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ABSTRACT: Thin films of fully conjugated donor−acceptor block 
copolymers composed of an electron donating block and an electron 
accepting block can be used as single component photoactive layers in 
organic photovoltaic (OPV) devices. In order to realize their full 
potential, control over microphase separation and thin-film 
morphology are critical. In conjugated block copolymer systems 
where one or more blocks can crystallize, the morphological evolution 
is governed by the competition between microphase separation and 
crystallization. In this work, we control crystallization of fully 
conjugated block copolymers with a random copolymer block. We 
suppress the crystal packing of poly(3-hexylthiophene-2,5-diyl) 
(P3HT) through the insertion of a small number of 3-octylthiophene 
(3OT) units within the chains, yielding poly(3-
hexylthiophene-2,5-diyl-random-3-octylthiophene-2,5-diyl) (P[3HT-r-3OT]). While crystallization of P3HT dominates the
morphology and prevents microphase separation in poly(3-hexylthiophene-2,5-diyl)-block-poly((9,9-dioctylfluorene-2,7-diyl)-
alt-(4,7-di(thiophene-2-yl)-2,1,3-benzothiadiazole)-5′,5″-diyl) (P3HT-b-PFTBT), modest levels of 3OT suppress crystal-
lization in P[3HT-r-3OT]-b-PFTBT, and permit microphase separation. Thus, we demonstrate that incorporating a random
copolymer into a donor−acceptor block copolymer can increase control over microphase separation and lead to enhanced
performance in OPV devices.

■ INTRODUCTION

Fully conjugated donor−acceptor block copolymers consist of
covalently linked electron-donating and electron-accepting
blocks. Incorporating the electron donor and the electron
acceptor within the same polymer chain enables the use of
donor−acceptor block copolymers as a single-component
photoactive layer in organic solar cells.1−6 Unlike the
kinetically trapped structure of physical blends of electron
donor and electron acceptor polymers or small molecules used
in electronic devices,7−22 the microstructure23−26 of donor−
acceptor block copolymer films can be dictated by thermody-
namic equilibrium.1−6,27−33 This microphase separation yields
domains with length scales on the order of the exciton
diffusion length in organic materials.34−36 As a consequence,
donor−acceptor block copolymers are a promising approach to
control phase separation either in single-component active
layers1,2 or as surfactants for donor−acceptor systems.6,37−39

In order to realize the full potential of donor−acceptor block
copolymers, controlling the thin-film morphology and micro-
phase separation is key. Nevertheless, in fully conjugated
donor−acceptor block copolymers that incorporate semi-
crystalline polymers, morphology control is challenging and
often dominated by polymer crystallization. In previous
reports, fully conjugated block copolymers incorporating
various combinations of alkyl thiophenes40,41 and seleno-
phenes,42 fluorene,31 and diketopyrrolopyrrole43 derivatives
have been prepared. We propose that due to the strong
tendency of poly(3-akylthiophene)s to crystallize, character-
istic fibril-like crystal structures44,45 appear in the thin-film
morphology of conjugated block copolymers, rather than
microphase-separated structures.



Control of crystallization is required to facilitate microphase
separation in block copolymers because crystallization and
microphase separation compete as the thin film morphology
develops. This is exemplified in the behavior of polyethylene-
block-poly(styrene-r-ethylene-r-butene) copolymers. In these
materials, microphase separation dominates the behavior,
rather than crystallization of the polyethylene block, when
the interblock segregation strength (the product of the Flory−
Huggins interaction parameter and the degree of polymer-
ization, χN) is sufficiently high, about three times the
interblock segregation strength at the order−disorder tran-
sition. Thus, when this criterion is met, crystallization is
confined within microphase-separated domains. In contrast,
when the segregation strength is low, crystallization breaks out
of the microphase-separated domains and dominates the
morphology of the block copolymer.46

This concept has also been demonstrated in rod−coil block
copolymers containing one semiflexible, semicrystalline block
and one flexible, amorphous block, including poly(3-hexylth-
iophene-2,5-diyl)-block-poly(2-vinylpyridine),47,48 poly(3-do-
decylthiophene-2,5-diyl)-block-poly(methyl methacrylate),49

poly(3-hexylthiophene-2,5-diyl)-block-poly(perylene bisimide
acrylate),50,51 and poly(3-(2′-ethyl)hexylthiophene)-block-pol-
ylactide.52 In these rod−coil block copolymers, various
microphase-separated morphologies, including spheres, cylin-
ders, and lamellae, are observed only when the composition of
the block copolymer is dominated by the flexible block. When
the composition of the block copolymer is dominated by the
rod-like block, no microphase separation is observed; instead,
crystallization of the stiff block dominates the morphology and
prevents microphase separation.
Nevertheless, when the crystallization of the semicrystalline

