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Abstract

Two regioisomeric t-conjugated terpolymers bearing carboxylated themgh (CT) as
electron accepting unit and thienothiophene (TT9 bithiophene (BT) as electron donating
units were successfully synthesized for enhanciveg gerformance of polymer solar cells
(PSCs). Regio-regular and regio-random binary ggpels based on CT and BT were also
prepared as control polymers. All polymers showeidjwe optical properties and crystalline
behaviors. Among the PSC devices fabricated in shisly, the PSC based on the regio-
random terpolymer Ran-TT) and 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)
indanone))-5,5,11,11-tetrakis(4-hexylphenyl) dituf2,3d:2',3-d']-s-indaceno[1,2:5,60']-
dithiophene (ITIC) exhibited the highest power cersion efficiency of 5.65% with a high
short circuit current densityl) of 12.63 mA crif and an open circuit voltag¥y) of 0.81 V.
The promising PCE value is attributed to the lomdyhighest occupied molecular orbital

(HOMO) of Ran-TT, effective complementary absorption spectrum awbrlable internal
1



morphology of the blend film. The internal morphgyoof theRan-TT was observed to be
more fine phase separation than that of the resgotar terpolymer, facilitating exciton

diffusion and dissociation in the bulk heterojuonti

Keywords: carboxylated thiophene, regioisomeric, terpolymarganic solar cell,

semiconductor
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Introduction

Polymer solar cells (PSCs) have been studied iiMelgsdue to the excellent film-forming
ability, persistent internal morphology, desirabhé film structure, high light absorptivity,

and mechanical flexibility of the conjugated polysieomposing the active laykt.

The most commonly known PSCs include bulk heterjons (BHJs) with an active layer
composed of a conjugated polymer as an electrorordand a low molecular weight
compound or polymer as an electron acceptor. Ire#lnly study of BHJ-type PSC, fullerene
derivatives such as [6,6]-phenyl®r G;1)-butyric acid methyl ester (R@BM or PG1BM),
which exhibit electron-withdrawing ability, were mby used as acceptor materials. However,
the inflexibility of the molecular structure, lovbsorption in the visible light region, and self-
associating characteristics have been pointed ©odisadvantages in enhacing the efficiency
of PSC>® To overcome these drawbacks, a number of studés vecently conducted on
non-fullerene acceptors. For example, material$ @scperylenediimide (PDI) derivatives,
naphthalene diimide (NDI) derivatives, and indacdithiophene (IDT)-based small

molecules have been employed for fabricating higtigpming PSCZ:*° To achieve efficient
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complementary absorption behavior with blend film@ntaining the new non-fullerene
acceptors described above, new donor polymers avithide bandgap energy and strong

absorption in the short wavelength region neecetdéveloped*?

Recently, high-performing wide-bandgap donor polsgnebearing donor(D) and
acceptor(A) moieties in the repeating group havenbetilized to fabricate high-efficiency
non-fullerene PSCs'3'® On the other hand, polythiophene (PT) derivativath wide
bandgap energies have previously been used as golyoners due to their accessibility and
ease of synthesis. However, PT derivatives hawdadively high-lying HOMO level and a
resulting low open circuit voltagev{c), which is directly related to the gap between the
HOMO of the donor and the LUMO of the acceptor, mgkt difficult to implement these
molecules in PSCs. To remedy this problem, extensfforts have been devoted to
developing new PT derivatives by employing moreeff’e conjugative units to tune their
energy levels and modify the morphology of the dl&m with the acceptors. For instance,
Hou et al. demonstrated that the PT derivative PBHDallowed for a relatively low-lying
HOMO level Enomo = -5.3 €V) by reducing the number of alkyl growp=l reducing the

electron donating effect. Using this approachMhavas increased from 0.64 V to 0.82%/.

Many attempts have been made to introduce carbi@sylato the thiophene unit, as well as
to employ side-chain engineering by modifying thkylachain. This approach has been
shown to reduce the HOMO level without significgrthanging the optical bandgap. Zang et
al. developed a series of PT derivatives (e.g. BT-BT-C2 and PT-C3) containing
carboxylate substituents and the PSC based on HIa@8g the largest branched alkyl side
chain, showed improved,. of 0.78 V, which is higher than the PSC made W8HT (Voc =

0.60 V), having no carboxylated.



As noted above, most previous studies have focaeening the energy level of the PT
polymer. To further improve the efficiency of thédiBtype PSC, studies on improving the
internal morphology of the blend films with noni&rene acceptors should be performed. An
effective design strategy to obtain a favorablen®l&m morphology is to control the regio-
regularity of the donor polymer backbone structdree effect of regio-random and regio-
regular conjugated donor polymer structures onpérdormance of PSC devices using high

performance acceptors has been stutfiéd.

