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ABSTRACT: Contrary to theoretical predictions on rodlike molecules (mixture of axial ratios) and previous
experimental speculations on side chain liquid crystalline polymers (mixture of molecular weights), the
breadth of the isotropization transition of poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] is not
broadened by polydispersity in chain length alone. Instead, it is broadened by the limited miscibility of
a mixture of branched structures. SCLCPs and their mesogenic side chains can therefore be treated as
mixtures of random coils and monodisperse rods. This was demonstrated by comparing the thermotropic
behavior of linear and three-arm star poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]s prepared
by atom-transfer radical polymerization (ATRP), and their binary blends and unmixed composites. The
biphasic region of linear polymers with pdi ) 1.15-1.49, and of their binary mixtures, is extremely narrow.
Although 3-arm star polymers with pdi ) 1.11-2.20 also exhibit extremely narrow isotropization
transitions, binary mixtures of the star polymers with significant differences in branching density have
limited miscibility and broad isotropization transitions. The broad isotropization transition of unfrac-
tionated poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] prepared by standard radical polymeri-
zation indicates that it also contains a mixture of branched structures due to chain transfer to polymer
at high monomer conversion. 11-(4′-Cyanophenyl-4′′-phenoxy)undecyl acrylate is the most highly
functionalized monomer to be polymerized by ATRP, and the resulting 3-arm star polymers are the first
star polymers synthesized by ATRP.

Introduction

One of the most fundamental structure/property
relationships of side chain liquid crystalline polymers
(SCLCPs) that is still unknown is the effect of polydis-
persity. In some cases, the temperature and nature of
the mesophase(s) depend not only on the degree of
polymerization but also on the molecular weight distri-
bution.1,2 For example, the sC mesophase of polydis-
perse poly[6-(4′-cyanophenyl-4′′-phenoxy)hexyl vinyl
ether] (pdi ) 1.9) was not detected by differential
scanning calorimetry (DSC), although it was readily
apparent in samples with narrower polydispersity (pdi
) 1.2).2 However, broad polydispersity is generally
believed to cause broad phase transitions. In contrast
to low-molar-mass liquid crystals (LMMLCs), which
undergo phase transitions over a few degrees, SCLCPs
often exhibit extremely broad transitions. This wide
biphasic region, in which two phases such as a me-
sophase and the isotropic melt coexist, is evidently due
to the fact that polymers are polydisperse. For example,
fractionated samples of poly[11-(4′-cyanophenyl-4′′-phe-
noxy)undecyl acrylate] undergo isotropization over a
narrower temperature range than the original polymer
prepared by free-radical polymerization.3 In contrast,
the transitions of most well-defined SCLCPs prepared
by controlled (“living”) polymerizations are relatively
narrow.4 The effect of polydispersity was therefore
investigated by blending well-defined (pdi < 1.28) poly-
[5-[[n-[4′-(4′′-methoxyphenyl)phenoxy]alkyl]carbonyl]-
bicyclo[2.2.1]hept-2-ene]s of varying molecular weights
(DPn ) 5-145) to create polydisperse samples (pdi )
2.50-4.78).5 In this case, both monodisperse samples

and multimodal blends underwent the nematic-isotro-
pic transition over a narrow temperature range. Poly-
dispersity also had no effect on the transition temper-
atures, which were determined simply by the number-
average degree of polymerization.
Since polydispersity created by blending linear poly-

mers has no effect on the thermotropic behavior of
polynorbornenes,5 whereas fractionation of polyacrylates
prepared by radical polymerizations results in narrower
biphasic regions,3 we must consider the potential sources
of polydispersity. Mesogenic monomers are highly
functionalized with a number of sites capable of chain
transfer in free-radical polymerizations. Chain transfer
to polymer should result in chain branching and broad
polydispersity at high monomer conversion. Therefore,
the broad phase transitions of SCLCPs may be caused
by the immiscibility of a mixture of molecular architec-
tures caused by chain branching at the end of free-
radical polymerizations.
Similarly, the melting behavior of polyethylene and

other crystalline polymers is strongly affected by mo-
lecular architecture. For example, high-density poly-
ethylene (HDPE) is quite linear (0.05-0.3 branch/50
repeat units)6 and therefore highly crystalline (70-
90%),7 with a high melting temperature (Tm ) 130-
135 °C).8 However, its polydispersity is high (pdi )
5-10) due to the multiple initiation sites in the Ziegler-
Natta polymerizations used to produce it.7 Low density
polyethylene (LDPE) is also polydisperse (pdi ) 3-20),
but the broad polydispersity is caused by chain transfer
to polymer during radical polymerization.7 LDPE is
therefore highly branched (1.5-3.0 branches/50 repeat
units) and less crystalline (40-60%) than linear poly-
ethylene,7 with a significantly lower melting tempera-* To whom correspondence should be addressed.
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ture (Tm ) 108-115 °C).9 In contrast to LDPE, which
has both short- and long-chain branches, the branch
lengths of linear low-density polyethylenes (LLDPE) are
more controlled since they are synthesized by Ziegler-
Natta or metallocene-initiated copolymerizations of
ethylene with an R-olefin such as butene, hexene or
octene.7 The melting temperatures of LLDPEs are
intermediate between those of HDPE and LDPE. In
general, the melting temperature,10,11 enthalpy of fu-
sion,10,12 degree of crystallinity,11-15 and rate of crystal-
lization14,16 of polyethylene decrease as the extent of
short-chain branching increases.
Crystalline polymers such as linear polyethylene can

be fractionated into high- and low-molecular-weight
components by isothermal crystallization in the biphasic
region after cooling from the homogeneous melt.9 Simi-
larly, both main-chain17 and side chain18 liquid crystal-
line homopolymers can be fractionated by isothermal
ordering in the biphasic region for several hours. Both
experimentalists17-19 and theoreticians20-22 conclude
that the biphasic region of liquid crystalline homopoly-
mers is due to selective partitioning of different chain
lengths between anisotropic and isotropic domains (or
two different anisotropic domains) and that the breadth
of the transition reflects the molecular weight distribu-
tion of the sample. Although some of the theories take
partial flexibility into account,22 they are based on a
distribution of rod lengths,23 which should not vary as
a function of molecular weight when the mesogen (rod)
is attached as a side chain to the polymer backbone.24-26

In addition, the broad transitions observed by DSC are
observed under dynamic conditions, not isothermal
conditions that force phase segregation of individual
chains with different transition temperatures. Under
dynamic conditions, if the individual chains are miscible
in both phases coexisting at the transition, the polymer
sample should exhibit a single transition representing
an average of those chains.
This is consistent with the thermal behavior of

crystalline linear polymers, in which the breadth and
shape of a single DSC endotherm represents the dis-
tribution of lamellar thicknesses and their melting
temperatures,27 not the distribution of chain lengths.
That is, unless polydisperse blends of linear polyethyl-
ene are crystallized isothermally in the biphasic region,
they form homogeneous solid mixtures with a single
melting transition and uniform morphology.28 In con-
trast, blends of linear and branched polyethylene or of
various branched polyethylenes tend to phase segre-
gate,9,29,30 with the immiscibility increasing as the
branch content of the two components becomes more
dissimilar.10,15,31-33 In addition, although the melts of
HDPE/LDPE30,34 blends and HDPE/LLDPE15,32,33 with
lower branch contents (<4 branches/50 repeat units
when Mw e 105) are homogenous, those of HDPE/
LLDPE32 with high branch contents (>8 branches/50
repeat units, Mw ∼ 105) are heterogeneous. Even pure
LLDPE is compositionally heterogeneous,12,35 with∼0.2
vol % that is much more highly branched and immiscible
in both the solid state and melt.35

Most SCLCPs are still prepared by free-radical poly-
merizations. Although termination by radical-radical
coupling and disproportionation occur at diffusion-
controlled rates and are therefore unavoidable in radical
polymerizations,7 controlled radical polymerizations of
styrene,36-40 acrylates,39,40 and methacrylates41 were
recently developed. These “living” polymerizations

minimize termination by maintaining a low concentra-
tion of propagating radicals in dynamic equilibrium with
a high concentration of dormant covalent chains. How-
ever, chain transfer to monomer and/or polymer is not
affected since both propagation (Rp ) kp[M•][M]) and
chain transfer (RtrX ) ktrX[M•][X]) are first order in
propagating radicals. Nevertheless, chain transfer will
not be detected if kp/ktr g 10[M]0/[I]0 ∼ 10DPn.42

We can therefore prepare monodisperse SCLCPs
corresponding to those synthesized previously by con-
ventional radical polymerizations, but with controlled
degrees of polymerization and well-defined molecular
architectures. Since the fractionation study of poly[11-
(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] provided
the most direct evidence that its smectic A-isotropic
(sA-i) biphasic region narrows as the polydispersity
decreases,3 we have prepared a series of linear and
3-arm star poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl
acrylate]s by atom transfer radical polymerization
(ATRP38). As a first step in determining whether the
broad phase transitions of the corresponding polymer
prepared by conventional radical polymerization is due
to polydispersity in molecular architecture, and/or to
polydispersity in chain length, this paper compares its
thermotropic behavior to that of the linear and star
homopolymers, as well as to their binary blends.

