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Abstract

Two novel conjugated donor-acceptor polymers wgnghesized by combining anthracene donor
and benzothiadiazole acceptor with two differexdiesthains (conjugated and non-conjugated). Their
absorption spectroscopy, thermogravimetric analysdisctrochemical cyclic voltammetry, theoretical
prediction, surface morphology, and photovoltaiaf@enance were investigated. The resultant
two-dimensional configuration showed good opticatl &lectrochemical properties. By selectively
introducing branched conjugated side chains andcawjngated linear side chains on the polymer
back-bone, the highest occupied molecular orbéatls are low lying which results in an increased
open circuit voltage for polymer solar cells. Theeno circuit voltagef 1.02 V in this work was among
the highest value for anthracene-based polymer salés ever. Our results suggest a good way to
regulate the molecular energy levels by selectpy@priate side chains.
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1. Introduction



Polymer solar cells (PSCs) have attracted muckntadte due to their potential as a competitive
technology for green energy with the advantagdewfcost, flexibility, light weight, transparencyé
large-area manufacturing compatibility [1-6]. Stafe¢he-art solution-processed PSCs have achieved
power conversion efficiency (PCEs) of 8%-10% [7-1Gleat efforts have been devoted to modulate
the properties of the bulk heterojuntion (BHJ) lay&n PSC devices in the past decades. Several
molecular design strategies have been successfdly to modulate absorption spectra, band gaps, and
molecular energy levels of the active-layer matsriaesulting in significant improvements in the
photovoltaic performance of PSC devices [12-16].

Much of the early progress in the field of orgaphwotovoltaics focused on improving fill factor
(FF) and short circuit currentdg), either by optimizing film morphology with struces such as the
bulk and planar-mixed heterojunctions, or by depilg suitable functional materials with increased
absorption. As a result, PSCs with higl dver 17 mA/criand FF over 70% were achieved [17-20].
In addition, the molecular energy levels of donod acceptor materials can be modified by molecular
design to increase the open circuit voltagedVand PCEs. One feasible approach is to introduce
appropriately sized and shaped side chains appetwgalymer back-bone, a feature which was
recognized as a critical factor impacting the pholmic parameters of the corresponding PSCs as
reported [12,21,22]. By introducing different cogé@ted side chains onto the back-bone of 2D-based
polymers, their molecular energy levels including tHOMO levels and the lowest unoccupied
molecular orbital (LUMO) levels can be effectivelyned without changing their optical properties.
Conjugated branched side chains have a positiveeinée in adjusting molecular energy levels but
have adverse effects on the structural order ahbitity, so the nonconjugated side chains showdd b

carefully selected. Several studies have repottatithe dodecylthienyl-based polymers can deliver a



significantly improved ¥c but with a slightly reduced sd relative to the dodecylphenyl-based
polymers. For instance, Lidzeyet al. [23] preserdedhotovoltaic polymer with relatively low d¢
(0.59V) by incorporating the 4-dodecyloxyphenyl gpointo the anthracene unit of the conjugated
polymer, PPATBT (see Scheme 1l1a). After that, 2-dglleienyl was also introduced in
anthracene-based polymer back-bone and the sitiilaar dodecyloxy chains were attached on
4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (BT) unit, an improved ¥ of 0.96 V was obtained
with slightly reduced gtin the PSCs based on PTA120TBT (see Scheme 1a)lf24iew of this, the
design and synthesis of novel anthracene-basedngodywith suitable side chains are thought to be a
crucial component for highly-efficient PSCs.