Most recently, a number of studies have been cdeduan conjugated terpolymer as one
useful method for precisely manipulating the phgsmroperties of binary D-A copolymers.
By introducing a new third conjugated monomer, rémgulting polymer properties such as the
spectral absorption, charge transport, solubibityd blend film morphology can be finely

controlled compared to conventional binary copolsgne

In this study, we proposed conjugated terpolymegrerploying regio-random and regio-
regular polythiophene derivatives with a carboxylaide chain and further introducing
thienothiophene as a third monomer. Thus, new astnurcarboxylate substituted PT-based
terpolymers,Ran-TT and Reg-TT, were successfully synthesized herein, along With
C3(Ran-BT) andReg-BT as control polymers. Eventually, they were empiote fabricate
inverted type PSCs for their comparison. The blémd of 3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone))-5,5,11,11-tetrakigytphenyl)  dithieno[2,3%:2',3-d"]-s-
indaceno[1,2:5,60]-dithiophene (ITIC) and Reg-TT exhibits poor photovoltaic
performance with a PCE of 2.43%. To modulate thopmance of the PSC based Brg-
TT, we also employ the random terpolynfean-TT in corresponding PSCs, where the

terpolymer displays an fine internal morphologyhwitIC in the blend film state. The fully
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optimizedRan-TT:ITIC based device provides the highest PCE of &@/66% with a high
Jsc of 12.57 mA crif. Compared with the PSC performance achieved \RamyBT, Ran-

TT-based PSC provides a significantly enhanced PCE.

Experimental
Materials

The chemicals required to synthesize the polymsesl in this study were purchased
from Sigma-Aldrich, Acros Organics, and Tokyo Cheahilndustry and were used
without further purification. Compoundg, 3, 4, M3, and M4 were synthesized

according to published methotfs*?

Synthesis of monomers and polymers
2,5-Dibromothiophene-3-carboxylic acid (2).

Compoundl (2.00 g, 15.6 mmol) was dissolved in glacial acatid (25.0 mL) and
Br, (12.4 g, 78.0 mmol) was added to the above saiutipopwise at room
temperature. The mixture was heated and stirré® &C for 24 h. After the reaction
was completed, the mixture was poured into 200 rindedonized water to quench the
reaction. The precipitate was filtered and disswlveethyl acetate (EA). The solution
in EA was dried with Ng5O,. After evaporation of the solvent, the crude priduas
purified by recrystallization from EtOH—® to give the product as a white powder
(3.60 g, yield 80.7% NMR (500 MHz, CDC); & (ppm)): 13.29 (s, 1H), 7.44 (s,

1H)).



2-Hexyldecyl 2,5-dibromothiophene-3-carboxylate (3)

A mixture of compoun® (2.50 g, 8.74 mmol) and KOs (3.63 g, 9.62 mmol) was
dissolved in dimethyl formamide (DMF; 20.0 mL). Thaxture was stirred for 1 h
under Ar atmosphere and 1-iodo-2-hexyldecane (8,68.62 mmol) was added and
stirred overnight. Deionized water (50.0 mL) witlsmall amount of 1 M HCI (2-3
mL) was poured into the mixture to quench the ieactfollowed by extraction with
CH.Cl,. The organic phase was dried with,N@, and the solvent was removed in
vacuo. The product was purified by column chromeapby on silica gel using
hexane/CHCI, (4:1 v/v), yielding the pure compound as a coksleil (1.70 g, yield
38.0%;H NMR (500 MHz, CDC}; & (ppm)): 7.33(s, 1H), 4.19-4.18 (d= 5.8 Hz,

2H), 1.74-1.71 (m, 1H), 1.42—1.27 (m, 14H), 0.886Qm, 6H)).

2-Bromothiophene-3-carboxylic acid (4).

An oven-dried 100 mL round bottom flask was chdrggth compoundL (2.00 g,
15.6 mmol) and tetrahydrofuran (THF; 30 mL). Théuson was cooled to -78.8C
and 2.50 Mn-butyllithium in hexane (12.6 mL, 31.5 mmol) wasowly added
dropwise. The reaction mixture was stirred for 3@ @t -78.0°C and bromine (0.86
mL, 16.4 mmol) was added dropwise. Stirring wastiomed for 1 h at -78.6C and
the mixture was heated to room temperature. Aftierrgy the mixture overnight, a
small amount of dilute 1 M HCI (50.0 mL) was addedquench the reaction and the
solution was then concentrated. After extracting tbsultant mixture using ether and

water, the organic layer was dried with J8&y. The compound was recrystallized



twice using a KHO/ether mixture to furnish the compound as fairloye needles (2.13
g, yield 66.0%;"H NMR (500 MHz, DMSO-g, & (ppm)): 7.63-7.62 (dJ = 5.8 Hz,

1H), 7.32-7.31 (dJ = 5.8 Hz, 1H)).

2-Hexyldecyl 2-bromothiophene-3-carboxylate (5).

