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Abstract: To achieve the high PCE and simultaneously overctimee trade-off
between open circuit voltageVdc) and short-circuit current densitydsf), the
reasonable design of the donor material is stijr@at challenge in non-fullerene
polymer solar cells (PSCs). Herein, a pair of aswtnim 2D BDT-based wide band
gap polymers, named PBPTBz-1Cl and PBPTBz-2Clewsgely, were designed and
synthesized through simultaneously introducing Bbroksubstituted thiophene and
another alkoxylphenyl groups as side chains ontostime BDT unit. As expected,
the polymers PBPTBz-1Cl and PBPTBz-2Cl exhibit tteeper HOMO levels of
-5.32 and -5.41 eV, respectively, compared with H@MO value of -5.27 eV for
chlorine-free substituted polymer PBPTBz-0Cl. There, the PBPTBz-2Cl:IT-M
based PSCs exhibited a high&g of 0.99 V, with an enhancel. of 14.92 mA crif
and PCE of 7.18%. Th&/,, Jsc and PCE were simultaneously enhanced from
PBPTBz-0OCI:IT-M to PBPTBz-1CIl:IT-M, then to PBPTRLI:IT-M based PSCs
successively. These results demonstrate that thlieenge of the trade-off betwedfy.
and Jsccould be overcome through the asymmetric stratégireo chloro-substituted
thiophene and alkylphenyl groups as different sidains onto the same BDT unit.
Hence, considering the low cost of starting makerend convenient introduction of
chlorine atoms, the asymmetric chlorination of siee chain of BDT unit would be

the great potential for achieving the high-perfonceaPSCs.

keywords: Asymmetric chloro-substitution, side-chain engimegr low photon

energy loss, polymer solar cells,



1. Introduction

Polymer solar cells (PSCs) have drawn considerabdation because of the recent
great breakthrough, and the power conversion efimes (PCEs) have reached up to
14% in single-junction devices as a few new widedogap (WBG) donor polymers
and narrow band gap acceptor-donor-acceptor (A-Dtype small molecular
acceptors were gradually develog€dPSCs as a promising and potential renewable
energy technology possess many unique advantagesduding light-weight,
mechanical flexibility, large-area preparation thyouthe solution processifig>
However, it is still a great challenge in the miatlerdesign and device engineering,
and to further push the PCEs of PSCs toward indlisipplication with a simple
device structuré® !’ Lately, great progress in a series of narrow bayagp
non-fullerene acceptors has been achieved, sudi-45 and IT-4CIl, making the
photovoltaic performance exceed a PCE of 14% paiigid a wide band gap donor
material, and opening up a new window for P$CGs!® *® Meanwhile, it is well
known that the intrinsic properties, for instandke complementary absorption
spectra, the suitable energy levels and good nilisgibf the active layer comprised
of the donor and acceptor dominantly influencedbeice performance in PS&%#
Therefore, with regard to a specific narrow bangd geceptor material, the design of
the corresponding donor materials would be of giemtortance® Recently, great
efforts have focused on the development of the VdBGor polymers forming a good
absorption and suitable energy levels which carsbth® short-circuit current density

(Jsc) and achieve a high open circuit voltagd) when matched with the narrow
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band gap acceptor materiaf€® Donor-acceptor (D-A) type conjugated polymers
based on a two-dimensional (2D) benzodithiopheriT(Bmoiety have been widely
developed for design and synthesis of the donoeradd in PSCs, because the energy
levels can be readily modified through tuning tluymer backbone and side chain
substitution unit$’* The 2D-BDT based polymer could strengthen the
intermolecular n—r interactions through extending the effective ragiof n—n
conjugation, contributing to enhance light-harvegtability, exciton diffusion and
charge transporf? In addition, the highest occupied molecular otbitHHOMO)
level of those polymers could be decreased whewdating the phenyl type of
substitutions due to its high ionization potenéiatl low electron densities, which was
helpful to achieve high/,cin PSCs™ At the same time, introducing the halogen,
especially fluorine (F), was regarded as a quifecéf’e method to downshift the
HOMO level and obtain higN,. without sacrificing the light-harvesting abilitya
causing the evident steric hindrance used in th@od@and acceptor materials of
PSCs" 3% However, except fluorine, the other halogen, sashchlorine which
possesses strong electronegativity after the fheom the halogen family, has not
been widely explored in the field of PS€dt has been demonstrated that although
the electronegativity of F is stronger than CI, tligole moment of the
carbon-chlorine (C-Cl) bond is a little larger thearbon-fluorine (C-F), which could
contribute to modulate the ICT effect in comparisath F* In addition, the empty 3d
orbitals in chlorine endow their capability to agtkne pair electrons andelectrons