In an effort to tune the molecular structure to ipalate the desired high 3¢ for bulk
hetero-junction polymer solar cells, we design ayithesize two novel alternating conjugated
polymers with 2-(2-ethylhexyl)-thienyl group attachon anthracene and linear alkyl chains on DTBT

unit, named as P1 and P2. The synthetic routdseofmonomers and polymers are outline&iheme

2. Experiment

2.1. Materials

All reagents and chemicals were purchased from centiad sources (Aldrich, Acros, TCI) and
used without further purification unless statedeottise. Tetrahydrofuran (THF) was dried over
Na/benzophenone and freshly distilled prior to us&6-dibromoanthracene-9,10-diong,
4,7-bis(5-bromothiophen-2-yl)benzif1,2,5]thiadiazole 5 and
4,7-bis(5-bromo-4-hexylthiophen-2-yl)bengljlL,2,5]thiadiazole 6 were prepared according to

reported literature [25,26]. Other solvents of gtiehl grade were purchased and used without furthe



purification.
2.2. Characterization

Fourier transform-infrared (FTIR) spectra were pgrfed using Thermo Nicolet 6700
spectrophotometer. Nuclear magnetic resonance (N§pBgtra were measured on a Bruker DRX-400
spectrometer (in CDCI3, TMS as internal standaltif-vis absorption spectra were recorded using a
Perkin -Elmer Lambda 950H NMR spectra were recorded on a Bruker DMX-400cspeneter.
Chemical shifts were calibrated against TMS asnéermal standard. Molecular weight was measured
by a Waters 1515 gel permeation chromatograph avitbfractive index detector at room temperature
(THF as the eluent), and polystyrene was usedsdarglard. Differential scanning calorimetry (DSC)
curves were obtained with a Mettler Toledo DSC @&2@rument at 20C min* under a flow of
nitrogen. Thermogravimetric analyses (TGA) were riedr out using a PerkineElmer Pyris
thermogravimeter under a dry nitrogen gas flow heating rate of 18C min®. Cyclic voltammetry of
the polymer films were measured in acetonitrile  hwit 0.1 M of
tetrabutylammoniumhexafluorophosphate {BBF;) using a scan rate of 100 mv'sat room
temperature. Platinum disk, Ag/AgCl, and platinulait@ were used as the working electrode, reference
electrode, and counter electrode, respectively. gdlgmer films for electrochemical measurements
were cast from a chloroform solution, ca. 5 mgmEerrocene was used as the internal standard in
each measurement and it is located at 0.40 V esAtIAgCI electrode. HOMO and LUMO energy
levels were calculated according to the followigg&tions:
E Homo (V) = -€ (pox+4.40)
E Lumo (V) = -€ (pre+4.40)

Egec (eV) = € (ox9Pre)



Where o is the onset oxidation potential vs Ag/AgCl apd is the onset reduction potential vs
Ag/AgCl.
2.3. Charge Mobility

Charge mobility was measured using the space cHarged current model (SCLC) [14,27].
Electron-only and hole-only devices were fabricatwilh a cell structure of ITO/Al/polymer:
PG BM/Ca/Al and ITO/PEDOT: PSS/polymer: PB8M/Au, respectively. The mobility was
determined by fitting the dark current to the moafeh single carrier SCLC, which is described by th
following equation: J = (9/8)e1 (V) (), where J is the current,is the zero-field mobilityg, is
the permittivity of free space;, is the relative permittivity of the material, dtise thickness of the
active layer, and V is the effective voltage. Thieaive voltage can be obtained by subtracting the
built-in voltage (\,) and the voltage drop ¢)/from the substrate’s series resistance from tipied
voltage (Mapp), V=Vappi — Vi — V. The charge mobility can be calculated from thogpslof the Y- v
curves.
2.4. Device Fabrication

All devices were fabricated with the structure 3OV/PEDOT: PSS/polymer: BEBM/Ca/Al.
ITO/glass substrates were cleaned ultrasonicallgeitergent, water, acetone, and iso-propanol (IPA)
sequentially, followed by treating in an ultraviolezone chamber (Ultraviolet Ozone Cleaner, Jelight
Company, USA) for 20 min. The cleaned substrate® wevered with a 40-nm-thick layer of PEDOT:
PSS (Baytron PV PAI 4083, Germany) by spin coatifter annealing in a glove box with argon at
150 °C for 20 min, the samples were cooled to reemperature. Polymers and RBM (purchased
from American Dye Source) were dissolved in dicbhl@mzene (DCB), and 3% diiodooctane (DIO)

was added. The solution was heated at 70 °C amddstivernight at the same temperature before use.



