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Impact of p-conjugated gradient sequence copolymers
on polymer blend morphology†

Edmund F. Palermo,* Harry L. van der Laan and Anne J. McNeil*

A gradient sequence copolymer containing 3-hexylthiophene (3HT) and 3-(6-bromohexyl)thiophene

(3BrHT) with a linear change in comonomer composition was synthesized via a controlled, chain-growth

semi-batch method. For comparison, random and block copolymers with the same molecular weight

and comonomer ratio (1 : 1) were prepared. All three copolymers exhibited similar molecular weight

(Mn � 32 kDa), low dispersity (Đ < 1.2) and high regioregularity (>99%), suggesting that any differences

among the three copolymers can be attributed to the different copolymer sequences. The optical and

thermal properties, as well as the thin film morphologies, of the gradient copolymer were compared to

the random and block copolymers and the physical blend of the homopolymers. The physical blends

showed extensive micron-scale phase separation by AFM and TEM. Adding the gradient copolymer to

the blend resulted in a dramatic reduction in the domain size. Moreover, the domain size decreased as

the amount of the gradient copolymer increased, suggesting that the copolymer is compatibilizing the

polymer blend. By comparison, the random and block copolymers were less effective compatibilizing

agents, which indicates that the gradient sequence copolymer is well suited to tailor the morphology of

immiscible polymer blends.
Introduction

One of the grand challenges in polymer science is the ability to
synthesize polymers with control over the comonomer
sequence.1 Inspired by the precise sequence control exhibited in
biomolecule synthesis, the rationale for sequence control in
synthetic polymers is simple: a wide variety of properties might
be accessible from a few monomers. Although this type of
control remains challenging for non-natural polymers, several
copolymer sequences can be accessed using chain-growth
polymerizations (e.g., alternating, block and gradient). Of these,
block copolymers are the most extensively studied,2,3 whereas
gradient copolymers are relatively new.4,5 Nonetheless, gradient
copolymers have exhibited unique properties, such as compati-
bilizing phase-separated blends of two different homopolymers.6

This result has been attributed to the copolymer localizing at
the polymer–polymer interface and lowering the interfacial
tension, which reduces domain sizes and renders the blend
thermally stable. While this phenomenon is known for
amorphous gradient copolymers, there are no reports on the
effect of semicrystalline gradient copolymers on blend
morphology.
ular Science and Engineering Program,

versity Avenue, Ann Arbor, Michigan

edu
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Because phase separation signicantly impacts the perfor-
mance of bulk heterojunction (BHJ) solar cells,7 p-conjugated
gradient copolymers may provide a new route for controlling
blend morphology. Specically, we hypothesized that these
copolymers might mediate the crystallization process from
solution and lead to unique morphologies. To test this
hypothesis, we selected a pair of thiophene comonomers which
differ only in their side chain identity: 3-hexylthiophene (3HT)
and 3-(6-bromohexyl)thiophene (3BrHT). The bulky bromine
substituent is expected to disrupt the close packing of these
side-chains, giving the brominated polymer a subtly different
solid-state structure while retaining its semicrystallinity.8 Poly-
thiophenes were specically targeted because they have shown
promise as the active components in BHJ solar cells9 and can be
polymerized in a controlled chain-growth fashion using the
recently developed catalyst transfer polycondensation (CTP).10–12

CTP has enabled access to novel conjugated materials,
including block and gradient copolymers,3,5 star polymers,13

and surface-graed polymers.14

We describe herein the synthesis and characterization of
three copolymers (gradient, block, random) containing an
equimolar ratio of the two monomers, as well as the corre-
sponding homopolymers. As anticipated, the bromine substit-
uent alters the solid-state structure of the homopolymers,
leading to a phase-separated polymer blend with micron-scale
domains. Adding each copolymer to the blend resulted in
reduced domain sizes. The gradient copolymer provided the
largest reduction, suggesting that a gradient sequence is most
This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 Monomer and homopolymer synthesis.
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effective for controlling the blend morphology of semi-
crystalline homopolymers.
Experimental

