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Abstract

Structural modification of benzdfl,2,5-thiadiazole (BT) has been proved to be the
prominent way to fine-tune the frontier energy levand the intermolecular and
intramolecular interactions in organic conjugateatenals. In this study, a new acceptor
unit, alkyl benzof][1,2,5]thiadiazole-5-carboxylate (BT-Est), was igesed and
synthesized by drafting mono alkoxy-carboxylatessient on 5-position of BT core. Its
compatibility in the conjugated system was investtg by co-polymerizing BT-Est with
well-known benzo[l,5:4,5b'|dithiophene monomers containing either 2-(2-
ethylhexylthienyl or 2-((2-ethylhexyl)thio)thienyide chains to form two new polymers,
P1 and P2, respectively The BT-Estyielded polymers with good solubilityjnedium
bandgap (~1.71 eV), and deep highest occupied mlaleorbital energy levels (-5.48 to
-5.54 eV). Among the polymer®1 exhibited broader absorption, compact molecular
packing, high charge carrier mobility, and effeetie@xciton dissociation, despite of the
torsion angle caused by the free rotation of thebaeylate group in the polymer
backbone. Consequently, the best power-conversimneacy of 6.9%, with alsc of 14.6
mA cm 2, Voc of 0.9 V, and FF of 52.5% were obtained Rit-based devices with the
well-known non-fullerene acceptor ITICWVe systematically expounded the structure-
property relationship of the BT-Est polymers usidiyerse characterization methodSur
results demonstrated that the mono carboxylatetituiosn on the BT core can be used as
the alternate strategy to modulate the optoelergroperties and control the
aggregation in the conjugated polymers. Thus, BiTHas the potential to produce new
donor—acceptor conjugated polymers and small mbdsector application in organic

electronics.



Introduction

Benzof]-1,2,5-thiadiazole (BT) [1-4] and its heteroannath modifications like
benzobisthiadiazole (BBT), [5-7] naphthobisthiadiaz (NTz2), [8-11]
dithieno[3',2":3,4;2",3":5,6]benzo[1¢2F,2,5]thiadiazole (fDTBT) [12-14] have emerged as
prominent electron-deficient acceptor cores fortlsgsizing donor—acceptor (D—A) polymers
and small molecules for application in organic gtmucs. The chemical structure of BT has a
strong electron-withdrawing 1,2,5-thiadiazole catéached to a benzene ring, allowing easy
electron delocalization vie-benzoquinoidal nature, and thus lowering the endéandgap and
favoring ordered intermolecular packing. [15] Thptaelectronic properties (energy levels,
bandgap, etc.) of BT-based polymers can be easigd via functionalization of a 5,6-positions
of the BT with either electron-deficient [1-2,16}28r -donating [26-29] functional groups.
Usually, introduction of an electron-deficient hetgtom on BT lowers the frontier energy
levels and influences the intramolecular and intdetcular interactions in the D—A polymers,
thereby promoting effective charge transport. A28-22] Particularly, the incorporation of an
fluorine or chlorine atoms on BT unit has attracsgghificant attention in recent years since it
yields deep highest occupied molecular orbitals M), large dipole moments, good
photostability, and impressive performances of thgultant polymers in polymer solar cells
(PSCs).[4,16,18-20,23-25] Despite the high powenveosion efficiencies (PCEs) obtained
using these halogenated BT derivatives, their higigegation tendencies, limited solubility and
the use of hazardous halogenating reagents hihnderuse as the active layer material in large-

area roll-to-roll applications, where large quaesit of raw materials required. [4,20,30]
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Therefore, it has become necessary to look forrrateve techniques to overcome these

drawbacks.

