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Abstract

Crystallization of two oxyethylene/oxybutylene block copolymers (E;¢Bsg and E;55B76) from micelles in block copolymer/amorphous
homopolymer blends was studied by differential scanning calorimetry (DSC) and time-resolved small angle X-ray scattering (SAXS). Unlike
the simultaneous crystallization and formation of superstructure in crystallization from an ordered structure, crystallization of block
copolymer from micelles can be divided into two steps. The core of the micelles firstly crystallizes individually, with first-order
crystallization kinetics and homogeneous nucleation mechanism. The SAXS revealed that crystallization-induced deformation occurs for the
micelles, which strongly depends on microstructure of the block copolymers. For the shorter block copolymer E;¢Bsg, larger deformation
induced by crystallization was observed, leading to coalescence of the micelles after crystallization, while for the longer block copolymer
E,55B7¢ the micelles show little deformation and the morphology of micelle is retained after crystallization.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Crystallization of block copolymers from the melt with
an ordered structure, including lamellae, cylinder and
sphere, has been well studied and it has been found that
crystallization can be confined either by a glassy wall or by a
rubbery wall with strong segregation strength [1-8].
Comparatively, in breakout crystallization coalescence of
different micro-domains occurs, which is usually
accompanied by the formation of superstructure [9-24].
So far, the structural factors that govern crystallization of
block copolymer have been known. The occurrence of
confined crystallization in crystalline/rubbery block co-
polymer is related to the segregation strength and
morphology of the block copolymer. The block copolymer
with sphere morphology is most likely to exhibit confined
crystallization behavior [16,18]. Weakly segregated block
copolymers and the block copolymers with the crystalline
block as the major component usually exhibit breakout
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crystallization behavior. However, how coalescence of
different micro-domains in breakout crystallization pro-
ceeds has not been well understood and some questions
remain un-resolved. Firstly, crystallization and coalescence
of different micro-domains proceed simultaneously?
Usually crystallization and formation of superstructure
take place at the same time, but it is not certain that this
holds true under all situations. Secondly, coalescence of
different micro-domains involves well-separated domains
and need to overcomes the unfavorable interaction between
the unlike blocks. The effect of kinetic factor such as
diffusion on crystallization behavior of block copolymer is
still unclear.

In this paper we blended oxyethylene/oxybutylene
diblock copolymers (E,,B,) with large amount of amor-
phous poly(oxybutylene). Micelles, instead of ordered
structure, are formed in the melt of the blends. The aim of
the present work is to investigate whether there is any
difference in crystallization from the ordered domains and
from disordered micelles for the block copolymers. On the
other hand, since the distance among crystalline domains in
such blends is larger than that in the block copolymers with
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ordered structure, the present study can help us understand
whether confined crystallization of crystalline/rubbery
block copolymers is kinetically trapped due to diffusion
factor. Moreover, we have previously reported the crystal-
lization behavior of oxyethylene/oxybutylene diblock
copolymers in n-hexane, the selective solvent for the
amorphous oxybutylene block, using time-resolved
SAXS/WAXS [25]. It was found that spherical micelles
are retained after crystallization for longer block copolymer
E55B76, but macro-aggregation takes place for the shorter
block copolymer E¢Bsg. Nevertheless, it is inconvenient to
study crystallization kinetics using DSC due to the presence
of solvent. In this paper, the solvent was replaced by the
amorphous component and the crystallization kinetics can
be readily studied using DSC. To our best knowledge,
following two aspects in the present work are novel and
have not been reported in literature: the structural change of
the micelles induced by crystallization and crystallization
kinetics of block copolymer from micelles.

2. Experimental
2.1. Materials

The synthesis and characterization of poly(oxyethylene)-
block-poly(oxybutylene) copolymers, E, B, (here E and B
represent oxyethylene block and oxybutylene block, and m
and n denote the polymerization degrees of the two blocks.),
used for blending have been described in previous work
[26,27]. Both E;xBsg and E;55B7¢ have narrow molecular
weight distributions (M/M,<1.05). The PBO homo-
polymer (By) with M,,;=2000 (B,g) was purchased from
Aldrich and was used without further purification. The other
PBO homopolymer with M,=1000 (B4) was specially
synthesized by anionic polymerization. Both PBO homo-
polymers have narrow molecular weight distributions.

