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ABSTRACT: In an effort to design efficient low-cost polymers for
use in organic photovoltaic cells the easily prepared donor-
acceptor—-donor triad of a either cis-benzobisoxazole, trans-
benzobisoxazole or trans-benzobisthiazole flanked by two
thiophene rings was combined with the electron-rich 4,8-
bis(5-(2-ethylhexyl)-thien-2-yl)-benzo[1,2-b:4,5-b']dithiophene.
The electrochemical, optical, morphological, charge transport,
and photovoltaic properties of the resulting terpolymers were
investigated. Although the polymers differed in the arrange-
ment and/or nature of the chalcogens, they all had similar
highest occupied molecular orbital energy levels (—5.2 to —5.3

INTRODUCTION Organic photovoltaic cells (OPVs) continue
to garner a large amount of interest due to their potential
for use in the development of lightweight and large area
panels for efficient solar energy conversion. Currently, the
most efficient OPVs are based on the bulk-heterojunction
concept in which an electron-accepting material, such as a
functionalized fullerene, is blended with an electron-
donating conjugated polymer." Achieving high power conver-
sion efficiency (PCE) in these systems requires concurrent
optimization of several parameters including the nanoscale
morphology of the polymer film formed upon blending with
the donor-conjugated polymers, the fullerene acceptor, and
the alignment of energy levels of these two components.? In
an effort to optimize the properties of the donor polymers,
there has been extensive research on the design and synthe-
sis of new materials. A popular approach is the synthesis of
polymers composed of alternating electron-rich and electron-
poor moieties as the intramolecular charge transfer between
these groups can be modified by adjusting the strength of
the two monomers, thereby enabling tuning of the polymer’s
highest occupied molecular orbital (HOMO) and lowest

eV) and optical band gaps (2.1-2.2 eV). However, the lowest
unoccupied molecular orbital energy levels ranged from —3.1
to —3.5 eV. When the polymers were used as electron donors
in bulk heterojunction photovoltaic devices with PC5,BM ([6,6]-
phenyl C;4-butyric acid methyl ester) as the acceptor, the trans-
benzobisoxazole polymer had the best performance with a
power conversion efficiency of 2.8%. © 2015 Wiley Periodicals,
Inc. J. Polym. Sci., Part A: Polym. Chem. 2015, 00, 000-000

KEYWORDS: conjugated polymers; heteroatom containing poly-
mer; photovoltaic cells; synthesis

unoccupied molecular orbital (LUMO) levels.? Although there
are many known donor-acceptor conjugated polymers, only
a few combinations have resulted in high PCEs. Moreover,
many of these polymers utilize complex heterocycles that are
challenging to synthesize and purify on large scale.**

Accordingly, benzo[1,2-d;5,4-d’'|bisoxazole (cis-BBO), benzo-
[1,2-d;4,5-d’|bisoxazole (trans-BBO), and benzo[1,2-d;4,5-
d’|bisthiazole (trans-BBZT) are particularly promising for the
development low-cost solution processible OPVs. Collectively
referred to as the benzobisazoles, these electron-deficient
heterocycles are present in a variety of materials including
high-performance rigid-rod polymers,® nonlinear optical
materials,® emissive polymers for use in organic light-
emitting diodes,” electron-transporting layers,® field-effect
transistors (OFET)s,” and OPVs.”©@'* Benzobisazoles have
planar conjugated structure that facilitates n—=n stacking,
improving charge carrier mobility.#°®@ Additionally, polyben-
zobisazoles are among some of the most thermally and envi-
ronmentally stable materials known, which is beneficial for
long-term device stability.> As a result of their origins as
high-performance materials, the monomers required for the

Additional Supporting Information may be found in the online version of this article.
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synthesis of benzobisazoles can be prepared in large quanti-
ties, and purified without the use of column chromatography,
making scale-up feasible.>®P1 Historically, the use of poly-
benzobisazoles was hampered by their poor solubility and
the harsh conditions used for their synthesis. However, new
synthetic methods have enabled the development of solution
processable polybenzobisazoles.” (106

