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Fractionation during crystallization of heterodisperse
homopolymers is a well-known phenomenon that origi-
nates from the mixing gap in the crystalline state of
chain molecules differing sufficiently in length. Under
thermodynamic equilibrium conditions, a binary mix-
ture of homologous chain molecules with large disparity
in molecular weights solidifies to form two solid phases.
Under nonequilibrium conditions, however, solid solu-
tions may form at relatively low solidification temper-
atures where the crystallization proceeds so rapidly that
the cross-diffusion of the molecules, which is an es-
sential step in the fractionation, is impeded.!

Recently, much attention has been paid to crystal-
line—amorphous diblock copolymers (C-b-A) and their
blends with homopolymer A because their self-as-
sembled structures provide interesting templates to
explore the crystallization behavior of polymer chains
confined in nanoscale space once C block forms micro-
domains in the melt state.2=5 In this study, we will deal
with the blends of two chemically identical C-b-A with
different chain lengths, i.e., Cy-b-Ag/C,-b-As with the
subscript representing the degree of polymerization.
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Though the binary blends of diblock copolymers have
received considerable theoretical and experimental in-
terests due to richness of their phase behavior, most of
the works have been carried out on systems with all
amorphous blocks.6~12 Introduction of a crystallizable
block into this type of system is expected to create more
complex phase behavior than normally has been ob-
served for their amorphous counterparts. A very im-
portant question which arises naturally is whether Cq
and C, blocks originally mixed within the microdomains
in the melt would cocrystallize or phase segregate into
their own crystalline lamellar structures. In this study,
we intend to demonstrate that cocrystallization leading
to a solid solution occurs over a broad range of under-
cooling in the lamellae-forming blends of a nearly
symmetric C-b-A with an asymmetric counterpart, while
the corresponding homopolymer blends with similar
molecular weight and compositions exhibit phase-
segregated crystallization. In contrast to the kinetically
trapped solid solution formed in homopolymer system,
the cocrystallization of C, and C, blocks may be driven
thermodynamically by the tendency of Az and A, blocks
to remain intimately mixed.

The system under study is the blends of a short nearly
symmetric poly(ethylene oxide)-block-polybutadiene
(PEO-b-PB) and a long asymmetric PEO-b-PB with PEO
and PB being the crystalline and amorphous blocks,
respectively. The nearly symmetric PEO-b-PB (denoted
as E170B102) had the number-average molecular weight
of the respective blocks as My peo = 7500 and My pg =
5500. Mppeo and My pg of the asymmetric PEO-b-PB
(denoted as EgoBa4s1) were 3500 and 26 000, respectively.
The melt morphology of neat E;70Bio2 and EgoBasi is
lamellae and BCC-packed PEO spheres, respectively.
EsgoB4s1/E170B102 blends were prepared by solution mix-
ing using toluene as the solvent. The compositions of
the blends are designated as the weight ratio of EgoBas:
to E170B102. The blends of two PEO homopolymers with
approximately the same molecular weights as those of
the PEO blocks in the copolymer blends were also
prepared for comparing the crystallization behavior of
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Table 1. Characteristics of the Binary Diblock
Copolymer Blends Studied in This Work

EsoB481/ Weight ratio of Eso

E170B102 and Ej70 blocks in melt structure of

(in wt %) the PEO domain? freo? PEO domain
0/100 0/100 0.54 lamellae
20/80 1/19 0.45 lamellae
40/60 1/7 0.36 lamellae
50/50 1/5 0.32 lamellae
55/45 1/4 0.29 lamellae
100/0 100/0 0.10 sphere

a The compositions of homopolymer mixtures (h-Eze¢/h-E1s2) were
based on this ratio. ® Overall volume fraction of the PEO block.