The solution of polymer: PGBM was then spin-coated to form the active layekO@G-nm). Finally,
two layers of 20 nm Ca and 100 nm Al were evapdrate a cathode through a shadow mask under
high vacuum (<1TTorr). The effective area of the device was meabtwebe 0.04 cfh The device
characteristics were obtained using a xenon landgvat..5 solar illumination (Oriel Instruments). The
current-voltage (J-V) characteristics of the devicgere measured out on a computer-controlled
Keithley 2440 Source Measurement system. The EQtefPSCs were measured using a Stanford
Research Systems model SR830 DSP lock-in amptiiepled with WDG3 monochromator and 500
W xenon lamp. The light intensity at each wavelbngas calibrated with a standard single-crystal Si
photovoltaic cell.
2.5. Synthesis
5,5'-(2,6-Dibromoanthracene-9,10-diyl)bis(2-(2-dtiexyl)thiophene) (3).

2-(2-Ethylhexyl)thiophene (8.6 g, 44.0 mmol) wassdilved in anhydrous THF (100 mL) in a
three-necked round-bottom flask under the nitrogerection. The solution was cooled to 0 °C, and a
solution of n-BuLi (2.4 M in hexane, 18.3 mL, 44rimol) was added dropwise over a period of 30
min with stirring. After this addition, the reaationixture was warmed to room temperature, stirogd f
0.5 h and heated up to 50 °C for another 2 h. ycho-9,10-anthraquinone (4.0 g, 11.0 mmol) was
added to the mixture and the temperature was kel 2C for another 1.5 h. Then the reaction mixtur
was cooled to 0°C. A solution of ShCH,0 (22.4 g, 99.0 mmol) in HCI (10%, 50 mL) was added
After stirring for an additional 1.5 h, the solvemas removed under reduced pressure and the product
was purified by column chromatography using hexane¢he eluent and recrystallized from methanol
to afford the pure product as light yellow needies g, 6.6 mmol, yield 60%). FTIR (KBr, ch3064

(aromatic C-H), 2958, 2925, 2856 (alkyl C-H), 150493, 1459, 1436 (aromatic C=CH NMR



(CDCls, 400 MHz,5/ppm): 8.06 (s, 2H), 7.78 (d, 2H, J=9.35 Hz), 7-4643 (m, 2H), 6.98 (dd, 4H,
J=3.51 Hz), 2.90 (t, 4H, J=6.61 Hz), 1.54 - 1.36 (tf&H), 0.99 - 0.92 (m, 12H). Anal. Calcd. for
CsgHa4Br2S;: C, 62.98; H, 6.12; Br, 22.05. Found: C, 62.696t80; Br, 22.04%.
2,2’-(9,10-Bis(5-ethylhexylthiophen-2-yl)anthraceté-diyl)-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborol
ane) (4).

