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ABSTRACT: Random poly(3-butylthiophene-co-3-octylthiophene) of several compositions were synthesized
and found to be highly crystalline in spite of the statistical arrangement of the different-sized side chains. The
melting (7},) and recrystallization (7¢) temperatures of the random copolythiophenes varied continuously with
composition. The interlayer oo stacking distance in the lamellar crystalline structure of the random
copolymers, determined from X-ray diffraction of films, varied linearly with copolymer composition over
the entire range. Fullerene-based bulk heterojunction solar cells made from the random copolythiophenes had
power conversion efficiencies of up to 3.0% under 100 mW/cm? AM 1.5 illumination in air, which is significantly
enhanced compared to the homopolymers and their physical blends. The space charge limited current mobility
of holes in the random copolythiophenes was enhanced compared to poly(3-butylthiophene) and physical
blends of the homopolymers. Transmission electron microscopy images of the bulk heterojunction thin films
showed that the random copolythiophenes had a worm-like nanoscale phase-separated morphology beneficial
to solar cells. These results demonstrate that random copolymerization and multiple-sized side chains provide a
facile means of fine-tuning the structural and electronic/optoelectronic properties of conjugated polymers. The
results also provided new insights on the lamellar crystalline packing of side-chain bearing conjugated polymers.

Chart 1. (a) Conjugated Polymers with Side Chains, (b) Lamellar
Packing Structure with Side-Chain Crystallization, and (c) Lamellar
Packing Structure with Disordered Side Chains

Introduction

Many conjugated polymers such as polythiophenes,' poly(p
phenylene)s, 5poly(arylene v1nylene)s poly(arylene ethynylene)s,”

polypyrroles,” polyfluorenes,’ polycarbazoles’ (shown in Chart 1), a R R b c
polyquinolines,® and polyquinoxalines’ carry nonconjugated side /S\ /N\
chains (e.g., alkyl and alkoxyl groups) that improve solubility of polythiophenes  § k"

the rigid rod-like polymer backbones in organic solvents, modulate poly(p-phenylene)s Polypyrroles

mtermolecular interactions, and facilitate ordered packing in the R
e e M Q.Q "
R* R

solid state.''° The insulating side chains play an important role

not only in the structural and physical properties (e.g., solubility,
morphology, and thermal properties) but can also greatly affect
the electronic and optoelectronic properties of the conjugated
polymers.''? In the solid state, all such side-chain bearing con-
jugated polymers (Chart 1), if regioregular or regiosymmetric,
generally form a lamellar crystalline structure, where the interlayer
stdcklng distance is determined by the length or size of the side
chain.'™ Among consequences of the magnitude of the mterlayer
stacking distance is that while longer alkyl side chains increase
solubility and lower the melting temperature, they can also result in
less efficient charge transport as exemplified by the poly(3-alkyl-
thiophene)s (P3ATs)."

The lamellar crystalline structure of conjugated polymers with
regioregular or regiosymmetric side chains, is known to depend
on the side-chain density, the presence of side-chain interdigita-
tion and/or side-chain crystallization.'*™" Regiosymmetric
poly(5,5'-bis(3-dodecyl-2-thienyl)-2,2"-bithiophene) (PQT-12)"°
and poly(2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene)s
(PBTTTs)'®!" with a low density of side-chain attachment and
uniform side-chain arrangement can allow side-chain interdigi-
tation, and thus promote efficient lamellar stacking with long-
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range order. However, itis argued that in the case of regiosymmet-
ric poly(2,5-bis(3-dodecyl-5-(3-dodecylthiophen-2-yl)thiophen-2-
yl)thiazolo[5,4-d]thiazole)s (PTzQT-12), whose side chains are
not equally spaced along the 7-conjugated backbone, the polymer
is not likely to exhibit side-chain interdigitation and undergo side-
chain crystallization even though it has a similar lamellar packing
structure.'® Similarly, regioregular poly(3-alkylthiophene)s are
known to exhibit a lamellar crystalline packing structure where
little or no side-chain interdigitation occurs."'* Thus, there are
two different models of how the side chains of conjugated
polymers are organized: (i) well-aligned, ordered side chains
and (ii) randomly arranged side chains, schematically illustrated
in Chart 1, parts band c, respectively.'® i7 To date, the conjugated
polymers known to exhibit a lamellar crystalline structure all
carry well-defined repeat units, both regioregular and regiosym-
metric, and the side-chain length isidentical.' ">~ On the basis
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Scheme 1. Synthesis of Random Copolymers RBOx
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of studies of the lamellar crystalline structure of well-defined
homopolymers or AB-type alternating copolymers, it is not clear
if side-chain interdigitation, crystallization, or ordered organiza-
tion are essential to the formation of the lamellar crystalline
packing structure.