Nowadays, conjugated polymers having electron wétwihg carboxylate or ester (—
COOR) substituents have demonstrated an imprephiotvoltaic result over 10 %, indicating
their promising potential for application in PSQ81-36] These reports emphasize that the
insertion of ester groups onto the conjugated pelybackbone have various advantages such as
(1) easy tuning of solubility through alkyl chairodifications; (2) lower HOMO energy levels
due to the higher electron-withdrawing ability; @)hanced planarity and crystallinity due to
non-covalent interchain interactions; (4) good #tgbunder continuous light illumination
conditions. [31-36]. However, there are only liditgtudies which emphasizes the detailed opto-
electronic properties of the carboxylate substid polymers have been reported. This is due
to the free rotation of the carboxylate group, Whican negatively affect absorption and
molecular packing in the conjugated backbone. B&gdently, controlling number of substituents
on the acceptor units is considered as one of fieetwe methods to overcome the planarity
issues arising from insertion of the substituents whe larger size. [17-20,38] For instance, Hu
et al. substituted different number of chlorine)(&om on BT core with an aim of fine tuning
energy levels and aggregation in the resulted petgni18] Interestingly, the authors observed
superior PCE of 8.21% for mono-Cl substituted paym.e. PCBT4T-20D, which is
approximately 34% higher than two-Cl counterpa@EPof 6.12%). This enhancement of PCE
is stemmed in from increase in short-circuit curréensity Jsc) and fill factor (FF), which was
ascribed mainly due to the favorable molecularrdagon, larger crystallite sizes and superior
morphology showed by PCBT4T-20D:RB8M blends. In another case, He and co-workers

achieved impressive PCEs up to 9.11% with sameptmcalespite of large torsion angle in the



backbone induced from the inserting Cl atom. [1¥elvise, Zhang et al. synthesized mono-
chlorinated quinoxaline-based copolymer (CI-PBT@Bsed on the similar principle, which

showed PCE of 8.16%. [20] These results clearlygesgthat the higher performance can be
achieved even with polymers having non-planar ogeted backbone, unless insertion of

substituents with the larger size is not negatiafgcting molecular packing in blend films.

In this report, we synthesized the new acceptor t umamely
benzof][1,2,5]thiadiazole-5-carboxylate (BT-Est) by inporating mono carboxylate
group at the 5-position of dithienyl-flanked BT epmwith a goal of achieving lower
HOMO energy levels and easy tuning of solubilitytiie resulted polymers (Scheme 1).
To check the compatibility of BT-Est, theoreticalaulations were first performed using
density functional theory (DFT) at the B3LYP/6-31@) level from the program
Gaussian 09. The detailed comparison of the op@ichinolecular geometries, direction
and magnitude of the dipole moment and HOMO andekiwunoccupied molecular
orbital (LUMO) levels of newly synthesized BT-Eshda previously reported BT
derivatives such as 5-fluorobengpl,2,5]thiadiazole (BT-F), and 5-
chlorobenzaof][1,2,5]thiadiazole (BT-Cl) are shown in Figure 1nda Table S1.
Interestingly, BT-Est showed not only deeper HOM@ & UMO levels, but also higher
dipole moment than BT, BT-F, and BT-Cl (Figure lbdac). This indicates that
carboxylate substitution yields a stronger acceptot than either F or Cl substitution.
Moreover, higher dipole moments can further aidtastembly and charge separation in
PSCs. [39-41] Notably, all BT derivatives exhibitstmilar electronic distributions

(Figure 1d), signifying that carboxylate functiozation has a minor effect on molecular



orbital distributions. Therefore, BT-Est acceptaitican be utilized for synthesizing D—-A

copolymers having low-lying frontier energy levalsd good solubility.
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Figure 1. Examples of chemical modification of the 2,1,3-bathiadiazole (BT) system at the 5-
position: (a) chemical structures; (b) directiondamagnitude of the dipole moment; (c)
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theoretical HOMO and LUMO energy levels; and (datsgd LUMO distributions (all data

