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The YZ-type USQs exhibit the power conversion efficiency of ~ 4%, which is
approximately 300% higher than those of XZ-type USQs.
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Abstract:

Four donor-acceptor-donor (D-A-D’) unsymmetricalacpines (USQs) with different molecular skeletons
(XZ-type and YZ-type), containing diphenylamine gpo with/without methoxy substituent were
synthesized as donor materials in bulk-heterojonctBHJ) organic photovoltaics (OPVS). The intraiue

of methoxy group in USQs has little different etfeon the overall photovoltaic performance. Corelgrs
the different molecular skeleton types of the U31@se significant influence on their material pradjesr
and photovoltaic performance. Compared to BIDPS@ BIDPOMeSQ with XZ-type molecular skeleton,
IDPSQ and IDPOMeSQ with YZ-type molecular skelethsplay closer solid-state packing, much lower
highest occupied molecular orbital (HOMO) energselehigher hole mobility and smaller phase sepamat
domain size. Consequently, YZ-type USQs exhibitrttast excellent performance with power conversion
efficiencies (PCE) of ~ 4%, which is approximat880% higher than those of XZ-type US@sirprisingly,
even though IDPSQ and IDPOMeSQ show wide band glapsorresponding devices still achieve a highest
PCE of ~ 4%, which is comparable to or even highan the PCEs of some reported SQ-based devicks wit
low band gaps. These results indicate the YZ-typeleoular skeleton and the electron-donating

diphenylamine group are very promising to consthighly efficient squaraine donor materials.

Keywords. squaraines; diphenylamine; organic photovoltaicsplecular skeletons; structure and

performance



1. Introduction
Organic photovoltaics (OPVs) have attracted comalile interest as a kind of promising technology fo
renewable solar energy applications due to thest-etiectiveness and large-area flexible fabricafic 7]
Recent advances have pushed the power converdiorerafies (PCE) of OPVs to over 15%,[5, 8-10]
which is inseparable from the material innovatidayice optimization and fundamental understandihg o
device physics. Among them, the development andydex donor-acceptor (D-A) conjugated donor and
acceptor materials plays a particularly importaé iin progress toward increased PCEs of OPVs14,3]
The core strategy of developing D-A conjugated pholtaic materials is to select appropriate D auris,
and then combine D and A units in different wayschs as D-A, D-A-D, A-D-A, D-A-A, D-D-A,
D-A-D-A-D or A-D-A-D-A, etc. and then modify sidehains to balance the absorption, energy levelijezarr
mobility and phase morphology of the photoactiwgetaAt present, most of the highest-performanagodo
and acceptor materials are generally constructéd eunjugated backbones that have alternating DAand
aromatic units, such as PBDB-TF, ITIC etc.[8, 14], 1

Squaraines (SQs), a class of dyes with resonstabdized zwitterionic structure, are synthesiaeun
the condensation of squaric acid with two electich-moieties to form a donor-acceptor-donor (D-A-D
skeleton.[16] Recently, SQs have emerged as proghddnor materials in OPVs due to their charadtesis
of strong absorption in the visible and near-irdthregions, simple synthetic routes, remarkableilgta
and wide molecular structure diversity.[17-22] Aatiag to the different kinds of electron-rich maést,
SQs can pertain to three general structures iltexirin Scheme 1.[18, 19, 23-26] X-type squaraameshe
condensation products of squaric acid with appeteranhydrobases,[24, 27] while Y-type squaraimes a
prepared starting from activated arenesnegxcessive heterocycles,[18, 28-31] Z-type squasiare
prepared starting fromrimary or secondary amines.[32, 33je three types of SQs show very divergent
photophysical, chemical, electric and molecularkpag properties.[25, 34-36] Among the SQ photoviolta

materials, the Y-type SQs are the main ones, anod she obviously higher PCEs (4 ~ 6%) than those of



X-type SQs (1 ~ 2%).[19] Relatively speaking, theéyge SQs are rather rare, and only two cases of
unsymmetrical YZ-type SQs (ASSQ and DPASQ, showdheme 2), which contain diphenylamine group
as electron-donating moiety, were reported to bpleyed as donor materials in planar heterojunctiRidJ)

OPVs with the power conversion efficiency (PCE)-af%.[18, 35]
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Scheme 1. Three types of photovoltaic squaraine dyes (D sted@-rich aromatic or heterocyclic rings; R =

alkyl or aryl groups).[23]
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Scheme 2. The molecular structures of ASSQ and DPASQ.

In fact, due to the good electron-donating and hesporting capabilities of diphenylamine (DPA)
group, manyn-conjugated oligomers and small molecules contgirdiphenylamine in the bridging or
terminal positions have been widely employed asathive ingredient in optical and electrical maiksi[37,

38] Therefore, very recently, we also synthesizetbael unsymmetrical YZ-type SQ (IDPSQ, shown in
Scheme 3) containing diphenylamine group, which graployed as donor materials in solution-processing
bulk heterojunction (BHJ) OPVs with PCE of ~ 4%]Zurthermore, IDPSQ were also successfully
applied to ternary solar cells and semitranspasefdr cells, and the corresponding photovoltaiciabs/
achieved excellent performance.[39, 40]

In this work, based on the molecular structure DP$Q (YZ-type), the other three unsymmetrical
squaraines (USQs, namely BIDPSQ, BIDPOMeSQ and &8, shown in Scheme 3) with XZ-type or

YZ-type skeleton, containing diphenylamine pmethoxy substituted diphenylamine as electron-tinga



moiety, were synthesized to research the effectd@imolecular structures of these different tyges ®n
their molecular properties and photovoltaic perfances. The results show that the different typeciires
have effectively influence on their solid-state kag, energy level, carrier mobility and photovaita
performance. Consequently, YZ-type SQs (IDPSQ &trlMeSQ) exhibit a highest PCE of ~ 4%, which
is approximately 300% higher than those of XZ-tyg@s (BIDPSQ and BIDPOMeSQ). In addition, the
presence or absence of methoxy groups also has shigheé effect on molecular properties and device

performance.
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Scheme 3. Molecular structures of the target USQs and IDPSQ.