from the conjugated system, which would form thé&ermolecular non-covalent



interactions of CI-S and Cl-zn. Such delocalization is even more beneficial tustd
the energy level and ordered molecular stackindilins.®” *® Our recent results
demonstrated that the chloro-substitution of 44mmsiof conjugated thiophene as a
side chain of BDT core could efficiently decreake HOMO level without causing
the steric hindrance, and push thg to beyond 1.0 V with reasonable energy loss
(Es9 Of 0.63 e\P’ Eossis an important factor hindering the device perfance, and
the empirical threshold is believed to be arouril®/3 In order to overcome the
largeEyyssas far as possible, the acceptor with narrow bapdagd the donor with the
deeper HOMO level would be simultaneously and nealsly selected to fabricate the
bulk heterojunction (BHJ) PSC8.

Herein, inspired by our previous investigationsieéh novel asymmetric 2D-2D
BDT-based donor units with alkoxylphenyl and alkidphene/chloro-substituted
thiophene as the different side chain on the sab& Bnit were designed and
prepared, named PBPTBz-0CIl, PBPTBz-1Cl| and PBPTBz2spectively (Scheme
1), in which the advantages of those two kindsidé¢ €hains were anticipated to be
combined. The phenyl group has a high ionizatioremttal and low electron density
which can downshift the HOMO level keeping a higl, and the chlorinated thienyl
group could enhance the intermolecular non-covaigataction because of the empty
3d orbitals of chlorine, resulting in a good molecwstacking and charge transfer in
vertical directiort> ***3In order to obtain the better complementary atismrpof
these three WBG polymers, the small molecular gocdp-M with a narrow optical

band gap was selected to optimize the photovat@itormancé® As a result, among



the three polymers, thé,, Jscand PCEs were boosted as the increasing of thargmo
of chlorine atoms, in particular, the PSCs basedP&PTBz-2Cl:IT-M show a
maximumV, of 0.99 V with a simultaneously enhanckgdof 14.92 mA crif. This
non-fullerene device exhibits an excellent PCE.@B% with a very lowE;,ss Of 0.58
eV, which was below the typical threshold of 0.6*\n other words, the strategy of
simultaneous substitution of phenyl and chloro-fitlied thiophene into the same
BDT unit could simultaneously improve tNg; andJsc with improvedE,.ss Thus, the
strategy of asymmetric BDT building block seemsb& a promising method and

accelerate the development of the photovoltaic nadgéen PSCs.
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Scheme 1 The structures and synthetic route of monomers M2, M3 and polymers
PBPTBz-0Cl, PBPTBz-1Cl and PBPTBz-2ClI.

2. Results and discussion
2.1 Synthesis and characterization

The structure and synthetic routes of tiie M2, M3 molecules and polymers PBPTBz-0Cl,
PBPTBz-1Cl ad PBPTBz-2Cl are shown in Scheme 1. All produatsencharacterized
through'H NMR, *C NMR and high-resolution mass spectroscopy (HRMS8} key
intermediates monomer M1, M2 and M3 were synthéstheough Grignard reagent,
and then n-butyllithiumn-BuLi) with a high yield. The detailed syntheticopedure