Previously, we reported the synthesis and photovoltaic prop-
erties of copolymers comprising a donor-acceptor-donor tri
triad of a benzobisazole flanked by two thiophene rings and
3,3"-dioctylbithiophene.’°® These copolymers exhibited hole
mobilities as high as 4.9 X 1072 cm?V " 's™! when used in
OFETs and modest PCEs up to 1.14%, with the trans-BBO
polymer giving the best performance in both devices. In an
effort to improve upon the performance of these polymers,
we replaced the bithiophenes with benzo[1,2-b:4,5-
b']dithiophene (BDT). This electron-rich building block has a
planar structure that facilitates 7—n stacking thus improving
hole mobility.'? As a result, there are several copolymers
comprised of BDT and various electron-deficient moieties
with reported PCEs approaching the 10% PCE sought after
for commercial viability.13 In this work, we have utilized the
two-dimensional donor moiety 4,8-bis(5-(2-ethylhexyl)thien-
2-yl)-benzo[1,2-b:4,5-b']dithiophene. Replacing the electron-
rich alkoxy-side chains with thiophene rings lowers the
HOMO level of the resulting polymers, while the extended
conjugation created by the flanking thiophene rings increases
absorption. As a result, polymers made from thiophene-
substituted BDTs often have better OPV performance than
their alkoxy-substituted analogs.'* This selection proved to
be advantageous as when the polymers were used as elec-
tron donors in bulk heterojunction photovoltaic devices with
PC;1BM as the acceptor, the trans-benzobisoxazole polymer
had the best performance with a PCE of 2.8%. This nearly a
threefold increase over the previously reported devices
based on the bithiophene comonomers,’° and rivals the
performance of our copolymers with dithienylsilole.'®

EXPERIMENTAL

Materials and General Experimental Details

Toluene was dried using an Innovative Technologies solvent
purification system. All other chemical reagents were pur-
chased from commercial sources and used without further
purification unless otherwise noted. 4,8-bis(5(2-ethylhexyl)
thien-2-yl)-benzo[1,2-b:4,5-b']dithiophene  (1),'®  2,6-bis(4-
octylthiophen-2-yl)benzo[1,2-d; 5,4-d’]bisoxazole (2),’® 2,6-
bis(4-octylthiophen-2-yl)benzo[1,2-d; 4,5-d’|bisoxazole (3),7(')
and 2,6-bis(4-octylthiophen-2-yl)benzo[1,2-d; 4,5-d’|bisthiazole
(4)"" were synthesized according to literature procedures.
All other compounds were purchased from commercial sour-
ces and used without further purification. Nuclear magnetic
resonance (NMR) spectra were carried out in CDCl; and
recorded on Varian VXR (300 MHz), Varian MR (400 MHz), or
a Bruker Avance-III (600 MHz). "H NMR spectra were inter-
nally referenced to the residual protonated solvent peak. In
all spectra, chemical shifts are given in ppm (0) relative to the
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solvent. Gel permeation chromatography (GPC) measurements
were performed on a separation module equipped with two
10-um AMGPC-gel columns (crosslinked styrene-divinyl ben-
zene copolymer) connected in series (guard, 10,000 A
1000 A) with a UV-vis detector. Analyses were performed at
40 °C temperature using chloroform as the eluent with a flow
rate of 1.0 mL min '. Calibration was based on polystyrene
standards. Thermogravimetric analysis (TGA) measurements
were performed over an interval of 30-850 °C at a heating
rate of 20 °C min " under ambient atmosphere. Cyclic vol-
tammetry was performed using a e-DAQ e-corder 410 poten-
tiostat with a scanning rate of 100 mV s ' The polymer
solutions (1-2 mg mL ') were drop-cast onto a platinum
electrode. Ag/Ag” was used as the reference electrode and a
platinum wire as the auxiliary electrode. The reported values
are referenced to Fc/Fc* (—4.8 eV vs. vacuum). All electro-
chemistry experiments were performed in deoxygenated
CH3CN under an argon atmosphere using 0.1 M tetrabutylam-
monium hexafluorophosphate as the electrolyte. Absorption
spectra were obtained on a photodiode-array Agilent 8453
UV-visible spectrophotometer using polymer solutions in
CHCl3 and thin films. The films were made by spin-coating
25 X 25 X 1-mm glass slides using solutions of polymer
(2 mg/mL) in 1:1 CHCl3/o-dichlorobenzene mixture at a spin
rate of 1200 rpm on a Headway Research PWM32 spin-coater.