2.2. Preparation of the blends

The blends of E,,,B,, with By, were prepared by a solution
blending method employing dicholoromethane as solvent.
To ensure that PBO homopolymer was miscible with PBO
segments in block copolymers and the condition of ‘wet
brush’ was met [28,29], the molecular weight of PBO
homopolymer was smaller than half that of PBO block. As a
result, E;cB3s was blended with B;4 and E;ssB-;¢ was
blended with B,g. The blends were dried under vacuum for
24 h at 60 °C after the solvent was evaporated, then were
cooled to room temperature slowly and stored below 0 °C
for usage.

2.3. Time-resolved small angle X-ray scattering

The simultaneous time-resolved SAXS/DSC experi-
ments were carried out at beamline 16.1 in SRS at the

Daresbury, Warrington, UK. For E;¢B3s/B4 blends the
distance between the sample and the SAXS detector was
3.5 m but it was 5.0 m for E;55B;¢/B2g blends. The samples
were cooled from 100 °C at a rate of 10 °C/min with a
Linkam DSC equipped with liquid N, cooling system. The
data were collected in 10 s frames separated by a waiting-
time of 10 ps. Details of the instrument and data processing
are described elsewhere [26,27].

2.4. DSC measurements

Non-isothermal crystallization of the blends was per-
formed on a Perkin—Elmer Pyris-1 calorimeter. Samples of
the blends about 10 mg were sealed with aluminum pans
and were held at 70 °C for 5 min, and then cooled down to
—50°C at a rate of 10 °C/min. The crystallized samples
were heated to 70 °C at a rate of 10 °C/min. The thermal lag
was ignored and not corrected.

In isothermal crystallization experiments the blends were
held at 70 °C for 5 min, and then cooled down at a nominal
rate of 100 °C/min to the crystallization temperatures and
held until crystallization was completed. The change of heat
flow with time was recorded upon crystallization. The
isothermal crystallization kinetics of polymer can be
analyzed using Avrami equation: [30]

AHS_., — AHS

| —X(t) = — ==t
O = K. —aHE,

= exp (—k") (1)
where X(7) is the relative crystallinity at time ¢, AH,, and
AH; are the crystallization enthalpies on complete crystal-
lization and after time ¢. Therefore, we have:

log[—In (1 — X(#))] =logk +nlogt 2)

The crystallization rate constant k and Avrami exponent
n can be determined from the interception and the slope,
respectively, in the plot of log [—In (1 — X(#))] versus

log (2).

3. Results

3.1. DSC results

The non-isothermal crystallization curves and sub-
sequent melting behavior of E;¢B34/B4 blends beyond the
order composition are depicted in Figs. 1 and 2, respect-
ively. It is observed that crystallization peaks appear at both
higher temperature and lower temperature in the blends with
larger volume fraction of the E block, ¢g (¢pp=0.12, 0.10
and 0.08), which fall into the temperature ranges of
heterogeneous nucleation and homogeneous nucleation,
respectively [17]. This shows that these three blends exhibit
fractionated crystallization behavior [31,32]. Because the
number of crystallizable domains is far larger than the
number of heterogeneous nuclei, heterogeneous nuclei can



J.-T. Xu et al. / Polymer 46 (2005) 1709-1716 1711

Exothermic

-32.7°C  -25.1°C
P R

L 1 L 1 L 1 L
-60 -40 -20 0 20 40 60 80
Temperature(°C)

Fig. 1. Non-isothermal crystallization DSC traces of E;sB3g/B4 blends.
The cooling rate is 10 °C/min and the volume fractions of E are indicated.