2. Experimental section
2.1. Measurements
'H and **C NMR spectra were recorded on a Bruker Avance WV400 MHz instrument with
tetramethylsilane as internal standard. High résmunass spectra (HRMS) were measured on a Shimadz
LCMS-IT-TOF. Absorption spectra of USQs in 5 x®1fol L chloroform solution and thin film states
were measured with a PerkinElmer Lambda 950 UVs¢mnning spectrophotometer. The thin film samples
were fabricated by spin-casting the USQ chlorofsgtution with a concentration of 5 mg fmlon quartz
substrates (1500 rpm, 30 s).

Cyclic voltammetry was performed in 5 xénol L* USQ anhydrous dichloromethane solution with a
LK 2010 electrochemical work station, using a theéectrode cell with a Pt disk working electrodeRta

wire counter electrode and a Ag/AghQ0.1 mol L' in acetonitrile) reference electrode.



Tetrabutylammonium perchlorate (0.10 mot)land ferrocenium/ferrocene redox couple were @sethe
supporting electrolyte and internal potential refere, respectively.

The crystallographic data for IDPSQ is obtainedmfrdhe literature (CCDC 1487656)[23]. The
crystallographic data for BIDPSQ and BIDPOMeSQ h#&memn deposited in the Cambridge Database
(CCDC 1487658 for BIDPSQ, and 1903751 for BIDPOMgSE&Ingle crystal samples of BIDPSQ and
BIDPOMeSQ were obtained from dichloromethane/meathagstem. Single crystal X-ray diffraction data
of BIDPSQ were obtained on a Xcalibur E X-ray siglrystal diffractometer equipped with graphite
monochromator Mo-i& (1 = 0.7107 A) radiation. The data collection was ceed using CrysAlisPro
program. The structures were determined using direthod and successive Fourier difference synthese
(SHELXS-97) and refined using full-matrix least-ages procedure on F2 with anisotropic thermal
parameters for all non-hydrogen atoms (SHELXL-Siihgle crystal X-ray diffraction data of BIDPOMeSQ
were obtained on a Gemini X-ray single crystal rddfometer equipped with graphite monochromator
Cu-Ka (1 = 1.5418 A) radiation. The refinement details #melresulting factors fahese USQs are given in
Table S1.

Samples for atomic force microscopy (AFM) measumiewere prepared by spin-casting from
USQ:PG:BM = 1:3 in chloroform solution with a total condeation of 20 mg mL* on glass substrates
(1500 rpm, 50 s)The transmission electron microscopy (TEM) investign was performed on a FEI
Tecnai G2 F20 S-TWIN field emission transmission ecgbobn  microscope. The
poly(3,4-ethylenedioxythiophene)-poly(styrenesuéfa) (PEDOT:PSS) layer was prepared by spin-casting
their water solution on the glass substrate (3q00, r40 s) and then baked at 18D for 10 min. The
specimen for TEM measurement was prepared by gsting the blend chloroform solution (USQ M
= 1:3, 20 mg mL) on the glass/PEDOT:PSS substrate, then floatireg flm on water surface, and
transferring to copper grids.

2.2. Device preparation



Photovoltaic devices were fabricated with a layesgdcture of glass/ ITO/ MofX8 nm)/ USQ:P&BM/
LiF (0.8 nm)/ Al (100 nm). The ITO-coated glass shtes (sheet resistance = @5sq") were cleaned
through sequential sonication in detergent, degxhiwater, acetone and ethanol for 10 min eachfiaalty
blow-dried by high purity nitrogen. The substratesre treated by UV-ozone for 5 min, then immediatel
transferred into a high vacuum chamber for depmsitf 8 nm MoQat pressure of < 3 x T0Pa with a rate
of 0.5 A §'. Subsequently, the photoactive layers were fatmitay spin-casting the USQ:R8M
chloroform solution with a total concentration df thg mL* (1500 rpm, 50 s) in a Nilling glove box at
25°C. Then the substrates were loaded into a vacuamisér to finish the deposition of LiF (0.8 nm) and
Al (100 nm) under pressure of < 3 x“lPa with a rate of 0.05 A'sind 1.5 A &, respectively. Deposition
rate and film thickness were in situ monitored gsanquartz crystal oscillator mounted to the sualbstr
holder. The active area of cells was 6 i obtain the average data related to devicopagnce, several
batches of devices (4 cells per batch) for eachotebnditions were fabricated and tested. Theeturr
density-voltage curves under illumination were nueeg using an Abet solar simulator with a Keithd&p0
source measurement unit under AM 1.5G illuminai{id®0 mW cn), after spectral mismatch correction
under an ambient atmosphere at 56 EQE measurements were performed in air usingE4PQE
Measurements Solar Cell Scan 100 (ZOLIX) system.

Hole-only devices were fabricated with structurd ™/ MoO; (8 nm)/ USQ (80 nm) or USQ:RBM
(2:3, wt%, 80 nm)/Au (100 nm). The dark current slgnvoltage characteristics of these devices were
measured and fitted the results using the spaaggeliaited current (SCLC) model. The current dgnél)
is given by

_ 9 V2
/= Egogrl'l_

L3
Whereg is the permittivity of free-space;is the relative dielectric constant of the actiagelr, « is the

charge carrier mobility, and is the thickness of the active layers.

2.3. Synthesis



The synthetic routes of intermediates and USQ®atleed in Scheme 4. Compounds IDPSQ &&iwere

prepared according to the procedures describedenliteratures.[18, 23, 41-43lhe other chemicals,

reagents, and solvents were used as received fr@suppliers except as specifically mentioned.
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Scheme 4. Synthetic routes of three USQs. Reagents/condit@nisopropanol, concentrated30,, reflux,

3 h, 81%; b) diphenylamine, isopropanol, conceattatCl, reflux, 8 h, 48%:; c) acetone, 6 mét HCI,

reflux, 8 h, 55% J), 73% 6); d) NaOBut (1.5 eq.), Pd(OAg) (4% eq.), REBu)sHBF,; (10% eq.),

anhydrous toluene, reflux under Ar, 5 h, 72%;le)jsopropanol, concentrated HCI, reflux, 8 h, 48Yo;

quinoline,n-butanol/benzene = 4:1 (v/v), reflux, 13 h, 37B4QPPSQ); g) quinoline n-butanol/toluene = 1:3

(v/v), reflux, 13 h, 44%K1 DPOM eSQ); h) n-butanol/toluene = 1:3 (v/v), reflux, 13 h, 45¢POM eSQ).