obtained using Gaussian 09 at the B3LYP/6-31G*l)eve

Herein, we report the synthesis of BT-Est via moadioxylation of BT. To
explore the compatibility of this acceptor in caggtied systems, we polymerized BT-Est
with two well-known benzodithiophene donor monomers 2-
ethylhexylthienylbenzodithiophene and 2-ethylhexgthienylbenzodithiophene to
obtain two novel medium bandgap polymers, poly-{2-hexyldecyl 7-458¢bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,B84,5+']dithiophen-2-yl)thiophen-2-yl)-4-(thiophen-
2-yl)benzof][1,2,5]thiadiazole-5-carboxylate} Pl) and poly-{2-decyltetradecyl 7-(5-
(4,8-bis(5-((2-ethylhexyl)thio)thiophen-2-yl)bend¢2-b:4,5-']dithiophen-2-yl)thiophen-
2-yl)-4-(thiophen-2-yl)benza@][1,2,5]thiadiazole-5-carboxylateP@). We systematically
evaluated the structure-property relationship betweew acceptor in conjugated system
in detail by analysing and comparing DFT calculasgiooptical- electrochemical analysis,
molecular ordering, and nanoscale film morphologiethe resultant D—A polymers as

below.

2. Results and Discussion

The syntheses of the BT-Est monomers and the pod/ere shown in detail in
Scheme 1. The key electron-deficient intermedi&e[42] and the benzodithiophene
(BDT) monomers I3 and M4) [43-44] were synthesized according to previously
reported procedures. On the other hand, comp@umas prepared via cyclo-addition

between2 and methyl propiolate in toluene at 110 °C fori3@ hen, the bromination of



compound3 usingN-bromosuccinimide (NBS) afforded compoufidvhich was directly

converted to its acidic intermediat®) (via hydrolysis. Next, intermediate was reacted
with different alkyl
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Scheme 1. Synthesis routes for BT-Est acceptor and polymdis: thionyl aniline,

chlorotrimethyl silane, pyridine, RT, 3 h (90%)i) (methyl propiolate, toluene, reflux, 36 h
(70%); (ii) NBS, THF, RT, 16 h (64%); (iv) LIOH, BOH-THF (1:1), reflux, 16 h (74%); (v)
alcohol, DCC, DMAP, RT, 24 h (80-85%); (vi) #dba}, tris(o-tolyl)phosphine, chlorobenzene,

microwave (74-77%).

alcohols, usingN,N'-dicyclohexylcarbodiimide (DCC) andi-dimethylaminopyridine
(DMAP) to produce theespective alkylated target monoménd andM2 with yields
over 80%. Thus, BT-Est minimized the use of hazasdbalogenated reagents and
allowed direct tuning of the solubility by modifygnalkyl side chains than halogenated
BT derivatives. Finally, the polymerB1l and P2 were obtained by a typical Stille
coupling reaction between corresponding the monsrit + M3 and M2 + M4,
respectively, under microwave conditions. The dedasynthesis procedures are given in
ESIt. The new copolymers showed good solubilitggmmon organic solvents used for
PSCs device fabrication, such as chloroform, tad@md chlorobenzene (CB). Initially,
P2 having 2-hexyldecyl side chains on the BT-Est ssagthesized, since it is well known
that the variation of alkyl side chain length andsigon affect the optoelectronic
properties, crystallinity, and PSC performances donjugated polymers. [27,45]
However, because of its poor solubility, a longttylachain (2-decyltetradecyl) was
introduced. The number-averaged molecular weigktg 6f P1 andP2 were 61.9 and
45.6 kDa, respectively, and their polydispersitylices (PDIs) were 1.79 and 2.13,
respectively; estimated using gel-permeation chtography (GPC) against polystyrene
standards. BothP1l and P2 displayed good thermal stability, with decompasiti

temperaturesTy) above 330 °C (at 5% weight loss) at a heating cét10 °C/min; the



values of Ty were evaluated by thermogravimetric analysis (TGA) a nitrogen
atmosphere (Table 1 and Figure S1, ESIt).