A mixture of compoundt (2.10 g, 10.1 mmol) and KOs (4.21 g, 30.4 mmol) was
dissolved in DMF (15.0 mL). The mixture was stirfed 1 h under argon atmosphere;
1-iodo-2-hexyldecane (3.93 g, 11.2 mmol) was adatedi stirred overnight. After the
reaction was completed, the mixture was poured 3tonL of deionized water and a
small amount of 1 M HCI (3-5 mL) was added to guetiee reaction, followed by
extraction with CHCI,. The organic phase was dried with,88), and the solvent was
removed. The product was purified via column chrtmgeaphy on silica gel using
hexane/CHCI, (4:1), yielding the pure compound as a colorlesg300 g, yield
68.5%; 'H NMR (500 MHz, CDC4, §(ppm)): 7.37-7.36 (dJ = 5.8 Hz, 1H),
7.23-7.21 (dJ = 5.8 Hz, 1H), 4.21-4.20 (d] = 5.5 Hz, 2H), 1.76-1.73 (m, 1H),

1.45-1.27 (m, 24H), 0.89-0.86 (m, 6H)).

Bis(2-hexyldecyl)-[2,2".5',2":5",2"'-quaterthiop hene]-3,3"'di-carboxylate (6).

Compound5 (1.50 g, 3.50 mmol) and 5,5'-bis(trimethylstani/2'-bithiophene
(0.85 g, 1.70 mmol) were dissolved in toluene (18D) and dimethylformamide
(DMF) (2.00 mL). The reaction mixture was degass@th argon, after which
tris(dibenzylideneacetone)dipalladium ¢Ribay) (80.0 mg, 5 mol%) and tri(o-

tolyl)phosphine (Rg-tolyl)s) (53.0 mg, 5 mol%) were added to the mother mextur



The mixture was heated to 110 °C and continuousised for 24 h. After the reaction
was completed, the mixture was poured into 50.0 ohldeionized water and then
extracted with ChCl,. The organic phase was dried with,8@, and the solvent was
removed. The product was purified via column chrtmgeaphy on silica gel using
hexane/CHCI, (1.5:1), yielding the pure compound as a lightoxeloil (1.0 g, yield
66.7%).; 'H NMR (500 MHz, CDCJ, §(ppm)): 7.49-7.48 (dJ = 5.5 Hz, 2H),
7.39-7.38 (dJ = 4.0 Hz, 2H), 7.20-7.19 (d,= 5.8 Hz, 2H), 7.16 (d] = 3.7 Hz, 2H),
4.17-4.16 (dJ = 5.8 Hz, 4H), 1.69 (m, 2H), 1.29-1.24 (m, 48HB&-0.85 (m, 12H).

; MALDI-TOF: m/z = 866.13

Bis(2-hexyldecyl) 5,5"-dibromo-[2,2"5',2":5",2""-quaterthio-phene]-3,3"dicar-
boxylate (7).

Compound6 (1.00 g, 1.20 mmol) anéi-bromosuccinimide (NBS) (0.41 g, 2.30
mmol) were dissolved in chloroform (5.00 mL) andetar acid (5.00 mL). The
mixture was stirred for 24 h at room temperaturierAthe reaction was finished, the
mixture was poured into 50.0 mL of deionized waterd then extracted with
hexane/ether to remove the acid completely. Thelygrowas purified by column
chromatography on silica gel using hexane/Clk (2:1), yielding the pure compound
as a yellow oil (0.60 g, yield 50.9%) NMR (500 MHz, CDC4, §(ppm)): 7.42 (s,
2H), 7.33 (dJ = 4.0 Hz, 2H), 7.15 (d] = 4.0 Hz, 2H), 4.15-4.14 (d,= 5.5 Hz, 4H),

1.68 (m, 2H), 1.28-1.25 (m, 48H), 0.88-0.87 (m, L2ZHWALDI-TOF: m/z = 1025.27



Polymerization.

All four polymers were synthesized by the Stilleupbng reaction.Ran-BT and
Reg-BT were prepared by using the monomer (1 equiv)-BE&trimethylstannyl)-
2,2'-bithiophene (1 equiv), Rdba), and P¢-tolyl); were added to a 2-neck round
bottom flask. Dry toluene (10 mL) was then added #me mixture was degassed.
Compound3 was stirred and refluxed for 24 h at 1O (Ran-BT) and7 was reacted
in dry toluene (50 mL) under dilute conditions foh at 110°C (Reg-BT). Ran-TT
and Reg-TT were prepared by using the monomers (1 equiv);'-5,5
bis(trimethylstannyl)-2,2'-bithiophene (1 equiv) dan 2,5-
bis(trimethylstannyl)thieno[3,2-b]thiophene (1 eguwere added to a 2-neck round
bottom flask in the presence of Fiba)y and P¢-tolyl)s. Dry toluene (50 mL) was
added and the mixture was degassed with algan:TT andReg-TT were prepared
under reflux for 48 h at 11%C and 5 h at 118C, respectively. After cooling to room
temperature, the resulting solution was precipitateto methanol (300 mL). To
remove the by-products and oligomers, Soxhlet etitb]a was conducted with
acetone, n-hexane, methyl chloride, and chlorofeuncessively. The chloroform
fraction was then precipitated into methanol (300 mand dried under vacuum at 40
°C for 24 h. Ran-BT M, = 12.3 kDa, PDI = 1.86Reg-BT M, = 32.4 kDa, PDI =

1.97;Ran-TT M, = 33.8 kDa, PDI = 2.0Reg-TT M, = 23.5 kDa, PDI = 2.24).