General Polymerization Procedure

A mixture of 1 and the respective benzobisazole, 2 mol %
tris(dibenzylideneacetone)dipalladium(0), 8 mol % tris(o-tol-
yl)phosphine in 7 mL of deoxygenated toluene was charged
in a round-bottom flask equipped with a reflux condenser
and an argon inlet. The mixture was allowed to reflux for 18-
72 h before it was end-capped by addition of trimethyl(phe-
nyltin followed by iodobenzene. The polymer was precipi-
tated into 100 mL of cold methanol and filtered through an
extraction thimble. The polymer was successively washed
with methanol, hexanes, and extracted with chloroform. The
chloroform fraction was allowed to stir overnight at 50 °C
with functionalized silica gel (SiliaMetS® Cysteine). The chlo-
roform fraction was then filtered through a bed of Celite and
the solvent was removed under reduced pressure. The poly-
mer was further purified with a short silica gel plug using
chloroform as the eluent. It was then precipitated in metha-
nol, filtered, and dried under vacuum.

Synthesis of P1

Following the general polymerization procedure using com-
pounds 1 (200 mg, 0.22 mmol) and 2 (156 mg, 0.22 mmol)
and a reaction time of 72 h afforded a dark solid (154 mg,
76%). GPC (CHCl3, 40 °C): M,, =15.9 kDa, b =1.9.

Synthesis of P2

Following the general polymerization procedure using com-
pounds 1 (200 mg, 0.22 mmol) and 3 (156 mg, 0.22 mmol)
and a reaction time of 72 h afforded a dark solid (143 mg,
71%). GPC (CHCl3, 40 °C): M,, =10.9 kDa, b = 2.1.
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SCHEME 1 Synthesis of benzodithiophene-thiophene-benzobisazole copolymers.

Synthesis of P3

Following the general polymerization procedure using com-
pounds 1 (80 mg, 0.09 mmol) and 4 (65 mg, 0.09 mmol)
and a reaction time of 18 hours afforded a dark solid
(70 mg, 60%). GPC (CHCl3, 40 °C): M,, =5.3 kDa, b = 1.5.

Device Fabrication and Characterization

All devices were produced via a solution-based, spin-casting
fabrication process. All polymers were mixed with PC;;BM
(SES Research) (mixed 1:2.5 (w/w) with a total solution con-
centration of 21 mg mL™") then dissolved in o-dichloroben-
zene and stirred at 90 °C for 48 h. Indium tin oxide (ITO)
(20-25.2 Q)-coated glass slides (Delta Technologies) were
cleaned by consecutive 10-min sonications in (i) Mucasol™
detergent (dissolved in deionized water), 2X, (ii) deionized
water, (iii) acetone, and then (iv) isopropanol. The slides
were then dried in an oven for at least 3 h and cleaned with
air plasma (Harrick Scientific plasma cleaner) for 10 min.
Filtered (0.45 um) [poly(3,4-ethylene dioxythiophene):
poly(styrene sulfonate)] (PEDOT:PSS) (Clevios P™) was
spin-coated onto the prepared substrates (2000 rpm/60 s)
after first being stirred for 10 min at room temperature. The
PEDOT:PSS films were annealed at 150 °C for 30-min air and
transferred to an nitrogen-filled glovebox after cooling. After
48 h of mixing, the polymer:PC;;BM solutions were filtered
(0.45-pum pore, GS-Tek) and simultaneously dropped onto the
PEDOT:PSS-coated substrates and spin-cast at 1000 rpm for
60 s. The films were dried under vacuum overnight. Ca
(20 nm) and Al (100 nm) were successively thermally
evaporated through a shadow mask (area=0.06 cm ?)
under vacuum of 10~ mbar to complete the devices. J-V
data were generated by illuminating the devices using an
ETH quartzline lamp at 1 sun (calibrated using a crystalline
silicon photodiode with a KG-5 filter). The hole mobility was
extracted from the space-charge-limited current (SCLC) mea-
surement using keithley 2400 source/meter in the dark
under ambient condition.

M&%‘E},} WWW.MATERIALSVIEWS.COM
|

Atomic Force Microscopy

All measurements were performed on films cast as described
above; electrodes were not attached to these samples. A
Veeco Digital Instruments atomic force microscope (AFM)
was used to perform the analysis. The tapping-mode AFM
was carried out using TESPA tip with scan rate of 0.5 um
s~ ! and scan size of 3 X 3 um?