In this paper, we report the synthesis and studies of the
structural and electronic/optoelectronic properties of random
poly(3-butylthiophene-co-3-octylthiophene)s denoted RBOx,
where x is the copolymer composition in mol % 3-butylthiophene
(3BT). We show that the random copolythiophenes melt, crystal-
lize, and self-organize into lamellar crystalline structures similar
to their parent poly(3-alkylthiophene)s. Comparative studies of
fullerene-based bulk heterojunction (BHJ) solar cells made from
the random copolythiophenes showed that their photovoltaic
properties were significantly enhanced relative to those of the
parent homopolymers or those of the corresponding poly(3-
butylthiophene) (P3BT)/poly(3-octylthiophene) (P30T) physical
blends. Measurement of space charge limited current (SCLC)
mobility of holes in the BHJ thin films similarly showed enhance-
ment of charge transport in the random copolythiophenes
compared to P3BT or the physical blends. We also investigated
the morphology of the BHJ thin films of the random copolythio-
phenes, the homopolymers (P3BT, P30OT), and P3BT/P30T
physical blends by transmission electron microscopy (TEM),
providing information on the nanoscale morphology relevant
to the performance of the solar cells.

Experimental Section

Materials. 3-Butylthiophene, 3-octylthiophene, N-bromo-
succinimide (NBS), anhydrous THF, butylmagnesium chloride
(BuMgCl, 2 M in THF), and [1,2-bis(diphenylphosphino)-
ethane]dichloronickel(II) [Ni(dppe)Cl,] were purchased from
Sigma-Aldrich and were used as received. 2,5-Dibromo-3-
butylthiophene and 2,5-dibrom0-3-0ct0ylthiophene were synthe-
sized following the literature method.? [6,6]-Phenyl-C, butyric
acid methyl ester (PC7BM, > 99.0%) and poly(3-butylthio-
phene) (P3BT, M,, = 107900 g/mol, PDI = 3.61) were purchased
from American Dye Source, Inc. (Quebec, Canada) and used
as received. 1,2-Dichlorobenzene (ODCB, anhydrous, > 99%,
Aldrich) was degassed with nitrogen before use. Poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT) (Baytron P
VP Al 4083) was purchased from H. C. Stark (Newton, MA),
stored in a refrigerator and passed through a 0.45 um filter
before use.

Polymer solutions were prepared by dissolving 20.0 mg of
P3BT, P30T, or random poly(3-butylthiophene-co-3-octylthio-
phene) (RBOx, x = 20, 34, 50, 61, and 72 mol % 3BT)in 1.0 mL
of ODCB with magnetic stirring overnight. The resulting solu-
tions were passed through a 0.45 um filter (1.0 um filter in the
case of P3BT solution). A series of P3BT/P3OT blends with the
same composition (mol % 3BT) as that of RBOx was prepared.
A 60 mg/mL PC;;BM in ODCB was prepared at room tem-
perature and passed through a 0.45 um filter. To prepare BHJ
thin films for photovoltaic devices, a polymer solution (P3BT,
P30T, RBOx, or P3BT/P3OT blend) and a PC;;BM solution
were mixed to make series of BHJ blends with a polymer-to-
PC7,BM weight ratio of 1:0.75.

Synthesis of Poly(3-butylthiophene-co-3-octylthiophene), RBOx.
A series of poly(3-butylthiophene-co-3-octylthiophene) (RBOXx)

was synthesized by a modified Grignard metathesis method
(GRIM)?! as illustrated in Scheme 1. The composition of the
series of RBOx random copolymers was controlled by varying the
feed ratio of 2,5-dibromo-3-butylthiophene and 2,5-dibromo-3-
octylthiophene. The typical procedure for the synthesis of RBOx
copolymers was as follows. A round-bottomed flask (250 mL)
equipped with a three-neck stopcock was dried by heating under
reduced pressure and cooled to room temperature. 2,5-Dibromo-
3-butylthiophene (1 g, 3.36 mmol) and 2,5-dibromo-3-octylthio-
phene (1.19 g, 3.36 mmol) were placed in the flask under N», and
then evacuated under reduced pressure to remove any moisture
and oxygen inside. After anhydrous THF (35 mL) was added into
the flask via a syringe, the solution was stirred at 0 °C. Two M
solution of BuMgClin THF (3.36 mL, 6.72 mmol) was added via
a syringe, and the mixture was stirred at 0 °C for 30 min. The
solution was then heated up to 50 °C and Ni(dppe)Cl, catalyst
(24.8 mg, 0.047 mmol) was added in one portion. The resulting
solution was stirred at 50 °C overnight. The reaction was
quenched by adding HCI solution (20 wt %) into the solution.
The crude polymer was successively washed by Soxhlet extraction
using methanol, acetone, and hexane. The solvent was removed
by evaporation to give a purple solid, RBO50 (0.85 g, Yield:
75%)). The ratio of the amount of Ni(dppe)Cl, catalyst to the total
monomer amount was fixed at 0.7 mol %. RBO20, RBO34,
RBO61, and RBO72 with initial (3BT:30T) molar feed ratios of
20:80, 35:65, 65:35, and 80:20, respectively, were also synthesized
in the same manner to give purple solids as the final products. The
assignment of each proton resonance in the '"H NMR spectra of
RBOx samples is as shown in Figure S1 in the Supporting
Information.

RBO20 (1.05 g, yield = 57%). '"H NMR (CDCls), 6 (ppm):
7.00 (1H), 2.84—2.59 (2H), 1.74—1.70 (2H), 1.52—1.34 (8.4H),
1.00 (0.6H), 0.89 (2.4H). Regioregularity of RBO20 was deter-
mined to be 91.8%.

