to give higher
Vo in the PSCs.

Table 1. Optical properties and energy levels of the two polymers.

Amax (film) Aonset (film) — Eg°P HOMO?*  LUMOQP

Polymers (nm) (nm) (&) (eV) (eV)
PBPD-p 616 682 1.82 539  -357
PBPD-m 508 662 1.87 550  -3.63

@ calculated using the cyclic voltammograms, ® deduced from HOMO level and E¢°"",

5



©CO~NOOOITA~AWNPE

The crystallinity of the two polymers was studied by X-ray diffraction measurement, as shown
in Figure 2a. The films of the PBPD-p and PBPD-m polymers showed obvious (100) diffraction
peaks at 26= 4.3° and 5.4°, derived from the alkyl chain packing with the d-spacing of 20.5 A and
16.3 A, respectively. Furthermore, both polymers exhibited weak but clear (010) diffraction peaks
at 26 = 24.0°, obtained from the r-x stacking with the ~ d-spacing of ~3.7 A. Compared with PBPD-
p, PBPD-m exhibited the stronger (100) diffraction peak and smaller d-spacing of alkyl chain packing,
indicating the enhanced crystallinity of PBPD-m. Additionally, the zn of PBPD-m (1.37 x 1073 cm?V
“1571 is higher than that of PBPD-p (1.21 x 1072 cm?V1s™1) as measured by the space-charge
limited current (SCLC) method (see Figure S3 and Table S1).

To investigate and compare the photovoltaic properties of PBPD-p and PBPD-m in nonfullerene
PSCs, we fabricated the devices with the inverted structure of ITO/ZnO/PFN/polymer: IT-
4F/MoOgs/Al and the active layers were spin-coated from CB solution. Firstly, we optimize the
donor/acceptor (D/A) weight ratios of the blend film. As shown in Figure S4 and Table S2, the
optimized D/A ratios were found to be 1:1 for PBPD-p and 1:1.5 for PBPD-m, respectively. The
PSCs based on PBPD-p:I1T-4F (1:1, w/w) showed the PCE of 5.83% with the Vo of 0.82 V, the Js
of 13.71 mAcm2 and the FF of 51.9%. Meanwhile, the devices based on PBPD-m:IT-4F (1:1.5, w/
w) show the high PCE of 10.39% with the high Voc of 0.89 V, theJs: of 18.13 mAcm?, and the
FF of 64.4%. To optimize the active layer morphology and improve the photovoltaic properties, we
selected the 1,8-diiodooctane (DIO) as the additive solvent. We optimized the DIO content (0.5%—
1%, v/v) at the optimal D/A conditions (see Figure S5 and Table S3). By adding the DIO, we
observed that the devices show increased Jsc and FF. It is clear that both polymers showed the best
performance when 0.75% DIO was added. Figure 2 shows the current—density voltage (J-V) curves
of the devices. Table 2 summarizes the corresponding photovoltaic parameters. The devices based
on PBPD-p:IT-4F blend film with 0.75% DI10O showed the PCE of 6.97% with the Vo of 0.81 V, the
Jsc of 15.97 mAcm™2, and the FF of 53.9%. Meanwhile, the devices based on PBPD-m:IT-4F

showed the higher PCE of 11.95% with the high Voc of 0.88 V, the Jsc of 19.76 mAcm 2, and the FF
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of 68.7%. The higher Vo, Jsc, and the FF of PBPD-m-based devices are consistent with its deeper
HOMO energy level and higher un. The high Jsc values of the devices can also be confirmed from
the external quantum efficiency (EQE) spectra as shown in Figure 2c. All devices display a broad

photoresponse in the range from 300 to 800 nm. For the polymers IT-4F-based devices, the

©CO~NOOOITA~AWNPE

maximum EQE values reached 64.2% for PBPD-p and 77.3% for PBPD-m. Moreover, the EQE
values of the PBPD-m: IT-4F devices are higher than those of the devices based on PBPD-p: IT-4F
in the range from 300 to 800 nm, matching well with its higher Jsc values. The integral Jsc calculated

from the EQE curves is consistent with the measured values from the J-V tests with the deviation of

less than 5%.
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Figure 2. (a) X-ray diffration patterns of PBPD-p and PBPD-m films casted from CB on Si

substrates. (b) the J-V curves; (c) EQE curves of the PSCs based on polymers:I1T-4F with 0.75%
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DIO additive under the illumination of AM 1.5G, 100 mW cm™.

