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ABSTRACT: Nickel-catalyzed chain-growth copolymerizations of
thiophene and selenophene derivatives afforded well-defined π-
conjugated copolymers with narrow molecular weight distribu-
tions, defined end-groups, and specific sequences. In particular, a
π-conjugated copolymer with a novel linear gradient sequence was
prepared. Compared to the analogous block and random
copolymers, the gradient copolymer displayed unique optical and
thermal properties as well as thin-film morphology. Moreover, the
gradient copolymer exhibited an intermediate extent of phase
separation into thiophene-rich and selenophene-rich domains
compared to the block and random copolymers. Because this gradient sequence provides access to new solid-state properties,
these materials should be further explored in applications where phase-separated morphology is important (e.g., solar cells,
transistors, and light-emitting diodes).

■ INTRODUCTION
Organic π-conjugated polymers are crucial components in a
broad range of practical applications, including organic
photovoltaic devices,1 chemical and biological sensors,2 and
biomedical implants.3 Most conjugated polymers are synthe-
sized by transition metal-catalyzed cross-coupling reactions,
such as Stille,4 Sonogashira,5 and Suzuki6 reactions, which have
traditionally been considered step-growth processes. Although
these methods have afforded useful materials, the random
coupling reactions inherent in step-growth procedures limits
control over copolymer sequence. In 2004, Yokozawa7 and
McCullough8 independently discovered a Ni-catalyzed poly-
merization that proceeds by a chain-growth mechanism
through a putative Ni(0)−polymer π-complex.9−11 This
synthetic method has yielded polythiophenes with well-defined
molecular weights, high regioregularities, low polydispersities
and control over end-group functionalization.12 This chain-
growth method also enables unprecedented control over the
copolymer’s sequence distribution.13 For example, gradient
copolymers, in which the composition varies gradually along
the polymer chain, can now be prepared.14

Gradient copolymers are interesting targets because those
made from vinyl monomers have exhibited unique physical and
morphological properties relative to the analogous block and
random copolymers.15 Gradient copolymers with a π-
conjugated backbone have been difficult to access because
there are a limited number of monomers that undergo chain-
growth copolymerization.16 Despite this challenge, we recently
synthesized the first example of a gradient π-conjugated
copolymer using two thiophene monomers containing either

a hexyl or hexyloxymethyl side chain.14 Many of the resulting
copolymer properties were similar to the homopolymers
because of the similarities in monomer structure.14 Therefore,
the effect of gradient sequence distribution on π-conjugated
polymer properties has remained largely unknown. To fill this
gap, the synthesis of π-conjugated gradient copolymers
composed of chemically dissimilar repeating units is needed.
Selenophene derivative (1) and a thiophene derivative (2) were
selected for this study because Seferos and co-workers
demonstrated that their random and block copolymers could
be prepared under chain-growth conditions.17 Furthermore,
poly(3-hexylselenophene) (P3HS) has been extensively char-
acterized18 and used in photovoltaic devices19 due to its
reduced band gap relative to poly(3-hexylthiophene) (P3HT).
Herein, we report the synthesis of gradient, random, and block
copolymers composed of selenophene 1 and thiophene 2, all of
which exhibited unique solid-state properties. Most signifi-
cantly, the newly prepared gradient copolymer displayed a thin-
film morphology and extent of phase separation that was
intermediate between the random and block copolymers. As a
consequence, these gradient copolymers could be useful in
optoelectronic applications, where phase-separated morphology
plays an integral role in device performance.20
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■ RESULTS AND DISCUSSION
To elucidate the effect of copolymer sequence on thin-film
properties, random, gradient, and block copolymers were
synthesized with similar compositions, number-average molec-
ular weights, molecular weight distributions, and regioregular-
ities.
Copolymer Syntheses. General. An aryl-functionalized

nickel catalyst (3)21 was selected for these copolymerizations to
avoid propagation from both ends of the polymer22 and to
enable precise control over the polymer sequence. Using this
catalyst, both homo- and copolymerizations of 2-bromo-5-
magnesiochloride-3-hexylselenophene (1) and 2-bromo-5-
magnesiochloride-3-hexylthiophene (2) were successful at
either 0 °C or room temperature under positive N2 pressure
(eq 1). The chain-growth nature of the homo- and