RESULTS AND DISCUSSION

Synthesis and Physical Characterization

The synthesis of the polymers is shown in Scheme 1. The
required monomers 4,8-bis(5-(2-ethylhexyl) thien-2-yl)-
benzo[1,2-b:4,5-b'|dithiophene 1,'° 2,6-bis(4-octylthiophen-2-
yl)-benzo[1,2-d; 5,4-d'|bisoxazole 2’0 2,6-bis(4-octylthio-
phen-2-yl)-benzo[1,2-d; 4,5-d"]bisoxazole 3,”® and 2,6-bis(4-
octylthiophen-2-yl)-benzo[1,2-d; 4,5-d’]bisthiazole 4”® were
synthesized according to the literature procedure. The use of
the thiophene-benzobisazole-thiophene triad prevents ring
opening side reactions at the 2- and 6-positions of the ben-
zobisazole ring during the cross-coupling reaction.)” The
Stille cross-coupling polymerization of monomer 1 with 2, 3,
or 4 with afforded polymers P1, P2, and P3, respectively, in
yields ranging from 60 to 76%. All polymers had limited sol-
ubility in common organic solvents, such as THF, and chloro-
form at room temperature, preventing characterization via
NMR spectroscopy. However, characterization via GPC was
possible and the results are shown in Table 1 and Support-
ing Information Figures S5-S7. The reported molecular
weight of P3 appears to be half that of P1 and P2 due to
the reduced solubility of the sulphur-containing polymer. We
also believe that the limited solubility of P3 has impeded its
analysis as only the fraction soluble in chloroform at room
temperature was evaluated. Nonetheless, all of the polymers
showed excellent film-forming abilities. TGA revealed that all
polymers were thermally stable with 5% weight loss onsets
occurring above 240 °C under air (Supporting Information
Fig. S8). The results are summarized in Table 1.
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TABLE 1 Physical Characterization of P1-P3

Polymer  Yield® (%)  M,® (kDa) D° DP, T4(C)
P1 76 15.9 19 17 387
P2 71 10.9 21 12 246
P3 60 5.3 15 4 250

@ Isolated vyield.
b Determined by GPC in CHCI; using polystyrene standards.
© 5% weight loss temperature by TGA in air.

Optical and Electrochemical Properties

The normalized absorbance spectra of the polymer solutions
in chloroform and in the solid state are shown in Figures 1
and 2, respectively, and the data are summarized in Table 2.
In solution, the UV-visible spectrum for P2 has a single, fea-
tureless absorbance band, whereas vibronic coupling is seen
in the spectra of P1 and P3. The absorption maximum for
P2 is hypsochromically shifted 26 nm relative to the absorb-
ance maximum for its isomer, P1, whereas the absorption
maximum of P3 is red-shifted 87 nm relative to the isoelec-
tronic P2. All of the spectra are fairly broad and lack a sec-
ond low-energy absorption seen when intermolecular charge
transfer between the electron-donating and electron-
accepting units is occurring.®© As thin films, the absorbance
maximum for all of the polymers are bathochromically
shifted indicating increased backbone planarization and =-
stacking in the solid state.'® Interestingly, the absorbance
maxima of P1 and P2 in thin film are significantly red-
shifted relative to their solution spectra, while the absorb-
ance maxima of P3 is only slightly red-shifted relative to its
solution spectra. The difference is likely a result of the lower
molecular weight of P3. Despite the lower molecular weight
of the polymer, P3 exhibited the most red-shifted absorbance
maximum of the series. Overall, the absorption maxima for
these polymers is also red-shifted relative to the analogous
quarter thiophene benzobisazoles, which had absorption
maxima of 460, 475, and 462 nm for the cis-BBO, trans-BBO,
and trans-BBZT polymers, respectively, and similar molecular
weights.’®(© Although the optical band gaps for both series
of polymers were similar, the red-shifted absorption in this
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FIGURE 1 UV-vis absorption spectra of P1-P3 in dilute chloro-
form solutions. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 2 UV-vis absorption spectra of P1-P3 as thin films

spun from polymer solutions in oDCB (2 mg/mL). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

series of polymers is beneficial in improving the photovoltaic
properties of the polymers.