2.3.1. 3,4-Diisopropoxycyclobut-3-ene-1,2-dione (1)[18]

A mixture of squaric acid (2.00 g, 17.5 mmolppsopanol (20 mL) and a drop of concentrate®®

was refluxed for 3 h, and the solvent was evapdrateler reduced pressure. Then isopropanol wasladde

the mixture was refluxed for 30 min and the solweat evaporated again. The crude product was edrifi



by silica gel column chromatography (petroleum e#thyl acetate = 8:1) to affodd(2.80 g, 81%) awhite
solid. M.p. 42-45C.*H NMR (400 MHz, CDC}, ppm)s 5.39-5.29 (m, 2H, CH), 1.45 (d,= 6.4 Hz, 12H,

CHs).

2.3.2. 3-(Diphenylamino)-4-isopropoxycyclobut-3-ene-1,2-dione (2)[18]

A mixture of diphenylamine (5.64 g, 33.3 mmal),(6.00 g, 30.3 mmol), isopropanol (200 mL) and
concentrated HCI (0.6 mL) was refluxed for 8 h, ate reaction was monitored by thin layer
chromatography. Then reaction mixture was conctatra vacuo. The resulting crude product was jadtif
by silica gel column chromatography (petroleum e#tbyl acetate = 10:1) to affor@dl (4.54 g, 48%) as
yellow solid. M.p. 156-158C. *H NMR (400 MHz, CDCJ, ppm)s 7.38 (t,J = 7.2 Hz, 4H, ArH), 7.30 ()

= 7.2 Hz, 2H, ArH), 7.11 (d] = 7.6 Hz, 4H, ArH), 5.46-5.37 (m, 1H, CH), 1.28 J& 6.0 Hz, 6H, Ch).

2.3.3. 3-(Diphenylamino)-4-hydroxycycl obut-3-ene-1,2-dione (3)[ 18]

2 (4.54 g, 14.7 mmol) was added to acetone (100 stljed and dissolved. After adding 6 maét HCI
(150 mL), the reaction mixture was refluxed for 8 dnd the reaction was monitored by thin layer
chromatography. The reaction mixture was poured wéater, and the yellow precipitate was obtained by
filtration. The precipitate was recrystallized fraoetone to affor8 (2.15 g, 55%) as pale-yellow solid. M.p.
186-187°C. *H NMR (400 MHz, DMSOds, ppm)& 7.29 (t,J = 7.2 Hz, 4H, ArH), 7.10 (&) = 7.2 Hz, 2H,

ArH), 6.95 (d,J = 8.0 Hz, 4H, ArH).

2.3.4. Bis(4-methoxyphenyl)amine (4)[41]

4-Methoxybromobenzene (2.00 g, 10.7 mmol), 4-meganiline (1.32 g, 10.7 mmol), Pd(OAqP6 mg,
4% eq.), PtBu);.HBF; (310 mg, 10% eq.), sodiunert-butoxide (3.08 g, 32.1 mmol) were added to
anhydrous toluene (50 mL), and the mixture wasdteat 110 °C for 5 h, then filtered. The filtratasv
evaporated under reduced pressure, and the cradagtwas purified by silica gel column chromatqima

(petroleum ether:ethyl acetate = 10:1) to affér(2.04 g, 72%) as white solid. M.p. 102-103%8.NMR



(400 MHz, CDC}, ppm)3 6.92 (br, 1H, NH), 6.83 (di= 7.2 Hz, 8H, ArH), 3.78 (s, 6H, GH

2.3.5. 3-(Bis(4-methoxyphenyl )amino)-4-isopropoxycyclobut-3-ene-1,2-dione (5)[28]

4 (0.80 g, 3.49 mmol)1 (0.63 g, 3.17 mmol) were added to the mixturesofpropanol (30 mL) and
concentrated HCI (0.1 mL). The mixture was reflut@dseveral hours, and the reaction was monitbsed
thin layer chromatography. When the reaction mixtwas cooled, the solvent was evaporated under
reduced pressure. The crude product was purifiedsibga gel column chromatography (petroleum
ether:ethyl acetate = 10:1) to affdbd(0.65 g, 59%) as grey solid. M.p. 162-163%8.NMR (400 MHz,
CDCl;, ppm)$ 7.03 (dt,J = 9.2 Hz, 3.2 Hz, 2.4 Hz, 4H, ArH), 6.87 (dt= 9.2 Hz, 3.2 Hz, 2.4 Hz, 4H,

ArH), 5.46-5.37 (m, 1H, CH), 3.82 (s, 6H, H1.30 (d,J = 6.0 Hz, 6H, CH).

2.3.6. 3-(Bis(4-methoxyphenyl )amino)-4-hydroxycycl obut-3-ene-1,2-dione (6)[37]

The preparation method is the sam@&.a&fter reaction, the mixture was poured into watgsrecipitate a
viscous solid, and the supernatant was decantesl viBoous solid was dissolved in dichloromethamel, a
petroleum ether was added dropwise to precipitajeag precipitate, filtered to affor@ (0.44 g, 73%) as
pale-yellow solid. M.p. 216-218°¢H NMR (400 MHz, CDC4, ppm)s 7.09 (dtJ = 9.2 Hz, 3.2 Hz, 2.4 Hz,

4H, ArH), 6.89 (dt,) = 9.2 Hz, 3.2 Hz, 2.4 Hz, 4H, ArH), 3.83 (s, 6H, H

2.3.7. (E)-2-((3-butyl-1,1-dimethyl-1,3-dihydro-2H-benzo[ €] indol - 2-ylidene)methyl )-4-(di phenyliminio)-3-
oxocyclobut-1-en-1-olate (BI DPSQ)