copolymerizations was evident by the linear increases in the
number-average molecular weight (Mn) with conversion and
further supported by the MALDI-TOF MS analysis of low
molecular weight polymers, which exhibited peaks consistent
with exclusively tolyl/H end-groups (see Supporting Informa-
tion).
Batch copolymerizations were used to determine the

copolymerization rates of monomers 1 and 2 catalyzed by 3.
Aliquots were drawn periodically and analyzed by GC to
determine the conversion of each comonomer as a function of
time (Supporting Information). The cumulative mole fraction
of 2 in the copolymer was determined based on this conversion
data. As evident in Figure 1A, the copolymer Mn increased
linearly with overall conversion, while the polydispersity index
(PDI) remained low, consistent with a controlled chain-growth
polymerization. A series of batch copolymerizations were
performed with different initial comonomer feed compositions
to determine the reactivity ratios (Supporting Information).
These data were fit using the classical Mayo−Lewis equation23
and a nonlinear least-squares regression, giving reactivity ratios
of r1 = 1.56 ± 0.08 and r2 = 0.52 ± 0.03 (Figure 1B and
Supporting Information). These reactivity ratios are consistent
with the observation that selenophene monomer 1 is consumed
slightly faster than thiophene monomer 2 (Supporting
Information). Because the two monomers are competing
during the transmetalation step of the catalytic cycle, the
differences in reactivity must occur at this step. The faster rate
of transmetalation for 1 can be rationalized based on the fact
that selenium is slightly less electronegative than sulfur, which
makes the anionic carbon in 1 more nucleophilic than 2.
Despite these small rate differences, the reactivity ratios are
both near 1.0 and therefore the batch copolymerizations
produced copolymers with largely random sequences and only
a slight compositional drift along the polymer chain. For
example, the 1:1 batch copolymerization drifts from approx-
imately 60% selenophene at low conversion to a final value of
about 50% selenophene (Supporting Information).

Gradient Copolymer Synthesis. Linear gradient copolymers
were obtained using syringe-pump addition of selenophene
monomer 1 to a solution containing thiophene monomer 2 and
catalyst 3. The rate of monomer addition was chosen based on
the homopolymerization rate of 2 and then further tuned to
account for the differences in their reactivity ratios. This fixed
rate of addition produced a copolymer with a linear gradient
sequence as evident by the linear increase in the cumulative
mole fraction of 1 in the copolymer with an increase in the
normalized chain length (Figure 2). Gradient copolymers with
a Mn of 10−15 kDa and PDI of about 1.1−1.2 were obtained at
0 °C. Higher molecular weight copolymers were difficult to
obtain because of their limited solubility in THF at this
temperature.
To prepare higher molecular weight copolymers, the

copolymerizations were carried out at room temperature
(Supporting Information). A linear gradient copolymer was
thus obtained with a Mn of 31.9 kDa and a PDI of 1.13 (Figure
3A and Supporting Information). The 1H NMR spectrum

Figure 1. (A) Plot of the number-average molecular weight (Mn, ●)
and polydispersity index (PDI, ○) versus % conversion for the batch
copolymerization of 1 and 2 (1:1 mol ratio) catalyzed by 3 (1 mol %)
at 0 °C in THF. (B) Plot of the thiophene copolymer composition
(F2) versus thiophene feed composition ( f 2) for eight different batch
copolymerizations. The solid curve represents a nonlinear least-squares
fit to the Mayo−Lewis equation (see Supporting Information). The
dashed line represents the ideal case where r1 = r2 = 1.
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revealed that the regioregularity was >98% and the molar
composition (1:2) matched the intended ratio of 1:1
(Supporting Information). The high regioregularity suggests
that the minor regioisomers of both 1 and 2 are largely
unreactive under these conditions. End-group analysis showed a
degree of polymerization (DP = 106) similar to the monomer-
to-initiator mole ratio of 100:1, which is consistent with a
chain-growth polymerization. The gradient sequence distribu-
tion is evident based on an analysis of the chemical shifts of the
backbone protons (Figure 3B). For example, resonances at 6.98
and 7.12 ppm correspond to segments of the polymer chain
enriched in poly(3-hexylthiophene) and poly(3-hexylseleno-
phene), respectively. In addition, resonances at 6.92 and 7.18
ppm are indicative of heterogeneous segments containing
thiophene-selenophene and selenophene-thiophene dyads.17c