The UV-vis spectra of the polymers are shown inufFéd2, and the related optical data
are summarized in Table 1. The BT-Est polymers ldygn typical dual absorption
bands, with the main absorption region ranging fia®0 to 700 nm, complementary to
non-fullerene  acceptor  3,9-bis(2-methylene-(3-dicdranomethylene)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2}3',3'-d']-s-indaceno[1,2:5,6-
b’ldithiophene (ITIC); which would allow them to hast more photons in PSCs. The
first band around 300—400 nm in Figure 2a and lagseribed to the localizeg—r*
transitions in the conjugate backbone, while theosd band corresponds to the
intramolecular charge transfer from a donor BDTt uni the BT-Est acceptor. [46]
Compared to solutions, the absorption spectraPbfand P2 in the thin-film state

displayed ~20—40 nm red shifts, attributed to the
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Figure 2. Absorption spectra in (a) a chloroform (CF) sauatand (b) the thin-film state,

(c) cyclic voltammograms, and (d) energy levelshaf BT-Est polymers.
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Table 1 Thermal, optical, and electrochemical propertiehefBT—Est polymers.

Thermal ) ) Electrochemical
Optical properties .
property properties
Polymer M, [kDa)/
PDI?
/1max lmax }uonset opt
b ¢ (109 Eq HOMO LUMO
Td[ C] [nm]' [ -1 —1]C [nm]’ [nm]’ [ev]d [ev] [ev]e
solution thin film  thin film
P1 61.9/1.79 383 592 4.24 614 744 1.67 -5.48 -3.81
P2 45.6/2.13 334 581 3.40 596 724 1.71 -5.54 -3.83

*Number-averaged molecular weight determined by GPC.
PDecomposition temperatur&4 was determined by TGA (with 5% weight loss).
“The molar extinction coefficient of polymers at @@ in CF solution.

dEstimated values from the UV-vis absorption edgehefthin film €,°" = 1240Aonse: €V).

enhanced planarity and interchawr stacking of polymers. [22,29] MoreoveR1
exhibited an absorption spectrum that is ~20 nnewilan that oP2 due to thestronger
interchain interaction introduced by tBaorter alkyl side chains in the polymer backbone.
[47] However, there was no prominent vibrionic peais observed in either of the
polymers in the thin-film state. This indicatingaththe carboxylate group on BT has
negative effect on the polymer packing in the setate. Using the Beer—Lambert latv (

= ¢bc), the molar absorptivity coefficients)(of P1 andP2 were calculated to be 42485
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and 34058 M' cm %, respectively (Figure 2a). The highevalues ofP1 would assist in
light harvesting, thus boosting tlec in PSCs. The optical bandgapsRif andP2 were
determined from their absorption onsets were faornok 1.67 and 1.71 eV, respectively.

The frontier energy levels of the polymers werénasted by cyclic voltammetry (CV)
(Figure 2c and d). The HOMO energy levelsPdfandP2 were determined to be —-5.48
and —-5.54 eV, respectively, from their onset oxidatipatential E,x) by using the
equation HOMO =(Eyx + 4.8) (eV). [48] The corresponding LUMO levelsre&dound
to be —3.81 and3.83 eV by subtracting HOMO from tloptical bandgap of polymers in
the thin-film state E,°”), i.e., LUMO =E,*'— HOMO. Thus, both HOMO and LUMO
energy levels in the conjugated backbone were tefdg lowered due to the increased
electron affinity of the BT-Est. At the same tintke frontier energy levels d&?2 were
further lowered compared ®©1. This change is ascribed to the combined effect@)pf
the steric factor, ascribed to the higher-branclkldin hindering planarization and
compactt-stacking in the polymer backbone [27, 47] andtkie) electronic factor, arising
from the thioalkyl side chains acting aselectron acceptors and reducing the electron-
donating ability of the BDT unit. [49-50] As the @p-circuit voltage Voc) in PSC is
directly proportional to the energy offset betwdabka polymer donor's HOMO and the
polymer acceptor’'s LUMO, both polymers could yidlidher Voc in the corresponding
PSCs owing to their lower HOMO energy levels.