3 (1.00 g, 3.8 mmol)7 (1.63 g, 3.8 mmol), mixed solvent (benzendautanol = 1:4, v/v, 150 mL) and
quinoline (0.6 mL) were refluxed for 13 h. Then swvent was evaporated under reduced pressurthand
crude product was purified by column chromatogragtichloromethane/methanol) and followed by
recrystallization from dichloromethane/methanolaftord BIDPSQ as fuchsia crystal (0.85g, 37%). M.p.
251-252 °C*H NMR (400 MHz, CDGJ, ppm)$ 8.12 (d,J = 8.4 Hz, 1H, ArH, H), 7.89 (d,J = 8.8 Hz, 1H,

ArH, He), 7.87 (d,J = 9.2 Hz, 1H, ArH, H), 7.55 (t,J = 7.6 Hz, 1H, ArH, H), 7.45-7.40 (m, 5H, ArH, K



He), 7.35-7.29 (m, 3H, ArH, &l H,), 7.26 (t,J = 3.6 Hz, 4H, ArH, H), 6.07 (s, 1H, CH, k), 4.12 (t,J =
6.4 Hz, 2H, CH, Hiy), 2.00 (s, 6H, Chl Hi1), 1.87-1.79 (m, 2H, CHl Hia), 1.53-1.42 (m, 2H, CH Hy,),
0.99 (t,J = 7.6 Hz, 3H, CH, His).**C NMR (100 MHz, CDGJ, ppm)$ 184.3, 174.1, 173.2, 140.8, 139.4,
134.5, 131.4, 129.8, 129.0, 128.7, 127.5, 127.8,51224.6, 122.6, 110.3, 86.1, 51.5, 43.8, 29/5),20.4,

14.0. HRMS (ESI)mVz [M+H]" calcd. GsH33N,0,", 513.2537; found, 513.2532.

2.3.8. (E)-4-(bi s(4-methoxyphenyl )iminio)-2-((3-butyl-1,1-dimethyl- 1,3-dihydr o-2H-benzo[ €] indol -2-
ylidene)methyl)-3-oxocyclobut-1-en-1-olate (Bl DPOMeSQ)

6 (300 mg, 0.92 mmol)] (363 mg, 0.92 mmol), mixed solvent (toluenébutanol = 3:1, v/v, 20 mL) and
quinoline (0.2 mL) were refluxed for 13 h. Then swvent was evaporated under reduced pressurthand
crude product was purified by column chromatogragtichloromethane/methanol) and followed by
recrystallization from dichloromethane/methanolattord BIDPOMeSQ as fuchsia crystal (0.25g, 44%).
M.p. 276-278 °C*H NMR (400 MHz, CDC}, ppm)5 8.11 (d,J = 8.4 Hz, 1H, ArH, k), 7.88 (d,J = 8.4 Hz,
1H, ArH, He), 7.85 (d,J = 8.8 Hz, 1H, ArH, H), 7.53 (tdJ = 7.6 Hz, 1.2 Hz, 1H, ArH, b}, 7.39 (tdJ= 7.6
Hz, 1.2 Hz, 1H, ArH, i), 7.27 (d,J = 8.0 Hz, 1H, ArH, H), 7.18 (dtJ = 8.8 Hz, 3.6 Hz, 2.0 Hz, 4H, ArH,
Hi), 6.93 (dtJ = 8.8 Hz, 3.6 Hz, 2.0 Hz, 4H, ArH,2 5.96 (s, 1H, CH, kt), 4.06 (br, 2H, Ck Hy,), 3.84
(s, 6H, CH, Hs), 1.99 (s, 6H, Chl Hy1), 1.85-1.78 (M, 2H, Chi Hys), 1.51-1.42 (M, 2H, Chi Hia), 0.99 (t,

J = 7.2 Hz, 3H, CH, Hi5)."*C NMR (100 MHz, CDGJ, ppm)$ 182.1, 174.2, 172.1, 158.8, 139.6, 134.2,
131.3, 129.8, 129.7, 128.7, 127.4, 126.5, 124.3,51214.2, 110.2, 85.8, 55.6, 51.2, 43.6, 29.4),220.4,

14.0. HRMS (ESI)mVz [M+H]" calcd. GH37/N,0O4", 573.2748; found, 573.2741.

2.3.9. 4-(Bis(4-methoxyphenyl)iminio)-2-(2,6-dihydr oxy-4-(indolin-1-yl)phenyl )-3-oxocycl obut- 1-en-1-olate
(IDPOMeSQ)
6 (440 mg, 1.35 mmolB (300 mg, 1.32 mmol) and the mixed solvent (toluenkeutanol = 3:1, v/v, 20

mL) were refluxed for 13 h. Then the solvent waapmrated under reduced pressure and the crudegbrodu



was purified by column chromatography (dichloronagig/petroleum ether) and followed by
recrystallization from dichloromethane/methanobftord IDPOMeSQ as brown solid (0.27g, 45%). M.p.
249-250 °CH NMR (400 MHz, CDG}, ppm)s 11.89 (s, 2H, OH, I, 7.41 (d,J = 8.0 Hz, 1H, ArH, H),
7.21 (d,J=7.2 Hz, 1H, ArH, H), 7.19-7.14 (m, 5H, ArH, H H;), 6.96 (dtJ = 8.8 Hz, 3.6 Hz, 2.0 Hz, 4H,
ArH, Hy), 6.92 (td,J = 7.2 Hz, 0.8 Hz, 1H, ArH, ), 6.26 (s, 2H, ArH, k), 4.03 (t,J = 8.0 Hz, 2H, CH,
Hi1), 3.86 (S, 6H, Chl Hs), 3.14 (t,J = 8.0 Hz, 2H, CH, Hi()."*C NMR (100 MHz, CDGJ, ppm)s 176.5,
175.9, 166.8, 163.4, 159.8, 153.7, 143.8, 133.2,9.327.5, 126.6, 125.5, 122.3, 114.5, 113.5,A%.5,

55.7,52.1, 28.1. HRMS (ESIin/z: [M+H]" calcd. G;H,7N,O¢", 535.1864; found, 535.1867.