is provided in the Supporting Information. PolyniRBPTBz-0Cl, PBPTBz-1Cl and
PBPTBz-2Cl were synthesized through Stille couplingaction catalyzed by
Tetrakis(triphenylphosphine)palladium (Pd(BRhin toluene with a yield of 64.55,
64.29 and 34.48%, respectively, as displayed inleTdb In order to remove the
remaining monomers, oligomers and catalytic impesijt soxhlet extraction was
conducted successively with methanol, acetone,h@xdne solvents. The structures
of the polymers were characterized’blyNMR spectroscopy. Polymers PBPTBz-0Cl,
PBPTBz-1Cl and PBPTBz-2Cl all exhibit good soluliliin chloroform,

chlorobenzene and o-dichlorobenzene, which is &erfor solution processing. The
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average molecular weight was measured via gel mgromechromatography (GPC)
using 1,2,4-trichlorobenzene as the eluent at teghperature (160 °C), as displayed
in Table 1, the corresponding,values were 44.93, 21.49 and 23.66 K Da with the
PDI of 1.33, 1.57 and 1.99 for PBPTBz-0Cl, PBPTE4-land PBPTBz-2Cl,
respectively. The thermal properties of the polyseBPTBz-0CIl, PBPTBz-1CI and
PBPTBz-2Cl were estimated through thermogravimedrialysis (TGA) in nitrogen
atmosphere shown in Figure S1 and the relevanitsesare summarized in Table 1.
The TGA results demonstrate that the decomposiiomperatureTy) with 5% weight
loss are determined to be 428, 412 and 426 for polymers PBPTBz-0CI,
PBPTBz-1Cl and PBPTBz-2Cl, respectively. Thé@gevzalues demonstrate that these

three polymers all possess good thermal staboityuture PSCs applications.

Table 1. The yield, molecular weights and thermal propsrtiethe donor polymers.

Polymer Yield (%) My (K Da) My, (K Da) PDI T4 (°C)
PBPTBz-0ClI 64.55 44.93 60.04 1.33 428
PBPTBz-1ClI 64.29 21.49 33.78 1.57 412
PBPTBz-2ClI 34.48 23.66 47.11 1.99 426

2.2. Theoretical calculations
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Figure 1. Optimized molecular backbone conformations ofypwrs using DFT calculations at
the B3LYP/6-31g*(d, p) level: top views and sidews, and the HOMO and LUMO electron
distributions based on two repeat units.

In order to gain deeper insight into the effectstlid side chain of phenyl and
chloro-substituted conjugated thiophene on the outde geometry and orbital
electron cloud density distribution, density funail theory (DFT) calculations with
a the B3LYP/6-31G* (d, p) level were carried outr fhe simulation shown in Figure
1, two repeating units were chosen, and a metlodmgrvas used to replace the alkyl
substituent to simplify the calculations. The chem@f the HOMO levels with the
phenyl and chloro-substituted thiophene side chaio one BDT unit with the
number of substituted chlorine atoms were studfedshown in Figure 1, for the
polymer PBPTBz-1Cl and PBPTBz-2Cl, The HOMO and lbeest unoccupied
molecular orbital (LUMO) levels were gradually deased with increasing the
chlorine atoms from one to two, compared to the/per PBPTBz-0CI. The orbital

distribution of those three polymers is similar &exe of the same backbone. The

calculated HOMO levels of the model of PBPTBz-O®BPTBz-1Cl and



PBPTBz-2Cl were -4.74, -4.83 and -4.86 eV, respelti It is noted that the HOMO
energy levels of PBPTBz-1Cl and PBPTBz-2Cl were90ahd 0.12 eV lower,
respectively, as compared with the HOMO level oPFBz-0CI, demonstrating that
the HOMO level is decreased by 0.09 eV throughothicing one chlorine atom.
Besides, the band gap of the three polymers wenesilthe same, revealing that the
planarity of the backbones did not change upon dhierination of conjugated
thiophene side chain of asymmetric BDT unit. Momgthe molecular polarity was
enhanced and the corresponding dipole mom&ntwas 1.56, 5.47 and 6.69 for
PBPTBz-0Cl, PBPTBz-1CIl and PBPTBz-2Cl, respectivedyealing that the dipole
moment of polymer is boosted through chlorinatioh side chain, which in
consequence contributes to the ICT and intermadecdipole-dipole effect. The
results from the present theoretical calculationdicate that the chlorination of
conjugated thiophene side chains of asymmetric BO® promising strategy to

decrease the HOMO level of donor materials.