Instrumentation
The 'H NMR spectra of all the compounds were analyzedidipg a Bruker 500

MHz spectrometer (Ascend 500, Bruker). The absonptspectra of the small



molecules and polymers in chloroform solution almiah films were recorded using a
UV-vis absorption spectrometer (Agilent 8453, pldiwde arrayd = 190-1100 nm).
The electrochemical properties were characterdmedyclic voltammetry (CV, eDAQ
EA161) with an electrolyte solution comprising &utylammonium
hexafluorophosphate (BNPFs) in acetonitrile. A platinum wire and Ag/AgCl were
used as the counter and reference electrodes, cieghe The number average
molecular weightil,) and polydispersity index (PDI) of the polymersreveneasured
relative to polystyrene (PS) standards by gel patime chromatography (GPC) with
chloroform as the eluent using an Agilent GPC 12@0ies instrument. Grazing
incidence wide-angle X-ray diffraction (GIWAXD) nma&rements were conducted at
the 9A (U-SAXS) beamline (energy = 11.05 keV, pigge = 79.59um, wavelength
(M) = 1.12199 A, 2 = 0-20°) of the Pohang Accelerator Laboratory (lPASamples
were prepared by spin-coating the molecule solatimmo a Si@Qwafer. The surface
morphologies of the films were explored using ammat force microscope (XE-100,
Advanced Scanning Probe Microscope, PSIA) with kcosi cantilever. The
morphology of each polymer film surface was inwgested by atomic force
microscopy (AFM; Advanced Scanning Probe Microsgop¢E-100, PSIA).
Transmission electron microscopy (TEM) imaging waesformed using a Tecnai

G2F30 transmission electron microscope (FEI Inccpkerating voltage = 300 kV).

Fabrication of Polymer Solar Cell
Inverted solar cells were fabricated with the ITA5@ nm)/ZnO (30

nm)/polymer:ITIC /MoQ (10 nm)/Ag (100 nm) configuration. The pre-patedniTO
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glass (150 nm, R = 10.2 cm? was washed with acetone, deionized water, and
isopropyl alcohol for 10 min each in the statedeordd ZnO layer was spin-coated on
the washed ITO glass at 3000 rpm for 40 s afterd2¥ne processing for 20 min and
then annealed at 165 °C for 1 h. The substrate® ween transferred into a;N
protected glove box. The polymer:ITIC blends wet#amed by spin coating the
chloroform solution (1.0 wt%) with a 1:1 weighticabf the polymer and ITIC. The
blend solutions were stirred overnight at 60 °C apth coated onto an ITO/ZnO
substrate at 3000 rpm for 40 s. Then, the spinecofitms was annealed at 180 for
10 min. Finally, MoQ (10 nm) and Ag (100 nm) were deposited on the qawiive
layer by thermal evaporation. The current densitjtage (—V) characteristics were
measured by using a Keithley 2400 source meterrublel.5 G illumination at 100
mW cmi? (Oriel, 1000 W). The incident light intensity waseasured by using a
calibrated broadband optical power meter (Spedtggsies, model 404). EQE spectra
were recorded with a K3100 EQX instrument with adB2XE300 lamp source. The

optimized device is illustrated fig. S1

Space-charge-limited current (SCLC) method for measring charge carrier mobility

The structures of the hole only devices (HODs) alettron only devices (EODSs)
were ITO/PEDOT:PSS/active layer/Au and ITO/ZnOAexti layer/LiF/Al,
respectively. Each active layer was fabricatedgigie optimum conditions described
for the PSCs. The thickness of the active layers agdjusted to be 110 + 5 nm. After
spin-coating the solution, Au or LiF/Al was depesiton top of the blend film under

vacuum.The hole and electron carrier mobilities were dateed using the modified Mott-
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Gurney equation) = (9/8kqe,u(VZL3), whered is the current density, is the mobility, and
V is the applied voltage, and the device thicknesgs definedgg is the vacuum permittivity

andeg, is the relative permittivity"