3. Resultsand discussion

3.1. Synthesis and characterization

The synthetic routes of BIDPSQ, BIDPOMeSQ and IDREIQ are outlined in Scheme 4. Compound
IDPSQ and intermediatels8 were synthesized according to the literature. PI8,41-43] The molecular
structures of these USQs were confirmed By NMR, **C NMR, HR-ESIMS and X-ray single
crystallographic analysis. Moreover, all of the WS®how good solubility in chloroform at room
temperature (> 15 mg n), which is essential to preparing smooth, andamnif films through solution

processing.

3.2. Single crystal X-ray crystallography

The crystallographic data for IDPSQ is obtainedmirthe literature (CCDC 1487656).[23] The single
crystals of BIDPSQ and BIDPOMeSQ were obtained bylvent evaporation from
dichloromethane/methanol systeihe corresponding crystal data have been depositdde Cambridge
Database (CCDC 1487658 for BIDPSQ, and 190375BMDPOMeSQ). Unfortunately, the single crystal
of IDPOMeSQ wasn't obtained from various solventstegns such as dichloromethane/methanal,

dichloromethanethexane, dichloromethane/cyclohexane, chlorofofh@xane and



chloroform/cyclohexane. Actually, when purifyingetfiour USQs, the BIDPSQ, BIDPOMeSQ and IDPSQ
were crystals with metallic luster by recrystaltisa from dichloromethane/methanol system, while
IDPOMeSQ was brown powdery solid with no metallister. Therefore, the optimal conditions and method
for cultivating the single crystal of IDPOMeSQ mhbg quite different from the other three USQs, which
needs more time to explore. The relevant crysta dad crystal structure refinement parameterstaoe/n

in Table S1.

The single crystals of BIDPSQ, BIDPOMeSQ and IDRB8&monoclinic, and the space groups argcl?2
P2/c, and PZn, respectively. The molecular ellipsoid (ORTERprresponding dihedral angle and
inter-molecular packing are shown in Fig. 1. Asextpd, the two phenyl rings of the diphenylaminaugr
in the three USQs have a large dihedral angle winclgreater than 70°. Comparing BIDPSQ and
BIDPOMeSQ, it can be found that the bond lengthstle diphenylamine group of BIDPOMeSQ are
slightly shortened, and the corresponding dihedrajle is slightly reduced. BIDPOMeSQ shows a more
planar structure than that of BIDPSQ, which migatattributed to the electron-donating ability ofthoxy
substituent. Therefore, the shortest interplane distance of BIDPOMeSQ is 4.206 A, smaller thart tfa
BIDPSQ (4.528 A), indicating that the introductiohmethoxy substituent is beneficial to promoteefive
intermolecular packing. On the other hand, comga®iDPSQ and IDPSQ, it can be found that the
squarate ring and the benzindole unit in BIDPSQadmsost coplanar (the dihedral angle is only 3.3
IDPSQ, the torsional angle between squarate rirty dinydroxyphenyl group is 7.34additionally, the
dihedral angle between the dihydroxyphenyl groug hie indoline segment is as large as 27.#Héwever,
the shortest = distance in IDPSQ single crystal is 3.864 A, whighmuch shorter than that of BIDPSQ
(4.528 A). Moreover, the density of IDPSQ singlgstal is calculated to be 1.407 mg Mnfarger than that
of BIDPSQ single crystal (1.214 mg rin These results demonstrate that the intermolestiéking of
IDPSQ (YZ-type SQ) is confirmed to be more effeetthan that of BIDPSQ (XZ-type SQ), which should

be propitious to the enhancement of charge camigbility. In addition, in IDPSQ, the bond lengtht o



O-H"O are calculated to be 1.765 and 1.822 A (Fig.ifdicative of the presence of relatively strong

intramolecular hydrogen bonding interactions betwtee two hydroxyl groups of dihydroxyphenyl group

and oxygen atoms on the central squarate ringf&tording to our previous research result that the
introduction of intramolecular hydrogen bond intdians in SQs is benefit to enhance the compaijtid

SQ donor materials and [6,6]-phenylButyric acid methyl ester (R@BM) then decrease the phase

separation domain size of their blend film,[45]cduld be deduced that IDPSQ-based blend film might

obtain a smaller phase separation size than tHal? SQ-based one.

BIDPSQ q i . BIDPOMeSQ 1IDPSQ

Fig. 1. The molecular ellipsoid (ORTEP), correspogdiihedral angle and inter-molecular packing ni®de

of BIDPSQ, BIDPOMeSQ and IDPSQ.

3.3. Optical properties
The UV-visible absorption spectra of BIDPSQ, BIDPE8Q, IDPSQ and IDPOMeSQ in dilute chloroform
solution (5.0 x 18 mol L% and thin films are shown in Fig. 2. The corregting data arsummarized in

Table 1. In the dilute chloroform solution, all US®ave similar strong absorption in the visibleoegand



the maximum absorption wavelength,{) is located at 548 ~ 564 nm, with a relatively thigolar
extinction coefficientd, 7.36 ~ 9.90 x 10L mol™* cm™). Comparing the absorption spectra of two grotfps o
USQs with or without methoxy substituent (BIDPS BIDPOMeSQ, IDPSQs. IDPOMeSQ), it can be
seen that the introduction of methoxy substituentses a slight red shift in the absorption specwéithe
corresponding USQ, which may be attributed to thecteon-donating ability of methoxy substituent,
consistent with the above conclusion from the snglstal analysis. Meanwhile, the absorption speat
IDPSQ and IDPOMeSQ have a red shift of 10 ~ 12 iremcompared with BIDPSQ and BIDPOMeSQ. In
the film state, all USQs show the broadening awidsteft absorption spectra wifl}ax located at 572 ~ 582
nm. According to the onset of the absorption spenirsolid-state films, the optical band gdij’p(t) of
BIDPSQ, BIDPOMeSQ, IDPSQ and IDPOMeSQ are estimtidze 1.95 eV, 1.93 eV, 1.83 eV and 1.86 eV,
respectively.[46] It means these USQs belong towllte band gap donor materials, and has potertial t

prepare promising ternary organic photovoltaichwither low band gap materials.
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Fig. 2. UV-visible absorption spectra of BIDPSQ,DBIOMeSQ, IDPSQ and IDPOMeSQ in dilute

chloroform solution (a) and solid films (b).