The electrochemical properties of the polymers were eval-
uated by cyclic voltammetry. All three polymers exhibit
measureable and reproducible oxidation and reduction proc-
esses (Supporting Information Fig. S9). The HOMO and
LUMO levels were estimated from the onset of oxidation and
reduction using the absolute energy level of ferrocene/ferro-
cenium (Fc/Fc*) as —4.8 eV under vacuum and are summar-
ized in Table 2.'° The HOMO levels ranged from —5.2 to
—5.3 eV, all of which are deep enough to guarantee good air
stability.20 The LUMO levels ranged from —3.1 to —3.5 €V,
with the trans-BBZT being the lowest. As a result, P3 had
the smallest electrochemical band gap of the series. The elec-
trochemical band gaps for P1 and P2 are both similar to
their optical band gaps, whereas the electrochemical band
gap of P3 is significantly smaller than its optical band gap.
We note that the current of the cyclic voltammogram of P3
is also smaller than that of the other polymers which could
be a result of difference in the morphology of the polymer
film on the electrodes surface among other issues.'® These
data demonstrates that changing the position of the oxygen
atoms from the cis- configuration to the trans- configuration
has a negligible impact on the HOMO level and a negligible
impact on the LUMO level. However, replacing the oxygen
atoms of trans-BBO with sulfur had a negligible impact on
the HOMO level, while reducing the LUMO level by ~0.3 eV.
As a result, the benzobisthiazole polymer has the smallest
electrochemical band-gap.

Previously, we were able to evaluate the energy levels using
both CV and ultraviolet photoelectron spectroscopy (UPS)
and saw good correlation between both measurements. UPS
provides a more accurate values for the HOMO level than
CV.?! Based on the UPS measurements, switching the orien-
tation of oxygen within benzobisoxzole from cis to trans low-
ered the HOMO level by 0.1 eV, and substituting the oxygen
atoms in trans-BBO with sulfur atoms had no effect on the
HOMO level. Conversely, switching the orientation within
benzobisoxzole from cis to trans lowered the LUMO level by

Wiley Online Library
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TABLE 2 Electronic and Optical Properties of Benzobisazole-Thiophene-Dithienosilole Terpolymers
Solution Film

Polymer /3% (nm) 0T (nm)  Jonser (NM)  ESPt(eV)®  EEC (eV)P EX, red ~ HOMO (eV)®  LUMO (eVv)®
P1 451 490 565 2.2 2.1 0.42 -1.70 =52 =31

P2 425 487 575 2.2 2.1 0.46 -1.59 -5.3 -3.2

P3 513 518 600 2.1 1.7 0.35 -1.356 =52 -35

@ Estimated from the optical absorption edge.
© Estimated from HOMO to LUMO.
¢ HOMO = —4.8 — (E%%,) (eV).

nset

9 LUMO = —4.8 - (E%d,,) (eV). Electrochemical properties were measured

using a three-electrode cell (electrolyte: 0.1 mol/L TBAPFg in acetonitrile)

0.1 eV, whereas replacing the oxygen atoms in trans-BBO
with sulfur atoms raised the LUMO level by 0.1 eV. The
LUMO levels of P1 and P2 are both 0.2 eV lower than those
reported previously for the analogous quarterthiophene ben-
zobisoxazole polymers (—2.9 eV) and the HOMO levels are
both 0.1 eV higher (—5.3 and —5.4 eV).lO(C) However, P3 has
a significantly lower LUMO level than its quarterthiophene
analog (—3.1 eV) and the HOMO level is 0.2 eV higher
(—5.4 eV).}0©