A mixture of 5,5'-(2,6-Dibromoanthracene-9,10-diyl)bis(2-(2-dtiexyl)thiophene)(3) (0.6 g, 2.77
mmol), bis(pinacolato)diboron (2.81 g, 11.08 mmoQH;COOK (0.54 ¢, 5.54 mmol), and
[1,1-bis(diphenylphosphino)ferrocene]dichloro pdilan (II) ( 154 mg, 0.15 mmol) were dissolved in
dioxane (90 mL) under nitrogen. The mixture wagesti for 48 h at 85 °C and allowed to cool down to
room temperature. Dioxane was distilled off usingogary evaporator. The crude product was
dissolved in dichloromethane and washed with bfare3 times; the organic layer was dried over
anhydrous sodium sulfate. The solvent was removedraduced pressure to give the crude product.
The crude solid was purified by column chromatogsapon silica gel using ethyl
acetate/dichloromethane as an eluent (DCM/EA (2vly)). Recrystallization product from ethyl
acetate gave light yellow powder. (1.35 g, 1.66 mmield 60%). FTIR (KBr, crit) 3063 (aromatic
C-H), 2957, 2922, 2854 (alkyl C-H), 1505, 1490, 246440 (aromatic C=C}H NMR (400 MHz,
CDCl,, 8/ppm): 8.59 (s, 2H), 8.03 (d, 2H, J=9.01 Hz), 7(832H, J=8.84 Hz), 7.11 (dd, 4H, J=3.51
Hz), 3.05 - 2.99 (m, 4H), 1.85 - 1.38 (m, 42H),9-10.92 (m, 12H). Anal. Calcd. forsgssB,0,S,: C,
73.34; H, 8.37. Found: C, 73.11; H, 8.42%.

Preparation of polymer (P1)

In a 25 mL dry two-necked flask,

2,2'-(9,10-bis(5-ethylhexylthiophen-2-yl)anthrace@-diyl)-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborol



ane) (4) (199.5 mg, 0.25 mmol), monomer 5 (206.5 ™85 mmol), Pd(PR}Jy (5 mg) and KCO; (2

M, 1 mL) were dissolved in degassed toluene (5 nilt)e mixture was placed under an argon
atmosphere, refluxed with vigorous stirring at @5fér 3 h and then bromobenzene (1 mL) was added.
After 12 h, phenylboronic acid (1 mL, 2 M in THFawradded and the reaction mixture was stirred for
another 24 h. After cooling to room temperature, riixture was dissolved in chloroform, washed with
brine for 3 times and dried over anhydrous sodiwffiate. The solvent was concentrated to about
10mL and the polymer precipitated in methanol apiiected by filtration. Then the solid was washed
in a Soxhlet extractor sequentially with MeOH, acet and hexane. After that, the solid was
Soxhlet-extracted with chloroform. The chloroformadtion was collected and concentrated under
reduced pressure, and precipitated in methanol.fihbeproduct was collected by filtration and dtie
under vacuum at 40 °C overnight (yield 70%). FTHB(, cm?) 3065 (aromatic C-H), 2954, 2920,
2854 (alkyl C-H), 1619 (aromatic C=N), 1504, 149255, 1435 (aromatic C=C} NMR (400 MHz,
CDCl,, 8/ppm): 8.19 - 7.51 (br, 10H), 7.13 - 6.94 (br, 4B)97 - 2.89 (br, 3H), 2.84 - 2.73 (br, 3H),
1.81 - 0.78 (br, 28H). Anal.Calcd.for {i:6N,Ss): C, 74.37; H, 7.41; N, 2.71. Found: C, 74.55; H,
7.22; N, 2.86%.

P2

In a 25 mL dry two-necked flask, a mixture of
2,2'-(9,10-bis(5-ethylhexylthiophen-2-yl)anthrace@-diyl)-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborol
ane) (4) (199.5 mg, 0.25 mmol), monomer 6 (206.5 M85 mmol) and Pd(PEhL (5 mg) were
dissolved in a mixture of degassed toluene (5 nnid) @ aqueous solution 06®0; (2 M, 1 mL). The
mixture was placed under an argon atmosphere xegflwvith vigorous stirring at 95 °C for 4 h and

then bromobenzene (1 mL) was added. After 12 hpyheronic acid (1 mL, 2 M in THF) was added