RBO34 (0.61 g, yield = 52%). '"H NMR (CDCls), 6 (ppm):
7.00 (1H), 2.84—2.59 (2H), 1.74—1.70 (2H), 1.52—1.34 (7.28H),
1.00 (1.02H), 0.89 (1.98H). Regioregularity of RBO34 was
determined to be 91.3%.

RBOS50 (0.85 g, yield = 75%). '"H NMR (CDCls), 6 (ppm):
7.00 (1H), 2.84—2.59 (2H), 1.74—1.70 (2H), 1.52—1.34 (6H),
1.00 (1.5H), 0.89 (1.5H). Regioregularity of RBO50 was deter-
mined to be 94.0%.

RBO61 (0.86 g, yield = 79%). '"H NMR (CDCls), 6 (ppm):
7.00 (1H), 2.84—2.59 (2H), 1.74—1.70 (2H), 1.52—1.34 (5.12H),
1.00 (1.83H), 0.89 (1.17H). Regioregularity of RBO61 was
determined to be 92.9%.

RBO72 (0.95 g, yield = 75%). '"H NMR (CDCls), 6 (ppm):
7.00 (1H), 2.84—2.59 (2H), 1.74—1.70 (2H), 1.52—1.34 (4.24H),
1.00 (2.16H), 0.89 (0.84H). Regioregularity of RBO72 was
determined to be 90.8%.

P30T (0.99 g, yield = 88%). 'H NMR (CDCls), 6 (ppm):
7.00 (1H), 2.84—2.59 (2H), 1.74—1.70 (2H), 1.52—1.34 (10H),
0.90 (3H). Regioregularity of P30T was determined to be
90.8%.

Sample Preparation for X-ray Diffraction. Each copolymer
was dissolved in 1,2-dichlorobenzene at 10 mg/mL and the
solutions were drop-cast onto glass substrates. The substrates
were then dried on a hot plate at 50 °C in air.

Characterization. '"H NMR spectra were recorded on a Bru-
ker-AF300 spectrometer at 300 MHz. UV —visible absorption
spectra were recorded on a Perkin-Elmer model Lambda 900
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Table 1. Molecular Weight and Thermal/Structural Properties of RBOx

copolymer M, (g/mol) M, (g/mol) PDI 1 (%) Tin (°C) T. (°C) AHy, (J/g) dioo (A)
RBO20 112900 77800 1.45 91.8 196.1 159.8 15.7 19.5
RBO34 13100 12000 1.09 91.3 200.7 164.3 15.4 18.2
RBOS50 20500 15000 1.36 94.0 216.0 170.6 13.0 16.9
RBO61 11500 9700 1.18 92.9 211.8 169.8 14.6 16.4
RBO72 9400 8300 1.13 90.8 212.1 174.9 13.1 15.0

“Regioregularity.

UV/vis/near-IR spectrophotometer. The photoluminescence
(PL) emission spectra were obtained with a Photon Technology
International (PTI) Inc. model QM-2001—4 spectrofluorimeter.
The molecular weights reported for the polymers were deter-
mined on a Polymer Lab gel permeation chromatograph (GPC)
Model 120 (DRI, PL-BV400HT Viscometer) against polystyrene
standards in chlorobenzene at 60 °C. X-ray diffraction (XRD)
patterns were obtained on a Bruker AXS D8 Focus diffracto-
meter with Cu Ko beam (40 kV, 40 mA; A= 0.15418 nm). Data
were obtained from 20 angles of 2—35° at a scan rate of 0.01°/s.
The d spacing was calculated from the equation, nA = 2d sin 6.
Differential scanning calorimetry (DSC) scans were obtained on
TA Instrument Q20 at a heating rate of 10 °C/min.

Fabrication and Characterization of Photovoltaic Cells. Pat-
terned indium tin oxide (ITO) glass substrates (10 /0, Shang-
hai B. Tree Tech. Consult Co., Ltd., Shanghai, China) were
cleaned stepwise by acetone, DI water and isopropyl alcohol in
an ultrasonic bath. To fabricate the solar cell devices, a 50 nm
PEDOT buffer layer was spin-coated on top of ITO substrate at
3000 rpm for 30 s and dried at 150 °C for 10 min under vacuum.
Bulk heterojunction (BHJ) polymer solar cells were fabricated
following the basic structure of ITO/PEDOT:PSS/active layer/
LiF/Al, where the active layer is a BHJ thin film of P3BT:
PC;;BM, P30T:PC;;BM, RBOx:PC;;BM, or P3BT/P30T
blend:PC7;BM (1:0.75 w:w). The BHJ blend solution was
spin-coated on top of an ITO/glass substrate in a N, filled
glovebox for 30 s. The as-spun active layers were processed by
30 min film aging and 5 min thermal annealing at (110 £ 10) °C
on a hot plate. Additionally, solar cells based on RBO20:
PC;;BM, RBO34:PC,;BM, and P3OT:PC,;;BM BHJ thin films
were also prepared using a different processing condition (dried
at 60 °C for 2 h). The cathode material, consisting of 1.0 nm of
LiF and 80 nm of Al was sequentially deposited under vacuum
in a thermal evaporator.