3.4. Electrochemical properties
The highest occupied molecular orbital (HOMO) aogédst unoccupied molecular orbital (LUMO) energy
levels of USQs were determined via cyclic voltanimnéCV) measurements (shown in Fig. 3 and Table 1).

In the anode scan, all these USQs show two-elecixatation processes in the range of 0.2 ~ 1 V, thed



onset of the first oxidation wawes. Fc/Fc is located at 0.29 V for BIDPSQ, 0.21 V for BIDP@BKQ, 0.56

V for IDPSQ, and 0.52 V for IDPOMeSQ. Accordingtte energy level of Fc/Faedox couple (4.80 eV
below vacuum),[46] the HOMO energy levels of BIDRSBIDPOMeSQ, IDPSQ and IDPOMeSQ are
calculated to be -5.09 eV, -5.01 eV, -5.36 eV an@2 eV, respectively. In the cathode scan, theS@4J
show an irreversible reduction oxidation procesthamrange of -1 ~ -1.6 V, and the onset of theicgdn
wavevs. Fc/F¢ is located at -1.68 V for BIDPSQ, -1.67 V for BIDMeSQ, -1.39 V for IDPSQ, and -1.43
V for IDPOMeSQ. The LUMO energy levels of BIDPSQIDBPOMeSQ, IDPSQ and IDPOMeSQ are
calculated to be -3.12 eV, -3.13 eV, -3.41 eV, éh87 eV, respectively. Obviously, the HOMO and LOM
levels of BIDPOMeSQ (IDPOMeSQ) with methoxy suhstiit are higher than those of the corresponding
methoxy-free BIDPSQ (IDPSQ), which is attributedhie electron-donating ability of methoxy substitue

In addition, unexpectedly, the HOMO and LUMO levefsIDPSQ (IDPOMeSQ) are actually ~ 0.30 eV
lower than the corresponding BIDPSQ (BIDPOMeSQ),icwhmay be due to the formation of
intramolecular hydrogen bonding between the hydrgryups and the oxygen atoms on the central stpiara

ring in IDPSQ (IDPOMeSQ) reducing the overall eryenfithe wholer-conjugated system.[45, 47]

Table 1 Optical data and energy levels of the {d80Qs.

solutiorf film®
c . >~ Ex E« HOMO  LUMO
ompoun A nm, A E
”““(1 . M N Y (evy’
e, 10" M™* cm?) (hm)  (eV)
BIDPSQ 548 (7.79) 572 195 029 -1.68 -5.09 -3.12
BIDPOMeSQ 552 (7.36) 576 1.93 021 -1.67 -5.01 -3.13
IDPSQ 558 (9.56) 578 1.83 056 -1.39 -5.36 -3.41
|DPOM eSQ 564 (9.90) 582 1.86 052 -1.43 -5.32 -3.37

@Measured in CHGJ c= 5.0 x 1’ mol L™,

® Thin films spin-casted from 5 mg MLCHCL solution on quartz substrates.
“Obtained from the onset of UV-Vis absorption speeairthe thin film state.
9Redox potential values were measured by cyclicavathetryvs. Fc/Fc.
*HOMO = (-4.8¢E,,) eV, LUMO = (-4.8¢E, ;) €V.[46]
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Fig. 3. Cyclic voltammograms of the four USQs in£CH solution.

3.5. Photovoltaic properties

To research the photovoltaic performance of theS® l[dompounds, BHJ-OPV cells using USQ as electron
donor material and P¢&BM as electron acceptor material were fabricatedsblytion processing with a
device structure of ITO/ Mo£X(8 nm)/ USQ:P&BM (wt/wt, 80 nm)/ LiF (0.7 nm)/ Al (100 nm). Indilly,

the effect of different blend ratios of USQ:RBM on the photovoltaic performance of the deviceseav
investigated, and the relative current densityagst §-V) curves and photovoltaic data are shown in Table 2
and Fig. 4. For these USQ-based systems, theyagtispiferent trend in the dependence of photovoltai
performance on the USQ:PBM blend ratio. For BIDPSQ-based device, when tHeHBQ:PG1BM blend
ratio is varied from 1:1 to 1:3, the PCE is enhanitem 0.29% to 0.90% along with significantly iresed

J and FF and slightly reduca@.. When the blend ratio is further varied from 1031t8, the photovoltaic
performances of the devices just show slight inemm(0.90% ~ 1.10%) with increasdd and almost
unchanged FF and,. The optimal BIDPSQ:P&BM blend ratio is found to be 1:8, and the resultevice
shows the highest PCE of 1.10% wifl = 4.50 mA cnf, Voc = 0.71 V, and FF = 0.35. For
BIDPOMeSQ-based device, when the blend ratio iddrom 1:1 to 1:3, the PCE is enhanced from 0.31%

to 0.71% along with increasdd and FF and slightly reducé&f.. When the blend ratio is further varied
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Fig. 4. TheJ-V curves (a-d) of BIDPSQ-, BIDPOMeSQ-, IDPSQ-, IDP&BQ-based devices under

different USQ:P@&BM blend ratio and the EQE curves (e) of the deviwégh USQ:PGBM = 1:3.

from 1:3 to 1:8, the photovoltaic performanceshs tlevices are almost unchanged (0.69% ~ 0.726@g si
the J«, FF andV,. change one after another. The optimal BIDPOMeSQ#B& blend ratio is also 1:8, and
the resultant device shows the highest PCE of 0.%@%Js. = 3.27 mA cnf, Vo= 0.67 V, and FF = 0.31.
For IDPSQ and IDPOMeSQ-based devices, when thedhiatio is varied from 1:1 to 1:8, they show a
similar trend in photovoltaic performance. TakimPISQ-based device as an example, when the bland rat
is varied from 1:1 to 1:3, th¥, of the device decreases, but the correspondiingnd FF significantly

increase, resulting in an increase in PCE from%.76 3.20%. When the blend ratio is varied from tb:3



1:8, the V. of the device is continued to decrease, and theegpmondingJ and FF also decrease
significantly, resulting in a decrease in efficigrfoom 3.20% to 1.70%. Finally, the optimal bleradio of
the IDPSQ-based device is 1:3, and the highestiBGER0% withJe = 9.02 mA crif, Vo = 0.95 V, and FF
= 0.38. It is worth mentioning that the IDPSQ-badeglice achieves ¥,. of up to 1.00 V when the blend
ratio is 1:1, which is related to the rather deepMO level (-5.34 eV) of IDPSQ. Similarly, the optin
blend ratio of the IDPOMeSQ device is also 1:3 withighest PCE of 3.23% witl. = 9.15 mA cnif, Vi =
0.88 V, and FF = 0.40.