Result and discussion

Synthesis of a regioisomeric PT-based conjugated lymer

To demonstrate the feasibility of conjugated teypwrs as p-type materials in BHJ-
type PSCs, we synthesized three new PT derivablyaners;Reg-BT, Ran-TT, and
Reg-TT. TheRan-BT was synthesized as a control polyrifet Detailed procedures
for the synthesis of the monomers and polymers dmgicted inScheme 1 By
employing the terpolymer structure and tuning tinecsural regularity of the polymer
backbone, numerous attempts were made to find B&ebanalogues with the optimal
structure for PSCs. First, the CT unit in the repgagroup ofRan-TT was arranged
randomly. Reg-TT was also synthesized to regulate the arrangemkrtheo CT
monomeric unit in a regio-regular manner. The TTiatyowas then introduced in a
periodic fashion to increase the planarity andditgiin the direction of the polymer
chain. For TT-containing polymers, intermoleculateractions between the polymer
chains should be enhanced with increasing crysiiglliAs shown inScheme 1 the
binary copolymers Ran-BT and Reg-BT) and regular terpolymersRén-TT and
Reg-TT) were prepared through the Stille coupling reactigsing a Pd-catalyst (e.g.
Pd(dbal) and Pé¢-tolyl); as a ligand. The terpolymdRan-TT was prepared by
polymerizing3, M3, andM4 in toluene at 110 °Reg-TT was also prepared froih

andM4 in toluene at 110 °C. The control polynfean-BT was synthesized fror@
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andM3 through the same coupling reaction, wheg-BT was prepared from and
M3. The obtained crude polymers were purified by sasive Soxhlet extraction with
acetone, hexane, dichloromethane, and chlorofoffter Boncentrating the chloroform
solution, reprecipitation was performed in methanbhe molecular weights and
polydispersity indices (PDIs) of the polymers wereasured by gel permeation
chromatography (GPC) using 1,2-dichlorobenzeneDCB) as the solvent. The
number average molecular weighk8,f of Ran-TT, Reg-TT, Ran-BT, andReg-BT
were 33.8, 23.5, 12.3, and 32.4 kDa, and the P@ew.01, 2.24, 1.86, and 1.97,
respectively. Even thougRan-TT andReg-TT have the same backbone, they differ
significantly in terms of the regularity of the amgement of the CT monomer, thus
their solubility will differ due to the differenda the polymer structurd&Reg-TT has a

relatively high degree of crystallinity due to thigid and planar repeating unit

B Br.

r
i @ E\
— > Bl
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Ho O 7 ) s
1 iii ?\Br iv A~Br %
HO™YNo R-00
4 5
R OR
0] 0
m 7\ Vii vii I\ I N _s_ U N\_s
—>
S W @ M v M3 AR WA WA W/
Ran-BT RegBT 00
— M1 M2 R
OR
\F vii vii ° S
,l—( , — 3 (N s UN_ s _INI'In
Sm M3, M4 M4 S \/ § \[J s
o O Ran-TT Reg-TT fo) C
R R

Scheme 1.Synthetic procedure of monomers and polymers.B), AcOH; (ii) 1-iodo-2-
hexyldecane, KCO;, DMF; (iii) n-BuLi, Br,, THF; (iv) 1-iodo-2-hexyldecane, ,KO;, DMF; (V)
M3, Pd(dba), P(@-tolyl)s;, toluene/DMF (9:1 v/v); (vi) NBS, chloroform/AcOKL:1 v/v); (vii)
Pd,(dba}, P(o-tolyl)s, toluene. (R = 2-hexyldecyl).



structure and the strong intermolecular interastibatween the polymer chairisd.
S8 Therefore, it is expected to show poor solubility various organic solvents.
Moreover, during fabrication of the blend film wikhIC, large polymer domains may
be formed. A regular terpolymer system was intreduto resolve the disadvantages
of Ran-BT andReg-BT, providing a regular monomer arrangement compo$éao
monomeric units. This terpolymer system may provate avenue for modifying
various physical properties of the polymer, suchhassolubility, thermal properties,
and crystallinity, by changing the type of repeatimnit and thus the conjugative

effect63’

Thermal properties
Differential scanning calorimetry (DSC) thermograwere recorded to observe the thermal
transition behavior of the synthesized polymerse Tthermal properties of conjugated

polymers are important factors that can be usqurddict the thermal stability of the organic

Cooling ¢—

215°C

214°C

e Ran-BT
e Reg-BT
e Ran-TT
o Reg-TT

Heat Flow

206°C

M

204°C

——p Heating

M L) v | v |
120 160 200 240
Temperature (°C)

Fig. 1. DSC thermograms d®an-BT, Reg-BT, Ran-TT, andReg-TT



semiconductor devices in which they are employed Reg-BT andReg-TT polymers, the
glass transition temperatures were 206 °C and 204 réspectively, as reproducibly
confirmed in the cooling cycle. In addition, no they of the polymers was observed
between 25 °C and 330 °C, and no thermal deconmgosivas observed. The cold
crystallization temperatures {Tof Reg-BT and Reg-TT were observed at 215 °C and
214 °C, respectively, as indicated by cleap@aks, attributed to the rigid, regular backbone,

in contrast to th&®an-BT andRan-TT polymers®®*°

Optical and electrochemical properties

To investigate the optical properties of the sysided PT derivatives and the ITIC acceptor,
UV-vis absorption spectra were acquired in chlonofdCF) solution and in the film state.
The data is summarized rable 1 The absorption wavelength range for the PT davies,

Ran-BT, Reg-BT, Reg-TT, andRan-TT, was complementary to the absorption range of

Table 1. Optical and electrochemical propertiesRdn-BT, Rec-BT, Ran-TT, Rec-TT,
and ITIC.