Detailed procedures and full characterization data can be found
in the ESI.†
Results and discussion
Monomer and catalyst synthesis

The monomer syntheses are highlighted in Scheme 1.
(5-Bromo-4-hexylthiophen-2-yl)magnesium chloride (1) was
synthesized following our reported procedure.5 (5-Bromo-4-(6-
bromohexyl)thiophen-2-yl)magnesium chloride (2) was synthe-
sized via a modied literature protocol.15 Lithium–halogen
exchange between 3-bromothiophene and nBuLi afforded the
3-lithiated thiophene (as a white precipitate)16 and 1-bromo-
butane. The supernatant, which contains the 1-bromobutane,
was removed via cannula transfer and replaced with fresh
solvent. Then excess 1,6-dibromohexane was added and the
reaction mixture was warmed to room temperature. This
procedure leads to higher overall yields by minimizing the side-
products resulting from the 1-bromobutane generated in the
rst step. Subsequent bromination with N-bromosuccinimide
followed by Grignard metathesis with iPrMgCl affords mono-
mer 2. Tolyl-functionalized catalyst 3 was synthesized following
our reported procedure.5a,17
Fig. 1 Homopolymer characterization: (A) UV-vis spectra for thermally annealed
thin films of P3HTand P3BrHT. (B) DSC thermograms for P3HTand P3BrHTand the
physical blend (1 : 1 v/v).
Homopolymer synthesis and characterization

Poly(3-hexylthiophene) (P3HT) and poly(3-(6-bromohexyl)thio-
phene) (P3BrHT) were synthesized by chain-growth polymeri-
zation using a tolyl-functionalized nickel catalyst (Scheme 1).
The tolyl group serves as an end-capping agent to ensure that
propagation occurs exclusively from one chain end.18 MALDI-
TOF-MS analysis of oligo-1 and oligo-2 synthesized using the
same method showed predominately tolyl/H end groups (ESI,
This journal is ª The Royal Society of Chemistry 2013
Fig. S12 and S13†),19 consistent with unidirectional propagation
and a controlled, chain-growth polymerization. The number
average molecular weight (Mn) increased linearly with conver-
sion and the dispersity (Đ) remained constant and relatively low
(<1.2) throughout the polymerization (ESI, Fig. S9 and S10†),
also consistent with a controlled chain-growth polymerization.
1H NMR spectroscopy revealed that the regioregularity of the
homopolymers was greater than 99%, indicating that only the
major regioisomer of the Grignard reagent is incorporated into
the polymer (ESI, Fig. S7 and S8†).

Thin lms of each polymer were spin-cast on glass slides and
thermally annealed in a vacuum oven prior to the optical
characterization.20 The subtle structural difference (H versus Br)
between P3HT and P3BrHT had a noticeable impact on the
optical properties: the UV-vis spectra showed a prominent
absorption associated with H-aggregate formation in P3HT (at
605 nm),21 whereas this feature is barely visible in the absorp-
tion spectrum of P3BrHT (Fig. 1A). This result suggests that the
bulky bromine substituent inhibits these favorable solid-state
interactions between the polythiophene chains. Solid-state
destabilization is also observed in the differential scanning
calorimetry (DSC) thermograms, which showed that P3BrHT
Polym. Chem., 2013, 4, 4606–4611 | 4607
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exhibited a signicantly lower melting temperature than P3HT
(Fig. 1B). Powder X-ray diffraction (PXRD) analysis conrmed
that the two homopolymers exhibited different solid-state
structures (ESI, Fig. S21†): the PXRD data for P3HT revealed an
interlamellar spacing of 16.7 Å and ap-stacking distance of 3.8 Å,
consistent with previous reports.22 In contrast, the interlamellar
spacing was not determined for P3BrHT but a p-stacking
distance of 4.0 Å was observed. Based on these differences in the
solid-state structures, we hypothesized that a physical blend of
the two homopolymers might phase separate. Indeed, the DSC
thermogram of the physical blend exhibited two distinct
melting endotherms, each corresponding to the pristine
homopolymers: P3HT (Tm ¼ 242 �C) and P3BrHT (Tm ¼ 168 �C).
This result suggests that the two homopolymers do not coc-
rystallize into a single phase but rather adopt a phase-separated
morphology.