As anticipated, the gradient copolymer exhibited all four
resonances with unequal areas. The relative integrations reveal
that the sequence distribution consists largely of thiophene and
selenophene oligomers surrounding a smaller region of
heterogeneous dyads. These data, combined with the linear
change in the copolymer composition, are consistent with a
gradient sequence copolymer.
Block Copolymer Synthesis. The analogous block copoly-

mer was prepared (with minor modifications to the published

procedure17a,c) to compare the effect of copolymer sequence on
polymer properties. The first block was prepared by adding
catalyst 3 to monomer 2 and stirring at rt for 1 h. To this
macroinitiator block (Mn = 12.5 kDa, PDI = 1.09) was added
monomer 1 followed by stirring at rt for an additional 1 h. The
resulting block copolymer showed a Mn of 28.7 kDa and a PDI
of 1.15 by GPC analysis (Figure 3A). The absence of a shoulder
peak in the low molecular weight region suggests quantitative
block extension without chain termination. The 1H NMR
spectrum of the block copolymer revealed that the mole
fraction of 2 in the copolymer was 0.47, the regioregularity was
>98%, and the DP was 103 (Supporting Information). As
expected from the block sequence distribution and molar
composition, there was an almost equal ratio of the resonances
corresponding to the two homopolymers (Figure 3B).
Combined, these data indicate that the block copolymer has
a similar molecular weight, molecular weight distribution,
regioregularity and molar composition to the gradient
copolymer.

Random Copolymer Synthesis. The random copolymer was
prepared for comparison to the block and gradient copolymers.
The random copolymer was prepared by batch copolymeriza-
tion of 1 and 2 using catalyst 3 at rt in THF (Supporting
Information). GPC analysis revealed a Mn of 32.6 kDa and a
PDI of 1.11 (Figure 3A). The 1H NMR spectrum showed that
the mole fraction of 2 was 0.51, the regioregularity was >98%,
and the DP was 112 (Supporting Information). As anticipated,
based on the sequence distribution and molar composition, the
random copolymer exhibited all four resonances with similar
areas, indicating that the distribution of homogeneous and
heterogeneous dyads was random (Figure 3B).
To summarize, each of the synthesized copolymers exhibit

similar molecular weights, PDIs, regioregularities and molar
compositions (∼1:1). Because the only difference is their
sequence distribution, these materials can be used to elucidate
the effect of copolymer sequence on the solid-state physical and
optical properties of π-conjugated copolymers.

Copolymer Characterization. Optical Properties. In
dilute CHCl3 solutions, each of the copolymers exhibited a
broad absorption profile with a peak maximum near 467−470
nm, which is intermediate between that of P3HT (λmax = 450
nm) and P3HS (λmax = 490 nm). The similar absorption spectra
for all three copolymers in solution, despite their different
sequences, suggest that short oligomers are the chromophores
due to a nonplanar conformation along the copolymer
backbone.
Thin films were prepared by spin-casting from chloroben-

zene solutions onto glass substrates. The as-cast films exhibited
red shifts typical of semicrystalline conjugated polymers,
reflecting the increased planarization of the polymer backbone
and larger effective conjugation length in the solid-state
(Supporting Information). After isothermal recrystallization in
a vacuum oven,24 an increased degree of interchain aggregation
was evident.25 For example, the block copolymer absorbance
spectrum featured prominent peaks corresponding to the
weakly coupled H-aggregates of pure P3HS18a and pure
P3HT25 (685 and 610 nm, Figure 4), which suggests that the
block copolymer is phase separating into 1-rich and 2-rich
domains. The gradient copolymer also exhibited similar
aggregate-based peaks (670 and 605 nm), though less
prominent, suggesting an intermediate extent of domain
separation in the solid state. In contrast, the random copolymer
showed a single, weak absorption peak in that region, which

Figure 2. Plot of the cumulative mole fraction of 1 in the copolymer
versus the normalized chain length for the gradient copolymerization
of 1 and 2 catalyzed by 3 in THF at 0 °C.