Polymer My oo Apeak” Jpeald  Aedgs  E™Y Epl™® Ered®™® EnergyeLeveI (evz
(kDa) (nm) (nm) (nm) (eV) V) V) HOMO® LUMO
Ran-BT 12.3 1.86 493 552 651 1.90 0.78 - -5.23 -3.33
Reg-BT 324 1.97 519 557 649 1.91 0.82 - -5.27 -3.34
Ran-TT 33.8 2.01 539 552 640 1.94 0.89 - -5.34 -3.40
Reg-TT 235 224 555 558 648 1.91 0.84 - -5.29 -3.38
ITIC - - 678 700 766 1.62 - -0.45 -5.63 -4.00

achloroform solution?film, ¢ Absorption edge of the polymer filmSCalculated from the absorption edge of
the polymer films:E,"™ = 1240 /Aeqqe ©Calculated according to the equatiBiomonumo = -€ Eoxreat 4.40)
(eV).

ITIC and spanned the range of 300-650 nm for tleadlfilms. Generally, the absorption

spectrum of a regio-regular conjugated polymethm golution state is red-shifted and much
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Fig. 2. Normalized optical absorption spectraRdn-BT, Reg-BT, Ran-TT, Reg-TT and
ITIC (a) in chloroform solution and (b) in the aast film states

wider than that of a regio-random conjugated polymidis suggests that regio-regular
conjugated polymers have a well-ordered, uniformnomoer arrangement with strong
intermolecular interactions between the polymeiirei&l

Interestingly, in the spectra of the regio-regudapolymers,Reg-BT and Reg-TT,
shoulder peaks were observed at a wavelength oh808 hese were attributed to the
strong intermolecular interactions arising from thegularity of the polymer
backbones. However, as shown kig. 2b, all four polymers exhibited similar
absorption peaks in the film form. In the polymimfstate, it is common to observe
absorption at longer wavelengths due to intermdéegdateractions, as opposed to in
the solution state. The profiles Ban-BT, Reg-BT, Ran-TT, andReg-TT displayed
spectral red-shifts of 59, 38, 13, and 3 nm, rethpalyg, and the maximum absorption
was observed at 555-560 nm for all polymers. Fa $blution-state absorption

spectrum, the shoulder peak at 600 nm was stifmiesl in the film stat&*
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Fig. 3. Temperature-dependent absorption (TD-Abs) of the polymers in chlorobenzene
solution: (a)Ran-BT, (b) Reg-BT, (c) Ran-TT, (d) Reg-TT, and (e) photographic images

of the four polymer solutions taken at ZDand 100C.

The aggregation behavior of the four polymers itoibenzene (CB) solution was
investigated via UV-vis absorption spectroscopy levhivarying the solution
temperature. Generally, as the solution temperathareased, regio-regular polymers

(Fig. 3b and 3l) showed a much larger hypochromic shift compacecegio-random
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polymers Fig. 3a and 3c). This is because the regio-regular polymer unaesg
aggregation, even in solution. When the temperat@a®increased, the intermolecular
interactions were weakened and the spectrum wdtedhio the short wavelength
region. Because the interaction between the mamsttan be reduced by increasing
the temperature, the main absorption peak is dae intramoleculatt-n* transition?

Compared with binary copolymers (el8an-BT and Reg-BT, Fig. 3a and 3b),
terpolymers with the TT moiety (e.an-TT andReg-TT) (Fig. 3c and3d) showed
stronger interchain interactions, allowing the eliénce between the regio-random and
regio-regular polymers to be investigated in teohthe interchain interactions of the
binary copolymer and terpolymer. Based on thesaltsgest was confirmed that the
intermolecular interactions in the regio-regulatypter were more effective than in
the regio-random polymer, as predictéd.

Electrochemical cyclic voltammetry (CV) was perfaunto investigate the HOMO
and LUMO energy levels of the conjugated polyméu.CV measurements were
performed in a solution of 0.1 M BNPF; in acetonitrile. The oxidation and reduction
potentials were calibrated using the ferroceneadtemmium (Fc/F© redox couple and
the electrochemical parameters of R&n-BT, Reg-BT, Ran-TT, Reg-TT, and ITIC
films on a Pt electrode are summarized able 1 Detailed CV data and energy levels
are summarized ifkig. S2 The HOMO energy levels ®tan-BT, Reg-BT, Ran-TT,
Reg-TT, and ITIC were -5.23, -5.27, -5.34, -5.29, and -%&3 respectively, and the
corresponding LUMO energy levels were calculatedeo-3.33, -3.34, -3.40, -3.38,
and -4.00 eV, respectively. The terpolymdran-TT andReg-TT, have lower-lying

HOMO energy levels than do the binary copolymetays, withRan-TT having the
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lowest HOMO energy value (-5.34 eV). The PSC prepaisingRan-TT as the donor

polymer and ITIC as the acceptor should have divelg high V..