To probe the morphology of the P3HT-P3BrHT blend, thin
lms were spin-cast from CHCl3 and analyzed by tapping-mode
atomic force microscopy (AFM) without annealing. The phase
images revealed a morphology containing globular domains in
a continuous matrix (Fig. 2A). We further examined the thin
lm morphology using transmission electron microscopy
(TEM), which is advantageous because it probes the entire lm
rather than just the surface and the contrast is dependent on
the chemical composition. The TEM was also equipped with an
energy dispersive spectroscopy (EDS) detector, which is used to
determine the elemental composition of selected regions. The
scanning mode TEM (STEM) image of the blend using high
angle annular dark eld detection revealed observable contrast
between dark domains in a bright matrix (Fig. 2B). EDS revealed
that the dark domains represent P3HT-rich regions whereas the
bright matrix represents P3BrHT-rich regions, consistent with a
phase-separated thin lm (Fig. 2C).
Fig. 2 Blend characterization: (A) AFM phase image and (B) STEM annular dark
field image of the P3HT-P3BrHT polymer blend. (C) EDS data for selected regions.
(The peaks at �800 eV are from the copper grid used to support the sample.)

4608 | Polym. Chem., 2013, 4, 4606–4611
Combined, the DSC, AFM, and STEM/EDS data are consis-
tent with micron-scale phase separation in the physical blend
of P3HT and P3BrHT. We suspect that the observed phase
separation arises from crystallization-induced segregation
because it is unlikely that the cN value needed for enthalpy-
driven phase separation has been reached based on the similar
homopolymer chemical structures and moderate Mn. This
blend provides an ideal model system for determining the
impact of a gradient copolymer additive on blend morphology.

Copolymer synthesis and characterization

Random and block copolymerizations. Monomers 1 and 2
exhibited similar reactivities in the batch copolymerization
(Fig. 3A), which was not surprising considering their similar
steric and electronic properties. As a consequence, there was no
compositional dri along the polymer backbone, leading to a
random sequence copolymer (Fig. 3B). To determine whether
the copolymerization was chain-growth and living, several
experiments were performed, which included: (i) monitoring
the number-average molecular weight (Mn) and dispersity (Đ)
versus conversion (ESI, Fig. S15†), (ii) comparing the observed
Mn values to the theoretical Mn based on the initial monomer/
catalyst ratio,23 (iii) performing a sequential monomer addition
experiment to make block copolymers (Fig. 3B/C), and (iv)
analysing the oligomer end-groups via MALDI-TOF-MS (ESI,
Fig. S13 and S14†). Combined, these data provided strong
evidence of a well-controlled chain-growth polymerization
process, which is a prerequisite for synthesizing gradient
copolymers.

Gradient copolymerization. Because the monomer reactiv-
ities are so similar, the semi-batch method, wherein one
Fig. 3 Copolymer characterization: (A) plot of conversion versus time for the
batch copolymerization of 1 (C) and 2 (P) with catalyst 3. (B) Plot of the
cumulative mole fraction of 2 in the copolymer as a function of normalized chain
length. (C) GPC data for the copolymerizations. (Note that the data for both the
first (dashed) and second (solid) block is shown.) (D) DSC thermograms for the
copolymers.

This journal is ª The Royal Society of Chemistry 2013
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Table 1 Homopolymer and copolymer characterization data

Polymer f3BrHT Mn
a (kDa) Đa Tm

b (�C)

P3HT 0.00 32.4 1.12 242
P3BrHT 1.00 33.1 1.09 168
Random 0.52 34.7 1.15 198
Gradient 0.50 29.1 1.14 206
Block 0.51 34.4 1.19 146, 235

a Determined using GPC (calibrated with PS standards) in THF at 40 �C.
b A heating rate of 10 �C min�1 was used.