Results and Discussion

Conventional Radical Polymerization. Although
the fractionation study of poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate] clearly demonstrated that the
fractionated polymers undergo isotropization over a
narrower temperature range than the original polymer
isolated from the conventional free-radical polymeriza-
tion,3 only the intrinsic viscosities of the polymers were
reported, with no information on their polydispersities.
We have therefore duplicated these experiments as
much as possible, given the limited experimental de-
tails.3,43 Using 1 wt % AIBN relative to monomer in
THF at 60 °C, the conventional radical polymerization
of 11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate went
to∼83% conversion. After carefully removing monomer
and recovering oligomeric material, we isolated polymer
withMn ) 2.52 × 104 and pdi ) 3.43 in 72% yield. This
polymer was then fractionated into seven samples by
fractional precipitation from THF using methanol. As
summarized in Table 1, all of the fractions have nar-
rower polydispersities (pdi ) 1.57-2.04) than the
original sample, and their molecular weights vary from
5.79 × 103 to 4.31 × 104.
The isotropization region of the DSC scans of these

seven fractions and the original polymer are plotted in
Figure 1. In contrast to the isotropization transition of
the unfractionated literature polymer, which has a low-
temperature tail,3 the isotropization transition of the
unfractionated polymer shown in Figure 1 is symmetric.
Nevertheless, the polymers from this study correspond
well to the unfractionated and fractionated poly[11-(4′-
cyanophenyl-4′′-phenoxy)undecyl acrylate]s prepared
previously. For example, both the unfractionated poly-
mer from this study and that from the literature3
undergo the sA-i transition over∼35 °C. However, this
measurement is somewhat subjective, and we therefore
prefer to represent the breadth of the transitions as the
full width at half of the maximum peak intensity
(fwhm). The full width at half-maximum of the unfrac-
tionated polymer from this study is 17.0 °C; that
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from the literature3 is 18.4 °C. As shown in Figure 1
and summarized in Table 1, the isotropization transi-
tions of all of the fractions are significantly narrower
(fwhm ) 6.25-10.7 °C) than that of the original
polymer. Similarly, the samples fractionated with etha-
nol from a 1,2-dichoroethane solution of the literature
polymer underwent isotropization over 15-25 oC (fwhm
) 6.3-8.6 °C).3 However, both the lower molecular
weight samples from this study and those from the
literature3 have broader transitions than the higher
molecular weight samples. Although the end groups are
relatively small and are chemically bonded to the
polymers, this indicates that the end groups have
limited miscibility with the mesogenic side chains.
Since end groups have a greater influence as the
molecular weight decreases, they evidently broaden the
breadth of the phase transitions of lower molecular

weight polymers. Any immiscibility between the poly-
mer backbone and the mesogenic side chains will not
influence the molecular weight dependence of the
breadth of the phase transitions as suggested previ-
ously,44 since the backbone and side chains are the same
regardless of molecular weight.
The glass and sA-i transition temperatures are plot-

ted in Figure 2 as a function of the number-average
degree of polymerization (DPn) and DPn-1; these poly-
mers also exhibit a sC-sA transition at a temperature
immediately above the glass transition temperature.
However, the proximity of the sC-sA and glass transi-
tions hinders the sC mesophase from reaching thermo-
dynamic equilibrium with repeated heating and cooling
cycles, and we therefore did not examine it further. The
isotropization temperature of the unfractionated poly-
mer (Mn ) 2.52 × 104) is 140 °C, whereas those of the
fractionated polymers vary from 106 to 150 °C with
increasing molecular weight. The isotropization tem-
perature of the original polymer from the literature was
144 °C,3 which indicates that its molecular weight was
slightly higher than the polymer we prepared. The
isotropization temperature of the five fractionated lit-
erature polymers varied from 113 to 147 °C with
increasing intrinsic viscosity. As shown in Figure 2, the
transition temperatures of the fractionated polymers
prepared by conventional radical polymerization reach
a constant value at ∼50 repeat units. This corresponds
to Ti ) 154 °C for an infinite molecular weight poly[11-
(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] according
to the extrapolation to DPn-1 ) 0.

Table 1. Fractionation of Poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] Prepared by Conventional Radical
Polymerization.

GPCa isotropization (°C)
fraction

% of
original polymer

% of
fractionated polymer Mn × 10-3 DPn pdi Ti fwhm

original 100 25.2 60 3.43 140 17.0

1 22 26 43.1 103 1.57 150 6.25
2 5 6 29.5 70 1.75 144 8.93
3 14 17 24.0 57 1.96 145 7.14
4 22 27 20.9 50 1.74 142 8.48
5 4 5 12.0 29 2.04 133 7.77
6 10 12 8.63 21 1.78 125 10.7
7 6 7 5.79 14 1.89 106 10.2

reblend 69b 83b 23.4 56 3.75 136 16.5
a Number-average molecular weight (Mn) and polydispersity (pdi ) Mw/Mn) determined by gel permeation chromatography (GPC) relative

to polystyrene using a UV detector; number-average degree of polymerization (DPn) calculated by dividing Mn by 419.56 and not taking
end groups into account. b If 100% of each fraction had been reblended.

Figure 1. Normalized differential scanning calorimetry traces
(10 °C/min) of poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl
acrylate] prepared by conventional radical polymerization, of
samples of decreasing molecular weight fractionated from it
by adding methanol to its THF solution, and of the reblended
fractions.

Figure 2. Dependence of the glass (b, O), smectic C-smectic
A ([, ]), and smectic A-isotropic (9, 0) phase transition
temperatures of unfractionated (and reblended) poly[11-(4′-
cyanophenyl-4′′-phenoxy)undecyl acrylate] prepared by classic
radical polymerization (b, [, 9), and samples fractionated
from it (O, ], 0), as a function of the number-average degree
of polymerization and the inverse number-average degree of
polymerization. Infinite molecular weight transitions: g 12 sC
26 sA 154 i.
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Although we recovered only 83% of the original
polymer in the seven fractions, the arithmetic mean of
their isotropization temperatures is 140 °C and, there-
fore, identical to that of the original polymer. Similarly,
when we blend the seven fractions together again (83%
yield) in approximately their original weight or mole
ratios, the isotropization transition of the blend is 136
°C; fwhm ) 16.5 °C. As shown in Figure 2, all of the
transitions of both the original polymer and the re-
blended fractions fit on the same molecular weight
dependencies as those of the fractionated polymers.
Therefore, the fractionated polymers accurately repre-
sent the thermotropic behavior of the components of the
original polymer. However, Figure 1 demonstrates that
the transition of the lowest molecular weight fraction,
which is pure polymer, is completely outside the tem-
perature range of those of the other fractions and of the
unfractionated and reblended polymers. Since the
breadth of the transition of the unfractionated polymer
does not cover the entire temperature range of each of
its fractions, it can not be due to disordering of molecules
of individual molecular weights. This demonstrates
that the breadth of the transition of the unfractionated
polymer does not reflect its molecular weight distribu-
tion and that, under dynamic conditions, the biphasic
region cannot be due simply to “selective partitioning”
of the different fractions between the sA and isotropic
domains.
Synthesis of Linear and Three-Arm Star Poly-

mers by ATRP. As reported in the previous section,
the conventional radical polymerization of 11-[(4′-cy-
anophenyl-4′′-phenoxy)undecyl] acrylate using AIBN as
the initiator in THF at 60 °C produced a polymer with
pdi ) 3.43. This polydispersity is wider than expected
for a radical polymerization with termination by cou-
pling (pdi ) 1.5) or disproportionation (pdi ) 2.0) and,
therefore, indicates that the polydispersity is broadened
by either autoacceleration or chain transfer to monomer
and/or polymer at high monomer conversion. Autoac-
celeration is less important at higher temperatures.
Chain transfer to polymer (and monomer) produces
branched structures, which have different solubilities,
transition temperatures, and enthalpies of transitions
than the corresponding linear polymers. Since we
cannot readily identify the extent of branching in either
the original polymer or its fractions, we have begun
synthesizing and characterizing linear and star poly-
[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]s with
controlled branching by atom transfer radical polym-
erization. For example, 3-arm star polymers correspond
to a linear polymer with one branch point along the
polymer backbone. This is the first example of a star
polymer prepared by ATRP.
Atom transfer radical polymerization operates by

reversible termination in which a large concentration
of dormant polymeric alkyl halides are in dynamic
equilibrium with a low stationary concentration of
propagating radicals (Scheme 1).37-41 Since exchange
is fast relative to propagation (k-1 . kp, k-1 . k1), all
chains grow at the same rate. If initiation is also fast,
all chains grow for the same amount of time, and the
molecular weight is determined by [M]0/[I]0. Scheme 2
outlines the atom transfer radical polymerization of 11-
[(4′-cyanophenyl-4′′-phenoxy)undecyl] acrylate using
methyl 2-bromopropionate as the monofunctional initia-
tor to produce linear polymers, and 2,4,6-tris(bromom-
ethyl)mesitylene as a trifunctional initiator to produce