~
2
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Fig. 4. (a) Representativé-V characteristics and (b) external quantum efficje(EEQE)
spectra and integrateti. of BHJ-PSC devices using the polymer:ITIC blendhé (1:1,
w/w ; annealed at 10T for 10 min) as the active layer.

Performance of PSCs with ITIC

To investigate the influence of the regio-regulaand terpolymer structure on the
photovoltaic performance of the PT derivatives, RieQices were fabricated with an
inverted device structure: ITO/ZnO (30 nm)/BHJ eetiayer/MoQ (10 nm)/Ag (100
nm), where the polymerRan-BT, Reg-BT, Ran-TT, and Reg-TT were used as
electron donors and ITIC was used as a fullereee-d&icceptor. The blend composition
was optimized with a 1:1 donor/ITIC weight ratiohd blend film made using
chloroform exhibited the best performance in the€C®%ig. 4a shows the current-
density versus voltagd+<V) curves measured under AM 1.5 G illumination (ho\y/
cm?). Representative characteristics of the invert&C$ such as th¥., Js fill

factor (FF), and PCE, are summarized able 2 The device fabricated witRan-BT
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in the absence of any solvent additive showa&tl.af 0.70 V, als; of 6.98 mA cnf,
an FF of 56.5%, and a PCE of 2.75%. The device Ré-BT exhibited av,c of 0.72

V, a Jsc of 8.57 mA crif, an FF of 43.7%, and a PCE of 2.70%. Due to tlg hi
crystallinity of Reg-BT, the FF was lowered while th&. andJsc increased slightly,
resulting in unprecedentedly similar PCEs. The cevimade witlRan-TT andReg-
TT displayed &/, of 0.81 and 0.75 Vs of 12.57 and 7.62 mA cf FF of 55.3 and
42.6%, and PCE of 5.65 and 2.43%, respectivelyhcdlgh three of the polymers
showed similar efficiencies, it is noteworthy thla¢ Jsc of the device fabricated with
Ran-TT was almost twice as high as that of the other rpehg, giving the best
efficiency.

In order to observe the characteristics of the R&@ufactured in this study more
closely, the device was fabricated under variousditions to obtain the J-V curves
(Fig. S3-S§ and the photovoltaic parameterfable S1-S3 were shown in the
support information. The data imable S1 demonstrates that the PSC devices
fabricated using CB as a solvent had relatively kiwJs, and PCE values compared
to the devices made by employing CF as a solvemwedder, same tendency could be
observed that regio-random polymer based PSCsagisglhigher performance than
the devices with regio-regular polymers. In brtee BHJ photovoltaic performance of
Ran-TT based PSC was superior to that of the other polymer

The Ran-TT:ITIC blend active layer showed the highest PCE5@#2% without
thermal annealing. For the PSC fabricated by therammealing at 100 °C for
modification of the internal structure of the aetilayer, the FF increased and the

measured PCE was 5.65%, which is higher than titabut thermal annealing. The
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high Jsc value of the PSC was confirmed by external quangifitiency (EQE)
spectroscopyHig. 4b). As predicted, the EQE spectrum generally matdhedlight
absorption spectrum of the corresponding blend sfilfor the active layers. The
integratedJs; values of the devices are well consistent withrséhobtained fronfrig.
4b. The EQE spectra of all blend films showed a bra&ichng band in the 300-800
nm region due to the complementarity between thsomubion spectra of the PT
derivatives and ITIC. The maximum EQE values of B®Cs based dRan-BT, Reg-

BT, Ran-TT, andReg-TT were 36, 42, 58, and 37%, respectively. The high€t

Table 2. Photovoltaic properties of PSCs made from chlomfosolution with a
ITO/ZnO/polymer:ITIC (1:1, w/w)/Mo@Ag device structure measured under AM 1.5G
illumination (100 mW crif); The active layers were annealed at 40Gor 10 min.

Donor  Acceptor Voc Jse FF PCE Integrated Jg
P V) (MA cm?) (%) (%) (MA cm?)
- 0.70 6.98 56.5 2.75 603
(0.71+0.01) (6.93 +0.05) (51.2+5.30) (2.6520.10) :
Fea.BT 0.72 8.57 43.7 2.70 6 49
g o (073:001) (812:045) (40.9+2.10)  (2.44:0.26) :
- 0.81 12.63 55.3 5.65 1946
(0.80+0.01) (11.72+0.91) (52.2+3.10) (4.9820.67) :
Reg-TT 0.75 7.62 42.6 2.43 -

(0.74+£0.01) (7.33%0.29) (39.9+2.65) (2.15+0.28)
Average values and standard deviations were olatdinen more than 10 devices. They are in parenthese

values observed with thRan-TT-based PSCs indicated highly efficient photon and
charge collection in the active layer.