block is sufficiently reduced, or when the interblock
segregation strength is sufficiently high, microphase separation
can be observed, even when the rod-like block dominates the
composition. Introduction of regiodefects in the P3HT block
of P3HT-block-poly(2-vinylpyridine) copolymers can lead to
suppressed P3HT crystallization and enhanced microphase
separation.53 P3HT-block-poly(perylene bisimide acrylate)
prepared with a high enough molecular weight (19.7 kg/
mol) of P3HT exhibits confined crystallization within
microphase-separated domains.50,51 When the side chains of
poly(3-akylthiophene) are adjusted to branched ethylhexyl
chains, crystallization of poly(3-(2′-ethyl)hexylthiophene) is
less intense (compared to P3HT), and hexagonally packed
cylinders are observed, even when the copolymer is composed
mostly of the semicrytalline block.52

This type of manipulation of the alkyl side chain is a
common approach used to control the crystallization of
poly(3-akylthiophene)s and resultant properites.54−58 Mono-
mers with side chains of different length,56 branching,57 and
fluorination58 have been used to disrupt and, therefore, control
the crystal packing of poly(3-akylthiophene)s. For example, in
random copolymers of 3-butylthiophene and 3-octylthiophene,
the interlayer stacking distance and melting temperature
depend linearly on the composition of the random
copolymers.56 In random copolymers of 3-hexylthiophene
and 3-(2′-ethyl)hexylthiophene, the crystal structure of the
copolymer follows that of the majority component, and in
contrast to the crystal structure, the melting temperature
decreases gradually as more 3-(2′-ethyl)hexylthiophene is
incorporated in the copolymer.57 Alternating copolymers
synthesized using 3-alkylthiophene and 3-semifluoroalkylth-

iophene comonomers have a bilayer lamellar crystal structure,
where the bilayer lamellae are composed of alternating
backbone/alkyl side chain and backbone/semifluoroalkyl side
chain domains.58

In this work, we demonstrate an approach to control
crystallization in fully conjugated block copolymers by
incorporating a random copolymer as one of the blocks. We
synthesize a series of random copolymers based on poly(3-
hexylthiophene-2,5-diyl) (P3HT) incorporating various
amounts of 3-octylthiophene (3OT). These random copoly-
mers are incorporated into a donor−acceptor block copolymer
with PFTBT, yielding poly(3-hexylthiophene-2,5-diyl-random-
3-octylthiophene-2,5-diyl)-block-poly((9,9-dioctylfluorene-2,7-
diyl)-alt-(4,7-di(thiophene-2-yl)-2,1,3-benzothiadiazole)-5′,5″-
diyl) (P[3HT-r-3OT]-b-PFTBT), and the composition of the
random copolymer allows the crystallinity of the P[3HT-r-
3OT] block to be tuned. The combination of soft X-ray
scattering and rheology demonstrates the presence of micro-
phase separation, and we relate morphology in the active layer
to the power conversion efficiencies of solar cell devices
incorporating the donor−acceptor block copolymers as single-
component photoactive materials.

■ MATERIALS AND METHODS
Synthesis of P[3HT-r-3OT] Macroreagent. Poly(3-hexylthio-

phene-2,5-diyl-random-3-octylthiophene-2,5-diyl) P[3HT-r-3OT])
was prepared in an effort to tune the crystallization of the block
copolymers. A reactor charged with 2,5-dibromo-3-hexyl thiophene
(Sigma-Aldrich, 97%; 2.4 g, 7.36 mmol) was evacuated for 2 min and
backfilled with argon. Anhydrous THF (Acros Organics, 99.9%; 6
mL) was injected while purging the system with argon. Next, the
reactor was cooled to 0 °C, and a solution containing isopropyl
magnesium chloride/lithium chloride complex (Sigma-Aldrich, 1.3 M
in THF; 5.4 mL, 6.99 mmol) was injected dropwise. The metal−
halogen exchange reaction was allowed to proceed as the reactor was
warmed to room temperature and left to react for a total of 3 h. At the
same time and following the same procedure, the analogous reaction
using 2,5-dibromo-3-octyl thiophene instead of 2,5-dibromo-3-
hexylthiophene was prepared in a separate reactor. After 3 h were
allowed for metal−halogen exchange, 2-bromo-5-chloromagnesio-3-
octylthiophene (either 0.147 or 0.368 mmol) was transferred via
syringe to the reactor containing 2-bromo-5-chloromagnesio-3-
hexylthiophene. An additional 40 mL of THF were added to dilute
the reaction mixture. A total of 1.2 mol % of [1,3-bis-
(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2) was
dissolved in 5 mL of THF. Polymerization was initiated by injecting
the catalyst via syringe; the reaction was allowed to proceed for 20
min at room temperature. The polymerization was terminated by
injecting 3 mL of 5 M HCl. The reaction mixture was precipitated in
chilled methanol and subsequently purified by sequential Soxhlet
extractions with methanol, acetone, and hexane. The random P[3HT-
r-3OT] copolymers are referred to as P3HT(x), where x corresponds
to the mole percent 3HT.