Each substrate contained five solar cells with an active area of
4 mm? AMI.5 sunlight with 100 mW/cm? illumination was
simulated by a filtered Xe lamp and calibrated using a NREL
calibrated Si diode.?* All the solar cell characterizations were
measured in laboratory ambient air using an HP4155A semi-
conductor parameter analyzer (Yokogawa Hewlett-Packard,
Tokyo).

Space Charge Limited Current Measurement. Devices for
space charge limited current (SCLC) measurement were fabri-
cated similar to those of solar cells. The SCLC hole mobility was
evaluated using hole-only devices with the structure ITO/PED-
OT:PSS/active layer/Au, where the active layer is a BHJ thin
film of P3BTPC71BM, P3OTPC71BM, RBOX:PCﬂBM, or
P3BT/P30OT blend:PC;;BM (1:0.75 wt:wt) that was processed
under the same conditions as the corresponding solar cells. All
the SCLC measurements were done in laboratory ambient air
using an HP4155A semiconductor parameter analyzer. The
zero-field SCLC hole mobility was obtained by using nonlinear
least-squares fitting of the current density—voltage data accord-
ing to the Mott-Gurney equation?® (eq 1):

9 & 0.89
J = gé’(‘,‘()ﬂﬁ exp (Wﬁﬁ) (1)

where J is the current density, ¥ is the applied voltage, L is the
active layer thickness, u is the mobility, ¢ is the relative permit-

tivity, &g is the permittivity of free space, and f is the field-
activation factor. The equation is applied under the assumption
that the polymer film has good contact with both electrodes and
the electrodes sufficiently block electrons from getting to the
PC;;BM. Additional details on these SCLC measurement and
analysis can be found in our previous paper.*?

TEM Imaging. Bright-field transmission electron microscope
(BF-TEM) was employed to characterize the morphology of the
BHJ thin films directly peeled off the actual solar cells whose
photovoltaic properties were measured. To obtain the BHJ thin
films, the devices were scratched with a blade and soaked in DI
water until the active layers were peeled off the substrates. The
BHJ thin films were then supported on TEM grids (400 mesh,
Electron Microscopy Sciences) and dried in vacuum. An FEI
Tecnai G*> F20 TEM with 200 kV accelerating voltage was used
for imaging, with a 0.031 mm? aperture for selected area electron
diffraction (SAED). The images were slightly defocused to
enhance the phase contrast and were then acquired with a
CCD camera and recorded with Gatan DigitalMicrograph
software with proper exposure time.

Results and Discussion

Random Copoly(3-alkylthiophene)s. A series of five regiore-
gular poly(3-butylthiophene-co-3-octylthiophene)s (RBOx,
where x is the molar composition of 3-butylthiophene (3BT)
units in the copolymer) was synthesized by the GRIM method
(Scheme 1).?" The composition x was determined by using
the terminal methyl protons of butyl (6 = 1.0 ppm) and octyl
(6= 0.9 ppm) side chains of RBOx. The assignment of the
proton resonances in the '"H NMR spectra of RBOx are
shown in Figure S1 (Supporting Information). The regio-
regularity of RBOx was determined to be 91—94% from the
resonance of the a-methylene protons. The random distribu-
tion of 3-butylthiophene and 3-octylthiophene in the RBOx
chains results in good solubility of the copolymers in common
organic solvent (e.g., chloroform, chlorobenzene, and 1,2-
dichlorobenzene) at high concentrations (~20 mg/mL), facili-
tating easily solution processing of the materials into thin
films.

The number-average molecular weight (M) of the RBOx
samples was in the range of 8300 to 77800 g/mol, with a
polydispersity index of 1.09—1.45, determined by gel per-
meation chromatography (GPC) analysis against polystyr-
ene standards (Table 1). The M,, values of the five composi-
tions are all in the moderate range except RBO20 (M, =
77800) which has a much higher molecular weight. The
P30T sample we synthesized has an M,, of 330000 g/mol
and a PDI of 1.37 whereas the commercially acquired P3BT
sample gave an M, of 107900 g/mol with a PDI of 3.61 under
the same GPC analysis conditions.

The dilute solution (1 x 107 ®to 1 x 107> M) absorption
spectra of RBOx, P3BT and P30T in toluene are shown in
Figure la and the corresponding thin-film absorption spec-
tra are shown in Figure 1b. As expected, all the random
copolymers and the parent homopolymers have similar
absorption spectra with a maximum centered near 450 nm.
The thin-film absorption spectra are somewhat structured
with long wavelength shoulder peaks at ~525 and 605 nm
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RBOx.

and absorption maximum that varied from ~520 nm in
RBOS50, RBO61, and RBO72 (Figure 1b) to ~556 nm in
RBO20 and RBO34. The long-wavelength shoulder peak at
605 nm in the absorption spectra of RBOXx thin films is char-
acteristic of the strong intermolecular interactions among
chains of regioregular poly(3-alkylthiophene)s.'® The photo-
luminescence spectra of RBOx, P3BT, and P30T in toluene
solutions all showed identical broad orange-red emission cen-
tered at 575—579 nm (Figure S2). We conclude that the photo-
physical properties of the random copoly(3-alkylthiophene)s
are very similar to those of the poly(3-alkylthiophene)s, which
is to be expected from the identical 2,5-linked polythiophene
backbone and preservation of regioregularity in the random
copolymers with multiple side chains.