and the mixture was stirred for another 12 h. Afteoling to room temperature, the mixture was
dissolved in chloroform, washed with brine for 8i¢is and dried over anhydrous sodium sulfate. The
solvent was concentrated to about 10mL and thenpedyprecipitated in methanol and collected by
filtration. Then the resulting solid was washediiSoxhlet extractor sequentially with MeOH, acetone
and hexane. After that, the polymer was Soxhletaex¢d with chloroform. The chloroform fraction
was collected, concentrated under reduced presanceprecipitated in methanol. The final product
was collected by filtration and dried under vacuain®0 °C overnight (yield 80%). FTIR (KBr, €
3064 (aromatic C-H), 2958, 2925, 2856 (alkyl C-#H§06 (aromatic C=N), 1510, 1490, 1465, 1439
(aromatic C=C)H NMR (400 MHz, CDC}, 8/ppm): 8.19 - 7.51 (br, 8H), 7.13 - 6.94 (br, 4R)97 -
2.89 (br, 3H), 2.84 - 2.73 (br, 3H), 1.81 - 0.78 @4H). Anal. Calcd. for (Hs.NLSs),: C, 72.18; H,
6.06; N, 3.24. Found: C, 72.22; H, 5.98; N, 3.43%.
3. Resultsand Discussion
3.1. Synthesis and thermal stability

A key intermediate for the synthesis of the polysnaras the bis-boronate ester monomer 4,
which was obtained in high yield from 2,6-dibromd-®-bis(4-(ethylhexyl)thiophene) anthracene upon
reaction with bis(pinacolato)diboron in the presen€ a palladium catalyst. Suzuki coupling reacion
between monomer 4 and dibromides 5 or 6 afforddgnpers P1 and P2. The chloroform fraction of
P1 with Mn of 5800 Da and an Mw of 7900 Da is ablée processed into films in BHJ devices. The
analogous polymer P2 with linear alkyl substituestighe thiophene-bridged units had Mn=15000 Da
and Mw=23900 Da in its chloroform fractiomgble 1) The thermo-gravimetric analysis (TGA) curves
are shown inFig. 1c. The results found that the polymers exhibit gabermal stability with 5%

weight-loss temperature (T value of 340°C and 406°C for P1 and P2, respectively. Thermal



properties of the copolymers were determined bigdiftial scanning calorimetry (DSC). As shown in
Figure S1 (Supporting Information), DSC analysis of all thelymers demonstrated no apparent
thermal transition up to 275 °C. This indicated thpolymers possessed the amorphous nature.
3.2. Absorption spectra

Absorption spectra of the polymers in chlorofornd aolid thin films are shown iRig. 1 and the
values of the absorption maxima are illustratedahle 2. In solution, the polymers P1 and P2 exhibit
the short-wavelength absorption at 351 nm whichioaites from the— = transition of the conjugated
backbones, whereas the long-wavelength absorptak pt 526 nm for P1 and 511 nm for P2 are
attributed to the internal charge transfer inteécecfrom the donor to the acceptor units. As shamwn
the film (Fig. 1), the absorption bands of P1 aread and red-shifted to 531 nm, which can be
attributed to stronger interchain packing in thdesed structure of P1 in the solid film. Notablg P
also showed red-shift absorption maxima in the fihin as compared to those in chloroform solution,
which can be ascribed to the weak interaction dfmer chains in the solid state, caused by theelarg
dihedral angle of 80.9° between the anthracene tgnaied the thiophene rings at the 9, 10-positions
[28]. The onsets absorption spectra of the filnes&83 nm for P1 and 644 nm for P2, corresponding to
optical band gaps g,E“) of 1.95 and 1.92 eV, individually.
3.3. Electronic energy levels and theoretical calculations

Cyclic voltammetry (CV) was performed to determite HOMO and LUMO levels of the
polymers. The oxidation onsets of P1 and P2 filneasnred by cyclic voltammetry (CV) were 0.72 V
and 1.17 V, respectively. The CV curves are shawhig. 1d. According to the equationybyo = —€
(Eoxt4.40) (eV), the Romo levels were calculated to be -5.12 eV for P1 abdb# eV for P2. Since
Voc is determined by the difference of LUMO energyelesf acceptor and HOMO energy level of the