Figure 3. Characterization data for the block, gradient, and random
copolymers. (A) GPC data relative to PS standards in THF. (B)
Selected region of the 1H NMR spectra.
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indicates a more homogeneous composition. Overall, these
results demonstrate that the photophysical properties of π-
conjugated copolymers in the solid-state are sequence-depend-
ent, and may result from differences in their extent of phase
separation (vide infra).
Thermal Properties. The copolymers were analyzed by

differential scanning calorimetry (DSC) to probe their
crystallinity. No identifiable glass transitions were observed
for any of the copolymers. Instead, each copolymer exhibited a
sharp melting endotherm and a corresponding crystallization
exotherm (Supporting Information). These results are expected
for semicrystalline polymers and are consistent with their high
regioregularities26 and low polydispersities.27 To obtain the
most stable morphology, DSC thermograms were also acquired
after isothermal recrystallization at 220 °C for 1 h (Supporting
Information).24 As evident in Figure 5, the peak temperature of
the melting endotherms exhibited a dependence on the
copolymer sequence. Specifically, the block copolymer melted
at a higher temperature (Tm = 242 °C) than the gradient
copolymer (Tm = 238 °C) and the random copolymer (Tm =

236 °C). The increased melting temperature for the block
copolymer implies that the solid-state packing is more stable
than the gradient and random copolymers, which could indicate
a more phase-separated morphology if the interchain
interactions between thiophene−thiophene and selenophene−
selenophene are more stable than the thiophene-selenophene
interactions. Interestingly, all copolymer melting temperatures
are lower than the homopolymers (P3HT (243 °C) and P3HS
(256 °C) with similar Mn and PDI, see Supporting
Information), which suggests that the cocrystallization of
segments containing these two different repeating units are
destabilized relative to the pristine crystallites. A shoulder peak
on the high temperature side is observed in the melting
endotherms of the block and gradient copolymers, which is
indicative of spontaneous reorganization/recrystallization of the
melting polymer chains into more ordered structures.28 The
absence of such a feature in the case of the random copolymer
suggests a reduced degree of solid-state organization.
Combined with the absorbance data, these results indicate
that the solid-state packing interactions between the polymer
chains depend on the copolymer sequence distribution and
suggest that phase separation may be occurring.

Thin-Film Morphologies. Atomic force microscopy (AFM)
was performed on thin films of each copolymer after isothermal
recrystallization (Supporting Information and Figure 6).24 The
phase data is presented herein because it has been shown to
provide higher contrast images than the height data with π-
conjugated block copolymers.29 As evident in Figure 6A, the
block copolymer organized into densely packed lamellar
domains with sharp interfaces between regions of high and
low phase contrast after isothermal recrystallization. These
features ranged from 30 to 40 nm in thickness, which
correspond to the theoretical end-to-end distance for a fully
extended chain with DP of 100 (38−39 nm), suggesting that
these nanofibers result from crystallization of extended chains
and are presumably driven by strong interchain interac-
tions.30,31 The high contrast regions likely correspond to the
crystalline domains, with the extended polymer chains arranged
perpendicular to the nanofiber axis, whereas the low contrast
regions correspond to amorphous segments near the chain
ends.29 Seferos and co-workers reported AFM phase images of
a similar block copolymer that exhibited either worm-like or
nanowire morphologies, depending on the conditions.17 Hence,
it is important to emphasize that processing conditions are
crucial factors in generating any thin-film morphology. As a
consequence, we used identical spin-casting and recrystalliza-
tion conditions to compare the block, gradient, and random
copolymers and determine the impact of copolymer sequence
on thin-film morphology (Supporting Information).
The AFM image of the gradient copolymer films also

revealed lamellar domains after isothermal recrystallization.32

However, the interfaces between high and low contrast regions
are less sharply defined, implying a more gradual interface
between the crystalline and amorphous domains (Figure 6B).
This result suggests that the gradient sequence distribution
diminishes the interchain interactions that lead to the lamellar
domains. In contrast, the AFM image of the random copolymer
displayed an entirely different morphology characterized by the
coexistence of high aspect ratio nanofibers dispersed in a matrix
of small, disorganized crystallites. This morphology reflects a
further reduction in the interchain interactions due to the
random sequence of comonomers throughout the chain. The
2D fast Fourier transform (FFT) of the AFM images revealed

Figure 4. UV−vis absorbance spectra of thin films of the block,
gradient, and random copolymers after isothermal recrystallization.