Theoretical calculations for the structuresPdfandP2 were performed using DFT to
further understand the impact of the new BT-Esteptmr on the molecular orientation

and energy levels of the polymers (Figure 3). Topdify the computation, alkyl chains
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were minimized to methyl chains, and calculatioasdul
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Figure. 3. Optimized geometries, isodensity surface plotsygylevels and map of electrostatic

potential (ESP) surfaces of dimer model moleculeg&pP1 and (b)P2 polymers, calculated

using the Gaussian 09 package at the B3LYP/6—-3&G |

performed. Notably, in Figure 3, no steric hindmam@as observed between the BDT units

and the adjacent thiophene for both polymers (thedital angleg;, was found to be 2.2°

and 0.7°, respectively, f&#1 andP2). In contrast, a prominent dihedral andlg,of ~48°

was observed between the BT-Est unit and the adljdlci®phene (next to the carboxylate
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substitution), which resulted from the steric effet the carboxylate group on the BT
unit. The dihedral angles between tR& and P(BT2Est-BDT) structures were also
estimated to understand the effect of the numberadboxylate substituents on the BT
units (Figure S2, ESIt). Thus, limiting one carblexy substituent on BT significantly
reduced the steric repulsion between BDT and thgmcadt thiophene unit when
compared to their BT-2Est counterparts € 2.2° and 48.2°, respectively, féxl and
P(BT2Est-BDT)). In bothP1 and P2, the HOMO energy levels were delocalized over
BDT and the adjacent thiophene, while the LUMO ggdevels were concentrated on
the BT-Est acceptor. These HOMO-LUMO energy levehds are in good agreement
with experimental CV results, as shown in TableThe electrostatic potential (ESP)
surface images of the both the polymers demonsdtratentical potential along the
backbone, expect strong electron withdrawing caylad® group on the BT-Est core
which has a positive potential (highlighted in édtiine). This suggesting BT-Est has a
strong accepting nature. Consequently, the DFTIteesudicate that well-defined D-A
type structures were formed in the conjugated baw&pbwhich could facilitate effective
n-electron delocalization for intramolecular chatgesfer.

To evaluate the effect of the new BT-Est acceptordhe photovoltaic performances
of the polymers, PSCs with an inverted configuragimdium—tin oxide (ITO)/zinc oxide
(ZnO)/active layer/Mo@AQ) were fabricated. The non-fullerene acceptdClWwas used
as the acceptor unit to test the efficiency ofgbg/mers for the following reasons. First,
the energy levels of both polymers are better metchith ITIC than with PGBM,
which can yield efficient charge separation in PS8scond, ITIC exhibits absorption

that is complementary to that BfL. andP2, which would boosfsc by utilizing the broad
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absorption spectrum. Therefore, BT-Est based poignaee expected to show good

compatibility with the ITIC acceptor. At the beging of the evaluation, the blend ratio

of the polymer—ITIC system, spin-coating speedyesati additive, and other parameters

were optimized to maximize the efficiency. Figuresdow the current-density versus

voltage §—V) and external quantum efficiency (EQE) plots & tptimized devices, and

the corresponding photovoltaic results are sumradrin Table 2. The polymeR1 and

P2 exhibited PCEs 05.8% and 5.3%, respectively with optimized actiagelr blend ratio

of 1:1 in CB and 0.5 vol% 1,8-diiodooctane (DIQ)id evident that the strong electron-