Fig. 4 STEM images of the 1 : 1 (v/v) P3HT-P3BrHT blend (A) without copolymer
additive, (B) with 20 wt% gradient copolymer, (C) with 20 wt% random
copolymer, (D) with 20 wt% block copolymer. (E) Histogram of the domain size
distributions.
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monomer is added over time, is needed to generate a gradient
sequence copolymer. Herein, monomer 2 was injected into a
ask containing monomer 1 and catalyst 3. To generate a linear
gradient sequence copolymer, the addition rate should be
similar to the polymerization rate. This addition rate was not
feasible at room temperature due to the fast polymerization rate
(�80% conversion within 10 min), but was accessible at 0 �C
(�80% conversion within 60 min). By monitoring the cumula-
tive mole fraction of 2 in the copolymer as a function of
normalized chain length, we conrmed that a linear gradient
sequence was prepared (Fig. 3B and ESI†).

Table 1 provides a summary of the copolymer and homo-
polymer characterization data. Importantly, each of the
synthesized copolymers exhibited similar comonomer compo-
sitions ( f3BrHT), number-average molecular weights (Mn), and
dispersities (Đ). The salient difference is their sequence distri-
bution, and as a consequence, these copolymers can be used to
determine the impact of sequence on properties.

The copolymer sequence had a dramatic effect on the
melting processes (Fig. 3D). While both the random and
gradient copolymers showed an endotherm that is intermediate
between the melting temperatures (Tm) of the corresponding
homopolymers, the gradient copolymer exhibited a higher Tm,
suggesting that it forms more stable crystallites relative to the
random sequence. The gradient copolymer also featured a
prominent shoulder peak, suggesting spontaneous melt crys-
tallization.24 The block copolymer, on the other hand, exhibited
a broad and weak endotherm at 146 �C as well as a prominent,
sharp endotherm at 235 �C, which suggests some degree of
microphase separation into crystalline domains. Overall, these
large differences in thermal properties suggest that the
copolymers exhibit markedly different solid-state interactions.

Further insight into the solid-state properties was obtained
via UV/vis absorption spectroscopy (ESI, Fig. S17 and S18†). The
spectra for copolymer thin lms aer thermal annealing25

revealed that each copolymer exhibited a shoulder peak at
600 nm, corresponding to the H-aggregates of the poly-
thiophene backbone.21 The relative intensity of these shoulder
peaks in the normalized spectra were lower than those in P3HT
but greater than those in P3BrHT. This result suggests that the
solid-state packing of the copolymers is only partially disrupted
by the bulky bromine atoms on 50% of the monomers. Indeed,
the PXRD conrmed that each copolymer exhibited reections
consistent with a lamellar structure. The copolymers of P3HT
and P3BrHT showed crystallographic reections at similar
This journal is ª The Royal Society of Chemistry 2013
positions as the parent homopolymers, suggesting that the
solid-state packing structures are closely related for each of
these materials. This implies that the presence of �50%
brominated side chains does not signicantly disrupt the
semicrystalline nature of the copolymers (ESI, Fig. S21†).

Themorphologies of the annealed copolymer thin lms were
analyzed by AFM in the tapping mode. While the height images
showed relatively smooth surfaces, the phase data provided
high-contrast images (ESI, Fig. S25†). The random and gradient
copolymers formed high-aspect ratio nanowires, whereas the
block copolymer formed shorter, worm-like structures. Both of
these morphologies are commonly observed in semicrystalline
polymers in spin-cast thin lms.

P3HT-P3BrHT blends: impact of copolymer additives

The rationale for preparing the random, block and gradient
copolymers described herein was to establish the impact of
semicrystalline copolymer additives on blend morphology.
Whereas the stabilizing inuence of gradient copolymer additives
on polymer blends is well established for amorphous polymers,
the impact of semicrystalline copolymers remains unexplored.
Polym. Chem., 2013, 4, 4606–4611 | 4609
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Herein, the morphologies of the as-cast P3HT-P3BrHT blends,
with and without copolymer additives, were compared using
STEM. Without the copolymer additive, the blend phase
separates into P3HT-rich (dark) regions with an average domain
size of 0.9 � 0.3 mm within the P3BrHT-rich (bright) matrix
(Fig. 4A). Adding 10 wt% gradient copolymer leads to a dramatic
reduction in the P3HT domain size (0.33 � 0.09 mm).