only initiate crystallization of partial domains on decrease
of temperature and other domains crystallize via a
homogeneous nucleation mechanism. As ¢g becomes
smaller, only crystallization peaks at lower temperature
are observed, indicating that only homogeneous nucleation
occurs. All these E;4B33/B14 blends have melting tempera-
tures not far below that of pure poly(ethylene oxide)
(Fig. 2). As a result, the extremely low T, means larger
supercooling for crystallization of the blends with lower ¢g.
It is also noticed that some blends, for example, at ¢ =0.08
and ¢g=0.02, exhibit double crystallization peaks at low
temperature range (below —20 °C). It is tentatively ascribed
to the non-uniform size of the crystalline domains. Since the
E;6B3g/B14 blend with ¢g=0.05 (E76-005) shows only
single crystallization peak at lower temperature, this blend

T,=53.4°C
$.=0.12
T,=51.4°C

T _=44.4°C149.1°C

T,=44.4°C/48.4°C

Endothermic ——
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Temperature(°C)

Fig. 2. Melting DSC traces of E;cB33/B14 blends after non-isothermal
crystallization. The heating rate is 10 °C/min and the volume fractions of E
are indicated.

was selected for detailed investigation, including isothermal
crystallization and SAXS. The Avrami plots of E76-005 at
various crystallization temperatures are illustrated in Fig. 3.
It is found that this blend has an Avrami exponent close to
n=1.0 at all crystallization temperatures studied. The
Avrami exponent n=1.0 is one of the characteristics of
confined crystallization with homogeneous nucleation and
zero-dimensional growth [4,14,15,18].

The non-isothermal crystallization and subsequent melt-
ing DSC traces of E;55B7¢/B2g with ¢p=0.05 (E155-005)
are shown in Fig. 4. It is noticed that this blend also shows
single crystallization peak at very low temperature, but the
melting peak temperature is quite normal. The Avrami plots
of E155-005 are shown in Fig. 5. Again an Avrami exponent
close to 1.0 is found for this blend at all crystallization
temperatures. Above results suggest that the blends E76-005
and E155-005 show similar crystallization kinetics.

When the crystallization rate is controlled by the rate of
homogeneous nucleation, we have: [33,34]

8oz (Ty)’
kg T(AHDX (T, — T.)*p?

kocexp |—

3)

where AHY and Ty, are the heat of fusion and the equilibrium
melting temperature for infinite chain length, respectively.
T, is crystallization temperature, p designates the density of
the crystallized E block and kg is the Boltzman constant. o,
and o, are the interfacial free energy between crystalline and
amorphous regions for the folding surface and lateral
surface of crystal nucleus. As a result, a plot of In k versus
(T[T (TS — T.)*] would yield a straight line and the
interfacial free energy can be derived from the slope of this
line. Such plots for E76-005 and E155-005 are shown in
Fig. 6. It is observed that there is indeed a linear relationship
between In k and (T9)*/[T.(TS — T.)*], verifying that the

0.4
0 -24°C, n=0.82
o -25°C,n=0.80
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Fig. 3. Avrami plots for E;¢B3s/B14 (¢pp=0.05) crystallized at various
temperatures.
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Fig. 4. Non-isothermal crystallization and subsequent melting DSC traces
of Ei55B76/Bas (¢ =0.05) blend. The cooling and heating rates are
10 °C/min.

crystallization rates of E76-005 and E155-005 are con-
trolled by the rate of homogeneous nucleation. The values of
208 J/g, 343 K and 1.23 g/cm3 are used for AHY, T2 and p,
respectively, for both blends. Assuming that the value of o
is 10 mJ/m?> [35], the values of ¢, obtained are 28 mJ/m? and
25 mJ/m? for E76-005 and E155-005, respectively. These
values are slightly smaller than those for crystallization
confined in ordered domains [18].