Figure 5. Differential scanning calorimetry data for the block, gradient,
and random copolymers.
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that the periodicity of phase contrast was greatest for the block,
followed by the gradient and random copolymers, suggesting
that the more segregated sequence distribution enhances the
organization of the lamellae (Supporting Information). Overall,
these results indicate that the copolymer sequence leads to
unique nanoscale morphologies.
Because the AFM images cannot be used to distinguish

between thiophene-rich and selenophene-rich regions, small-
angle X-ray scattering (SAXS) data was acquired.33 SAXS is a
well-suited tool for studying periodic fluctuations of electron
density on the order of 10−100 nm in phase-separated polymer
systems. On the basis of the morphologies observed by AFM
and the extent of interchain interactions observed in the UV−
vis absorption spectra, we anticipated that the block copolymer
would exhibit the greatest extent of periodic organization,
followed by the gradient and random copolymers. Indeed, the
block copolymer showed the most significant amount of X-ray
scattering compared to the gradient and random copolymers
(Supporting Information). In the Lorentz-corrected spectra,
which eliminates the effects of the experimental geometry and
isolates the Bragg reflections, the block and gradient
copolymers exhibited a peak at nearly the same scattering
vector (q), suggesting that both materials possess periodic
arrangements of electron-dense regions with spacing on the
order of 30 nm (Figure 7). In contrast, the random copolymer
showed no discernible peak. The integrated area under the

curve is known as the invariant Q, which represents the extent
of phase separation.33 On the basis of the integrated areas, the
gradient copolymer exhibits less pronounced phase separation
than the block copolymer but significantly more phase
separation than the random copolymer. In addition, the
scattering profile observed for the block copolymer mirrors
the FFT of the AFM image, suggesting similar lamellar
morphologies in the bulk sample and the thin film. Overall,
these results indicate that the copolymer sequence can be used
to influence the extent of phase separation.

■ SUMMARY

The consistent picture that emerges from these studies is that
copolymer sequence dramatically influences the solid-state
organization of semicrystalline materials. Most significantly, the
newly synthesized and characterized gradient copolymer
exhibited an extent of phase separation and domain segregation
that is intermediate between that of the block and random
copolymers. These conclusions are based on: (1) The relative
magnitudes of the aggregate-based peaks in the absorption
spectra, which revealed that the extent of thiophene-thiophene
and selenophene-selenophene aggregates was greatest in the
block copolymer, followed by the gradient copolymer and then
random copolymer. (2) The relative ordering of melting
temperatures, which suggested that the interchain interactions
were strongest in the block copolymer, followed by the gradient
copolymer and then random copolymer. (3) The extent and
nature of lamellar formation, which was greatest in the block
copolymer, followed by the gradient copolymer and weakest in
the random copolymer. (4) The intensity of scattered X-rays,
which revealed that the lamellar organization is most significant
in the block copolymer, followed by the gradient copolymer
and not at all significant in the random copolymer. From these
data, we suggest that the solid-state organization of the gradient
copolymers involves alignment of the block-like regions at the
chain termini with overlapping midsections consisting of a
gradual transition between the two monomers (Scheme 1).
Note that although this lamellar-type morphology is
qualitatively similar to that observed for the block copolymer,
the internal structure of these aggregates, and their resulting
thermal and optical properties, are measurably different. Thus,
gradient π-conjugated copolymers can provide access to new
morphologies for various optoelectronic applications.

Figure 6. Tapping mode atomic force microscopy (AFM) phase images of (A) block, (B) gradient, and (C) random copolymer thin films after
isothermal recrystallization. (Higher resolution images can be found in the Supporting Information.)

Figure 7. Plot of the Lorentz-corrected intensity (Iq2) versus
scattering vector (q) for the copolymers after isothermal recrystalliza-
tion.
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■ CONCLUSIONS
Copolymers of thiophene and selenophene derivatives with
random, block, and linear gradient sequences were prepared in
a controlled fashion using a Ni-catalyzed chain-growth
polycondensation. Tuning the copolymer sequence led to
subtle changes in the solid-state thermal and optical properties,
while dramatically affecting the thin-film morphology and
extent of phase separation. In each case, the properties of the
gradient copolymer were intermediate between those of the
random and block analogues. Because morphology is an
important factor in optoelectronic applications,20 these new
materials may well lead to improved device performance. It is
important to note, however, that the processing conditions will
greatly impact the active layer morphology, and the phase
diagram will be further complicated when these materials are
blended with others (e.g., fullerenes). These studies represent
an interesting avenue for future work.
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