3-arm star polymers; cuprous bromide acts as a catalyst,
and 4,4′-diheptyl-2,2′-dipyridyl presumably solubilizes
the copper complexes and reduces the oxidation poten-
tial of Cu(I).38,39 As discussed in the Introduction, the
low concentration of propagating radicals does not
decrease the extent of chain-transfer reaction(s) relative
to propagation since both rates are first order in radical
concentration. 11-(4′-Cyanophenyl-4′′-phenoxy)undecyl
acrylate is the most highly functionalized monomer to
be polymerized by ATRP. In this system, the rate
constant of chain transfer to polymer at 60 °C is
approximately CtrP ) ktrP/kp ) 3 × 10-3.45 Therefore,
chain transfer to polymer should not be detectable if
[M]0/[I]0 e 102.
Table 2 summarizes the results of the atom transfer

radical polymerizations of 11-(4′-cyanophenyl-4′′-phe-
noxy)undecyl acrylate using [M]0/[I]0 < 300. Linear
polymers with 8-70 repeat units were produced by bulk
polymerizations using methyl 2-bromopropionate as the
initiator. In this case, the chemical structure and,
therefore, the reactivity of the initiator and propagating
polymer are nearly identical, and the resulting polymers
have relatively narrow, monomodal molecular weight
distributions (pdi ) 1.15-1.49). In contrast, the tri-
functional initiator is based on benzyl bromide initiating
sites, which are also relatively efficient at initiating
acrylates.39 Although a small amount of benzene was
added to the 2,4,6-tris(bromomethyl)mesitylene-initi-
ated polymerizations to reduce their viscosity and
enable stirring, it was difficult to attain complete
conversion at high monomer to initiator ratios; it was
also difficult to attain complete conversion of the linear
polymers when [M]0/[I]0 > 60. The highest molecular
weight 3-arm star polymer containing 90 repeat units
was therefore synthesized using a much higher ratio of
monomer to initiator. The final 3-arm star polymers
used in this study contain 20-90 repeat units. Their
molecular weight distributions are narrow when DPn
< 60 (pdi ) 1.15-1.24), whereas the two highest
molecular weight polymers have rather broad polydis-

Scheme 1. Accepted Mechanism of Atom Transfer
Radical Polymerizations Using Alkyl

Bromide-Initiated Polymerizations of Acrylates in the
Presence of Cuprous Bromide as an Example.

Scheme 2. Synthesis of
Poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl
acrylate]s with Linear and Three-Arm Star

Architectures by ATRP
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persities of 1.79-2.20. The molecular weight distribu-
tion of the 3-arm star polymer with DPn ) 90 is
monomodal and that with DPn ) 61 is bimodal.
Effect of Copper on the Thermal Stability of

Polymers Prepared by ATRP. As outlined in Scheme
1, Cu(I) (complexed with bipyridine) homolytically
cleaves the carbon-halogen bond of the initiating and
polymeric alkyl halides to generate a radical and Cu-
(II). This occurs at 80-100 °C with alkyl bromides.38-40

The final polymers have the same alkyl bromide chain
ends as the initiator and the dormant propagating
chains. Therefore, residual copper and/or the bromide
chain ends may lower the thermal stability of polymers
prepared by ATRP, which will result in decomposition
or cross-linking, as well as changes in the molecular
weight distribution.
Aqueous and methanolic solutions of ammonium

chloride remove copper salts from organic compounds.
For example, polymers generated by ATRP eventually
become colorless when they are repeatedly precipitated
in methanolic ammonium chloride, whereas the am-
monium chloride filtrate becomes blue when it extracts
copper salts. Figure 3 shows the thermogravimetric
analyses (TGA) of linear poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate] (DPn ) 10, pdi ) 1.17)
prepared by ATRP as a function of the number of
reprecipitations in methanolic ammonium chloride,
following the initial precipitation in methanol. Most of
the copper salts are still present in the polymer after
the first precipitation in methanol. The data in Table
3 demonstrate that residual copper significantly de-
creases the decomposition onset temperature of the
polymer. The decomposition temperature first jumps
from 295 to 302 °C after the initial precipitation in
methanolic ammonium chloride (precipitation 2) and
then increases relatively steadily (304-319 °C) with
subsequent reprecipitations. There is no change in the

molecular weight or polydispersity of the polymer from
the first to the last precipitation (DPn ) 10, pdi ) 1.17).
However, the decomposition onset temperature is an

extrapolated value. Figure 3 demonstrates that the
decomposition begins gradually at a lower temperature
in the presence of copper. In contrast, decomposition
is much more abrupt and at a higher temperature in
the samples that have been reprecipitated several times
in methanolic ammonium chloride to remove copper.
The TGA scan of the corresponding polymer (DPn ) 60,
pdi ) 3.43) prepared by conventional radical polymer-
ization is also shown in Figure 3. It decomposes
abruptly at 346 °C and is therefore significantly more
stable than the low-molecular-weight polymer prepared
by ATRP, even when all of the copper has been removed.
Since this may be due simply to differences in molecular
weight, we prepared a polymer with the same molecular
weight as the ATRP (DPn ) 10, pdi ) 1.17) sample by
standard radical polymerization in the presence of
1-decanethiol as a chain-transfer agent (DPn ) 11, pdi
) 1.20). The structure of this polymer and its end
groups are compared to those of the linear polymers
prepared by ATRP in Chart 1. Although typical C-S
and C-Br bond energies are identical (276 kJ/mol),46
the polymer prepared by conventional radical polymer-
ization is 11 °C more stable than the polymer prepared
by ATRP. This is evidently because the C-S bond at a
primary carbon is more stable than the C-Br bond at a
secondary carbon bonded to carbonyl. However, all of
the polymers prepared by ATRP and by conventional
radical polymerizations decompose in one step with the
same weight loss (96%).
The thermal stability of the polymer may possibly be

used to help confirm the extent of bimolecular coupling
in atom transfer radical polymerizations. As shown in
Chart 1, polymers that terminate by bimolecular cou-
pling do not have alkyl bromide chain ends. Compari-
son of the monomer to initiator ratios and GPC-
determined number-average degrees of polymerization

Table 2. Synthesis of
Poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] by

Atom Transfer Radical Polymerizationsa

GPCd

[M]0/[I]0
theorb

Mn × 10-3
time
(h)

yieldc
(%) Mn × 10-3 DPn pdi

linear
5 2.26 0.7 70 3.68 8 1.15
10 4.36 1.2 70 5.05 12 1.16
10 4.36 3 52 7.83 18 1.33
20 8.56 46 45 10.0 24 1.21
30 12.8 7 69 16.8 40 1.30
40 16.9 20 62 15.4 36 1.34
50 21.1 16 84 29.4 70 1.49

three-arm star
15 6.69 3 67 8.68 20 1.15
31 13.4 20 85 12.5 29 1.24
61 26.0 37 48 21.1 49 1.22
61 26.0 24 68 25.7 61 1.79
87 36.9 36 46 23.5 55 1.25
99 41.9 96 46 18.1 42 1.11
139 58.7 84 22 20.3 47 1.18
273 115 132 66 38.2 90 2.20
a Using 1:3:1 CuBr/4,4′-diheptyl-2,2′-dipyridyl/initiating site at

100 °C; bulk polymerizations of linear polymers; 3-arm star
polymers in a minimum amount of benzene. b Assuming 100%
conversion and taking end groups into account: linearMn ) 167.01
+ (419.56[M]0/[I]0); 3-arm star Mn ) 398.98 + (419.56 [M]0/[I]0).
c After copper and monomer completely removed by multiple
reprecipitations. dNumber-average molecular weight (Mn), number-
average degree of polymerization (DPn), and polydispersity (pdi
) Mw/Mn) determined by gel permeation chromatography (GPC)
relative to polystyrene using mean of RI and UV detectors.

Figure 3. Effect of residual copper on the thermogravimetric
analyses (10 °C/min under air) of linear poly[11-(4′-cyanophe-
nyl-4′′-phenoxy)undecyl acrylate] (DPn ) 10, pdi ) 1.17)
prepared by ATRP as a function of the number of (re)-
precipitations (increasing stability) in cold saturated aqueous
NH4Cl/methanol (3:9). The TGA scans of the corresponding
polymers (DPn ) 60, pdi ) 3.43; DPn ) 11, pdi ) 1.20) prepared
by conventional radical polymerization are shown for com-
parison.
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in Table 2 of the linear polymers prepared by ATRP,
and their thermal stability in Table 4, indicate that a
few of the polymers have terminated primarily by
bimolecular coupling. For example, the molecular
weight of the linear polymer synthesized with [M]0/[I]0
) 50 is higher than expected (DPn ) 70, pdi ) 1.49),
and its decomposition onset temperature (337 °C) is
much higher than the rest of the polymers (318-330

°C); its molecular weight distribution is monomodal. The
decomposition onset temperature (308 °C) of the linear
polymer with DPn ) 12 (pdi ) 1.16) is lower than that
of the rest of the polymers, indicating that it is con-
taminated with residual copper. The decomposition
onset temperatures of the 3-arm star polymers are much
less variable. With the exception of the polymer with
DPn ) 20 (309 °C), the 3-arm star polymers decompose
at∼330 °C. The decomposition temperatures of the two
star polymers with DPn ) 42 (pdi ) 1.11) and DPn ) 49
(pdi ) 1.22) are high, although their polymerizations
did not go to completion. The molecular weight distri-
bution of the DPn ) 42 polymer is monomodal, whereas
that of the DPn ) 49 has a higher molecular weight
shoulder. Although the molecular weight distribution
of the 3-arm star polymer with DPn ) 61 is bimodal and
symmetric, and evidently has a significant amount of
chains that were terminated by bimolecular coupling,
its decomposition onset temperature is normal. All of
the linear and 3-arm star polymers prepared by ATRP
decompose in one step with 93.5-99.7% weight loss.
Residual copper has essentially no effect on the

breadth of the phase transitions. As shown in Figure
4 and summarized in Table 3, the isotropization transi-
tion of the polymer precipitated only in methanol is as
narrow (fwhm ) 7.50 °C) as those of the polymers
subsequently precipitated in methanolic ammonium
chloride (fwhm ) 6.15-7.50 °C). However, we have
found that residual copper is detrimental to both the
breadth of the isotropization transition (260 °C) and the
decomposition temperature of poly(biphenyl acrylate).47