Crystallinity of Random Copolythiophenes RBOx. The
crystalline nature and the lamellar packing structure of the
random copoly(3-alkylthiophene)s were investigated by dif-
ferential scanning calorimetry (DSC) and X-ray diffraction
(XRD). DSC scans of RBOx were performed in the range
0—270 °C under N, with a 10 °C/min heating/cooling rate,
exemplified by the DSC scan of RBO50 shown in Figure 2a.
The thermal transitions extracted from the second DSC
scans are summarized in Table 1. Each RBOx showed a
clear single melting transition (7,) ranging from 196.1 °C in
RB0O20t0216.0°Cin RBOS50. The T,,is observed to increase
with increasing composition x (mol % 3BT) of RBOx as
shown in Figure 2b. The T, dependence on composition is
almost linear except for the RBOS50 data point which is
higher than the linear trend, likely due to its slightly higher
regioregularity compared to the rest of RBOx. The T, values
of RBOx samples are generally in between the Ty, of P30T
(190—200 °C) and P3BT (243—272 °C).'*'* It is known that
the regioregular P3ATs show a higher T}, as the alkyl side
chain length decreases.'® The observed increase of T, with
increasing molar composition of the 3BT units in the random
copolymers RBOx is in line with this expectation. The
observed melting enthalpy (AH,,) of RBOx is in a narrow
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range of 13.0—15.7 J/g (Table 1). These values are very
similar to previously reported AH,, values (12—17 J/g) for
P3BT, P3HT, and P30T."*%° The observed melting transi-
tion with a large enthalpy in the random copoly(3-alkylthio-
phene)s RBOwx is strong evidence of crystalline morphology,
similar to poly(3-alkylthiophene)s.'® The exothermic recrys-
tallization peak (7¢) following the melting in the RBOx
samples was in the range 159.8—174.9 °C (Table 1). Similar
to the linear trend of T,, discussed above, the T, increases
with increasing amount of the 3BT units in the random
copolymer (Figure 2b).

The DSC results on RBOx provide important insights into
the melting and crystallization behavior of poly(3-al-
kylthiophene)s, copoly(3-alkylthiophene)s and other conju-
gated polymers with side chains (Chart 1). First, the results
mean that crystallization occurs in spite of the statistical
distribution of side chains of significantly different sizes.
This thus identifies RBOx as a new class of random copoly-
mers that crystallizes. Second, the observed linear depen-
dence of T, and T. on copolymer composition over the
entire composition is very different from the known behavior
of crystalline random copolymers of conventional noncon-
jugated polymers.?* Crystallinity is rarely observed in the
middle region of composition, especially the mid point of
50 mol %.** Third, we note that the copolymer composition
variable provides a means of fine-tuning the thermal transi-
tion properties of the copoly(3-alkylthiophene)s in a contin-
uous fashion not possible with conventional P3AT
homopolymers.

To further confirm the crystalline nature of the random
copolythiophenes we performed X-ray diffraction on drop-
cast films of RBOx samples on glass substrates. The normal-
ized XRD spectra of drop-cast films of RBOx, P3BT, and
P30T are shown in Figure 3a. Each polymer shows a similar
diffraction pattern, consisting of a strong (100) reflection
peak at ¢ factor of 2.63—7.44 nm™"' (20 angle of 4.4—6.74°)
and a second weak peak at ¢ factor of 4.20—17.10 nm ™'
(260 = 8.82—13.61°) due to the (200) reflection. Clearly, the
random copolythiophenes RBOx have a lamellar crystalline
structure similar to that of P3ATs. As the composition
(mol % 3BT) of RBOx increases from RBO20 to RBO72,
both the (100) and (200) peaks gradually shift to higher
q values, meaning that the interlayer d;o spacing is decreas-
ing. The compositional dependence of the d( spacing of the
lamellar crystalline structure of the random copolythiophe-
nes RBOx along with those of the P3BT and P30T is shown
in Figure 3b. An excellent linear relationship, djgo(x) =
20.07—0.0659x, is obtained over the entire composition
range (0 = x = 100). For example, o varies from 19.5 A
in RBO20 to 15.0 Ain RBO72, which are to be compared to
20.07 A in P30T and 13. 14 A in P3BT. The reported djgo
values include 20.05—20.10 A in P30T and 12.63—12.80 A in
P3BT.'®!3 The full width at half-maximum (fwhm) of all
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Figure 4. (a) Self-organization of random copolythiophenes RBOx
into a lamellar crystalline structure. (b) Lamellar crystalline structure
of random conjugated copolymers with different-sized side chains.