10



donor, the lower HOMO energy levels of P1 and R2kaneficial to the high 3¢ of the photovoltaic
devices. To provide further insight into the funaentals of molecular architecture, molecular
simulation was carried out for P1 and P2, with aicHength of n=1 at the DFT B3LYP/6-31G (d)
level with the Gaussian 09 program package. As afiegi in Scheme 2a, the LUMOs of the
donor-acceptor copolymers are well distributed gltie conjugated chains, while their HOMOs are
localized on the DTBT acceptor unit, suggestingeefi’e delocalization of the HOMO band and
p-type behavior. Although the HOMO and LUMO isosizé configurations of P1 were quite similar to
those of P2, the backbone of P2 was markedly déstazompared to P1. Such steric hindrance by the
alkyl side chains in P2 twisted the structure af ttonjugated backbone, which is attributed to the
interrupted internal charge transfer (ICT). HoweYer P2, both the HOMO and LUMO energy level
are decreased. The electronic energy level diagadrttee donor and acceptor materials are shown in
Scheme 2b.
3.4. Photovoltaic performance and electron mobility

PSCs were fabricated and characterized to investiha photovoltaic properties of the polymers.
The device structure used in this work is ITO/PEDBES/polymer: PEBM/Ca/Al. After the device
optimization, solar cells were fabricated with lderof polymers and REBM. Solar cells fabricated in
a weight ratio of 1:3 in dichlorobenzene (DCB) $imin gave the best performance. A PCE of 1.12%
with Vo of 0.82 V, a & of 4.24 mA/cm, and a FF of 30.0% was obtained for P15,B® under 1
sun of simulated AM 1.5 G solar radiation (100 miv <€), while P2 exhibited a relatively higher PCE
of 1.94% with a ¢ of 0.86 V, a Jc of 6.29 mA/cni and a FF of 35.9%. The J-V curves of PSCs are
shown inFig.2a, and the device performances are summarizédbie 3.

To further improve the photovoltaic performancettd device, we tried to employ a variety of

11



polar solvents, including methanol, ethanol, andpgnol, to optimize the performance of PSCs.
Inspired by recent work on post-solvent treatm§®-33]. We modified the literature procedare
follows: (i) spin-coated the active layer and drietler vacuum; (ii) ethanol (or other polar solggnt
was added dropwise on top of the active layer astaat wet time (such as 45 s) was required; (iii)
polar solvent was removed by spin coating at hjgged (such as 2500 rpm); (iv) dried under vacuum
and annealed at 10C for 10 min. FroniTable 3 and Fig. 2b, P2 was treated with different solvents.
Remarkably, after the solvent exposure, the perdoca of P2-based PSCs was enhanced. The most
optimized solvent was ethanol and the PCE valuaagdd from 1.61% +0.1% to 3.43% +0.2%, with a
largely increased ¥ ranging from 0.86+0.02 V to 1.02+0.01 V, and Fénfr 35.9% to 46.6%. The
reduced HOMO level of the donor polymer resultea imigher \bc. However, polar solvent treatment
on the P1: P&BM blend film did not show large enhancement, plidypdecause of its non-uniform
film formation and poor solubility of the DTBT uniThe effect of wetting time was investigated, and
the results are plotted Fig. 2c. In P2-based cells, the carrier mobility allowatgrovement relative to
P1-based cells. The electron and hole mobility vetuelied across the film by applying single-carrier
space charge limited conduction (SCLC) method,ngivélectron mobility values of 3. 62 x i@nd
4.78 x 10'cn? V' S*, and hole mobility values of 6.99 xiand 2.27 x 18cn? V* S*for P1 and P2,
individually. (3>~V curves were shown iRig. 2d) The slightly different carrier mobility of the tw
copolymers demonstrates that introduction of longpmanched chains such as hexyl and 2-ethyhexyl
on the molecular back-bone has an impact on thairiec mobility. This is probably due to their
different packing and ordering structure. Additityathe electron mobility of P2 is very close toet
hole mobility, which indicates a good balance afieas in the blend film and it could help to expla
the improved device performance.