In order to compare the device performance of the Bystems, the photovoltaic performances of the

blend ratio of 1.3 were discussed. Apparently, ediog to the photovoltaic data in Table 2, the

Table 2 The photovoltaic performance data of USQ/@Bvices with varied USQ:P4BM blend ratio.

Donor

VO C
V)

JSC
(mA cm®)

FF PCE

(%)

11
1:3
15
1:8
1.3

BIDPSQ

0.75 (0.72+0.02)
0.69 (0.70+0.02)
0.70 (0.69+0.01)
0.70 (0.71+0.01)
0.76 (0.74+0.02)

1.39 (1.28+0.12)
3.76 (3.610.15)
4.10 (4.08+0.10)
4.87 (4.50+0.37)
3.89 (3.78+0.11)

0.31 (0.32+0.00)32 (0.29+0.03)
0.36 (0.36+0.00)95 (0.90+0.05)
0.35 (0.35+0.01)01 (0.99+0.03)
0.35 (0.35+0.01)21 (1.1020.11)
0.36 (0.36+0.01)06 (1.00£0.06)

1:1

1:3
BIDPOMeSQ

15

1:8

1:3

0.72 (0.73+0.01)
0.71 (0.70+0.01)
0.68 (0.66+0.02)
0.68 (0.67+0.01)
0.68 (0.69+0.01)

1.37 (1.24+0.13)
2.96 (2.81+0.17)
3.74 (3.30£0.44)
2.90 (3.27+0.34)
3.38 (3.31+0.13)

0.34 (0.34+0.00)34 (0.3120.03)
0.37 (0.36+0.00)78 (0.71%0.07)
0.36 (0.32+0.08)91 (0.69+0.22)
0.41 (0.33+0.06)81 (0.72+0.08)
0.38 (0.37+0.00)87 (0.84+0.03)

11
1:3
15
1:8
1.3

IDPSQ

1.01 (1.00+0.01)
0.99 (0.95+0.03)
0.88 (0.89+0.01)
0.94 (0.90+0.03)
0.96 (0.96+0.01)

7.88 (7.63+0.25)
9.24 (9.02+0.22)
8.22 (7.78+0.44)
6.20 (6.06+0.14)
9.20 (9.22+0.21)

0.36 (0.36+0.02)90 (2.7620.14)
0.37 (0.38+0.08)42 (3.2020.22)
0.35 (0.34+0.02)56 (2.3920.17)
0.31 (0.31+0.01)82 (1.70£0.12)
0.39 (0.37+0.03)42 (3.3020.12)

11
1:3
15
1:8
1.3

IDPOMeSQ

0.98 (0.97+0.01)
0.89 (0.88+0.01)
0.87 (0.84+0.02)
0.78 (0.78+0.01)
0.93 (0.94+0.01)

7.33 (7.12+0.21)
9.41 (9.15+0.26)
8.78 (8.53+0.25)
7.66 (7.47+0.19)
9.77 (9.63+0.14)

0.39 (0.37+0.02)81 (2.57+0.24)
0.42 (0.40+0.02)48 (3.2310.25)
0.39 (0.38+0.02)95 (2.7820.17)
0.35 (0.35+0.02)10 (2.02+0.08)
0.45 (0.43+0.02)06 (3.9320.13)

& Thermally annealed at 9 for 10 min.



IDPSQ-based and IDPOMeSQ-based devices perfornifisagtly better than the BIDPSQ-based and
BIDPOMeSQ-based ones, mainly due to the much higheandJy of the first two devices. Th¥, of
IDPSQ and IDPOMeSQ devices are 0.95 V and 0.8&3pactively, which are much higher than those of
BIDPSQ and BIDPOMeSQ devices (~ 0.70 V), which &ty due to the fact that the HOMO levels of the
former two USQs are deeper than the latter two.rMisle, thels. of the IDPSQ and IDPOMeSQ devices
are 9.02 mA cri and 9.15 mA c, respectively, which is also much higher than ¢ho BIDPSQ and
BIDPOMeSQ devices (3.61 mA ¢ém2.81 mA crif). It is consistent with the corresponding EQE esrv
(Fig. 4e). Obviously, the EQE values of IDPSQ anBOMeSQ devices are much higher than BIDPSQ and
BIDPOMeSQ devices in the entire region (300 ~ 78@),nwhich is partly attributed to the better light
capture ability of the first two USQs, such as ttheghere and wider absorption spectrum. Moreover, the
difference ofl may also be related to the carrier mobility ahah finorphology of the active layer.

Therefore, the hole mobility of the pure filmsdathe blend films were tested and calculated byspace
charge limited current (SCLC) model with the dewstricture of ITO/Mo® (8 nm)/USQ or USQ:P&BM
(2:3)/M0oG; (8 nm)/Au (100 nm). The correspondidy curves are shown in Fig. 5. For pure films, theeho
mobility of BIDPSQ and BIDPOMeSQ are 1.54 x®16n? V* s*, 2.50 x 1¢ cn? V' s?, respectively,
which is much lower than those of IDPSQ (1.22 ¥ t6f V' s) and IDPOMeSQ (2.33 x Tacn? V' s,
which may be mainly due to the much closer intesoolar pack of the latter two USQs, consistent with
conclusion of single crystal analysis. Moreovee, thethoxy-containing systems display larger hol®ititg
than the corresponding methoxy-free systems, wischlso consistent with the previous single crystal
analysis. For the blend films, the hole mobilityBIDPSQ and BIDPOMeSQ is 3.14 x'46n? V*s?, 7.20
x 10° cn? V! s?, respectively, which is also lower than those@P$SQ and IDPOMeSQ (4.14 x i@ent
v1st 1.12 x 10 cn? V?* s1). Since the high hole mobility facilitates the mje transfer, thds. can be
effectively increased. Therefore, this is one @& thasons why the IDPSQ and IDPOMeSQ-based devices

show much highely than the BIDPSQ and BIDPOMeSQ-based devices.
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Fig. 5. Current density-voltage characteristics hafle-only single-carrier devices using USQ and

USQ:PG:BM (1:3) as active layer.