Synthesis of P[3HT-r-3OT]-b-PFTBT Block Copolymer. Poly-
(3-hexylthiophene-2,5-diyl-random-3-octylthiophene-2,5-diyl)-block-
poly((9,9-dioctylfluorene-2,7-diyl)-alt-(4,7-di(thiophene-2-yl)-2,1,3-
benzothiadiazole)-5′,5″-diyl) (P[3HT-r-3OT]-b-PFTBT) block co-
polymers were prepared using a chain extension reaction from the
synthesized P3HT(x) macroreagents. A chain extension from the
P3HT block was achieved by a Suzuki-Miyaura polycondensation
reaction to grow the PFTBT block. A 100 mL Schlenk flask was
charged with either P3HT(1.0), P3HT(0.98), or P3HT(0.95) (120
mg), 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) (F;
Sigma-Aldrich, 97%; 150 mg), 4,7-bis(5-bromo-2-thienyl)-2,1,3-
benzothiadiazole (TBT; Sigma-Aldrich, ≥ 99.0%; 100 mg), and
anhydrous toluene (Sigma-Aldrich, 99.8%; 16 mL). The headspace of
the reactor was purged for 10 min with argon, after which



tetramethylammonium hydroxide solution (Sigma-Aldrich, 20 wt % in
H2O; 5 mL), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4;
Sigma-Aldrich, 99%; 21 mg), and a few drops of Aliquat 336 (Sigma-
Aldrich) were added. The reaction mixture was degassed with three
freeze−pump−thaw cycles and finally backfilled with argon. The
Schlenk flask was immersed in an oil bath controlled to 90 °C and the
polymerization was allowed to proceed for 20 h. The reaction was
terminated by injecting of bromobenzene (3 mL). The aqueous phase
was separated and discarded and the organic phase was precipitated in
chilled methanol. The crude product was redissolved in toluene and
heated to 90 °C for 12 h, at which point it was precipitated again into
chilled methanol and subsequently purified by sequential Soxhlet
extractions with methanol, acetone, and hexane. The block
copolymers are referred to as P3HT(x)-b-PFTBT.
Polymer Characterization. Molar mass distribution of all

synthesized polymers was determined relative to polystyrene stand-
ards using an Agilent Technologies gel permeation chromatograph
(GPC; Agilent 1260 with a ResiPore 300 × 7.5 mm column)
equipped with a refractive index detector (RID). Chlorobenzene (40
°C, 1 mL/min) was used as the mobile phase. In addition, the molar
mass and regioregularity of P3HTs (P3HT(x) copolymers) and the
composition were calculated by 1H NMR analysis using a Bruker 500
MHz instrument (Avance III HD500). Deuterated chloroform was
used as the solvent.
The incorporation of 3OT into the synthesized P[3HT-r-3OT]

was confirmed by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS). MALDI-TOF MS was
performed using a Bruker Ultraflextreme MALDI TOF/TOF
instrument equipped with 2 kHz Bruker smartbeam-II solid state
laser. Poly(propylene glycol) 2700 (Sigma-Aldrich) [M + Na]+

monoisotopic mass was used for external calibration. trans-2-[3-(4-
tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB;
Fluka, >99%) was used as the matrix. 20 mg/mL DCTB and 10
mg/mL P3HT solutions in THF were combined as a 5:1
DCTB:P3HT ratio. Then 1 μL of the combined solution was applied
to the target and allowed to dry. Mass spectra were acquired in the
positive-ion reflector mode for a mass-to-charge, m/z, detection range
of 700−5000 m/z. The laser sampling rate was 0.2 ns, and 2000−
6000 shots were acquired for each spectrum.
Melting temperature and melting enthalpy of all synthesized