3.2. Time-resolved SAXS

Fig. 7 shows the SAXS profiles of E76-005 cooled from
100 °C at a rate of 10 °C/min. It found that the SAXS peak is
very weak and broad at 100 and 80 °C. This peak is
associated with the characteristic concentration fluctuations,

0.5 o -1 9°C, n=0.88
o -20°C,n=0.88
a  -21°C, n=0.87
0.0 v -2200,
X 05|
£
>
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1.5
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0.5 1.0 1.5 2.0 25 3.0

log(t) (s)

Fig. 5. Avrami plots for E;s5B76/Bog (¢ =0.05) crystallized at various
temperatures.
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Fig. 6. Plots of Ink versus (T9)*/[T.(TS — T,)?] for isothermal crystal-
lization of E;¢B3g/B14 (¢ =0.05) (E76-005) and E,ssB7¢/Bag (¢ =0.05)
(E155-005).

indicating a mean-field disordered state [36]. From 60 °C
the first-order SAXS peak becomes obvious as temperature
decreases and another weak second-order peak appears
around ¢=0.12~0.10 A~ For the purpose of clarity, a
single SAXS profile at —25 °C is shown in Fig. 8. One
can see from Fig. 8 that the second-order peak does exist

E,B,y/B,, 0.=0.05
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Fig. 7. SAXS profiles of E74B3g/B14 (¢ =0.05) cooled from 100 °C at a

rate of 10 °C/min. Each SAXS profile is shifted up by 0.5. The arrows
indicate the scattering arising from form factor of the micelles.
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Fig. 8. SAXS profile of E7¢B3g/B 4 (¢ =0.05) at —25 °C.

though its intensity is quite low. Recently, micellization/
demicellization transition above order-disorder transition
temperature (Topt) has been reported for the block
copolymers with highly asymmetric composition [37-40].
The presence of micelles without long-range order led to a
second-order SAXS peak due to form factor scattering of the
micelles. The second-order SAXS peak in E76-005 can also
be ascribed to formation of micelles, though this blend has
disordered morphology in the solid state. The micellization/
demicellization transition temperature (Tpyt) can be
determined by the plot of inversion of the intensity of the
first-order SAXS peak (1/1,.x) versus inversion of tempera-
ture (1/7) [37,38]. As shown in Fig. 9, Tpyt is the
temperature at which two lines cross. The Tpyr is about
60 °C for E76-005. When temperature is lower than —30 °C,
the SAXS peaks move to lower ¢ and tend to disappear.
Most importantly, the second-order SAXS peak arising
from form factor of the micelles cannot be observed. It
should be emphasized that the disappearance of SAXS peak

30

25|

20 -

(a.u.)

max

15

107

10 -

T,,=60°C

n n 1 n
2.6 3.0 3.4 3.8 42
10%T (K™

Fi

g. 9. Plot of 1/I,,x versus 1/T for E76-005.

at lower temperature is not due to the homogeneous blend,
but due to coalescence of the micelles. Since the domain
size of the E block becomes larger after aggregation but the
volume fraction of the E block remains unchanged, the
distance among the macro-crystals is out of the measure-
ment range of SAXS experiment. The formation of macro-
crystals is supported by the fact that the blend becomes
cloudy after crystallization. The change of SAXS profiles
with temperature shows that coalescence of the micelles
takes place in the blend E76-005 after crystallization.

The SAXS profiles of E155-005 during cooling are
shown in Fig. 10. It is noticed that the first-order SAXS
peaks of E155-005 are partially overlapped with beamstop,
though the distance between the sample and the SAXS
detector is 5.0 m, which is the upper limit of this beamline.
The second-order SAXS peak is also overlapped with the
first-order peak, which broadens the SAXS peaks. Although
the SAXS profiles of E155-005 exhibit low resolution, we
can still see some differences between Fig. 7 and Fig. 10. A
most striking feature of Fig. 10 is that the SAXS profiles
hardly change with temperature. Both the first- and the
second SAXS peaks, which result from structure factor and
form factor of the micelles, respectively, nearly keep
unchanged in the temperature range from 100 to —40 °C.
This shows that in E155-005 micelles have been formed
even at 100 °C and the micelles are retained after crystal-
lization. We also notice that E155-005 remains transparent
after crystallization.