Then,atomic force microscopy (AFM) measurements weredaoted on the blend films of USQ:R8M
(1:3). AFM analysis (Fig. 6) demonstrates thatadlthe blend films exhibit a smooth surface morplggl
with small root-mean-square roughnes&ugc = 0.20 ~ 1.59 nm). However, IDPS@. BIDPSQ,
IDPOMeSQvs. BIDPOMeSQ), the first two have relatively smaldggss, which is beneficial to form good
contact between the active layer and the electradeé, also facilitates charge transfer. Furthermore,
transmission electron microscopy (TEM) measuremergie carried on the blend films of USQ:&M
(2:3). As shown in Fig. 7, the phase separatioa sfzhe YZ-type USQ (IDPSQ and IDPOMeSQ) systems
is significantly smaller than that of the XZ-typ&Q (BIDPSQ and BIDPOMeSQ) ones, which is attributed
to the intramolecular hydrogen bond interactionDRSQ (IDPOMeSQ) enhancing their compatibilitytwit
PC;:BM, according to our reported research results.fbthe exciton diffusion length of SQs is gengrall
quite short (1 ~ 10 nm),[35] the relatively smalpdrase separation size of IDPSQ and IDPOMeSQ blend
systems facilitates the diffusion of excitons te /A interface for dissociation, thereby improvidg.
Therefore, this is also an important reason that EQE values of the IDPSQ- and IDPOMeSQ-based
devices in the absorption region of the;HBB1 (300 ~ 500 nm) are still much higher than théatttee
BIDPSQ- and BIDPOMeSQ-based devices. Finally, DP3Q- and IDPOMeSQ-based devices showed

much highedg than that of the BIDPSQ- and BIDPOMeSQ-based ones.
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Fig. 6. The AFM height map of BIDPSQ, BIDPOMeSQ,PIBQ, and IDPOMeS®lend films with

USQ:PG:BM = 1:3.
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Fig. 7. The TEM images of BIDPSQ, BIDPOMeSQ, IDPS&d IDPOMeSQblend films with

USQ:PG:BM = 1:3.

In addition, the PCE of BIDPOMeSQ-based devicslightly lower than that of BIDPSQ-based device,
but the PCE of IDPOMeSQ-based device is slightghbr than that of IDPSQ-based device. It can be see
that the introduction of methoxy groups has differeffects on the photovoltaic performance of dédfe
skeletal molecules, but the overall change is awgtd.

Upon thermal annealing at 90 °C for 10 min, thetpholtaic performances of the four devices were
improved, with PCE values of 1.00% for the BIDPS&3dd device, 0.84% for the BIDPOMeSQ-based
device, 3.30% for the IDPSQ-based device, and 3.98%the IDPOMeSQ-based device. It is worth
mentioning that even though IDPSQ and IDPOMeSQ shale band gap, due to their deep HOMO level,
tight intermolecular packing and small phase semaraize, the corresponding devices still achiB@GEs
of > 3.20%. Especially, the IDPOMeSQ-based devieeneobtains a highest PCE of 4.06%, which is

comparable to or even higher than the PCEs of sepmted SQ-based devices with low band gaps.[28, 3



43, 45, 47, 48] The photoelectric parameters ofesequaraine donor materials with low band gap bauf t
corresponding photovoltaic performances are suna@arn Table S2. By comparing these data, it can be
found that the greatest advantage of IDPSQ and &R is their much lower HOMO energy level (<
-5.30 eV), which is significantly beneficial to @l highV,c, thereby promoting higher PCE. It shows that
the YZ-typed molecular skeleton of IDPSQ and IDP@Q@eis beneficial to construct highly efficient
unsymmetrical squaraine donor materials with lowNHD energy levels. In addition, if another acceptor
material with a low band gap matched to the IDP8Q IBPOMeSQ is selected to prepare the active Jayer

the device may achieve more excellent photovofiarformance.

4. Conclusions

Four D-A-D’ USQs with XZ-type or YZ-type moleculaskeletons, containing diphenylamine group
with/without methoxy substituent were synthesizBg.systematically comparing the differences between
YZ-type USQ (IDPSQ and IDPOMeSQ) and XZ-type USQDOBSQ and BIDPOMeSQ) systems from
their single crystallographic data, absorption prtips, HOMO/LUMO energy levels, carrier mobilifitm
morphology etc., it finds YZ-type USQs (IDPSQ abPDMeSQ) display closer solid-state packing, much
lower HOMO energy level and higher hole mobilitydditionally, the intramolecular hydrogen bond
interactions in IDPSQ and IDPOMeSQ are benefitrtbamce their compatibility with P€BM, leading to
smaller phase separation domain size. Consequatadiyype USQs exhibit the most excellent perfornmeanc
with PCE of ~ 4%, which is approximately 300% higliean those of XZ-type USQs. Conversely, the
introduction of methoxy group in USQs has littiéfelient effects on the overall photovoltaic perfamoe.

It is worth mentioning that even though IDPSQ ab80OMeSQ show the wide band gap, the corresponding
devices still achieve a highest PCE of ~ 4%, wlscbomparable to or even higher than the PCEs iokso
reported SQ-based devices with low band gaps. Qoesdly, the YZ-type molecular skeleton and the
electron-donating diphenylamine group are very psorg to construct highly efficient squaraine donor

materials.
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Highlights

® The different molecular skeleton types of the unsymmetrical squaraines (USQs) have significant
influence on their material properties and photovoltaic performance.

® The YZ-type USQs exhibit the most excellent performance with power conversion efficiencies (PCE) of
~ 4%, which is approximately 300% higher than those of XZ-type USQs.

® The YZ-type molecular skeleton and the electron-donating diphenylamine group are very promising to

construct highly efficient squaraine donor materials.