polymers were determined by differential scanning calorimetry (TA
Instruments Q2000) at 10 °C/min from 0 to 300 °C. To eliminate
any thermal history, the second heating ramp was used for analysis.
Device Fabrication. Solar cell devices were fabricated using a

conventional architecture incorporating ITO/PEDOT:PSS (70 nm)/
block copolymer active layer (80−100 nm)/Al electrode (75 nm).
Thickness of each layer was measured on a TENCOR P-10 surface
profiler. PEDOT:PSS (Clevios P, Heraeus) was spin-cast onto ITO
coated glass substrates (20 ohm/sq, Xin Yan Technology, Hong
Kong) at 4000 rpm for 2 min and subsequently dried at 165 °C for 10
min. The substrate was then transferred into a nitrogen-filled glovebox
(H2O < 1 ppm and O2 < 10 ppm) for further processing and testing.
The P3HT(x)-b-PFTBT active layer was spin-cast using a 7.0 g/L
solution of the block copolymer in chloroform at 800 rpm for 60 s.
The aluminum electrode was deposited by thermal vapor deposition
at 10−6 Torr on top of the active layer through a shadow mask
(Device area = 16.2 mm2). After cathode deposition, the devices were
thermally annealed at 180 °C for 5 to 20 min to achieve optimized
performance.
Photovoltaic measurements were performed on a solar simulator

(Newport Model SP92250A-1000) under simulated AM 1.5G
illumination (97 mW/cm2). An optical power meter and NREL
certified Si reference photocell (Newport) were used to calibrate the
xenon lamp used. The current−voltage characteristics of devices were
measured on a Keithley 2636A Sourcemeter under light and dark
conditions.
Morphology Characterization. Morphology of block copolymer

thin films was investigated using grazing-incidence wide-angle X-ray
scattering (GIWAXS) and resonant soft X-ray scattering (RSoXS).
GIWAXS was performed at beamline 7.3.3 of the Advanced Light

Source, Lawrence Berkeley National Laboratory. Scattering data were
acquired using 10.0 keV X-rays at an incident angle of 0.15°. Samples
were prepared by casting PEDOT:PSS and P3HT(x)-b-PFTBT onto
a silicon substrate following conditions used to prepare devices.
Samples were thermally annealed at 180 °C in a nitrogen-filled
glovebox for 10 min.

RSoXS was performed at the carbon K-edge (285.0 eV) at
beamline 11.0.1.2 of the Advanced Light Source, Lawrence Berkeley
National Laboratory. Samples were prepared by first depositing a layer
of PEDOT:PSS onto a silicon substrate followed by P3HT(x)-b-
PFTBT. Substrates were immersed in deionized water and as-cast
films were floated off onto 5 mm × 5 mm silicon frames supporting a
1 mm × 1 mm, 100 nm thick silicon nitride window. Samples were
then dried for 24 h at room temperature under vacuum and
subsequently annealed at 180 °C in a nitrogen-filled glovebox for 30
min.

Transmission electron microscopy (TEM) experiments were
performed on FEI Tecnai LaB6 at the Materials Characterization
Lab, the Pennsylvania State University. Samples were prepared by the
same procedure as those for RSoXS, except that as-cast films were
floated off onto 400 mesh copper grids and annealed at 180 °C for 30
min. Films were stained by placing droplets of osmium tetroxide
alongside grids in the bottom of a closed Petri dish, such that vapor
staining takes place for 2 h.

Samples for rheometry are molded into 1 mm thick and 8 mm
diameter pucks inside a nitrogen-filled glovebox. Samples are heated
above melting and nematic clearing transitions (290 °C) under
vacuum to eliminate air bubbles. Then, samples are pressed into pucks
with about 1 MPa of pressure at 220 °C. Samples are loaded into a
TA Instruments ARES-G2 rheometer between two 8 mm-diameter
parallel plates operating under a nitrogen environment. The sample is
first heated to 300 °C for 10 min to ensure good contacts and erase
thermal history. Frequency sweeps from 100 to 0.1 rad/s with an
oscillatory strain amplitude of 0.05 are conducted at 300 °C. Stress
relaxation tests are run with a step strain of 0.05.

■ RESULTS AND DISCUSSION
In an effort to tune the crystallinity of P3HT, a small amount
of 3OT was incorporated into the polymerization of 3HT,
yielding the random copolymer P[3HT-r-3OT] (Scheme 1).