Table 2 Photovoltaic performances of the PSCs based on polymer:I1T-4F with 0.75% DIO additive

under the illumination of AM1.5G (100 mW cm2).

0 400

500 600 700 800 900
Wavelength(nm)

Polvimer D/A Voc Jsc FF PCED

y (wiw) V) (MAcm™?) (%) (%)
PBPD-p 1:1 0.81 15.97 (15.41) 53.9 6.97 (6.93)
PBPD-m 1:1.5 0.88 19.76 (18.87) 68.7 11.95 (11.88)

a) Vvalues calculated from EQE in brackets. » average PCEs in brackets for 20 devices.

We synthesized batches of polymer donors PBPD-m with different molecular weights to

investigate the effect of the molecular weight on the performance of the device based on PBPD-m.
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We obtained that the polymer sample with the M, of 24.2 kDa and the PDI of 2.22 exhibits the PCE
of 11.5% with the Voc of 0.89 V, the Js of 19.21 mAcm2, and the FF of 67.3%. In contrast, we
observed that the polymer sample with the M, of 42.1 kDa and the PDI of 2.40 exhibits the PCE of
11.95% with the Voc of 0.88 V, the Jsc of 19.76 mAcm 2, and the FF of 68.7%. We obtained that the
polymer solar cells based on PBPD-m with different molecular weights show almost similar
photovoltaic parameters.

The hole and electron mobilities (ue) were measured to understand the influence of alkyl
substitution position on the device performance by using the SCLC method. As shown in Figure S3
and Table S1 (SI), for the blend films at the optimal conditions, the devices based on PBPD-m:IT-
4F showed the un of 5.63 x 107* cm?V st and the ue of 3.49 x 10~* cm?V1s™! compared with the
un 0f 3.04 x 10* cm?V1s7! and theue of 9.74 x 10° cm?VIs of PBPD+:IT-4F-based devices.
Therefore, the higher and more balanced mobilities of PBPD-m:IT-4F blend film is beneficial to
obtain higher Jsc and FF in the devices.

The influence of alkyl substitution position on the exciton dissociation and charge collection
process in PSCs was investigated by measuring the dependence of the photocurrent density (Jpn) Vs
effective voltage (Verr).>! For the devices based on polymers:IT-4F, all the photogenerated excitons
are dissociated into free carriers and collected by the electrodes when Jph reaches saturation (Jsat) at
large Vet Vet >2 V). The exciton dissociation probability (  P(E, T)) can be estimated using the
value of the Jpn/Jsat ratio. As shown in Figure 3a, under short-circuit conditions, the Jpn/Jsat ratios
were 86.8% for the PBPD-p and 92.8% for PBPD-m polymers at optimal conditions. The results
imply that the meta-position substitution of the alkyl chains in the phenyl-substituted BDT unit is
beneficial for efficient exciton dissociation and charge collection efficiency in this system,
corresponding to the increased Jsc. The dependence of Voc and Jpn under different light intensities
(Piight) was measured to investigate the charge recombination mechanism as shown in Figure 3b.
The slope of Voc vs log(Piight) can be used to estimate the degree of trap-assisted or bimolecular