Table 3. Thermal Behavior of Poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] Prepared by ATRP as a Function of
Residual Copper

TGA isotropization (°C)

polymer sample onset (°C) of dec % wt loss Ti fwhm

ATRP
precip 1 (DPn ) 10,a pdi ) 1.17) 295 96.8 95 7.50
precip 2 302 97.3 96 6.15
precip 3 304 96.0 96 6.50
precip 4 301 95.8 95 6.50
precip 5 309 94.6 95 7.50
precip 6 (DPn ) 10,a pdi ) 1.17) 319 96.6 93 7.40

radical DPn ) 60,b pdi ) 3.43 346 95.9 140 17.0
radical + RSH DPn ) 11,a pdi ) 1.20 330 95.4 92 8.62

a Takes end groups into account. b Does not consider end groups.

Table 4. Thermotropic Behavior of Poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] Prepared by ATRPa

GPC TGA transition temp (°C) peak width (°C)

DPn Mn × 10-3 pdi onset (°C) of dec % wt loss g-sC sC-sA sA-i DSC fwhm POM

linear
8 3.68 1.15 322 93.5 7 12 97 24 6.70 22.7
12 5.05 1.16 308 99.7 8 14 107 28 7.59 19.2
18 7.83 1.33 318 97.3 12 20 122 36 8.21 16.4
24 10.0 1.21 330 96.1 14 22 126 24 5.36 15.1
36 15.4 1.34 328 95.1 14 23 134 25 5.36 12.7
40 16.8 1.30 328 97.1 12 21 133 19 5.36 11.8
70 29.4 1.49 337 97.2 17 26 141 18 4.46 8.7

three-arm star
20 8.68 1.15 309 95.9 14 21 113 35 8.04 14.4
29 12.5 1.24 329 94.7 15 24 123 19 7.14 12.7
42 18.1 1.11 338 96.3 13 22 129 27 6.25 15.2
47 20.3 1.18 330 96.8 16 25 131 27 7.14 20.2
49 21.1 1.22 336 96.7 12 21 132 21 8.96 18.2
55 23.5 1.25 331 95.5 16 26 135 30 5.36 12.6
61 25.7 1.79 329 94.6 15 25 133 28 7.14 13.1
90 38.2 2.20 329 95.4 17 27 139 23 4.46 13.0

a From DSC on heating at 10 °C/min; peak width determined by DSC on heating from the deviation from the baseline of the endotherm
(DSC) and from the full width at half-maximum of the peak (fwhm), and by polarized optical microscopy (POM) on cooling at -10 °C/min
from the mean of three measurements.

Chart 1. Comparison of the Chemical Structures of
Linear Poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl

acrylate] Prepared by ATRP and by Standard Radical
Polymerization in the Presence of 1-Decanethiol as a

Chain-Transfer Agent.
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Therefore, ATRP is most useful for synthesizing SCLCPs
with lower transition temperatures, although residual
copper must be stringently removed to prevent decom-
position and possibly anomalous thermotropic behavior.
Thermotropic Behavior of Linear and Three-

Arm Star Polymers Prepared by ATRP. All of the
poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]s
prepared by ATRP were carefully purified to remove
both residual copper and any unreacted monomer.
Excess monomer was removed from polymerizations
that did not go to full conversion by reprecipitating them
from THF into a warm solution of ethanol and toluene
(5:1), followed by slowly cooling to -78 °C before
collecting the polymer. Figure 5 presents the normal-
ized DSC heating scans of the linear polymers with
degrees of polymerization of 8-70, and Figure 6 pre-
sents the normalized DSC heating scans of the 3-arm
star polymers (DPn ) 20-90). The sC-sA transitions
are barely detectable because the polymers were not
annealed for sufficient time after heating through
isotropization; the sA-i transition is not affected by
annealing. As shown by the representative polarized
optical micrographs in Figure 7, both the linear and
3-arm star polymers exhibit typical focal-conic fan
textures after annealing for only a short time in the sA
mesophase.
As shown in Figures 5 and 6 and summarized in Table

4, the temperature of the glass and isotropization
transitions increase as the molecular weight of both
polymer series increases. However, the isotropization
temperatures of the 3-arm star polymers are slightly
lower than those of the linear polymers with similar
molecular weights, which confirms that their molecular
architectures are different. For example, the linear

polymer with DPn ) 40 undergoes isotropization at 133
°C, whereas the 3-arm star polymer with DPn ) 42
undergoes isotropization at 129 °C. This lower temper-
ature also does not correspond to the isotropization
temperature of a single arm, since the corresponding
linear polymer with DPn ) 12 undergoes isotropization
at 107 °C. The isotropization transition of the linear
polymers also levels off at a slightly lower degree of
polymerization (DPn ≈ 40) than that of the 3-arm star
polymers (DPn ≈ 50) (Figure 8), which again indicates
that their molecular architectures are different. Nev-
ertheless, both series extrapolate to exactly the same
isotropization temperature (145 °C) at infinite molecular
weight. This demonstrates that the effect of one branch
point is insignificant at infinite molecular weight and
that GPC is a reasonable method for comparing the
molecular weight of these linear and 3-arm star SCLCPs.
The glass and sC-sA transitions, especially of the 3-arm
star polymers, are much less sensitive to increasing
molecular weight.
The extrapolated isotropization temperature of the

ATRP polymers (145 °C) is significantly lower than that
of the fractionated polymers prepared by standard free-
radical polymerization (154 °C). This is obviously not
due to differences in end groups since end groups have
no effect at infinite molecular weight. The primary
difference between the polymers prepared by ATRP and
those prepared by standard radical polymerization is
presumably that some of the fractionated polymers are
branched. Due to differences in solubility, fractional
precipitation separates polymers according to differ-
ences in both molecular weight and molecular architec-
ture. Therefore, the molecular architecture of the
fractionated polymers from the standard radical polym-

fwhm

Figure 4. Effect of residual copper on the normalized dif-
ferential scanning calorimetry traces (10 °C/min) of linear poly-
[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] (DPn ) 10,
pdi ) 1.17) prepared by ATRP as a function of the number of
(re)precipitations in cold saturated aqueous NH4Cl/methanol
(3:9).

fwhm fwhm

Figure 5. Normalized differential scanning calorimetry traces
(10 °C/min) of linear poly[11-(4′-cyanophenyl-4′′-phenoxy)-
undecyl acrylate]s prepared ATRP.
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erization may be changing throughout the extrapolation
in Figure 2, whereas the extrapolations in Figure 8 are
based on a uniform molecular architecture. The glass
(12-16 °C) and sC-sA (26 °C) transitions of all of the
polymers extrapolate to the same values at infinite
molecular weight.
Table 4 also lists the breadth of the isotropization

transitions, determined by three different methods, of
the linear and 3-arm star polymers prepared by ATRP.
Although the deflection of the endotherm (or exotherm)
from the baseline of the DSC scans represents the actual
breadth of the transition, it is sensitive to baseline
curvature. For example, Figure 6 shows that the
isotropization endotherm of the 3-arm star polymer with
DPn ) 55 is quite narrow. However, the breadth of the
transition determined from the baseline of the DSC scan
indicates that it is broader than those of most of the
other samples. The biphasic temperature range can
also be determined directly by polarized optical micros-
copy, although this can be highly subjective. In con-
trast, the full width at half-maximum is directly related
to the breadth of the isotropization transitions in
Figures 5 and 6 and is quite reproducible. We have
therefore used the full width at half-maximum to
describe the breadth of the phase transitions throughout
the rest of this paper.
As shown in Figure 5 and summarized in Table 4, the

isotropization transitions of the linear polymers are
narrow in all cases (fwhm ) 4.46-8.21 °C), and tend to
be slightly narrower than even the fractionated samples
from the conventional radical polymerization (Table 1).
Similarly, the isotropization transitions of the 3-arm
star polymers (Figure 6) are narrow, with fwhm ) 4.46-

8.96 °C. The highest molecular weight linear and 3-arm
star polymers again have the narrowest transitions
(fwhm ) 4.46 °C). However, the highest molecular
weight polymers from both the linear (DPn ) 70, pdi )
1.49) and 3-arm star (DPn ) 90, pdi ) 2.20) series have
the broadest polydispersities. This demonstrates that
a broad monomodal, Gaussian-like distribution of chain
lengths of a single architecture is not sufficient to
broaden the breadth of the sA-i transition of poly[11-
(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate].
The most obvious component of a SCLCP that could

result in a non-Gaussian-like distribution of molecular
weights is monomer. We found that it was difficult to
achieve complete monomer conversion in both the
AIBN-initiated and ATRP polymerizations at higher
monomer to initiator ratios. In addition, since both
NMR and GPC, which are used to detect unreacted
monomer, were used less routinely in 1982 when the
first fractionation study of poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate] was reported,3 the low-tem-
perature tail in the DSC trace of their unfractionated
polymer may be due to unreacted monomer. Figure 9
shows the effect of added monomer on the thermotropic
behavior of linear polymer with high (DPn ) 70, pdi )
1.49) and low (DPn ) 10, pdi ) 1.17) molecular weight.
The low-molecular-weight polymer exhibits a single
isotropization transition whose temperature (97 °C) and
breadth (fwhm ) 7.40 °C) appear to be unaffected, even
when it is contaminated with up to 10% monomer. In
this case, the isotropization temperatures of the mono-
mer and polymer are similar. In contrast, the high-
molecular-weight polymer (fwhm ) 4.46 °C) contami-

fwhm fwhm

Figure 6. Normalized differential scanning calorimetry traces
(10 °C/min) of 3-arm star poly[11-(4′-cyanophenyl-4′′-phen-
oxy)undecyl acrylate]s prepared ATRP.