The synthesized batches of P[3HT-r-3OT] are denoted as
P3HT(x) where x is the mole fraction of 3-hexylthiophene
(3HT) and 1-x is the mole fraction of 3-octylthiophene (3OT)
used in the polymerization.
The enchainment of 3OT to give the resultant P3HT(x) was

confirmed by MALDI-TOF MS analysis. MALDI-TOF mass
spectra of P3HT(1.0), P3HT(0.98), and P3HT(0.95) in the
region where 13-mers to 15-mers appear are presented in
Figure 1. The MALDI-TOF mass spectra (Figure 1a) of

Scheme 1. Reaction Scheme for the Synthesis of Poly(3-
hexylthiophene-2,5-diyl-random-3-octylthiophene2,5-diyl)
(P[3HT-r-3OT])a

aThe feed ratio of 3HT:3OT is controlled to produce copolymers
with minor amounts of 3OT randomly enchained in the structure,
which are referred to as P3HT(1.0), P3HT(0.98), and P3HT(0.95).



purified P3HT, P3HT(1.0), exhibits periodic peaks with
differences in monoisotopic masses corresponding to the
molar mass of the 3HT repeat unit (166.3 g/mol).59−61 The
three different peak distributions correspond to chains having

different end-groups, either H/Br, H/H, or Br/Br, resulting
from the GRIM mechanism. When 3OT is incorporated into
the Grignard metathesis polymerization, the MADLI-TOF
spectra again show the presence of chains with H/Br, H/H,
and Br/Br end groups, but there also are periodic peaks
corresponding to the repeat unit mass of 3OT (194.3 g/mol).
The spectrum for P3HT(0.98) presented in Figure 1b shows a
monoisotopic peak at m/z = 2242.5 Da, which corresponds to
a P3HT 13-mer with H/Br end groups (Br(C10H14S)13H;
calculated monoisotopic m/z = 2242.8 Da). A small peak is
also observed at m/z = 2436.7 Da (monoisotopic)
corresponding to a P[3HT-r-3OT] 14-mer incorporating one
3OT unit in the chain and H/Br end groups: Br-
(C10H14S)13(C12H18S)1H; calculated monoisotopic m/z =
2437.1 Da. Detailed peak assignments are shown in Table S1
of the Supporting Information. Thus, inclusion of the
regiospecific monomer of 3OT with that of 3HT in the
Grignard metathesis polymerization leads to a random
copolymer, P[3HT-r-3OT]. Increasing the relative amount of
3OT used in the polymerization leads to a higher 3OT content
in the resulting conjugated polymer, as seen by comparing the
MALDI-TOF MS spectrum of P3HT(0.95) to that of
P3HT(0.98). In all cases and as evidenced by data presented
in Table 1, the addition of 3OT did not affect the
regioregularity of the resulting P(3HT-r-3OT).
Block copolymers were prepared using P3HT(x) as a

macroreagent, yielding P3HT(x)-b-PFTBT. GPC traces of the
block copolymers and corresponding P3HT(x) macroreagents
are presented in Figure S1. Block copolymers contain
P3HT(x) homopolymer in the range of 10% to 21%, as
shown in Figure S1 of the Supporting Information, which is
consistent with previous reports of the synthesis of P3HT-b-
PFTBT.1,3,62 Chain extension of the macroreagents is
confirmed by shifts in the elugrams toward shorter retention
time after extension of the macroreagent used in the
preparation of the P3HT(x)-b-PFTBT block copolymer. The
compositions of P3HT(x)-b-PFTBT block copolymers are
determined by analysis of 1H NMR spectra, as shown in Figure
S2 of the Supporting Information. The molar mass of the block
copolymers is found by first determining the molecular weight
of P3HT(x) from end-group analysis via NMR and then using
the ratio of P3HT(x) and PFTBT to obtain the molecular
weight of the second block. Number-average molecular weight,
Mn, and regioregularity of P3HT(1.0), P3HT(0.98), and
P3HT(0.95) are presented in Table 1 along with dispersities
determined by GPC. The results show that molar mass and
composition of the block copolymers are very similar
throughout the series, suggesting that influences of molar
mass or regioregularity of the first block (macroreagent) on the
block copolymer composition are minimal. Also, the increases
in Mn observed after chain extension are also very similar,

Figure 1. MALDI-TOF spectra of (a) P3HT(1.0), (b) P3HT(0.98),
and (c) P3HT(0.95). Spectra confirm the addition of 3-
octylthiophene into the P3HT chains, yielding P(3HT-r-3OT).