XRD diffraction signals and the corresponding crystallite
sizes, calculated using the Scherrer equation,”® are summar-
ized in Table S1 (Supporting Information). The sizes of the
crystalline domains of RBOx are 11.5—14.3 nm, compared
to 19.0 nm in P3OT and 11.2 nm in P3BT. Crystallites in
P3HT films were found to be 12.2—15.9 nm, depending on
the annealing temperature.”>® The peak broadening of the
(100) reflection of RBOx compared to that of P3OT is
primarily due to the smaller crystallite size in RBOx. How-
ever, nonuniform microstrain may also contribute to the
peak broadening in the cases of RBO50 and RBO61, where
the slope values were much larger than that of P30T as
shown in Table S1 (Supporting Information).

The DSC and X-ray diffraction results allow us to con-
clude that macromolecular chains of these random copo-
lythiophenes with statistical distribution of side chains of
different sizes do self-organize into lamellar crystalline
structures. A schematic model of such an assembly is shown
in Figure 4a, which defines an interlayer stacking distance
dyoo that is continuously tuned by the random copolymer
composition x. In spite of the considerable disorder in the
local self-organization of the different-sized side chains with-
in the interlayer space between copolymer backbones, non-
arithmetic average intermolecular interaction distance is
achieved at each composition which facilitates long-range
crystalline order. In contrast to a single melting transition
and a single (100) reflection peak observed in these random
copolythiophenes RBOx, diblock copolythiophenes are re-
ported to exhibit two distinct (100) reflections and two
separate melting transitions due to their different segments.>*®
Similarly, it is known that binary blends of P3ATs have two
different melting transitions in DSC scans if there is a sig-
nificant difference (>2 carbons) in the length of their side
chains.?® We expect that in general, conjugated copolymers
with randomly distributed multiple-sized side chains can
similarly self-organize into lamellar crystalline structures as
illustrated in Figure 4b. The random copolymer composition
in this case can provide a facile means of fine-tuning the
lamellar crystalline structure and thus physical properties of
conjugated polymers from two existing monomers. Regarding
the two models of how the side chains of periodic conjugated
polymers are organized,'®!” our results suggest that both have
validity and applicability to different polymers.

Photovoltaic and Charge Transport Properties. We have
investigated the photovoltaic properties of the random
copolythiophenes in bulk heterojunction (BHJ) solar cells
in comparison with the two parent homopolymers (P3BT
and P30T) as well as with corresponding P3BT/P30T
physical blends. To gain insights into the BHJ solar cells
the charge transport was also investigated by space charge
limited current (SCLC) measurement and the morphology of
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Figure 5. Current density—voltage characteristics of photovoltaic de-
vices under 100 mW/ecm? AM1.5 solar irradiation: RBO50:PC;;BM
(1:0.75), P3BT:PC,,BM (1:0.75), P30T:PC5BM (1:0.75), and 50%
P3BT/P30OT blend:PC;;BM (1:0.75).

Table 2. Photovoltaic Parameters of RBOx:PC,;BM, P3BT:
PC-;BM, and P3OT:PC;;BM BHJ Solar Cells and SCLC Mobility
of Holes in the Devices

py e’/ T (MA] Ve PCE,. PCE,.
polymer Vs) cm?) (V) FF (%) (%)
P30T 32x107* 6.30 0.60 0.44 1.7 13
RBO20 4.1x107° 7.27 0.56  0.59 24 23
RBO34 2.1x107° 7.01 0.55 0.54 2.1 2.0
RBO50 1.8x107* 7.92 0.56 0.67 3.0 2.7
RBO61 2.1x107* 7.00 0.62 0.65 28 2.6
RBO72 1.3x107° 6.22 0.64 0.62 2.5 2.1
P3BT  42x1077 2.23 0.56 0.38 0.5 0.5

the BHJ layer (polymer:PC,;BM) was investigated by TEM
imaging.

Representative current density (J) vs voltage (V) curves for
BHI solar cells based on RBO50, P3BT, P30T, and the 50%
P3BT/P30T blend are shown in Figure 5. The photovoltaic
parameters derived from the J—V characteristics in Figure 5
and similar plots for the remaining RBOx:PC,;BM BHIJ
devices, including the short-circuit current density (Js.), open
circuit voltage (V,.), fill factor (FF), and power conversion
efficiency (PCE) are summarized in Table 2. Similar Jg., Ve,
FF, and PCE data for the BHJ devices from the P3BT/P30T
physical blends are collected in Table S2 (Supporting In-
formation). Both J,. and FF are significantly improved in
RBOS50:PC5,BM solar cells compared to the related homo-
polymer (P3BT and P3OT) or P3BT/P3OT blend (50%)
devices. RBO50:PC;;BM solar cells gave the best photovol-
taic performance of 3.0% PCE with a Ji. of 7.92 mA/cm?,
Voe of 0.56 V, and FF of 0.67. The observed efficiency of
RBOS50 solar cells (3.0% PCE) represents factors of 6 and 1.8
enhancements compared to the homopolymers (P3BT,
P30T). A similarly large enhancement (~6x) was observed
in RBOS50 solar cells compared to the P3BT/P30T blend
(50%) devices. We note that solar cells based on P30T,
RBO20, and RBO34 gave higher efficiencies when the
devices were dried at 60 °C for 2 h compared to the devices
processed by 30 min film aging and 5 min thermal annealing
at 110 4 10 °C. Although a detailed understanding of the
mechanism for enhancement of the photovoltaic properties
of the random copolymers is yet to emerge, especially why
the photovoltaic efficiency peaks at the symmetric composi-
tion (50%), it appears that the average interlayer distance in
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Figure 6. Compositional dependence of the power conversion effi-
ciency of solar cells made from RBOx:PC;BM and P3BT/P30T
blend:PC7;BM devices.