Figure 7. Polarized optical micrographs (200×) of the sA focal-
conic fan textures observed after annealing for 30 min upon
cooling poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]
from the isotropic melt: (a) 130.3 °C, linear polymer (DPn )
40, pdi ) 1.30); (b) 123.9 °C, 3-arm star polymer (DPn ) 42,
pdi ) 1.11).
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nated with only 1% monomer exhibits a broadened
(fwhm ) 8.52 °C) isotropization endotherm whose
temperature is depressed by 17 °C relative to that of
the pure polymer. If it is contaminated with 5-10%
monomer, monomer partially phase separates from the
polymer and exhibits a separate transition whose tem-
perature is depressed by 10 °C relative to that of pure

monomer. The isotropization transition of the polymer
is also broadened (fwhm ) 6.97-8.13 °C) and depressed
(17-21 °C) relative to that of the pure polymer. There-
fore, residual monomer may be the cause of the low-
temperature tailing in the isotropization transition of
the unfractionated literature polymer.3

Binary Blends of Polymers Prepared by ATRP.
The polymer prepared by conventional radical polym-
erization has a broad monomodal, Gaussian-like mo-
lecular weight distribution and exhibits a very broad
isotropization transition (fwhm ) 16.5-17.0 °C). In
contrast, both the highest molecular weight linear and
3-arm star polymers, which have monomodal most
probable molecular weight distributions, exhibit ex-
tremely narrow isotropization transitions (fwhm ) 4.46
°C). Therefore, a broad Gaussian-like distribution of
chain lengths is not sufficient to broaden the breadth
of the isotropization transition of poly[11-(4′-cyanophe-
nyl-4′′-phenoxy)undecyl acrylate]. Instead, the broad
phase transition may be caused by an immiscible
mixture of molecular architectures caused by chain
branching at high monomer conversion in the conven-
tional free-radical polymerization. That is, if the com-
ponents of the polymer are immiscible in the mesophase,
the transition should be either broadened or exhibit
multiple maximums at the transition temperatures of
the phase-segregated components, depending on their
relative amounts and relative transition temperatures.
If the components of the polymer are miscible, the
polymer should exhibit a single, relatively narrow
transition representing an average of the individual
components.
This is demonstrated in Figures 10-12 by comparing

the phase transitions of linear, linear/star, or 3-arm star
binary blends to those of the corresponding unmixed
samples. The two components of the unmixed samples
were physically separated within the same DSC sample
pan by a second sample pan,10 whereas the blends were
created by co-dissolving the components in a minimum
amount of THF and precipitating them in methanol at
-78 °C. The exact compositions of the blends are listed
in Table 5, along with their GPC-determined number-
average degrees of polymerization and polydispersities.
The average chain lengths of all of the blends are close
to 50 repeat units ((13) and generally correspond to the
expected values based on composition.
The binary blends of the linear polymers prepared by

ATRP with DPn ) 40 (pdi ) 1.30) and DPn ) 70 (pdi )
1.49) are monodisperse in molecular architecture but
are the most polydisperse in molecular weight (pdi )
1.50-1.62) of the three types of blends. Figure 10
presents their DSC scans and those of the unmixed
samples. The two linear polymers undergo isotropiza-
tion at 133 °C and 141 °C. Figure 10 demonstrates that
the phase-segregated, unmixed samples exhibit two
isotropization maximums at 133 and 141 °C. Their
relative areas correspond to the weight (or mole) ratio
of the two components. In contrast, the corresponding
binary blends of the two linear polymers exhibit a single
sA-i transition at an intermediate temperature. Al-
though the isotropization temperatures of the three
blends are essentially equal and therefore do not cor-
respond exactly to their weight-averages (Table 5), they
are within experimental error of the expected values.
Therefore, the isotropization transitions, as well as the
glass and sC-sA transitions of the blends, fit on the same
molecular weight dependencies of the transition tem-

Figure 8. Dependence of the glass (O, b), smectic C-smectic
A (], [), and smectic A-isotropic (0, 9) phase transition
temperatures of linear and 3-arm star poly[11-(4′-cyanophenyl-
4′′-phenoxy)undecyl acrylate]s prepared by ATRP (O, ], 0) and
their binary blends (b, [, 9) as a function of the number-
average degree of polymerization and the inverse number-
average degree of polymerization. Infinite molecular weight
transitions: linear, g 16 sC 26 sA 144 i; 3-arm star, g 16 sC 27
sA 145 i.

fwhm fwhm

Figure 9. Normalized differential scanning calorimetry traces
(10 °C/min) of poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl
acrylate] contaminated with varying amounts of 11-(4′-cy-
anophenyl-4′′-phenoxy)undecyl acrylate; DPn ) 10 (pdi ) 1.17)
and DPn ) 70 (pdi ) 1.49) prepared by ATRP; monomer scan
is reduced relative to normalized polymer scans.
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peratures in Figure 8 of the individual linear polymers.
In addition, the breadth of the isotropization transitions
of the blends is extremely narrow (fwhm ) 4.46-6.25
°C) and does not cover the entire temperature range of
isotropization of the two components. Therefore, the
two linear components of these binary blends are
miscible.
The binary blends of the linear (DPn ) 36, pdi ) 1.34)

and 3-arm star (DPn ) 42, pdi ) 1.11) polymers
prepared by ATRP are polydisperse in molecular archi-
tecture and monodisperse in molecular weight. How-
ever, the isotropization temperature of the 3-arm star
polymer (129 °C) is lower than that of the linear polymer
(134 °C). The DSC scans of the unmixed composites in
Figure 11 clearly demonstrate that the lower temper-
ature transition of a phase-segregated homopolymer
may be due to a more branched polymer that is actually
of higher molecular weight rather than to a lower
molecular weight fraction. The relative areas of the two
maximums at 129 and 134 °C correspond to the weight
ratio of the two components. The corresponding binary
blends exhibit a single, narrow (fwhm ) 5.36-5.80 °C)
isotropization transition at a temperature approxi-
mately equal to the weight-average temperature of the
two components. Therefore, the linear and 3-arm star
components of these binary blends are also miscible.
This is consistent with recent calculations based on
Flory-Huggins theory with entropic corrections that

predicts that 10-15 branch points are needed in a star
polymer (DPn ) 100) to cause phase separation in a
blend with linear polymer of DPn ) 100;48 however,
these calculations were not based on polymers that have
a large side chain in each repeat unit. The theory also
predicts that phase segregation in linear/branched
polymer blends will be highest in mixtures of linear
polymer with a low concentration of branched polymer.48
This is consistent with the broader isotropization tran-
sition (fwhm ) 5.80 °C) of the linear/star blend with
only 25% star polymer compared to the other two blends
(fwhm ) 5.36 °C).
The binary blends of the 3-arm star polymers pre-

pared by ATRP with DPn ) 29 (pdi ) 1.24) and DPn )
55 (pdi ) 1.25) are monodisperse in molecular archi-
tecture and polydisperse in molecular weight. Figure
12 demonstrates that the phase-segregated, unmixed
composites exhibit the two isotropization maximums
(123 and 135 °C) of the two components in their relative
weight ratios. The 3-arm star binary blends exhibit a
single isotropization transition at approximately the
weight-average temperature. All of their transition
temperatures fit on the same molecular weight depen-
dencies as those of the individual 3-arm star polymers
(Figure 8). However, the isotropization transitions are
significantly broader (fwhm ) 8.93-15.2 °C) than those
of either of the two components (fwhm ) 5.36-7.14 °C).