Table 1. Molar Mass, Dispersity (Đ), Regioregularity, and Composition of Synthesized P3HT(x) and P3HT(x)-b-PFTBT

Mn (kg/mol)a Đb regioregularity (%)a weight ratio (P3HT:PFTBT)a

P3HT(1.0) 5.0 1.12 89
P3HT(0.98) 6.5 1.10 92
P3HT(0.95) 5.1 1.12 90
P3HT(1.0)-b-PFTBT 7.8 1.30 64:36
P3HT(0.98)-b-PFTBT 9.8 1.30 66:34
P3HT(0.95)-b-PFTBT 8.6 1.39 59:41

aDetermined from 1H NMR. bDetermined from GPC.

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01859/suppl_file/ma8b01859_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01859/suppl_file/ma8b01859_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01859/suppl_file/ma8b01859_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01859/suppl_file/ma8b01859_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01859/suppl_file/ma8b01859_si_001.pdf


which is not unexpected given that the protocol for preparation
of the block copolymer differed only by the macroreagent used.
Relative crystallinity of the block copolymer thin films was

characterized using GIWAXS. 1D profiles are generated by
azimuthally integrating the 2D scattering patterns and
subtracting background scattering from the substrate (PE-
DOT:PSS/Si). All data are normalized by exposure time,
thickness of films determined by ellipsometry, and weight
fraction of P3HT. We can obtain an estimate of the relative
crystallinity of the block copolymers by comparing the relative
intensities of the peak corresponding to the (100) reflection of
P3HT (Figure 2a). The intensity of the (100) peak decreases

as 3OT content of the P3HT(x) block increases. The same
trend is observed in the azimuthally integrated scattering data
of P3HT(x) homopolymers (Figure S3a of the Supporting
Information). Also, in-plane and out-of-plane line cuts of block
copolymer scattering data reveal the same trend as the
azimuthally integrated profiles (Figure S3b,c of the Supporting
Information). GIWAXS data confirms that introducing a small
amount of 3OT into P3HT disrupts the crystal packing of
P3HT and decreases the crystallinity within the P3HT
domains in block copolymer thin films. Relative crystallinities
of block copolymers were also compared based on melting
enthalpies of P3HT(x) blocks obtained from DSC (see Figure
S4 and Table S2 of the Supporting Information). Melting
enthalpy and crystallinity decrease from P3HT(1.0) (5.9 J/g,
0.28) to P3HT(0.98) (4.8 J/g, 0.21) to P3HT(0.95) (3.8 J/g,
0.19) as 3OT was introduced as a comonomer.
Microstructure of block copolymer thin films was inves-

tigated using RSoXS. Aimuthally integrated RSoXS scattering
profiles of P3HT(x)-b-PFTBT block copolymers are presented
as I(q)q2 vs q in Figure 2b and as I(q) vs q in Figure S5 of the
Supporting Information. Scattered intensity is generated from
chemical contrast between the two blocks, resulting in the
most intense peak corresponding to the average spacing
between P3HT(x) and PFTBT domains. The domain spacing
does not change significantly throughout the series of block
copolymers examined in this work; we observe average domain
spacings of 23 nm (q* = 0.027 Å−1) for P3HT(1.0)-b-PFTBT,
22 nm (q* = 0.028 Å−1) for P3HT(0.98)-b-PFTBT, and 21
nm (q* = 0.030 Å−1) for P3HT(0.95)-b-PFTBT. Higher order
peaks are visible at 2q* or 0.054 Å−1 for P3HT(0.98)-b-

PFTBT and at 0.060 Å−1 for P3HT(0.95)-b-PFTBT,
suggesting these copolymers adopt a lamellar morphology. In
contrast, blends of P3HT and PFTBT show little evidence of
structure from RSOXS profiles.1,63 We attribute the more-
defined features at high q (>0.04 Å−1) to enhanced microphase
separation in P3HT(0.98)-b-PFTBT and P3HT(0.95)-b-
PFTBT relative to P3HT(1.0)-b-PFTBT, which is a direct
result of the suppression of P3HT crystallization. Furthermore,
Figure S6 of the Supporting Information shows bulk SAXS
measurements of all three block copolymers at 260 °C, above
the melting temperatures identified through DSC, where the
presence of peaks suggests microphase separation.
The microstructure of block copolymer thin films was

examined by TEM as shown in Figure 3. Although P3HT(1.0)-

b-PFTBT exhibits very little that can be attributed to
microphase separation, P3HT(0.98)-b-PFTBT and
P3HT(0.95)-b-PFTBT show regions with significant contrast
between dark and light domains that resemble a highly
defective lamellar morphology.64 Alternatively, a perforated
lamellae morphology or a mixture of cylinders and lamellae is
possible. Nevertheless, the enhancement in microphase
separation that is apparent with addition of 3OT to the
P3HT block is consistent with RSoXS results; the length scale
for microphase separation (ca. 20 nm) corresponds to the
average domain size obtained by RSoXS.
The extent of microphase separation between PFTBT and