PEO in these two types of systems. The PEO homopoly-
mers with My peo = 3350 (denoted as h-Ez) and My peo
= 8000 (denoted as h-E;g,) were purchased from Sigma.
The h-Ez¢/h-E1s2 blend compositions were based on the
calculated weight ratios of the two PEO blocks in the
PEO domain of the copolymer mixtures (cf. Table 1).
First we would like to verify that the shorter and the
longer PEO/PB blocks in Ej170B1o2 and EgoBag: mix
intimately in their respective microdomains in the melt
state. Figure l1a shows a series of small-angle X-ray
scattering (SAXS) profiles obtained in the melt state
from EgoB4s1/E170B102 blends with the weight percent of
EsoBa4s1 Up to 55%. Each profile is characterized by a
primary scattering peak along with the higher-order
maxima situating at integer multiples of the first-order
peak position, which clearly indicates the formation of
lamellar morphology in these blends. Figure 1b plots
the interlamellar distance (D) and the area per junction
point at the lamellar interface (£) as a function of the
number fraction of the asymmetric EgoBas1 (Nas). The
interfacial area per junction was obtained from?2

= 2{ [(1 - nas)Ns,PB + nasNas,PB]VPB +
[(1 = NNgpeo T NasNas peolVeeo} /D (1)

where Ngi and Ngs;i (with i = PB or PEO) is the degree
of polymerization of i block in Ej70B1p2 and EgoBasa,
respectively, and v; is the volume of an i monomer unit
(vps = 0.095 nm?3 and vpgo = 0.072 nm?3). It can be seen
that the interlamellar distance increases with increas-
ing fraction of EgyB4s1, whereas = remains constant and
equals approximately to that in neat E;70Bip2. The
observed composition dependences of D and X are in
parallel with those exhibited by the blends of a short
symmetric polystyrene-block-polyisoprene (PS-b-P1) and
a long asymmetric PS-b-PIl reported by Court and
Hashimoto.1112 The swelling of interlamellar distance
upon adding EgoBasg1 indicates that the bipopulated
PEO/PB blocks mix intimately in their respective do-
mains, where the much longer PB blocks from EgoBys:
effectively swells the thickness of PB lamellae. The
interfacial area per junction point is however dominated
by the short symmetric diblock as manifested by the
proximity of X to that in neat E;70Bio2 irrespective of
the blend composition. In this case, each lamellar
domain (PB in particular) is constituted of two layers
of brushes lying on top of each other. The first layer is
formed by the shorter blocks and the first subchains in
the longer blocks, while the second layer composes of
the remaining subchains of the longer blocks, as il-
lustrated in Figure 2a.1?

The intimate mixing of the block chains in the
respective domains is further supported by the suppres-
sion of the third-order diffraction peak for 40/60, 50/50,
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Figure 1. (a) SAXS profiles of lamellae-forming EgoBasi/
E170B102 blends in the melt state. The SAXS experiments were
conducted at 90 °C. (b) Variations of the interlamellar distance
(D) and the area per junction point at the lamellar interface
(2) with the number fraction of the asymmetric EgoBas1 (Nas)
for the blends in melt and crystalline (T, = 40 °C) states.

and 55/45 blends (cf. Figure 1a), in which the overall
volume fraction of PEO (fpeo) lies in the vicinity of 0.3
(cf. Table 1). As the intensity of the nth-order diffraction
from the lamellar array is proportional to sin?(nzfpeob),
with fpeol being the volume fraction of PEO lamellae
in the array, the diminishment of the third-order
peak means that fpeo- is close to /3. The proximity
between fpeo prescribed by the feed ratio and fpegob
attests that the lamellar stacks are formed by the
uniform mixing of the two diblocks. The intimate mixing
is favored because the resultant lamellar structure has
a lower interfacial energy (compared with the mac-
rophase-separated state containing the spherical do-
mains formed by EgoBasi), while allowing the long PB
blocks in EgoBss: to relax conformationally in the
lamellar domains according to the chain packing mode
depicted in Figure 2a.