RBOS50 provides one possible explanation. At 1.69 nm, the
dyoo spacing in RBOS50 which is very close to that of P3HT
(1.65 nm),'®!3 which is considered as a good p-type semi-
conductor with an optimal d-spacing that allows a reason-
able degree of polymer/fullerene phase separation and
diffusion of PCBM molecules while maximizing efficient
charge transport in both donor/acceptor phases and the
volume density of light absorbing backbone that leads to a
higher photocurrent.

The observed open circuit voltage in all the RBOx:
PC;,BM BHI devices is in the range of 0.56—0.64 V, and is
comparable to those of P3BT (0.56 V) and P3OT (0.60 V).
The short-current density of the RBOx solar cells is en-
hanced compared to the homopolymer devices (Table 2).
The fill factor of the BHJ devices based on the random
copolythiophenes was significantly higher compared with
devices based on the homopolymers (P3BT and P30OT). The
improvements in both Ji and FF together result in the
observed large enhancement in the efficiency of the RBOx:
PC7BM solar cells. The compositional dependence of the
efficiency of BHJ devices based on the random copolythio-
phenes RBOx is shown in Figure 6. Most notable is the
nonlinear dependence of the power conversion efficiency on
composition, showing that the RBOx-based BHJ solar cells
outperform those of the homopolymers. We note that the
efficiency (1.3—1.7% PCE) of the P30OT:PC;BM solar cells
reported here is the highest reported to date for this homo-
polymer and is to be compared to the previous report of
0.45% PCE.* The efficiency of ~0.5% PCE observed here
for P3BT:PC,;BM BHJ devices compares favorably with
prior reports for this polymer.>’*® However, more recent
P3BT BHI solar cells based on different processing strate-
gies, such as self-assembled P3BT nanowires,”® have resulted
in efficiencies as high as 3.0—3.2% PCE.?° Nevertheless,
the observed compositional dependence of the efficiency of
BHJ solar cells based on RBOx demonstrates that the
photovoltaic properties of the random copolythiophenes
are unexpectedly high and enhanced relative to the homo-
polymers. These random copolymers, RBOx, thus avoid the
disadvantages of the poor processability of P3BT and the
long alkyl side chains of P3OT.

The efficiency of BHJ solar cells based on PC;BM
acceptor and P3BT/P3OT physical blends as donors is also
shown in Figure 6 as a function of composition. The related
photovoltaic parameters are given in Table S2 (Supporting
Information). The photovoltaic efficiency of the P3BT/
P30T physical blends is seen to be independent of composi-
tion (Figure 6, Table S2), the numerical value (~0.3—0.5%
PCE) appears to be largely determined by the poorer of the
two polymer blend components. Most importantly, we see
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Figure 7. Compositional dependence of the SCLC mobility of holes in
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that compared to the P3BT/P3OT physical blends the BHJ
solar cells based on the random copolythiophenes are sub-
stantially enhanced (Figure 6).

The charge transport properties of the random copoly-
mers RBOx and those of the homopolymers (P3BT, P30T)
and P3BT/P3OT physical blends were evaluated in space-
charge limited current (SCLC) experiments using hole-only
devices: ITO/PEDOT:PSS/active layer/Au, where the active
layer is a polymer:PC;;BM BHJ thin film processed under
the same conditions as the solar cells. The dark-current
density (J) — voltage (V) characteristics of the RBOx:
PC57BM and P3BT/P3OT blend:PC;;BM devices were ana-
lyzed by using nonlinear least-squares fitting (Figure S5,
Supporting Information) to the Mott-Gurney equation,*
yielding the zero-field SCLC hole mobility («y,). The SCLC
mobility of holes in RBOx:PC;;BM, P3BT:PC,;;BM and
P30OT:PC7;BM BHIJ thin films are summarized in Table 2.
The highest mobility of holes was observed in P3OT:
PC;;BM (1:0.75) BHJ thin films at 3.2 x 10~* cm?/(V s).
In contrast, a rather low hole mobility was observed in P3BT:
PC,,BM BHI thin films (4.2 x 10~7 ¢cm?/(V s)) which may be
due to the poor solubility, large polydispersity in molecular
weight (PDI = 3.61), and poor crystallinity in blends with
PC5BM. The mobility of holes in RBOx:PC;;BM BH]J thin
films varies from 1.3 x 107> cm?/(V s) in RBO72:PC;,BM to
2.1 x 107* ecm?/(V s) in RBO61:PC;BM (Table 2). The
compositional dependence of the SCLC hole mobility, u(x),
in RBOx:PC7,BM and P3BT/P30OT blends:PC;;BM thin
films is shown in Figure 7. Charge transport is enhanced in
the random copolythiophenes RBOx compared to tht P3BT
homopolymer. The iy, values of RBO50, RBO61 and RBO72
BHIJ thin films are comparable to that of P3OT. The
similarly measured SCLC mobility of holes in P3BT/P30T
blends is plotted as a function of composition in Figure 7.
The hole mobility varies from 1.4 x 1077 to 1.2 x 107>
cm?/(V s) in the physical blends (Table S2, Supporting
Information). The mobility of holes in the random copo-
lythiophene BHJ thin films is enhanced compared to the
corresponding physical blends over the entire composi-
tion. Random poly(3-methylthiophene-co-3-hexylthiophene)s
have similarly been found to exhibit comparable or im-
proved field-effect charge transport compared to their parent
homopolymers®**® while a random poly(3-hexylthiophene-
co-3-octylthiophene) was found to exhibit enhanced field-
effect charge transport compared to P30T and P3HT/P30T
blends.