Table 2 Photovoltaic performance of polymer—ITIC (1:1) abes processed in CB with 0.5

vol% DIO under AM 1.5G illumination at 100 mW &

Annealin
Polymer temperatu?e Voc [V]* Jsc [MA cm™2 FF [%] @ P[;)I]Ea \L/lgl[z_f? zb
[°C]
- 0.92 0.90 + 0.02) 13.3(3.1+0.2) 47.2(47.8:0.7) 5.8 (5.6)
90 0.90 0.88 + 0.02) 14.5(@14.2+0.3) 48.9@8.1+0.8) 6.4(6.2)
P1 110 0.90 0.90) 14.6 14.5+0.1) 52.561.9+0.6) 6.9(6.7) 5.99 x 10°
130 0.90(0.89£0.01  144@4.3+0.1) 51.962.4+0.3) 6.7 (6.6)
150 0.900.88 + 0.02) 14.3(4.5+0.3) 50.661.1+0.4) 6.5 (6.4)
- 0.98 0.98) 10.5 (10.1 + 0.4) 51.4 60.8 +0.6) 5.3 (5.0)
o 90 0.960.95+001) 11.2009+03) 529622+07) 5764 __
110 0.960.95 + 0.01) 12.1(1.4+0.7) 53.163.0+0.1) 6.2(5.9)
130 0.800.80 + 0.02) 10.5(10.2+0.3) 49.6 49.4+0.2) 4.2 (4.1)

Device architecture: ITO/ZnO/active layer/Mg@ag.

®The average PCE in parentheses was obtained frafifdependent devices.

® The hole-only device had the configuration ITO/REDPSS/active layer/MospAu.
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Figure 4. J-V curves of devices with inverted configurations lobea (a)P1-ITIC (1:1), (b)
P2-ITIC (1:1) prepared with different annealing temgiares and processed in a solution of CB

and 0.5 vol% DIO. and, (c) corresponding EQE pesfibf the best devices.

withdrawing ability of the BT-Est acceptor enablaath polymers to exhibit highlioc in

the range of 0.92-0.98 V. MeanwhilBl showed a highlsc because of broad UV
absorption and higher absorptivity. In terms of P&@ineering, method like thermal
annealing have proved to enhance PSC efficiencyinipyoving the nanoscale bulk

heterojunction (BHJ) morphology. [51-53] Thus, waptoyed the same technique to
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further improve the PCEs of our polymers. Notalihe PCEs of the polymers were
substantially enhanced as the thermal annealingpdeature was increased to 10,
while temperatures above 130 had a negative effect (Figure 4a and b; Tahldig¢P1
devices thermally annealed at Tfor 10 min exhibited the best PCE of 6.9%, wath
significantly higherJsc of 14.6 mA cm?, fill factor (FF) of 52.5%, and a slightly lower
Voc of 0.9 V (average PCE was 6.7% for over 10 deyicEse Likewise, the PCE of the
P2 devices was also improved from 5.3% to 6.2%: € 12.44 mA cri, FF = 53.1%,
andVoc = 0.96 V) after thermal annealing. Details of tptimization of the polymers are
provided in Figure S3, S4 (ESIt) and Table S2,(531{). The improvement in the PCEs
was primarily due to improvedsc and FF, which indicate thermal annealing bendfi¢s
optimal phase-separated BHJ morphology and effecativarge transport between the
active layer and the electrode. [51] Furthermohe, oc of the P2 devices decreased
dramatically to 0.80V after thermal annealing ab 8. These results were attributed to
the poor thermal stability and intramolecutar stacking ofP2 introduced by 2-decyl
tetradecyl alkyl chains in polymer backbone (cansken clearly in TGA and XRD
images), which also negatively affected morpholaigstability P2ITIC blend films in
PSCs.

The EQE profiles of the best PSCs were compareohderstand thdsc variations in
P1 and P2 (Figure 4c). The calculated current from the EQHEveuwas in good
agreement (within 5% error) with the valueJgt obtained froml-V measurements. The
P1-ITIC device showed a broad spectral response, abdorption in the 400-750 nm
range and maximum EQE reaching 65% at 675 nm, fgiggi that the complementary

absorption of bothP1 and ITIC facilitated effective light harvestingn tontrast, thé2—
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ITIC device displayed a much poorer EQE respons the entire spectrum, indicating
poor photocurrent generation. [15] These resuksveell-matched with the absorbance
spectra and the absorption coefficients of the rpehs.