Increasing the content of gradient copolymer to 20 wt% leads
to further reductions in domain size (0.27 � 0.08 mm, Fig. 4B).
Combined, these data provide strong support that the gradient
copolymer additive is impacting the crystallization process,
presumably through stabilizing interactions at the polymer–
polymer interface. For comparison, the random and block
copolymers were separately added to the blend at 20wt% (Fig. 4C
and D, respectively). While both copolymers decreased the
domain sizes, neither was as effective as the gradient copolymer
(Fig. 4E). These data conrm that the gradient sequence is
optimal for compatibilizing semicrystallinepolymerblends.One
rationale for this effect is that the gradient is uniquely capable of
simultaneously interacting with the homopolymer phases using
its block-like domains, while also modifying the interface using
its compositionally varying mid-section.
Conclusions

Conjugated copolymers containing 3HT and 3BrHT with similar
Mn, Đ, and comonomer composition, but varying sequences
were synthesized via controlled, chain-growth polymerization.
Each copolymer exhibited different physical properties, stem-
ming from differences in the solid-state organization. When the
copolymers were used as additives in the homopolymer blend,
the domain sizes decreased. Overall, the gradient copolymer
had the largest impact on domain size, suggesting that the
gradient sequence is the most effective for blend compatibili-
zation. We anticipate that these novel materials will have
applications in BHJ solar cells, where a key determinant of
device performance is the length scale of phase separation.
Gradient copolymers can play a key role by tuning the
morphology of the all-polymer based devices.26 Before this goal
can come to fruition, however, the copolymerization of
dissimilar monomers (e.g., donor- and acceptor-based
monomers) in a controlled/living fashion must be realized.
These and related studies are currently underway in our
research laboratories.
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D. S. Thomas, A. Köhler, J. S. Wilson, J.-S. Kim,
C. M. Ramsdale, H. Sirringhaus and R. H. Friend, Phys.
Rev. B: Condens. Matter Mater. Phys., 2003, 67, 064203; (e)
F. C. Spano, Acc. Chem. Res., 2010, 43, 429–439.

22 For references, see: (a) K. Tashiro, M. Kobayashi, T. Kawai
and K. Yoshino, Polymer, 1997, 38, 2867–2879; (b)
R. D. McCullough, S. Tristram-Nagle, S. P. Williams,
R. D. Lowe and M. Jayaraman, J. Am. Chem. Soc., 1993, 115,
4910–4911.

23 This comparison takes into account the known
overestimation of molecular weight (�1.5�) when using
polystyrene standards. For a recent example, see: M. Wong,
J. Hollinger, L. M. Kozycz, T. M. McCormick, Y. J. Lu,
D. C. Burns and D. S. Seferos, ACS Macro Lett., 2012, 1,
1266–1269.

24 (a) J.-U. Sommer and C. Luo, J. Polym. Sci., Part B: Polym.
Phys., 2010, 48, 2222–2232; (b) C. Luo and J.-U. Sommer,
Phys. Rev. Lett., 2009, 102, 147801.

25 The copolymer lms were thermally annealed in a vacuum
oven at 150 �C before the UV/vis spectra were acquired.

26 C. R. McNeill, Energy Environ. Sci., 2012, 5, 5653–5667.
Polym. Chem., 2013, 4, 4606–4611 | 4611

http://dx.doi.org/10.1039/c3py00601h

	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h

	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h
	Impact of tnqh_x3c0-conjugated gradient sequence copolymers on polymer blend morphologyElectronic supplementary information (ESI) available: Materials and methods, synthetic procedures and characterization data. See DOI: 10.1039/c3py00601h