Evaluation of Charge Carrier Mobility and Photovoltaic
Properties

The performance of all three polymers in OPVs were eval-
uated using PC,;BM as the electron acceptor with a device
configuration of ITO/PEDOT:PSS/polymer:PC,;BM/Ca/Al.
Photovoltaic devices with this configuration were fabricated
using different polymer:PC;;BM weight ratios and are sum-
marized in Supporting Information Table S1. The active layer
was deposited from 21 mg/mL 0-DCB solutions, using proc-
essing conditions selected to give a thickness of approxi-
mately 100 nm. In all cases, the best performance was
obtained using a 1:2.5 weight ratio of polymer to PC;;BM.
The current density-voltage (/-V) curves of P1:PC;;BM,
P2:PC;,BM, and P3:PC;;BM photovoltaic devices at this
weight ratio under AM 1.5 G illumination (100 mW cm ™ ?)
are shown in Figure 3. These devices were evaluated with
and without the solvent additive, 1,8-diiodooctane (DIO). The
resulting photovoltaic performances including short circuit
current density (Jsc), open circuit voltage (Voc), fill factor
(FF), and PCE are shown in Table 3. The external quantum
efficiencies (EQEs) of the solar cell devices were also exam-
ined. The EQE curves for the solar cells fabricated under the
same conditions used for the /-V measurements are shown
in Supporting Information Figure S10. The trend in the EQE
values is consistent with the observed performance for the
cells. Overall, the devices based on P2 gave the highest PCE
at 2.78% without the use of solvent additives. The devices
made from P1 and P3 had lower efficiencies with values of
1.75 and 1.62%, respectively. Although all of the polymers
had similar Vo and FF, P2 had the highest photocurrent,
and as a result, the highest PCE. This is almost a threefold
improvement over the previously reported poly(quarterthio-
phene benzobisoxazole).lo(c] Interestingly, the P1- and
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with an Ag/Ag™ reference electrode, a platinum auxiliary electrode, and a
platinum-button working electrode. Reported values are referenced to Fc/
Fc*. Polymer films were drop cast from an ortho-dichlorobenzene
(oDCB) solution of the polymers on to the working electrode. All cyclic
voltammetry experiments were recorded at a scan rate of 50 mV/s.
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FIGURE 3 Current density-voltage (J-V) curves of poly-
mer:PC,,BM, photovoltaic devices under AM 1.5 G illumination
(100 mW cm™2). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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TABLE 3 Photovoltaic Device Performance of P1-P3 with PC;,BM
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Polymer Additive (% DIO) Jsc (mA/cm?) Voc (V)

P1 None 4.05+0.15 0.79 = 0.01
P1 0.5% 3.99+0.05 0.70 = 0.00
P1 2.5% 4.52+0.14 0.76 = 0.02
P2 None 7.81+0.18 0.72£0.01
P2 0.5% 3.31£0.21 0.59 +0.01
P2 2.5% 3.74 +0.00 0.55 +0.02
P3 None 3.79 £0.08 0.76 £0.01
P3 0.5% 4.26 =0.08 0.69 + 0.02
P3 2.5% 4.60 + 0.04 0.68 = 0.01

FF PCE (%) Max PCE (%) Rsn (Q cm?)
0.53+0.0 1.71+0.03 1.75 457 + 259
0.56 +0.0 1.57 +0.04 1.61 1,656 + 127
0.53+0.1 1.78 = 0.07 1.85 982 + 134
0.49 = 0.0 2.74 = 0.05 2.78 818 + 209
0.43+0.0 0.87 +0.07 0.94 792 + 34
0.37£0.0 0.76 = 0.04 0.79 708 = 37
0.55+ 0.0 1.58 + 0.04 1.62 944 + 455
0.51+0.2 1.50 = 0.00 1.50 970 = 40
0.48 0.0 1.53 +0.03 1.54 835 + 146

Photovoltaic devices with a configuration of ITO/PEDOT:PSS/Polymer:PC;;BM/Ca/Al were fabricated at a 1:2.5 weight ratio of polymer to PC,;BM
and a total solution concentration of 21 mg mL™~". DIO was used as the additive (% v/v). Averages are based on 6 devices.

P3-based devices had similar performances with respective
values of 1.85 and 1.62%, despite the significantly lower
molecular weight of P3, which can negatively affect film for-
mation and charge carrier mobility.22 The OPV performance
of P3 is comparable to that reported by Jenekhe et al. for a
related benzobisthiazole polymer, poly[(4,8-bis(2-hexyldecyl)
oxy)benzo[1,2-b:4,5-b'|dithiophene) — 2,6-diyl-alt-(2,5-bis(3-dode-
cylthiophen-2-yl)benzo[1,2-d;4,5-d']bisthiazole)] (PBTHDDT),
which had a PCE of 1.76%, that improved to 2.96% with the
use of additives."® We also evaluated the use of DIO as a
solvent additive,”® but only observed a nominal improvement
in the PCE for P1, and a decrease in the performance of P2
and P3. However, PBTHDDT differs from our polymer in the
placement and nature of the substituents on both the thio-
phenes and benzodithiophene. This suggests that additional
optimization of our system could yield an even higher PCE.

The mobilities were calculated according to eq 1: The hole
mobility of the polymers was examined using the SCLC
method with a hole only device structure of ITO/
PEDOT:PSS/Polymer:PC,;BM/AL?* The mobilities were calcu-
lated according to the eq 1:

9egeru, V2

TE (1)

Jscre =
where gg¢, is the permittivity of the polymer, p, is the carrier
mobility, and L is the device thickness.?” The hole mobilities
were determined to be 2.19 X 107° 2.18 X 10 ° and
6.58 X 107° cm?V1s7! for P1, P2, and P3, respectively.
These values are all of the same order of magnitude which
indicates that the difference in the PCE of the polymers is
not a function of their charge carrier mobility.