The cocrystallization or phase-segregated crystalliza-
tion phenomenon in the diblock and homopolymer
blends is revealed from the melting behavior of the
samples isothermally crystallized at different temper-
atures (T¢). The representative DSC melting curves of
h-E76/h-E182 and EgoB431/E17oBloz blends subjected to
isothermal crystallization at 8 °C (high undercooling)
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Figure 2. Schematic illustrations of the structures of EgoBas:/
Ei70B102 blend. (a) Melt structure formed by the intimate
mixing of the two diblocks, where each lamellar domain is
constituted of two layers of brushes lying on top of each other.
(b) Crystalline structure generated by the phase-segregated
crystallization, where the crystallites formed by the longer and
shorter PEO blocks coexist within the lamellar domains upon
fractionation. The long PB blocks are highly stretched to
maintain the normal density in the PB domain. (c) Crystalline
structure generated by cocrystallization. This structure allows
the lower interfacial energy and higher conformational entropy
of the long PB blocks in the melt state to be largely retained.

and 40 °C (low undercooling) are displayed in Figure 3.
From Figure 3a,b, it can be observed that most ho-
mopolymer mixtures show two melting endotherms
irrespective of T, one of which is present as a shoulder
to the main peak. The two melting peaks correspond to
those of the pure homopolymers and hence reveal a
fractionation process during crystallization in the binary
mixtures. The 1/19 blend tends to display a single
endotherm upon crystallization at 8 °C, which may be
due to the formation of a kinetically trapped solid
solution in this dilute mixture at high undercooling. The
molecular weight fractionation during crystallization in
the binary mixtures of PEO homopolymers has been
well described in the past.’®~1® Though the phase-
segregated crystallization behavior at low undercooling
such as at 40 °C (cf. Figure 3b) is quite typical from the
literature reports, that observed at relatively high
undercooling (cf. Figure 3a) is rather unexpected. This
shows that the blends of relatively low molecular weight
PEO have a strong tendency toward fractionation dur-
ing crystallization.

The melting curves of EgoBagi/E170B102 blends are
displayed in Figure 3c,d. It is noted that the melting
curve of neat sphere-forming EgoB4s; shown for com-
parison was obtained after cooling the sample to —50
°C because crystallization of PEO blocks from the
spherical domains must predominantly involve homo-
geneous nucleation which takes place at very large
undercooling (AT > 90 K).28 Contrary to the observed
behavior for homopolymer blends, the diblock copolymer
mixtures exhibit a single melting endotherm for crystal-
lization at both low and high undercoolings, and the
peak temperature decreases as the concentration of
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EgoBss1 increases. This implies that the shorter and the
longer PEO blocks in EgoBag1 and E170B102, respectively,
cocrystallize in the lamellar microdomains irrespective
of the composition and the degree of undercooling.
Nevertheless, considering that the longer Ej7o blocks
may tend to crystallize first, this crystallization could
induce a macrophase separation through which the
asymmetric EgoBas; is segregated to form PEO spherical
microdomains before the shorter Egg blocks have a
chance to crystallize. Once the spherical domains are
formed, the Ego blocks confined within them are no
longer crystallizable at the prescribed crystallization
temperatures; in this case, the isothermally crystallized
diblock blends will still exhibit a single melting endo-
therm associated solely with Ej70B102. This scenario is
however ruled out from the fact that the heat of melting
of the endotherm observed in Figure 3c,d varies linearly
with the overall weight fraction of PEO in the diblock
blend, which attests that the melting peak is contributed
by the crystallinities of both E;7;o and Ego blocks.
Moreover, we have annealed the isothermally crystal-
lized blends at —50 °C for 48 h because in the event of
the crystallization-induced macrophase separation this
low-temperature treatment would be sufficient to crys-
tallize the Egp blocks in the spherical microdomains,
such that the subsequent heating curves should show
two melting endotherms. The heating curves recorded
after such a treatment however produces only a single
endotherm for all compositions and are virtually identi-
cal with those shown in Figure 3c,d. This emphatically
proves that the observed single endotherm signals
cocrystallization of the shorter and the longer PEO
blocks in the copolymer blends.