Table 5. Composition of Binary Blends of Poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]s Prepared by Atom
Transfer Radical Polymerizationsa

comp (%) GPCb
architecture
(DPn/DPn) lower DPn higher DPn rec (%) theor DPn DPn pdi

theor
Ti

c (°C)

linear (40/70) 75 25 92 48 51 1.50 135
50 50 88 55 54 1.62 137
25 75 96 62 62 1.59 139

linear/star (36/42) 75 25 93 38 42 1.22 133
50 50 92 39 41 1.21 132
26 74 86 40 42 1.15 130

three-arm star (29/55) 75 25 98 36 37 1.31 126
51 49 86 42 50 1.27 129
23 77 99 49 47 1.31 132

a Polymers were blended by dissolving in THF and precipitating with methanol. b Number-average degree of polymerization (DPn) and
polydispersity (pdi ) Mw/Mn) determined by gel permeation chromatography (GPC) relative to polystyrene using a UV detector. c Weight-
average Ti if miscible blend.

fwhm

Figure 10. Normalized differential scanning calorimetry
traces (10 °C/min) of binary unmixed (physically separated)
composites and blends of linear poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate]s (DPn ) 40, pdi ) 1.30; DPn ) 70,
pdi ) 1.49) prepared ATRP.

fwhm

Figure 11. Normalized differential scanning calorimetry
traces (10 °C/min) of binary unmixed (physically separated)
composites and blends of linear (DPn ) 36, pdi ) 1.34) and
3-arm star (DPn ) 42, pdi ) 1.11) poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate]s prepared ATRP.
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That is, the breadth of the transition covers almost the
entire temperature range of isotropization of the two
components, which demonstrates that they do not mix
well. Although both 3-arm star polymers have the same
molecular architecture, they do not have the same
branching density. The branching densities per 50
repeat units of the 3-arm star polymers are 1.7 branches
when DPn ) 29, 1.2 branches when DPn ) 42, and 0.91
branch when DPn ) 55; the linear polymers have 0
branch/50 repeat units. Although the difference in
branching density of the two components is slightly
higher in the linear/star binary blends (1.2 branches/
50 repeat units) than in the 3-arm star binary blends
(0.79 branches/50 repeat units), this difference evidently
becomes more significant as the overall branch content
of the sample increases. This is consistent with the
tendency of branched polyethylene blends to phase
segregate.9,29,30 Therefore, branching is evidently the
cause of the broad isotropization transitions of poly[11-
(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]s prepared
by conventional radical polymerization. Similarly, the
broad melting transition of LLDPE is due to its broad
and multimodal distribution of short-chain branching
density.11

Isothermal Phase Segregation of Binary Blends
of Polymers Prepared by ATRP. On the basis of the
split isotropization transitions observed after isothermal
annealing in the biphasic region followed by cooling to
ambient temperature, previous researchers concluded
that the biphasic region of MCLCPs17 and SCLCPs18 is
due to selective partitioning of low- and high-molecular-
weight fractions. Figure 13 demonstrates that the
miscible 50/50 binary blend of linear poly[11-(4′-cy-
anophenyl-4′′-phenoxy)undecyl acrylate]s prepared by
ATRP can also be forced to phase segregate by anneal-
ing for as little as 1 h in the biphasic region at 134 °C.
Isotropization is now split into the two maximums at
133 and 141 °C of the two linear components and covers
their combined temperature range of isotropization.
Phase segregation is essentially complete after 5-15 h.
The evolution of this phase segregation is shown by

the polarized optical micrographs in Figure 14. Upon
cooling from the isotropic melt to 134 °C, much of the
material has organized into the sA mesophase in the

form of focal conic fans, although there are both large
and small domains of the isotropic melt throughout the
sample. After annealing for 15 min at 134 °C, the fan
regions have grown and partially segregated from the
isotropic domains, although the isotropic domains con-
tain many anisotropic fans and bâtonnets. After an-
nealing for 2 h at 134 °C, the fan regions have grown
and segregated further from the isotropic domains,
thereby decreasing the area occupied by the isotropic
melt. Much of the anisotropic fans and bâtonnets
within the isotropic domains have also coalesced and
grown. After 6-15 h, the anisotropic fans are almost
completely segregated into a continuous phase and the
isotropic domains are smaller and almost free of bâton-
nets.
As shown in Figure 15, the two components of all of

the linear and linear/star binary blends can be forced
to at least partially phase segregate by annealing in the
biphasic region for 15 h. For example, the isotropization
transitions of all of the linear binary blends are signifi-
cantly broadened and split into two maximum, whereas
only the linear/star blend with 25% star polymer
exhibits two distinct maximums. Although the isotro-
pization transitions of the 50/50 and 25/75 linear/star
blends are not split into two clear maximum, the
polarized optical micrograph in Figure 16 demonstrates
that the 50/50 linear/star blend phase segregates in the
same way as the 50/50 linear binary blend. However,
comparison of the thermotropic behavior of the linear
and linear/star binary blends to that of the correspond-
ing unmixed composites in Figures 10 and 11 clearly
demonstrates that the components of these blends are
miscible and therefore exhibit a single, narrow isotro-
pization transition under dynamic conditions.
In contrast, the 3-arm star binary blends, which

exhibit broad isotropization transitions under dynamic
conditions (Figure 12), do not readily phase segregate
further. Only the isotropization transition of the 25/75
blend exhibits two distinct maximums after annealing
at 130 °C in the biphasic region for 15 h. However, the
isotropization transition of the 75/25 blend is depressed
relative to the weight-average value, and the isotro-
pization transition of the 50/50 blend is actually lower

fwhm

Figure 12. Normalized differential scanning calorimetry
traces (10 °C/min) of binary unmixed (physically separated)
composites and blends of 3-arm star poly[11-(4′-cyanophenyl-
4′′-phenoxy)undecyl acrylate]s (DPn ) 29, pdi ) 1.24; DPn )
55, pdi ) 1.25) prepared ATRP.

Figure 13. Normalized differential scanning calorimetry
traces (10 °C/min) of the 50/50 binary blend of linear poly[11-
(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]s (DPn ) 40 and
DPn ) 70) as a function of annealing time at 134 °C.
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than those of either of the two components. Polarized
optical microscopy confirms that the 50/50 3-arm star

binary blend is primarily isotropic after annealing at
130 °C for 15 h. As shown in Figure 17, anisotropic
domains only persist after 15 h if the 50/50 blend is

Figure 14. Polarized optical micrographs (200×) of the 50/50 binary blend of linear poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl
acrylate]s (DPn ) 40 and DPn ) 70) as a function of annealing time at 134 °C upon cooling from the isotropic melt.

Figure 15. Normalized differential scanning calorimetry
traces (10 °C/min) of the linear (DPn ) 40 and DPn ) 70), linear
(DPn ) 36)/3-arm star (DPn ) 42), and 3-arm star (DPn ) 29
and DPn ) 55) binary blends of poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate]s after annealing for 15 h at 134,
130, and 130 °C, respectively.

Figure 16. Polarized optical micrograph (200×) of the 50/50
binary blend of linear (DPn ) 36, pdi ) 1.34) and 3-arm star
(DPn ) 42, pdi ) 1.11) poly[11-(4′-cyanophenyl-4′′-phenoxy)-
undecyl acrylate]s prepared by ATRP after annealing at 130
°C for 15 h upon cooling from the isotropic melt.

Macromolecules, Vol. 31, No. 2, 1998 Effect of Molecular Architecture 267



annealed at 126 °C or less, although the isotropic
domains are very small due to the large number of
defects. This indicates that the polymer chains do not
readily diffuse through the more immiscible systems.
The lower isotropization temperature of the 50/50

blend provides further evidence that the components of
the 3-arm star binary blends do not mix well in the sA
mesophase. As shown in Chart 2a by the phase
diagram of a mixture that is completely miscible in both
the liquid and solid states, the transition temperature
is intermediate between those of the two components.49
In contrast, the transition temperatures of a mixture
that is completely miscible in the liquid phase but
completely immiscible in the solid state (Chart 2b), are
depressed relative to that of at least one of the two
components, with the lowest transition temperature at
the eutectic composition.49 The other compositions have
large melt/biphasic regions. Therefore, both the iso-
thermal annealing and dynamic studies of the binary
blends indicate that the 3-arm star polymers tend to
be miscible in the isotropic melt but immiscible in the
sA mesophase; the linear binary blends are apparently
miscible in both the isotropic melt and sA mesophase.
That is, if the polymer chains are homogeneous in both
the isotropic melt and the mesophase, rapid cooling
favors comixing in the mesophase, whereas slow cooling
through the biphasic region favors diffusion and segre-
gation of two fractions with significantly different
molecular weights and/or branching densities. How-
ever, if the two components have limited miscibility in
the mesophase, they form a much greater number of
defects (domain boundaries) within the biphasic region,
thereby hindering macroscopic segregation. Therefore,
the ability to fractionate SCLCPs in the biphasic region

indicates that all of the components are miscible and
therefore diffusive in both the isotropic melt and the
mesophase.