2.3. Optical and electrochemical properties
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Figure 2. (a) Normalized absorption spectra of four polymerdiluted chlorobenzene (CB)

solution at 20°C; (b) normalized UWvis absorption spectra of thin films; (c) cyclic
voltammogram of the donor polymers; and (d) endeggls diagram of the corresponding donor
polymers and acceptor IT-M in this work.

The UV-vis absorption spectra of the polymers ifutdd chlorobenzene (CB)
solution (10° M) and in thin films at room temperature are diseld in Figure 2a and
2b, respectively, and the corresponding absorpli@ta are collected in Table 2. As
shown in Figure 2a, the polymers PBPTBz-0Cl, PBRIBtand PBPTBz-2Cl show
the relatively similar hump-shaped absorption csrffrem 400 to 650 nm with a
shoulder peak for each polymer. The maximum aborgteaks of PBPTBz-0Cl,
PBPTBz-1Cl and PBPTBz-2Cl are located at 541, 588 &33 nm with the
corresponding molar extinction coefficients of x38°, 1.26x16 and 1.19x10cm™*

L mol?, indicating that they all possess a strong ligimvhsting ability at the same
order of magnitude, respectively. Figure 2b displdne absorption in solid thin films,
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polymer PBPTBz-2Cl exhibits a redshift (5 nm) iretmaximum absorption from
solution to thin film, but PBPTBz-0Cl and PBPTBz{ldmost does not change. The
E" of PBPTBz-0CI, PBPTBz-1Cl and PBPTBz-2Cl are chitad to be 1.96, 1.97

and 1.98 eV according tB;"=1240A The HOMO energy levels are evaluated

onset
through electrochemical cyclic voltammetry (CV) ahmo in Figure 2c and the
corresponding energy diagrams is depicted in Figqde The HOMO and LUMO

level values are summarized in Table 2. The HOM&ll&alues of PBPTBz-0Cl,

PBPTBz-1Cl and PBPTBz-2ClI are -5.27, -5.32 and 1&W respectively.

PBPTBz-0Cl exhibits deeper HOMO than J52 (-5.21, eM)ich is attributed to the
relatively low electron densities and high ionimati potential of phenyl group
compared with thienyl groufy: ** The lower HOMO levels of PBPTBz-1Cl and
PBPTBz-2Cl are attributed to the synergistic effeftthe phenyl groups and
chloro-substituted thiophene into the BDT unitsjalhis beneficial to achieve a high

Voc in PSCS? The variation trend of HOMO level from CV resudtgrees well with

the DFT calculation.

Table 2.Physical, Electronic, and Optical Properties ef fronors Materials

Solution Film EF HOMO LUMO
ECV
Polymer °
1 -1 a b (eV)C
)”max (nm) ¢M cm) )"max (nm) )‘onset(nm) (eV) (eV) (ev)
PBPTBz-0CI 541,584 1.35 X 105 542, 588 631 1.96 -5.27 -3.56 1.71
PBPTBz-1ClI 539, 582 1.26 X ;|_o5 540, 584 629 1.97 -5.32 -3.55 1.77
PBPTBz-2ClI 532, 571 1.19 X ;|_o5 537,578 626 1.98 -5.41 -3.54 1.87

3 Absorption edge of the polymer films spin-coatednfréB solution? Calculated from the absorption edge of the
polymer films: E°"'= 1240/A¢4qe © Electrochemical bandgap obtained fropye — Exowo-
12



2.4. Temperature-dependent aggregation
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Figure 3. Temperature-dependent absorption spectra of thdiawd of (a) PBPTBz-0CI, (b)
PBPTBz-1Cl, (c) PBPTBz-2Cl in CB solution (10 ) and (d) the blueshift variation trend of
absorption edgek.qqe0f polymers with increasing temperature from 2016 °C.