Cocrystallization in the diblock blends is also sup-
ported by the SAXS profiles of the isothermally crystal-
lized samples, as presented in Figure 4 for T, = 40 °C.
The salient features of the scattering profiles of the
molten blends (cf. Figure 1a) are seen to retain after
the crystallization, where a series of lamellar peaks are
observed with the peak position shifting to lower g with
increasing concentration of EgoBsgi. The interlamellar
distance and the cross-sectional area per junction point
of the crystalline blend are also plotted as a function of
Nas in Figure 1b. At a given composition D and X in-
crease and decrease upon crystallization, respectively,
because the tighter packing of PEO chains in the
crystals reduces X and hence results in a higher stretch-
ing of the PB blocks. The fact that the variations of D
and X with nys follow the same trends as those associ-
ated with the molten blends indicates that the bipopu-
lated PEO/PB blocks remain intimately mixed in their
respective domains and hence provides further evidence
for cocrystallization of the shorter and the longer PEO
blocks.

We now consider why the diblock blends tend to
cocrystallize while fractionation is favored during crys-
tallization in the corresponding homopolymer blends.
Intuitively, phase-segregated crystallization will not be
allowed if microdomain A in the copolymer blend is
vitrified at T. (i.e., Tg of A block > T.) because the
immobility of junction points at domain interface pro-
hibits any cross-diffusion involved in the fractionation
of C blocks. This condition however does not apply here
since the T¢'s under study are well above the T, of PB.
Since PEO and PB blocks are covalently connected,
fractionation of PEO blocks will invariably demix the
short and long diblocks in the blends. The interfacial
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Figure 3. DSC melting curves of h-Es/h-E1s, and EgoBasi/E170B102 blends obtained after isothermal crystallization at a heating
rate of 20 °C/min: (a) h-E75/h-E182, TC =8 OC; (b) h-E75/h-E182, TC =40 OC; (C) EgoB431/E17oBloz, Tc =8 OC; (d) EgoB431/E17oB102, TC =
40 °C. Each bracket in (a) and (b) indicates the corresponding composition of the diblock blend with the same mixing ratio of the
shorter and the longer PEO chains as that in the homopolymer blend. The melting curves of neat EgoBas: in (c) and (d) were

obtained after cooling the sample to —50 °C.

energy of the system will increase if the asymmetric
EgoBas1 demixing from the crystallizing symmetric
E170B102 reassembles into spherical micelles. There-
fore, phase-segregated crystallization will not be ther-
modynamically favored once the reduction of the free
energy of crystalline PEO phase from fractionation
cannot compensate the gain in interfacial energy. The
increase of interfacial energy may in principle be
circumvented if the fractionation process is confined
within the preexisting lamellar microdomains, where
the crystallites formed by the longer and shorter PEO
blocks coexist within the lamellar domains upon frac-
tionation, as illustrated in Figure 2b. However, this
lamellar structure contains an entropic penalty due to
excessive stretching of the long PB blocks. In light of
the energetic and entropic penalties introduced by
phase-segregated crystallization, the cocrystallized struc-
ture shown in Figure 2¢,%6 in which the shorter and
the longer PEO blocks cocrystallize uniformly in the
microdomain with similar lamellar thickness, may
become the thermodynamically favored morphology of
the system. In other words, it is plausible that the

cocrystallization of PEO blocks is driven thermodynami-
cally by the tendency of the short and long PB blocks
to remain intimately mixed to reduce the interfacial
energy between PEO and PB phases while allowing the
long PB blocks in the asymmetric diblock to relax
conformationally.

In summary, we have shown that the PEO blocks of
different lengths in the binary PEO-b-PB blends tended
to cocrystallize whereas the corresponding blends of
PEO homopolymers showed phase-segregated crystal-
lization. In contrast to the kinetically trapped solid
solutions formed in homopolymer systems, cocrystalli-
zation in the present blends may be driven thermody-
namically by the tendency of the short and long PB
blocks to remain intimately mixed. The cocrystallization
observed here represents a scenario where a kinetics-
dominated process found in homopolymer crystallization
possibly turns into a thermodynamically favored process
in the C-b-A systems. Another example is the crystalline
chain folding; chain folding during crystallization in
homopolymer is a kinetically driven phenomenon,
whereas in diblock copolymers chain folding in the
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Figure 4. SAXS profiles of EgBasi/E170B102 blends isother-
mally crystallized at 40 °C.

crystalline domain may be thermodynamically driven
to enlarge the cross section per junction point to avoid
excessive stretching of the A block chains.1718
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