recombination. In general, the trap-assisted recombination is dominant when the slope is equal to 2
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kT/g. Meanwhile, the slope of 1 kT/q suggests that the bimolecular recombination is dominant. In
this study, the devices based on polymers:IT-4F at the optimal conditions show slopes of 1.23 and
1.08 kT/q for the PBPD-p and PBPD-m polymers, respectively. This indicates that the bimolecular
recombination is dominant in the devices based on two polymers. The meta-position substitution of
the alkyl chains in this system could reduce the trap-assisted recombination and produce high Jsc.
Figure 3¢ shows the relationship between Jon and Piigh: (can be described by Joh o< (Piign)®), where S
represents the extent of the bimolecular recombination. The slope S-value close to 1 indicates weak
bimolecular recombination in the device.>® In this study, we found that the devices based on the
PBPD-p:1T-4F exhibit the S-value of 0.93 while the S-value of 0.98 was obtained for the devices
based on the PBPD-m:IT-4F, revealing that the meta-position substitution of alkyl chains could

effectively reduce bimolecular recombination.
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Figure 3. () Jon versus Vet characteristics, and dependence of Vo (b) and Jpn () on light intensity

for the PSCs based on polymers:IT-4F with 0.75% DIO additive.

We measured the photoluminescence (PL) spectra of the polymers, IT-4F, and related blends to
investigate a photo-induced electron transfer behavior between the polymers and IT-4F. As shown
in Figure 4, compared with the pure polymer, the fluorescence quenching efficiency of PBPD-m:IT-
4F blend film is 95.3% while that of the PBPD-p:IT-4F blend film is 87.6% under the same
conditions. Meanwhile, compared with the PL spectra of the pure IT-4F, the fluorescence
guenching efficiency of the blend film is 90.3% and 94.5% for PBPD-p and PBPD-m, respectively.

Higher fluorescence quenching efficiency of the device based on PBPD-m:IT-4F indicates effective
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photo-induced charge transfer between PBPD-m and IT-4F, which is consistent with the higher Js

and EQE values of the device.
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Figure 4. The PL spectra of the polymers and I1T-4F with the related blend films. (a) excited at 530
nm for PBPD-p and the related blend films, (b) excited at 530 nm for PBPD-m and the related blend
films, (c) excited at 690 nm for IT-4F and the related blend films.

We used atomic force microscopy (AFM) and transmission electron microscopy (TEM) to
study the surface and bulk morphology of the active layers. Figure 5 shows AFM and TEM images
based on the blend film with 0.75% DIO additive. For the AFM images, the root-mean-square
values are 4.96 and 1.53 nm for the blend films based on the PBPD-p and PBPD-m polymers,
respectively. This indicates the smoother surface and improved miscibility of the PBPD-m-IT-4F
blend films. For the TEM images, large domains are emerged in the PBPD-p:IT-4F film.
Meanwhile, the blend film based on the PBPD-m and IT-4F polymers shows obvious fibrillar
structure and nanoscale phase separation beneficial for charge separation and transport and

achieving higher Jsc and FF.
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Figure 5. The AFM and TEM images of the polymer:1T-4F blend films in the optimal conditions:

(@), (b) and (c) for PBPD-p:IT-4F, and (d), (e) and (f) for PBPD-m: IT-4F.

In conclusion, we designed and synthesized two WBG conjugated polymers (PBPD-p and
PBPD-m) based on phenyl-substituted BDT with different substitution positions of the alkyl side
chain and BDD units. The influence of the alkyl substitution position on the photovoltaic
performance of the polymers in PSCs was investigated. Compared with the PBPD-p polymer, the
PBPD-m polymer exhibited a deeper HOMO energy level, a tighter alkyl chain packing, and a
higher un. In combination with 1T-4F, the devices based on PBPD-m polymer showed the higher
PCE of 11.95% with the high Vo of 0.88 V, the Jsc of 19.76 mA cm™2, and the FF of 68.7%, while
the PBPD-p-based device showed a relatively weak photovoltaic performance. These results
suggest that it is a feasible and effective strategy to optimize photovoltaic properties of the WBG

polymers by changing the substitution position of alkyl side chain in nonfullerene PSCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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