12



3.5. Morphologies of the active layer

Besides the above-mentioned parameters such asahstability, absorption, and energy levels,

the morphology of the photoactive layer plays a ka@g in the photovoltaic performance of PSCs. We

directly examined the surface morphology with otheut polar solvent exposure via tapping-mode

atomic force microscopy (AFM). The AFM topograplyages are shown kig.3. In the P2: P&BM

blends, it could be observed that the blend filnthaiit solvent exposure exhibited relatively course

phase separation between the polymer andBMC with a root-mean-square (RMS) surface roughness

of 0.47 nm(see Fig.3a). Globular clusters were formed on the surface byhanol treatment. It could

be attributed to the R¢BM domains, in which PGBM crystallized before the polymer solidified. The

propanol-treated device (with roughness 0.84 nrd)ethanol-treated device (with roughness 0.38 nm)

formed fiber-like interpenetrating morphologies.n¥eof seconds of polar solvent treatment did not

provide an adequate driving force for reconstrgctine morphologies of the polymer films, possibly

because polymers are relatively bulky as comparetid small molecules [34]. However, as some of

the polar solvent molecules penetrated the actiyer] PG,BM particles could be redistributed to

reduce the contact areas with the polar solvents,adter appropriate wetting time, RBM particles

aggregated to the tens-of-nanometers length domidus, forming nanoscale phase separation of the

blend films(see Fig.3a, 3d, 3e, and 3f). This relatively smooth surface and more ordetatttire are

beneficial to the charge transport, thus leadingroincrease insdand V¢, as well as the device

efficiency.

4, Conclusions

In summary, two 2, 6-substituted anthracene-basdgnpers consist of anthracene and DTBT
13



units as building blocks in the main chain weretgrized by Suzuki coupling polymerization. The
resulting two-dimensional polymers revealed goodogfition and thermal stability. By directly
attaching branched alkylthienyl side chains insteddinear alkyl-conjugated side chains on the
anthracene unit, the molecular energy levels wleeterely tuned with deeper HOMO levels of 5.12
eV and attainable y¢of 0.82 eV for P1.The nonconjugated hexyl side mhavere introduced in the
DTBT back-bones to improve the solubility of thdypoer and film formation of the active layer. As a
result, an enhancedg¥ of 1.02 eV from the anthracene and DTBT copolym@rthracene-based
polymer) was obtained by introducing branched alighyl chains in anthracene unit and linear alkyl
chains in DTBT without sacrificing thesgof the original backbone. To the best of our krenge, a
Voc of 1.02 V is one of the highest values for two eimsional anthracene-based polymers solar cells.
Overall, this work demonstrates a good way to ra&gulthe photovoltaic properties by effective