The surface roughness and phase distribution of the three
polymer systems were studied by AFM (Fig. 4). The AFM
height images revealed that both the P1:PC;;BM and
P2:PC;,BM blend films have large domain sizes, manifesting
root-mean square (RMS) surface roughness values of 2.94
and 1.20 nm, respectively. Whereas, the P3:PC,;BM blend
film has smaller domains (RMS = 0.78 nm). The AFM phase
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images of P2:PC,;BM film displays a refined morphology
that improves the exciton dissociation efficiency and, thus,
the PCE. Conversely, films of the P1:PC,;BM and P3:PC,;BM
blend show poor intermixing between polymer and fullerene,
reducing overall efficiency. Our previous X-ray diffraction
studies on poly(quarter thiophene benzobisazoles) indicate
that the structural differences in the materials do not signifi-
cantly impact the packing of the polymer chains.'°) There-
fore, the differences in the morphology of these polymers
are likely a result of differences in solubility. Supporting
Information Figures S11-S13 show the AFM surface rough-
ness and phase images of the three polymer systems were
captured at 0.5 and 2.5% DIO additives. The RMS values of
the films topography (shown in Supporting Information Fig.
S14) indicate that the DIO additive increases the film rough-
ness and the polymer/fullerene phase separation as depicted
in the phase images of Supporting Information Figures S11-
S13. This is true for P1- and P2-based thin films. Whereas,
P3:PC71BM thin film that showed slight increase in the
domain sizes of polymer and fullerene. The observed phase
separation with DIO additive hampers the charge dissocia-
tion efficiency and, thus, the photovoltaic characteristics
(Table 3). It is worth mentioning that the P2:PCBM thin
films show an RMS increase from 0.91 nm for the control
(no additive) to 1.75 and 2.54 nm for the 0.5 and 2.5% of
DIO additives, respectively (Table 4). This strongly affects
the P2:PC71BM intermixing, revealing average (max) PCEs of
2.54 (2.78), 0.87 (0.94) and 0.74 (0.79)% for the control, 0.5
and 2.5% DIO additives, respectively (Supporting Informa-
tion Fig. S14).

CONCLUSIONS

Three terpolymers composed of thiophene, benzodithio-
phene, and benzobisazoles were prepared in an effort to
develop efficient materials for use in photovoltaic cells. The
benzobisoxazole polymers had good solubility in various
organic solvents, whereas the trans-benzobisthiazole polymer
had limited solubility preventing the synthesis of high molec-
ular weight polymer. All of the polymers had similar HOMO
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FIGURE 4 AFM height (left) and phase (right) images at 3 X 3 um? of devices with polymer:PC,;BM blends at a 1:2.5 weight ratio.
From top to bottom: P1:PC4,BM, P2:PC,,BM, and P3:PC;,BM.

levels, but different LUMO levels and fairly wide band gaps. = mers. However, these properties did not translate into better
The trans-benzobisthiazole polymer, P3, exhibited slightly = performance in OPVs as the polymer based on trans-benzobi-
broader and red-shifted absorption spectra relative to the  soxazole gave the best performance of the series at 2.78%.
other benzobisazoles in the solid state. Furthermore, this  The poor performance of the trans-benzobisthiazole polymer
polymer also had the highest hole mobility of all three poly- is likely a result of the negative impact the molecular weight
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TABLE 4 Hole Mobility of P1-P3 Hole-Only Devices, and AFM
Data of Polymer: PC,,BM Blends

Polymer un (em2 V- 1s™ ) RMS Roughness (nm)
P1 2.19 X 10°° 2.94
P2 218 x 10°° 1.20
P3 6.58 X 10°° 0.78

has on the active layer film morphology. At the same time,
the OPV performance of all these polymers is limited due to
the wide band gap and relatively high-lying HOMO level.
Given the overall ease of synthesis, benzobisazoles are still
promising building blocks for the development of OPV mate-
rials. However, additional improvements in solubility, proc-
essing, and electronic properties are needed. Accordingly, we
are actively pursuing the synthesis of new derivatives to
address the wide band gap and processibility of these
polymers.
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