P3HT blocks with different fractions of 3OT is further
examined by the viscoelastic response in bulk melt rheology.
Although rheology is a well-established method to probe block
copolymer microphase separation,65−67 it has only been
applied to a limited extent for conjugated block copolymers.68

Above the melting temperature and nematic-to-isotropic
transition temperature of each block, rheology will yield
signatures of a liquid-like response if block copolymers are
disordered. Furthermore, previous work has examined the
rheological response of P3HT and PFTBT homopolymers, and
show that at 300 °C both polymers are isotropic and exhibit
liquid-like scaling, namely G′ ≈ ω2 and G′′ ≈ ω.69,70 Figure 4a
shows the storage modulus G′ and loss modulus G′′ as a
function of frequency ω at 300 °C, where none of the block
copolymers exhibit a terminal response expected of disordered
(liquid-like) block copolymer chains. Thus, rheology indicates
that all three block copolymers are microphase separated at
300 °C.
All P3HT(x)-b-PFTBT block copolymers exhibit a power-

law relaxation with an exponent between 0.3 and 0.5 at small
frequencies (Figure 4a). This mechanical response suggests the
existence of microphase separated cylinders or lamellae,66,67,71

and the long time stress relaxation after chain disentanglement

Figure 2. (a) Azimuthally integrated GIWAXS scattering profiles of
P3HT(x)-b-PFTBT films. All data are normalized by exposure time,
film thickness, and P3HT weight fraction. Background scattering from
the substrate (PEDOT:PSS/Si) has also been subtracted. (b)
Azimuthally integrated RSoXS scattering profiles of P3HT(x)-b-
PFTBT films, presented as I(q)q2 vs q.

Figure 3. TEM images of P3HT(x)-b-PFTBT films. All films were
stained by OsO4 for 2 h. (a) P3HT(1.0)-b-PFTBT, (b) P3HT(0.98)-
b-PFTBT, and (c) P3HT(0.95)-b-PFTBT, respectively. Scale bar =
100 nm.
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is attributed to movement of defects at the boundary of nearby
domains.71 Figure 4b shows stress relaxation as a function of
time for the three block copolymers, where P3HT(0.98)-b-
PFTBT and P3HT(0.95)-b-PFTBT show a plateau in the
modulus at long times. In contrast, the modulus of
P3HT(1.0)-b-PFTBT continues to decay at times beyond
103 seconds. The nonterminal viscoelastic behaviors in Figures
4a and 4b are compared in Figure S7 by transforming G(t) to
G′(ω) and G′′(ω) through the Boltzmann superposition
principle. The results obtained by both oscillatory shear mode
and step shear mode show reasonable match above 0.1 rad/s,
and the plateau in the modulus appear again for the 3OT
added block copolymers at 0.001 rad/s. We expect that at
times greater than 100 s defects have explored the entire
domain and the unrelaxed stress plateau for 3OT containing
block copolymers may be indicative of the domain size; for
P3HT(1.0)-b-PFTBT, we speculate that the modulus will
reach a plateau lower than that of P3HT(0.98)-b-PFTBT at
times beyond our experiment. We therefore hypothesize that at
300 °C the addition of 3OT moieties can stabilize defects in
block copolymer mesophases, leading to higher moduli at long-
response times with increasing 3OT content.
In order to determine the consequences of incorporating

3OT in the P3HT blocks on charge photogeneration, we
fabricated solar cell devices using the various P3HT(x)-b-
PFTBT block copolymers as single-component active layers
(Figure 5 and Table 2). Photovoltaic performance of devices
from each block copolymer was optimized as a function of
annealing at 180 °C for times ranging from 5 to 20 min (Table
S3 of the Supporting Information). Devices fabricated from
P3HT(0.98)-b-PFTBT perform at 2.6% power conversion
efficiency (PCE), which is about 20% greater than devices