As high and balanced charge-carrier mobility wétermine the PCE of the PSCs, we
estimated the hole mobility (uand electron mobility () of the polymer—ITIC blend
films using the space-charge-limited current (SClofythod. Hole-only and electron-
only devices were fabricated under optimal devadaritation conditions to estimate the
charge-carrier mobilities; the corresponding dewittactures and their results are listed in
Figure S5 (ESIt). The hole and electron mobilitiefues were found to be 5.99 x710
and 7.73 x 10 cn? V1 s (up / pe = 0.77) forP1 and 3.74 x 10 and 7.42 x 10 cnt
V7t s?t (un / pe = 0.50) forP2 TheP1 showed a slightly higher hole mobility th&?2,
possibly because of its higher molecular weight simarter alkyl chains, which favoured
effective intermolecular interaction in the polynierckbone. [54] As reported in previous
works, high charge mobility can minimize chargeembination, thereby boosting the
current densities and performances of the photamotlevices. [55] Thus, owing to its
broader EQE, higher and more balance balanced ehaapility, PSCs employin®1
exhibited highedsc and PCE.

To gain a clear understanding of the molecular rimgan the BT-Est based polymers,
X-ray diffraction (XRD) of the pristine polymers we measured. Figure 5a and b
represent the related out-of-plane (OOP) and ingl@dP) profiles, respectively of the
BT-Est polymers. The XRD patterns of the neat payfiims exhibit prominent lamellar
(100) peaks in both OOP and IP directions, withresponding d-spacings of 21.32 and

22.18 A, respectively, foP1 and 23.11 and 26.59 A, respectively, R2. They also
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exhibit (010) peaks along the OOP direction @t=223.81 and 25.57°, which correspond
to n—n stacking distances of 3.73 and 3.77 A, respegtiier P1 andP2. These results
suggest the coexistence of edge-on and face-omallitgs in both pristind?1 and P2
films. Moreover, when compared R2, P1 displayed shorter distances in both the OOP
and IP directions because of its shorter alkyl mhiabeveral studies already emphasized
that the shortert—t stacking distance between polymers will facilisatdharge transport
by decreasing the energy barrier for charge hoppib§] Thus, P1 exhibited higher
crystallinity, which could facilitate effectiver-electron transport and charge-carrier
mobility. [16,29] These results are in good agreetmeith the high charge-carrier

mobility andJsc values observed for tH&l-ITIC blend films.

(a) (b)
——P1, CB+DIO ——P1, CB+DIO
——P2, CB+DIO —— P2, CB+DIO
414°,21.32 A g
. i 2 3.98° 22.18 A
i 3.82°,23.11A 23.81°, 3.73 A 2 3.32°,26.59 A
g 3.57°,3.77 A £

é 1I0 1‘5 2I0 2I5 3I0 35 é 1I0 1I5 2IO 2|5 3I0 35
2 theta (deg) 2 theta (deg)
Figure 5. (a) Out-of-plane and (b) in-plane profiles of tkRD patterns obtained from pristine

polymersP1landP2

Finally, the BHJ morphology, charge transfer, arditen-dissociation behavior of the
polymer—ITIC blends were studied using atomic foramicroscopy (AFM) and
photoluminescence (PL) spectra to examine the@ceffon the variation of the photocurrent in

the polymers (Figure 6). It is well known that acgmth BHJ morphology combined with a
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homogeneous intermixed blend will lead to a lalgeA interface area, thus facilitating efficient
exciton dissociation and transport. [16,55] In &M height images, the blend films of both
polymers showed nearly flat and smooth morpholdgy, there was aggregation of distinct

polymer and ITIC phases -

P1-ITIC P2-ITIC
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Figure 6. AFM height (top) and three-dimensional topographgges (bottom) of the (a, B)Jl—
ITIC and (b, d)P2-ITIC and (e-h) photoluminescence spectra (PLpafmersP1 and P2
(excited at 600 nm) and ITIC (excited at 700 nnmé, as well as polymer—ITIC blend films
(excited at 600 and 700 nm), processed under atnidevice-fabrication conditions

(polymer/ITIC mixing ratio of 1:1, 110 °C, 10 min).