selection of the side chains.
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Figure Lengends
Table 1 Molecular weights and thermal properties of P1 R&d
Schemel (a) Molecular structure of two reference polymewnsd target polymer; (b) Synthetic
procedure of P1 and P2: (i) CyBt-butyl-nitrite, acetonitrile, 65C, 4 h;(ii) n-BuLi, THF, °C then 50
°C, 2 h; 2, 6-dibromo-9, 10-anthraquinone, 1 h; d@hen SnGl2H,O in 20% HCI, 1.5 h;iii)
bis(pinacolato)diboron, Pd(dppfl,, KOAc, 1, 4-dioxane, 20 h;(iv) 2 M ICO; (aq.), PA(PPJy,,
toluene, Aliquat 336, 9%C, 48 h; (v) 2 M KCOs(ag.), Pd(PP4)., toluene, Aliquat 336, 9%, 24 h.
Figure 1 The UV/Vis absorption spectra of P1 and P2 incfddroform solution and (b) as a thin film;
(c) TGA curves of P1 and P2 with a heating ratd®C min* under a M atmosphere; (d) Cyclic
voltammetry curve of P1 and P2 films.
Table 2 Optical and electrochemical properties of the pwys.
Scheme 2 (a) Calculated HOMOs and LUMOs of P1 and P2 udimgDFT method at the B3LYP-6-31
g (d) level. (b) Energy levels of different compat®in a photovoltaic device.
Table 3 Performance of the polymer: P8M BHJ solar cells before and after various polalvent
treatments with a wetting time of 45 s, at a bleatéb of 1:3 under the illumination with AM 1.5G0Q
mW cni,
Figure 2 (a) J-V characteristics of the devices with thafiguration of ITO/PEDOT: PSS/Polymer:
PG;1BM/Ca/Al under the illumination of AM 1.5G, 100 mm 2 (b) Current density-voltage (J-V)
curves of the PSCs based on P2/B®! (1:3, w/w) with solvent exposure. (c) Wettingmg
dependence of PSCs performance of P2. ¥8)\d characteristics of electron-only (ITO/Al/Polymer
PG;:BM/Ca/Al). The inset depicts the hole-only (ITO/PEBD: PSS/Polymer: PGBM/Au) devices.
Figure 3 Tapping-mode atomic force microscopy (AFM) topodnapmage of the blend film of
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P2/PG.BM (1:4, wiw); (a) without solvent treatment, (b)thvmethanol treatment, (c) with propanol

treatment, (d) with ethanol treatment, (e) threeatisional (3D) surface plot without solvent treattne

and (f) 3D surface plot with ethanol treatment.| (&age sizes are 2/ mx2.0um.)
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Figures and Schemes

Table 1l
Polymer M, (Day M, (Daf* PDF Tq (C)°
P1 5800 7900 1.36 340
P2 15000 23900 1.59 406

4 M,, M,, and PDI of polymers were determined by GPC usintystyrenes as standards with
chloroform as eluent.

®The temperature of 5% weight loss under nitrogen.

b)

(

Scheme 1

22



~
o
-’

(©)

-
D N o © O
© © O O o

Weight Residue (%)
(3,
o

H
o

100 200 300 400 500 600 700
Temperature (°C)

g1.0
=

=

film

——P1

400 500 600
Wavelength (nm)

300

700

(d)

Figurel

Table 2

Chloroform solution
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Figure2
Table3
Solvent treatment Jsc [MA cm™?| Voc [V] FF [%] PCE [%]
P1
none 4.24+0.2 0.82+:0.02 30.0£0.3 1.12+0.2
propanol 3.82+0.4 0.84-0.03 28.5:0.5 0.90t0.3
methanol 5.00+0.4 0.82+:0.02 30.5£0.5 1.23£0.2
ethanol 5.64+0.3 0.86+0.02 322403 151+04
P2
none 6.29+0.3 0.86+-0.02 35.9t0.2 1.94-0.2
propanol 5.64+0.2 0.8A-0.02 32.7#0.5 1.6+0.1
methanol 6.08+0.2 0.97-0.02 34.7#0.2 2.05-0.2
ethanol 7.23%+0.1 1.02+0.01 46.6+0.3 3.43%+0.2
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Highlights

1.

Two novel conjugated donor-acceptor polymers were synthesized and
characterized.

By fine tuning side chains, polymers with low lying HOMO and high
Voc of 1.02 V were obtained.

The Vo of the polymer containing 3-hexylthiophene was enhanced
without sacrificing the Jsc.

The Voc of 1.02 V is among the highest value for anthracene-based
polymer solar cells reported.

This work exhibits a good way to regulate the molecular energy levels

by fine tuning side chains.



Heat Flow (mW)

Effective side chain selection for enhanced open circuit voltage of
polymer solar cells based on 2D-conjugated anthracene derivatives
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Fig. S1 Differential scanning calorimetry (DSC) curves of P1 and P2.