In order to investigate the influence of the twlfedlent side chains of asymmetric
BDT units on the aggregation behaviors of polynieB®TBz-0Cl, PBPTBz-1Cl and
PBPTBz-2Cl, the temperature-dependent absorpti@asurements were conducted in
the temperature range from 20 to 110 °C as showrigare 3. All three polymers
exhibit distinct redshift as the temperature desgsaindicating a strong molecular
aggregation at room temperature. In addition, tlodyrpers PBPTBz-0Cl and
PBPTBz-1Cl exhibit the obvious shoulder at aboud & in the high temperature
regime (100-110 °C), however, the shoulder peakpalfymer PBPTBz-2Cl| has
disappeared at 90 °C, revealing that the chainspafmer PBPTBz-2Cl| are

completely disaggregated at high temperature of-11@M0 °C beneficial to the
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morphology controlling of the active layer. The tywolymers PBPTBz-0Cl and
PBPTBz-1Cl maintain their strongly aggregated baravat 20-110 °C which could
result in the severe phase separation. In additéen,shown in Figure 1d, the
absorption edge of PBPTBz-2Cl is very sensitivéhoincrease of temperature from
40 to 90 °C with the gradually disappeared shoulsesk, but PBPTBz-0Cl and
PBPTBz-1Cl exhibit the weaker response to the charigemperature. These results
demonstrate that the side chain of 3,4-dichlorcsstuted thiophene for PBPTBz-2Cl
provides a sufficient steric twist to allow PBPTBE! to fully disaggregate at high
temperatures but tend to more coplanar orientatpmn the cooling process, which is
consistent with the absorption spectra in solich tiim at room temperatur®.
However, the steric hindrance of the bare and droksubstituted thiophene for
PBPTBz-0Cl and PBPTBz-1Cl is not sufficient to axane the strong aggregation at

high temperature.

2.5. Photovoltaic properties

14
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against effective voltageV{x) curves of the polymer:IT-4M blends and (d) Shorcuit current
density (sc ) versus light intensity plots of the three polyrdevices.

The photovoltaic performance of the three polymeras evaluated with a
conventional architecture of ITO/PEDOT:PSS/polyiieM/PDINO/AI under the
illumination of AM 1.5 G (100 mW ci).*® Considering the complementary
absorption spectra, IT-M was selected as the aocepaterial. The optimum D/A
weight ratios were found to be 1:1. CB was useg@rasessing solvent without any
solvent additives and post treatment according uo previous researchi. The
optimum current density—voltagd-V) curves, external quantunffigiency (EQE)
curves, and the relevant photovoltaic results &played in Figure 4a-4b, and Table
3, respectively. PBPTBz-0CI:IT-M based device ekbiba PCE of 6.15%, with .
of 0.81 V, aJs. of 14.26 mA crif and a fill factor (FF) of 52.95%. As for deviceskd
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on PBPTBz-1CL:IT-M under the same condition, a RigPCE of 6.46% with an
enhanceds. of 14.78 mA cnf, an increasel,. of 0.87 V and a slightly decreased FF
of 50.20% were obtained. As anticipated from thevdst HOMO level of
PBPTBz-2Cl among the three polymers, the PBPTBzFP-®1 based device exhibits
a much higheW,: of 0.99 V. The PSCs based on PBPTBz-2Cl:IT-M eitibhigher
PCE of 7.18% with a quite loW,.ss Of 0.58 eV, and a further enhancéd of 14.86
mA cni? compared with PBPTBz-0C| and PBPTBz-1Cl. It iseubthat the PCES,.
and V.. are simultaneously enhanced for PBPTBz-0Cl, PBPIBEkz and
PBPTBz-2Cl based PSCs, respectively, which webaitei to the synergistic effect
from the side chains of phenyl group and 3,4-dicitsubstituted thiophene into
asymmetric BDT units. We believe that there id atppossibilities to further boost the
PCEs for PBPTBz-2Cl based PSCs. As shown in Figbrehe PBPTBz-2Cl based
device exhibits a broad, and stronger photoresptmae that of PBPTBz-0CI and
PBPTBz-1Cl in the range of 300-800 nm, which isriaed to the better
complementary absorption. In addition, the EQE e&tays above the line of 60-70%
in the range of 500-720 nm, contributing to achi¢lve high Jsc of the PSCs.
Furthermore, as displayed in Table 3, the integratarent densities from the EQE
spectra are 13.69, 14.71 and 14.86" wihs' for PBPTBz-0CI, PBPTBz-1Cl and
PBPTBz-2Cl based PSCs, respectively, which agrediswith the Jsc from theJ-V
measurements within a mismatch of 4%. The hole lityplais an important factor of
PSCs were also measured by the space-charge licuteent (SCLC) method. As
shown in Figure S2, the hole mobility was calculate be 1.4<10*, 1.6x10" and
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1.3x10* cn? v s* at the same order of magnitudes for the optimaP Fi&z-0Cl,