Conclusions

Atom transfer radical polymerization can be used to
study structure/property relationships of poly[11-(4′-
cyanophenyl-4′′-phenoxy)undecyl acrylate] and other
SCLCPs. However, it is difficult to attain complete
conversion of either the linear or 3-arm star poly[11-
(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate]s when the
attempted degrees of polymerization are greater than
60 ([M]0/[I]0 > 60). Residual copper must be stringently
removed to prevent decomposition of the chain ends and
sometimes broadening of their phase transitions. Even
in the absence of copper, the alkyl bromide chain ends
are less stable than those synthesized by conventional
free-radical polymerizations using AIBN as the initiator.
Therefore, ATRP is most useful for synthesizing SCLCPs
with lower transition temperatures.
In contrast to lattice theory of rodlike molecules with

a mixture of axial ratios,23 the biphasic regions of the
binary blends of linear poly[11-(4′-cyanophenyl-4′′-phe-
noxy)undecyl acrylate] are not broader than those of
either of the two components. Similarly, the biphasic
regions of the linear and 3-arm star polymers with most
probable distributions of chain lengths are not broader
than those of the corresponding polymers with Poisson
distributions. Therefore, poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate] behaves as a system that is
monodisperse in rod length. This indicates that SCLCPs
can be considered as a mixture of monodisperse rods
(mesogenic side chains) and random coils (distorted50
polymer backbone).24 In this case, lattice theory pre-
dicts that the addition of the random coil broadens the
biphasic region of the monodisperse rod,51 which ac-
counts for the slightly broader phase transitions of well-
defined SCLCPs compared to those of low-molar-mass
liquid crystals. Therefore, the extremely broad isotro-
pization transitions of many SCLCPs prepared by
standard radical polymerizations cannot be accounted
for simply by a broad polydispersity in molecular weight.
The limited miscibility and broad isotropization transi-
tions of the binary mixtures of the 3-arm star polymers
indicate that the broad isotropization transitions of
SCLCPs prepared by standard radical polymerizations
are due to a mixture of branched structures which result
from chain transfer to polymer at high monomer con-
version.

Experimental Section

Materials. Acryloyl chloride (96%), 1-bromohexane (98%),
11-bromo-1-undecanol (98%), 1-decanethiol (96%), 4′-hydroxy-
4-biphenylcarbonitrile (97%), methyl 2-bromopropionate (97%),
and 2,4,6-tris(bromomethyl)mesitylene (98%) were used as
received from Aldrich. Azobisisobutyronitrile (AIBN, Johnson
Mathey, 99%) was recrystallized from methanol below 40 °C.
Cuprous bromide (Alfa, 98%) and 4,4′-dimethyl-2,2′-dipyridyl
(Fluka, 99%) were used as received. Triethylamine (Baker)
was stirred over KOH and distilled under N2. Benzene was
washed sequentially with concentrated H2SO4 and water,
stored over CaCl2, and distilled from CaH2 under N2. Reagent-
grade tetrahydrofuran (THF) was dried by distillation from
purple sodium benzophenone ketyl under N2. Stock solutions
of methanolic ammonium chloride containing 45 mL of metha-
nol and 15 mL saturated NH4Cl were prepared to removed
copper salts from ATRP polymers by precipitations at -78 °C;
water was necessary to keep NH4Cl in solution at low

Figure 17. Polarized optical micrograph (200×) of the 51/49
binary blend of 3-arm star poly[11-(4′-cyanophenyl-4′′-phenox-
y)undecyl acrylate]s (DPn ) 29, pdi ) 1.24; DPn ) 55, pdi )
1.25) prepared ATRP after annealing at 126 °C for 15 h upon
cooling from the isotropic melt.

Chart 2. (a) Phase diagrams of a Mixture with
Complete Miscibility in Both Liquid and Solid

Phases; (b) a Mixture with Complete Miscibility in
the Liquid Phase and Complete Immiscibility in the

Solid Phase.49
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temperature. All other reagents and solvents were com-
mercially available and used as received.
Techniques. All reactions were performed under a N2

atmosphere using a Schlenk line unless noted otherwise. 1H
NMR spectra (δ, ppm) were recorded on either a Bruker AC-
200 (200 MHz) or a Bruker AM-300 (300 MHz) spectrometer.
Unless noted otherwise, all spectra were recorded in CDCl3
with TMS as an internal standard. Relative molecular weights
were determined by gel permeation chromatography (GPC) at
35 °C using THF as solvent (1.0 mL/min), a set of 50, 100,
500, and 104 Å and linear (50-104 Å) Styragel 5-µm columns,
a Waters 486 tunable UV/visible detector set at 300 nm, and
a Waters 410 differential refractometer.
All polymers and their blends were dried overnight in vacuo

at room temperature and then at 60 °C for 2 h before their
thermotropic behavior was analyzed. A Perkin-Elmer DSC-7
differential scanning calorimeter was used to determine the
thermal transitions that were read as the maximum or
minimum of the endothermic or exothermic peaks, respec-
tively. Glass transition temperatures (Tg’s) were read as the
middle of the change in heat capacity. All heating and cooling
rates were 10 °C/min. Both enthalpy changes and transition
temperatures were calibrated using indium and zinc stan-
dards. TGA were conducted with a Perkin-Elmer TGA-7 at a
heating rate of 10 °C/min under air. The onset of the
decomposition temperature was calculated by extrapolation of
the constant-weight region to the tangent of the weight loss.
A Leitz Laborlux 12 Pol S polarized optical microscope
(magnification 200×) equipped with a Mettler FP82 hot stage
and a Mettler FP90 central processor was used to analyze the
thermal transitions and anisotropic textures. Thin samples
were prepared by melting a minimum amount of compound
between a clean glass slide and a cover slip and rubbing the
cover slip with a spatula. The breadth of the isotropization
transitions was measured by cooling from the isotropic melt
at 10 °C/min and recording the temperature at the first
appearance of brightness and at the last detection of motion;
each value is the mean of three measurements.
Synthesis of Monomer and Precursors. 11-(4′-Cy-

anophenyl-4′′-phenoxy)undecanol. 11-(4′-Cyanophenyl-4′′-
phenoxy)undecanol was prepared in 61-86% yield as in the
following example. A solution of 11-bromo-1-undecanol (8.1
g, 32 mmol) in ethanol (40 mL) was added dropwise over 1.5
h to a refluxing solution of 4′-hydroxy-4-biphenylcarbonitrile
(6.0 g, 31 mmol) and K2CO3 (4.7 g, 34 mmol) in ethanol (40
mL) and water (10 mL). After refluxing for 25 h, the reaction
was poured into water. The precipitate was collected and
recrystallized from ethanol to yield 9.7 g (86%) of 11-(4′-
cyanophenyl-4′′-phenoxy)undecanol as white crystals. 1H
NMR: δ 1.31 (m, [CH2]6), 1.49 (m, CH2CH2CH2OAr), 1.59 (m,
CH2CH2OH), 1.83 (m, CH2CH2OAr), 3.64 (t, CH2OH), 4.00 (t,
OCH2), 6.99 (d, 2 aromatic H ortho to OCH2), 7.52 (d, 2
aromatic H meta to OCH2), 7.66 (m, 4 aromatic H ortho and
meta to CN).
11-(4′-Cyanophenyl-4′′-phenoxy)undecyl acrylate. 11-

[(4′-Cyanophenyl-4′′-phenoxy)undecyl] acrylate was prepared
in 56-97% yield as in the following example. A solution of
acryloyl chloride (2.6 g, 39 mmol) in dry THF (30 mL) was
added dropwise over 30 min to an ice-cooled solution of
4-[(hydroxyundecyl)oxy]-4′-cyanobiphenyl (9.6 g, 26 mmol) and
dry NEt3 (4.5 g, 45 mmol) in dry THF (500 mL). The reaction
was warmed to room temperature, stirred for 16 h, and then
poured into water (500 mL). The resulting precipitate was
filtered and recrystallized from a mixture of ethanol (100 mL)
and toluene (5 mL) to yield 6.1 g (56%) of 11-(4′-cyanophenyl-
4′′-phenoxy)undecyl acrylate as white crystals. 1H NMR: δ
1.31 (m, [CH2]7), 1.67 (m, CH2CH2OAr), 1.81 (m, CH2CH2O2C),
4.00 (t, CH2OAr), 4.15 (t, CH2O2C), 5.81 (dd, 1 olefinic H trans
to CO2), 6.10 (dd, 1 olefinic H gem to CO2), 6.40 (dd, 1 olefinic
H cis to CO2), 6.99 (d, 2 aromatic H ortho to OCH2), 7.53 (d, 2
aromatic H meta to OCH2), 7.68 (m, 4 aromatic H ortho and
meta to CN).
Synthesis of Ligand. 4,4′-Diheptyl-2,2′-dipyridyl. 4,4′-

Diheptyl-2,2′-dipyridyl was prepared in 16-56% yield as in
the following example. A solution of lithium diisopropylamide

(7.1 g, 66 mmol) in dry THF (20 mL) was prepared under a N2

atmosphere in a Vacuum Atmospheres drybox. The closed
reaction flask was removed from the drybox, attached to a
Schlenk line under N2, and cooled to -78 °C in an acetone/
CO2 bath. A solution of 4,4′-dimethyl-2,2′-dipyridyl (4.8 g, 26
mmol) in dry THF (110 mL) was added dropwise over 10 min
to the reaction mixture, and then 1-bromohexane (8.6 mL, 61
mmol) was added via a syringe. The reaction was allowed to
warm to room temperature and was stirred for 20 h. The
reaction was quenched with water (100 mL), the organic layer
was separated, and the solvent was removed by rotary
evaporation. The resulting solid was passed through a column
of neutral alumina, using Et2O/hexanes (12:1) as the eluant,
and recrystallized from acetonitrile (80 mL) to yield 5.2 g (56%)
of 4,4′-diheptyl-2,2′-dipyridyl as white needles. 1H NMR: δ
0.86 (t, CH3, 6 H), 1.28 (m, [CH2]4, 16 H), 1.69 (m, CH2CH2Ar,
4 H), 2.7 (t, CH2Ar, 4 H), 7.18 (d, 2 aromatic H para to Ar),
8.29 (s, 2 aromatic H ortho to Ar), 8.58 (d, 2 aromatic H meta
to Ar).
Synthesis of Polymer by Conventional Free-Radical