The morphology of the BHJ thin films in the photovoltaic
devices was investigated by TEM imaging and representa-
tive images of the homopolymers (P3BT, P30T), RBOS50,
and a 50% P3BT/P3OT blend are shown in Figure 8. The
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Figure 8. TEM images of PC;;BM blend thin films: (a) P3BT, (b) P30T,
(¢c) RBO50, and (d) P3BT/P30T blend (50%) under 200 kV.

morphology of BHIJ films of P3BT is characterized by
nanowires (NWs) of P3BT (Figure 8a) and absence of
large-scale aggregation of PC;;BM. P30T NWs dispersed
in a PC71BM matrix with large and irregular dark areas
indicative of the aggregation of PC;1BM across the BHJ
films are seen in the morphology of P3OT (Figure 8b). In
contrast, the observed morphology of RBO50:PC,,BM BHJ
thin film (Figure 8c) and those of other random copolythio-
phene RBOx:PC7;BM BHIJ thin films consist of worm-like
nanostructures. In the case of the physical blend BHJ thin
film, a low density of polymer NWs and a large number of
PC;,BM aggregates in dark-shades area are observed in the
TEM images (Figure 8d). The miscibility between the poly-
mer donor and the PC7BM acceptor, the crystallization of
the polymer and PC;;BM phases, and the scale of the phase
separation in the BHJ thin film are all critical to the overall
performance of the bulk heterojunction solar cells. The
observed differences in the morphology of the different
BHJ thin films shown in Figure 8 could partly explain the
photovoltaic performance of various BHJ solar cells. A
previous report has indeed suggested that a random poly-
(3-dodecylthiophene-co-thiophene) had a better photovol-
taic efficiency than the highly ordered poly(3,3"’-didodecyl-
quaterthiophene) (PQT-12) because the former (random
copolymer) more effectively mixed with the fullerene accep-
tor and formed bicontinuous networks with a nanoscale
phase separation.**® BHJ thin films of PQT-12 were found
by others to form nanoparticles with poor electrical connec-
tion in devices®' due to the intercalation of fullerene mole-
cules between side chains.*?

The observed significant enhancement of photovoltaic
power conversion efficiency in BHJ solar cells based on the
random copoly(3-alkylthiophene)s relative to those of the
homopolymers or physical blends can be understood in
terms of many beneficial factors. In addition to their good
solubility, which facilitates facile self-organization of the
random copolythiophene (RBOx) chains into lamellar crys-
talline structures, high carrier mobility and a worm-like
phase-separated network morphology of their BHJ thin
films when blended with fullerene (PC7;BM) contribute to
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the improved photovoltaic properties. The engineered dis-
ordered interlayer space between the z-conjugated polymer
backbones means that the present crystalline random copo-
lymers must interact with fullerene molecules in novel ways
compared to periodic conjugated polymers with uniform
side chains such as P3ATs or PQT-12. Depending on the free
volume between the side chains of a conjugated polymer,
fullerene molecules can intercalate in fullerene: polymer BHJ
thin films, which can influence the formation of ground state
complexes and efficiency of the devices.>> Unlike excited
state complexes of a conjugated polymer which can be key
intermediates in the exciton dissociation process,” it is
unclear the formation of crystalline ground state complexes
in fullerene/polymer systems’ is advantageous. Multiple-
sized side chains and random copolymerization offer a
means to tune these intermolecular interactions.

Conclusions

We have synthesized and characterized new random copoly(3-
alkylthiophene)s,  poly(3-butylthiophene-co-3-octylthiophene)
(RBOx). Our study of their structural properties by DSC and
X-ray diffraction showed that the random copolythiophenes
crystallize, melt, and form lamellar crystalline structures. Their
melting and crystallization temperatures were found to vary
continuously with copolymer composition. The interlayer stack-
ing distance of the lamellar crystalline structure had a linear
dependence on the composition of the random copolythiophenes.
Fullerene-based bulk heterojunction (BHJ) solar cells fabricated
from the random copolythiophenes were significantly enhanced
compared to the homopolymers or physical blends. Enhanced
charge transport and a more favorable nanoscale morphology of
the BHJ thin films of the random copolythiophenes explain the
improved photovoltaic properties. In general, these results de-
monstrate that random copoly(3-alkylthiophene)s with multiple-
sized side chains represent a new class of crystalline random
copolymers with readily tunable lamellar crystal lattice and
electronic/optoelectronic properties.
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