PBPTBz-1Cl and PBPTBz-2Cl based PSCs, respectively.

Table 3. Photovoltaic parameters of the PSCs based ommaoliT-M (1:1, wt/wt), under the
-2
illumination of AM 1.5G, 100 mW cm

Thickness Vo Jec I FF PCEnax uy’
Polymer
(nm) (V) (mAcm?  (mAcm? (%) (%) (cm?vts?y
PBPTBz-0CI 95 0.81 14.26 13.69 52.95 6.15 x.a0*
PBPTBz-1ClI 105 0.87 14.78 14.71 50.20 6.46 1.6%10
PBPTBz-2Cl 100 0.99 14.92 14.86 48.61 7.18 1.3%10

3TheJs, calculated from the EQE spectrutm, measured by the SCLC model.

To further explore the photocurrent behaviors ofe¢h devices based on
PBPTBz-0Cl, PBPTBz-1Cl and PBPTBz-2CI under theinogk conditions, the
exciton dissociation probability P (E,T) was cadrieut shown in Figure 4cy, is
defined as the difference between the light an#t darrent densities, and.¢ as the
difference of the applied voltage and the voltagéwhenJy;, is zero).Jyn saturates at
sufficiently high reverse voltage and tlgy/Jsa ratio (P (E,T)=Jp/Jsa) Can be
measured to account for the exciton dissociatioth emarge collection ability. As
displayed in Figure 4c, the calculated P (E,T) @ptimal PBPTBz-0CLIT-M,
PBPTBz-1Cl:IT-M and PBPTBz-2CI:IT-M based PSCs &®87, 0.98 and 0.98,
respectively, revealing that the P (E,T) of thee¢éhdevices are equally efficient, and
PBPTBz-1Cl:IT-M and PBPTBz-2CIl:IT-M device exhibidightly better exciton

dissociation and charge collection. Besides, tloegss of bimolecular recombination
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was investigated. Figure 4d exhibits the lineaatreh between logJ{) and incident
light power logPiignt) described b)ﬂscoc(P"ght)S, the slope (S) suggests the extent of
the bimolecular recombination and the recombinattoweak and negligible in the
device when the value of the slope is close to 4.dfsplayed in Figure 4d, the
relatively high S values were calculated to be 0.0®1 and 0.92 for optimal
PBPTBz-0CI:IT-M, PBPTBz-1CIl:IT-M and PBPTBz-2Cl:NIF based PSCs,
respectively, demonstrating the bimolecular recovation is distinctly suppressed in

the corresponding devices which contributes toeacha higheds..

2.6. Blended film morphology

100 nm

Figure 5. Tapping mode AFM height images (5 x 5 um) of bldits (polymer:IT-M, 1 : 1,

wt/wt), (2) PBPTBz-0CI:IT-M, (b) PBPTBz-1CI:IT-M ah(c) PBPTBz-2CI:IT-M; TEM images of
polymer:IT-M blend films (polymer:IT-M, 1 : 1, wt/wt (d) PBPTBz-OCLIT-M, (e)

PBPTBz-1CI:IT-M and (f) PBPTBz-2CL:IT-M.