-(Figure 6a and b). These macro-phase separatbressely limit the efficient exciton
dissociation by lowering donor/acceptor interfaceta and thereby leading to lowsig

FF and PCEs. However?1l blend film exhibits higher root-mean-square (RMS)
roughness (0.98 nm) thd?® blend (RMS roughness 0.78 nm), indicating the higher
crystallinity of P1 which well-matched with the crystallinity of th@lgmer as discussed
in XRD studies (Figure 5). The higher roughness$ fwither reduce the internal resistance
and facilitate light absorption via higher lightagtering, thereby boostingyc and PCE of
the PSC as reported previously. [57] To further ssafitiate these observations, PL
quenching data of the polymer blends were measaseshown in Figure 6e to h. The
pristine P1 and P2 films showed PL peaks around 620-900 nm, wher€ds showed
peaks around 720-900 nm. However, after mixing WiHIC, this PL emission was
quenched by about 84.5 and 70%, respectively, dgmpersP1 andP2 under optimized
device-fabrication conditions (Figure 6e and f).isTemphasizes the better electron
transfer between th®1 and ITIC. [16,29] Similarly, both the blend filmsere also
excited at 700 nm to quantify the effective hobnsfer to the polymer (Figure 6g and h).
Noticeably, the emission was quenched by 90 and 86%he P1-ITIC and P2-ITIC
blend films, respectively. Consequently, tA&-ITIC blend film has efficient exciton-

dissociation and charge-transport with lower recioaton, which benefitting overalksc

22



and PCE in the PSCs. [58] These results agreemaitphology and photovoltaic results.
Thus, the major factors that boosted dbgvalues of thé?1-ITIC blend were determined
to be broad absorption, high absorption coeffigidngh charge-carrier mobility, and

effective exciton dissociation.

3. Conclusion

We synthesized a new electron-deficient acceptoe,cBT-Est, by incorporating a
mono alkoxy-carboxylate group at the 5-positiorthdd thienyl-flanked benzothiadiazole
unit via cyclo-addition and its donor—acceptor podrs for application in organic
photovoltaics. The BT-Est polymers demonstratecatbrabsorption and lower frontier
energy levels simultaneously owing to the introductof the electron withdrawing
carboxylate substituent to the BT unit. Moreovére ttarboxylate group provided an
additional alkylation site, which facilitated easyontrol over the solubility and
intermolecular interactions of the final polyme#snong the PSCs, the device employing
P1 exhibited high absorption coefficients and hole itityh shorter intermoleculan—nr
stacking distance, and effective exciton dissomiméind charge transport rate, resulting in
the best PCE of 6.9%, with higlhc. Although, the PCEs of the BT-Est based PSCs were
moderate compared to current high-PCE non-fullersoér cells, there remains
substantial scope for further improvement of PC¥snproving the FF andsc. Further
tests such as optimization of polymer design bylegipg more appropriate donor units,
tuning alkyl chains to enhanckc and device engineering like modifying hole and/or
electron layers, optimizing BHJ morphology by methsuch as using more appropriate
solvent additives and solvent vapor annealing tprawe the FF of these PSCs are

underway. Our results demonstrate that BT-Est docegan be used for synthesizing
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versatile D—A conjugated polymers and small molesulfor organic electronic

applications.
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Highlight:

» New acceptor unit, alkyl benzo|c][1,2,5]thiadiazole-5-carboxylate (BT-Est) was

synthesized by incorporating an alkoxy-carboxylate group at the 5-position of the

benzothiadiazole unit.

» The compability of new acceptor for OSCs application was tested by synthesizing

D-A polymers.

» The BT-Est polymers showed easy tuning of their solubility, medium bandgap
(~1.71 eV), and deep HOMO energy levels (—5.54 eV).

» The best PCE of 6.9% was achieved with non-fullerene acceptor ITIC.
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