fabricated from P3HT(1.0)-b-PFTBT. The improved effi-
ciency of devices incorporating P3HT(0.98)-b-PFTBT, relative
to those incorporating P3HT(1.0)-b-PFTBT, is mainly due to
an increase in short-circuit current. Differences between open-
circuit voltage and fill factor of the devices are not statistically
significant. An inflection point in the curves is apparent near
the open-circuit voltage, which could be a result of bad
contacts.72−76 Nevertheless, because the fill factor and open-
circuit voltage stay constant, we assume that contacts are
equally bad across all devices. Under this assumption, it
appears that enhancing microphase separation is important for
maximizing the short-circuit current of solar cell devices. The
same trend also appears in the performance of devices
comprised of blends of P3HT(x) with PFTBT in the active
layer (see Figure S8 and Table S4 of the Supporting
Information). Results show that devices made using a blend
of P3HT(0.98) and PFTBT outperformed devices made using
blends with P3HT(1.0) and P3HT(0.95).
When the photoactive layer is composed of P3HT(0.95)-b-

PFTBT, the power conversion efficiency decreases relative to
devices fabricated from P3HT(1.0)-b-PFTBT and
P3HT(0.98)-b-PFTBT. Because the introduction of a modest
amount of 3OT did not significantly affect domain spacings
(Figure 2), we hypothesize that crystallization of the donor
block is insufficient to achieve high-performance devices, likely
because charge (hole) transport is limited. Alternatively, we
also consider the effects of homopolymer impurities. Previous
work has demonstrated that decreasing P3HT homopolymer
impurities from 56% to 19% in P3HT(1.0)-b-PFTBT increases
performance in devices from 0.97% to 2.2.% power conversion
efficiency.62 Further decreasing homopolymer impurities to
14% leads to a 2.7% efficiency when this material is used as the
active layer in devices.1,62 Comparing to results presented here,
device efficiencies increase from 2.2% to 2.6% when
P3HT(0.98)-b-PFTBT (21% homopolymer impurities) is
used in the active layer instead of P3HT(1.0)-b-PFTBT
(16% homopolymer impurities). Furthermore, P3HT(x)
homopolymer impurities are lowest in P3HT(0.95)-b-PFTBT
(10%), but devices made from this block copolymer show
lower efficiencies (1.7%) than devices made from either
P3HT(1.0)-b-PFTBT or P3HT(0.98)-b-PFTBT. We thus
hypothesize that the differences in homopolymer impurities
between 21% and 10% have a less significant impact than the
tuning of crystallization of P3HT(x)-b-PFTBT block copoly-
mers by the addition of 3OT moieties to the donor backbone.
Overall, our work demonstrates that carefully balancing
crystallization and microphase separation is critical for the
performance of OPV devices incorporating fully conjugated
block copolymers as the single-component active layer
material.

Figure 4. (a) Oscillatory frequency sweeps of P3HT(x)-b-PFTBT at
300 °C showing nonterminal power law behavior with exponents
between 0.3 and 0.5. (b) Stress relaxation results for P3HT(x)-b-
PFTBT at 300 °C with a step strain of 0.05.

Figure 5. Characterization of photovoltaic performance of solar cell
devices incorporating P3HT(x)-b-PFTBT films as the photoactive
layer under 1 sun illumination.

Table 2. Summary of OPV Device Characteristicsa

PCE (%)
JSC

(mA/cm2) VOC (V) FF

P3HT(1.0)-b-
PFTBT

2.2 ± 0.1 4.8 ± 0.2 1.09 ± 0.04 0.41 ± 0.01

P3HT(0.98)-b-
PFTBT

2.6 ± 0.1 6.0 ± 0.1 1.12 ± 0.02 0.39 ± 0.02

P3HT(0.95)-b-
PFTBT

1.7 ± 0.1 3.6 ± 0.2 1.15 ± 0.02 0.42 ± 0.01

aUncertainty is standard deviation resulting from multiple measure-
ments.
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■ CONCLUSIONS
Our approach demonstrates a path to achieve both
crystallization and microphase separation in conjugated block
copolymers, thereby balancing the need for microphase
separation for mesoscale morphology control and local order
for efficient charge transport. Random polymerization of
comonomers in one of the blocks can suppress crystallization
in fully conjugated block copolymers. By adding a small
amount of 3OT to the polymerization of 3HT, we were able to
carefully tune the crystallization of P3HT(x)-b-PFTBT thin
films. While P3HT crystallization dominates the morphology
of P3HT(1.0)-b-PFTBT films, suppressing the crystallization
of P3HT in P3HT(0.98)-b-PFTBT enables both crystallization
and microphase separation to develop. Carefully balancing the
competing processes of crystallization and microphase
separation led to improved device performance in solar cell
devices fabricated from P3HT(0.98)-b-PFTBT.
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