Polymerization. A mixture of 11-(4′-cyanophenyl-4′′-phe-
noxy)undecyl acrylate (1.1 g, 2.5 mmol) and AIBN (8.0 mg, 49
µmol) in dry benzene (11 mL) was degassed in a sealable tube.
The tube was then sealed under vacuum and stirred at 60 °C
for 29 h. The polymer was diluted with THF (3 mL),
precipitated into cold (-78 °C) methanol (75 mL), and collected.
According to GPC, the crude product contained 83% polymer
and 17% unreacted monomer. In order to remove monomer,
the polymer was reprecipitated three times from THF (4-10
mL) into a warm (50 °C) solution of ethanol (60-80 mL) and
toluene (0-15 mL), which was cooled first to room temperature
and then to -78 °C prior to collecting the precipitate. The
combined filtrate from these precipitations was concentrated
to recover additional precipitate of oligomeric material, which
was added to the polymer sample to yield 0.77 g (72%) of poly-
[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate] as a hard
solid; Mn ) 2.52 × 104, pdi ) 3.43.
Fractionation of Polymer by Conventional Free-Radi-

cal Polymerization. Methanol was added dropwise to a
dilute solution of poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl
acrylate] (0.4889 g, Mn ) 2.52 × 104, pdi ) 3.43) in THF (100
mL) until the solution became cloudy (150 mL of methanol).
The solution was allowed to settle overnight, and the precipi-
tate was collected. This large fraction (>0.1 g) was redissolved
in THF (50 mL), and methanol was added dropwise until the
solution became cloudy (75 mL). The precipitate was collected
to yield 250 mg (5%) of fraction 1 (Table 1); Mn ) 4.31 × 104,
pdi ) 1.57. The solvent from this filtrate was removed by
rotary evaporation to yield 0.1074 g (22%) of fraction 2; Mn )
2.95 × 104, pdi ) 1.75. The next four fractions were obtained
by adding methanol dropwise to the filtrate from the first
precipitate that contained fractions 1 and 2 until it became
cloudy: 710 mg (14%) of fraction 3 after 100 mL of methanol
was added, Mn ) 2.40 × 104, pdi ) 1.96; 0.1083 g (22%) of
fraction 4 after another 125 mL of methanol was added,Mn )
2.09 × 104, pdi ) 1.74; 209 mg (4%) of fraction 5 after another
50 mL of methanol was added, Mn ) 1.20 × 104, pdi ) 2.04;
477 mg (10%) of fraction 6 after another 75 mL of methanol
was added, Mn ) 8.63 × 103, pdi ) 1.78. The solvent from
the filtrate of fraction 6 was removed by rotary evaporation,
and the resulting viscous yellow oil was reprecipitated from
THF (2 mL) into methanol (40 mL) to yield 268 mg (7%) of
fraction 7 as a sticky solid; Mn ) 5.79 × 103, pdi ) 1.92; 1H
NMR confirmed that fraction 7 contained only poly[11-(4′-
cyanophenyl-4′′-phenoxy)undecyl acrylate].
Synthesis of Low-Molecular-Weight Polymer by Con-

ventional Free-Radical Polymerization Using a Chain-
Transfer Agent. Amixture of 11-(4′-cyanophenyl-4′′-phenoxy)-
undecyl acrylate (1.0 g, 2.5 mmol), 1-decanethiol (19 mg, 0.11
mmol), and AIBN (20 mg, 0.12 mmol) in dry benzene (2.5 mL)
was degassed in a sealable tube. The tube was then sealed
under vacuum and stirred at 60 °C for 28 h. The polymer was
precipitated from THF (2 mL) into cold (-78 °C) methanol (50
mL) to yield 0.94 g (90%) of poly[11-(4′-cyanophenyl-4′′-
phenoxy)undecyl acrylate] as a sticky solid; Mn ) 9.8 × 103,

Macromolecules, Vol. 31, No. 2, 1998 Effect of Molecular Architecture 269



DPn ) 23, pdi ) 1.53. Methanol was added dropwise to a
dilute solution of this polymer in THF (150 mL) until the
solution became cloudy (275 mL). After settling, the precipi-
tate was collected. The solvent from this filtrate was removed
by rotary evaporation to yield a sticky yellow solid. This solid
was dissolved in THF (3 mL) and precipitated into cold (-78
°C) methanol (50 mL) to yield 0.22 g (21%) of poly[11-(4′-
cyanophenyl-4′′-phenoxy)undecyl acrylate] as a sticky solid;Mn

) 4.89 × 103, DPn ) 11, pdi ) 1.20.
Synthesis of the Linear Polymer Used To Study the

Effect of Residual Copper from ATRP. A mixture of 11-
(4′-cyanophenyl-4′′-phenoxy)undecyl acrylate (1.0 g, 2.4 mmol),
methyl 2-bromopropionate (81 mg, 0.49 mol), CuBr (70 mg,
0.49 mmol), and 4,4′-diheptyl-2,2′-dipyridyl (0.51 g, 1.4 mmol)
was degassed in a sealable tube. The tube was then sealed
under vacuum and stirred at 100 °C for 1.2 h. The polymer
was precipitated in cold (-78 °C) methanol (75 mL) and
collected, and a small amount was reserved for analysis. The
remaining polymer was reprecipitated four times from THF
(4 mL) into cold (-78 °C) 3:9 saturated aqueous NH4Cl/
methanol (60-75 mL), each time reserving a small amount of
the precipitate for analysis. One additional precipitation from
THF (3 mL) into cold (-78 °C) methanol (60 mL) yielded 0.66
g (66%) of poly[11-(4′-cyanophenyl-4′′-phenoxy)undecyl acry-
late] as a sticky white solid; Mn ) 4.57 × 103, pdi ) 1.17.
Synthesis of Linear Polymers by ATRP. Linear poly-

mers were prepared by ATRP in 45-84% yield as in the
following example. A mixture of 11-[(4′-cyanophenyl-4′′-phe-
noxy)undecyl] acrylate (0.54 g, 1.3 mmol), methyl 2-bromopro-
pionate (21 mg, 0.13 mmol), CuBr (18 mg, 0.13 mmol) and 4,4′-
diheptyl-2,2′-dipyridyl (0.14 g, 0.39 mmol) was degassed in a
sealable tube. The tube was then sealed under vacuum and
stirred at 100 °C for 1.2 h. The polymer was precipitated in
cold (-78 °C) methanol (50 mL), collected, and purified by
reprecipitating once from THF (4 mL) into cold (-78 °C)
methanol (50 mL), twice from THF (4 mL) into cold (-78 °C)
3:9 saturated aqueous NH4Cl/methanol (15 mL), and then one
additional precipitation from THF (4 mL) into cold (-78 °C)
methanol (50 mL) to yield 0.39 g (70%) of poly[11-(4′-cy-
anophenyl-4′′-phenoxy)undecyl acrylate] as a sticky solid; Mn

) 5.05 × 103, pdi ) 1.16.
Synthesis of Three-Arm Star Polymers by ATRP.

Three-arm star polymers were prepared by ATRP in 22-85%
yield as in the following example. A mixture of 11-(4′-
cyanophenyl-4′′-phenoxy)undecyl acrylate (0.50 g, 1.2 mmol),
2,4,6,-tris(bromomethyl)mesitylene (32 mg, 80 µmol), CuBr (34
mg, 0.23 mmol), and 4,4′-diheptyl-2,2′-dipyridyl (0.26 g, 0.72
mmol) in dry benzene (0.5 mL) was degassed in a sealable tube.
The tube was then sealed under vacuum and stirred at 100
°C for 3 h. The polymer was precipitated into cold (-78 °C)
methanol (50 mL), collected, and purified by sequentially
reprecipitating from THF (4 mL) into cold (-78 °C) methanol
(50 mL), twice from THF (4 mL) into cold (-78 °C) 3:9
saturated aqueous NH4Cl/methanol (15 mL), and then one
additional precipitation from THF (4 mL) into cold (-78 °C)
methanol (50 mL) to yield 0.34 g (67%) of poly[11-(4′-cy-
anophenyl-4′′-phenoxy)undecyl acrylate] as a sticky solid; Mn

) 8.68 × 103, pdi ) 1.15.
Preparation of Binary Polymer Blends. Binary poly-

mer blends were prepared in 86-99% yield. In a typical
procedure, a cold (-78 °C) solution of concd HCl (2 drops) in
methanol (50 mL) was added dropwise to a solution of DPn )
39 linear polymer (9.9 mg) and DPn ) 70 linear polymer (10
mg) in a minimum amount of THF (<0.5 mL) until a white
precipitate formed (∼2 mL). The precipitate was collected to
yield 18 mg (88%) of the 50/50 linear binary blend as a sticky
white solid; Mn ) 2.27 × 104, pdi ) 1.62.
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(10) Joskowicz, P. L.; Muñoz, A.; Barrera, J.; Müller, A. J.
Macromol. Chem. Phys. 1995, 196, 385.

(11) Liu, T. M.; Harrison, I. R. Thermochim. Acta 1994, 233, 167.
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