We also investigated the charge mobilities of tingle carrier devices such as hole-
only device (HOD) and electron-only device (EOD)utederstand the different PSC
performance described above. The hole and eleotadilities of the blend films were

measured using the space-charge limited currentC$C@nethod. HOD and EOD
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properties were summarizedkig. S7andTable S5.Compared to the blends film of
regio-regular polymers (e.eg-BT andReg-TT) and ITIC, the blend films of regio-
random polymers and ITIC exhibited better hole alettron charge balance, which
may contribute to the higher FF values of the spomding PSC¥*° In particular,
Reg-TT:ITIC blend film displays the worst charge mobility balance, resglin the

lowest PCE in the corresponding PSC.

Morphological studies of the blend film of the polyner and ITIC
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Fig. 5. (a—d) AFM height images, (e—h) phase images, anrd) (TEM images of
polymer:ITIC (1:1) blend films.Ran-BT:ITIC (a, e, i), Reg-BT:ITIC (b, f, j), Ran-
TT:TIC (c, g, k),Reg-TT:ITIC (d, h, I); all samples were annealed at 30Gor 10 min.

Atomic force microscopy (AFM) and transmission é&len microscopy (TEM) were
employed to investigate the internal and surfacephmogy of the polymer:ITIC
blend films prepared from chloroform after anneglat 100 °C for 10 mif®

Fig. 5a-h shows height and phase images of the optimizeddbféms obtained
using AFM. Overall, the regio-random polymers (&2@n-BT andRan-TT) showed
a finer morphology than the regio-regular polymé@reg-BT and Reg-TT). The
images ofReg-BT in Fig. 5b andf show a very coarse surface with a high root-mean-
square (RMS) roughness, which was attributed tergeaggregation due to the unique
structure of the polymer. In contrast, the image®an-TT in Fig. 5c andg show
desirably fine phase separation and a highly homeges interpenetrating network,
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which is beneficial for exciton diffusion/dissog@t and charge carrier transport, and
a low RMS roughness valdélt was deduced that the suitable morphology of the
Ran-TT:ITIC film lead to PSCs with relatively high perfoance.

TEM measurements were performed to monitor thenatemorphology of the four
polymers and ITIC mixtures prepared under optimahditions. As shown irFig.
5i—l, the internal morphology dReg-BT comprised large aggregates, similar to those
observed in the AFM surface images. In contra&t fithe internal morphology of the
Ran-TT films was observed. The latter is much more adgaxdus for exciton
diffusion, charge separation, and charge transpithin the active layer of the PSC
due to the effective formation of small charge raigm channels. These results
explained the highelk. values of th&Ran-TT:ITIC-based PSC relative to those of the

PSCs employing the other polymers.

Conclusion

In conclusion, we successfully synthesized two asgimeric n-conjugated
terpolymers bearing thiophene carboxylate, bitheph) and thienothiophene (e.g.
Ran-TT and Reg-TT). Conjugated polymers with thiophene carboxylabevsed
significant differences in their absorption propst HOMO / LUMO energy levels,
and bandgap compared to polythiophene only witht rieeophene. This study
confirmed that the characteristics of binary coapegl copolymers can be tuned by
synthesizing conjugated terpolymers with a thirdnomoer (e.g. TT) in the repeating
group. Regio-regular and regio-random terpolymeitso adisplayed different

absorption properties and HOMO / LUMO energy leveld the four polymers
24



synthesized, th®an-TT terpolymer exhibited a lower-lying HOMO level (38. eV)
than conventional polythiophene derivatives, and wgpected to show a high¥g.
value in the corresponding BHJ-type PSCs.

Among the PSC devices fabricated in this study, Ra®-TT:ITIC-based PSC
exhibited the highest PCE of 5.65% with a high sleocuit current density of 12.63
mA cm? and an open circuit voltage of 0.81 V. The resaftshis study confirmed
that the internal morphology of the blend filmsI®fC and regio-random terpolymer
facilitated exciton diffusion and charge migratiam,contrast to that of regio-regular
polymer-based blend films. This gives a higher sbocuit current density, which is

advantageous for increasing the efficiency of tBEP
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Highlight

1. Two regioisomeric n-conjugated terpolymers bearing carboxylated thiophene, thienothiophene and

bithiophene (BT) were successfully synthesized.

2. The PSC with Ran-TT exhibited the highest power conversion efficiency of 5.65% with a high

short circuit current density (Js) of 12.63 mA cm™.

3. The interna morphology of the Ran-TT was observed much more favorable than that of the

regio-regular terpolymer for enhancing PSC performances.