It is well known that the surface and the bulk nilpgy of the active layers plays

a significant role for the photovoltaic performanddus, atomic force microscopy
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(AFM) and transmission electron microscopy (TEM) reveadopted to further
investigate the surface and the bulk morphologyhm corresponding devices. As
shown in Figure 5a-c, the three blends exhibit dmasurfaces with the small
root-mean-square (RMS) roughness of 0.70, 0.74 GaB8 nm, respectively. The
smooth surface of the active layer is beneficiahthieve a better contact behavior
between the hole or electron transport layers amel tivo electrodes, which
contributes to boost the photovoltaic performamcehe TEM images (Figure 5d-5e),
the overlarge dark regions were observed for PBRPOBZT-M blend and the scales
of phase separation were too small for PBPTBz-I@#Iblend. However, the blend
film of PBPTBz-2CIl:IT-M exhibits a uniform fibrillaand interpenetrating network
structure with a suitable scale (Figure 5f), whocmtributes to achieve better exciton

dissociation and charge transport, resulting irgadr Jsc.

2.7. GIWAXS
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Figure 6. (a), (b) and (c) Two-dimensional GIWAXS patterdsP8PTBz-0Cl, PBPTBz-1Cl and
PBPTBz-2Cl blend films with IT-M. (d) The out-ofgih and (e) In-plain line-cut profiles of
GIWAX patterns for the three optimized blends.

In order to further explore the molecular packingd amicrostructure of the
corresponding blends, grazing incidence wide-aXgtay scattering (GIWAXS) was
carried out. As displayed in Figure 6, similar GIYW8. patterns and the obvious (010)
diffraction peaks in the out-of-plane (OOP) directiom@bserved for the three blends,
suggesting that the existence of face-on orientedstacking in blends, which could
contribute to the charge transport. As shown irufggd, the (010) diffraction peaks
in the OOP direction located @&= 1.71, 1.71 and 1.70°A corresponding to the-=
stacking distances are 3.67, 3.67 and 3.69 A foPTH&-0CI, PBPTBz-1Cl and
PBPTBz-2Cl based blend films, respectively. In &ddi the lamellar distances were
calculated to be 19.69, 19.36 and 19.36 A for PBRUBI, PBPTBz-1Cl and
PBPTBz-2Cl based blends according to the (100)adiffion peaks in the Figure 6e,

20



respectively. The results above demonstrate tleatthltiple-substitution of the larger
chlorine atoms has no distinct impact on the stacking distance, which could be

attributed to the strong intermolecular non-covaleteractions of CI-S and Cl--x.

3. Conclusions

In summary, two asymmetric chloro-substituted 2D THiased wide band gap
polymers, named PBPTBz-1Cl and PBPTBz-2Cl, respelgti were designed and
prepared through simultaneously introducing theoxkphenyl groups and the
chloro-substituted thiophene as the two differadé €hains onto the same BDT unit.
On the one hand, the introduction of the chloritems could enhance the ICT effect
due to the large dipole moment of C-Cl bond whifeciently downshift the HOMO
energy level of the donor polymers. On the otherdhahe introduction of the phenyl
group could lower the HOMO level because of thenhanization potential and low
electron density. As a result, the polymers PBPIBtand PBPTBz-2Cl exhibit the
deeper HOMO levels of -5.32 and -5.41 eV, respebtivvompared with the HOMO
value of -5.27 eV for chlorine-free substituted ymoér PBPTBz-0CI. Therefore, a
high V¢ of 0.99 V was achieved for the PBPTBz-2CI| base@$8hen matched with
a small molecular acceptor IT-M. This device exteia much higher PCE of 7.18%
with a further enhancedl. of 14.92 mA cnf compared to other two polymer based
devices. It's noted that the asymmetric designhddro-substituted thiophene and the
alkySlphenyl group onto the same BDT unit coulddtaneously enhance th&,
PCE andJs, indicating the great challenge of the trade-atweenV,. and Jschas
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been overcome using the above method, which woeldrb efficient way for next

high-performance polymer solar cell investigation.
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