4. Discussion

In combination with crystallization kinetics and SAXS
results, we can deduce how E,,,B,, block copolymers crystallize
from the micelles in the blends. The first-order crystallization

9l E1ssB76/st' ¢E:O'05
—~ 8+
S
8
=
27t
()]
o
40°C
6 0°C
60°C
5 100°C
" 1 " 1 " 1 " 1
0.00 0.02 0.04 0.06 0.08
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Fig. 10. SAXS profiles of E;55B74/Bsg (¢ =0.05) cooled from 100 °C at a
rate of 10 °C/min. Each SAXS profile is shifted up by 0.5. The arrows
indicate the scattering arising from form factor of the micelles.
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kinetics and homogeneous nuclea-tion mechanism show
that the micelles composed of poly(oxyethylene) blocks in
both E76-005 and E155-005 first crystallize individually
and there is on interference among the micelles. Otherwise,
larger Avrami exponent should have been observed. Since
the number of the micelles is far larger than that of
heterogeneous nuclei, crystallization initiated by hetero-
geneous nuclei can be ignored and homogeneous nucleation
occurs for the blends. As a result, the blends crystallize at
very low temperature, which is similar to crystallization of
polymers well dispersed in the dilute [41—45]. However, the
shift of the SAXS peak to lower ¢ in E76-005 shows that
coalescence of the micelles happens after crystallization.
Therefore, crystallization of micelles and coalescence of the
micelles do not proceed simultaneously. This result shows
that the crystallization mechanisms of block copolymer
from micelles and from ordered micro-phase separated
morphologies are quite different. When breakout crystal-
lization occurs for the block copolymers from ordered
micro-phase separated morphology, crystallization and
rupture of morphology usually take place simultaneously,
leading to a large Avrami exponent. This observation also
shows that the first order crystallization kinetics and
homogeneous nucleation are only characteristics of con-
fined crystallization, but not always related with preser-
vation of morphology after crystallization, as pointed in our
previous work [46]. By contrast, the unchanged SAXS
patterns of E155-005 during crystallization indicate that
the micelles are preserved after crystallization. The radius of
the spherical micelles (R) can be estimated from the form
factor P(q,R) when the effect of the structure factor is
ignored:

3(sin(gR) — ¢R cos(gR))]>

Plg.R) = (R)’

“4)

The form factor P(q,R) exhibits a maximum at gR=75.76
and the values of R can be obtained from the maximum of
the form factor. The changes of R with temperature during
cooling are illustrated in Fig. 11. It should be noted that the
values of R obtained for E76-005 and E155-005 are not
accurate due to the low resolution and weak intensity of the
second-order peak in the SAXS profiles. It is found that the
values of R for the micelles in E155-005 keep around 160 A
in the temperature range studied and show little change
before and after crystallization. This shows that the micelle
morphology is retained after crystallization and little
deformation occurs for the micelles of E155-005 due to
crystallization. In contrast, the values of R for the micelles
of E76-005 increase from 47 A at 60 °C to 65 A at —25 °C
and R cannot be calculated at temperature lower than — 25 °C
due to absence of the second-order peak associated with
form factor, showing that the micelles in E76-005 undergo
large deformation during crystallization. Following the
deformation, coalescence of the micelles takes place in
E76-005 and macro-crystals are formed. In summary, the

180
0L [ o—— | |
<140k =
x —=— E76-005 T
| —e—E155-005 {
60 ,Y
s
L { * /
I
40t
1 1 1 1 1 1
60 40 20 0 20 40

Temperature (°C)

Fig. 11. Change of radius of the micelles during cooling.

crystallization process and subsequent morphological
change for E76-005 and E155-005 can be represented by
Fig. 12. It must be emphasized that such a sequence of
crystallization and coalescence of the micelles is only
applicable to single micelles. Because different micelles
crystallize at different times and coalescence of micelle
occurs immediately after crystallization, the overall crystal-
lization process of the blends may proceed simultaneously
accompanied by coalescence of the micelles. As a result,
simultaneous SAXS/WAXS experiment is helpless to probe
the crystallization mechanism of block copolymer from the
micelles. For this reason, we did not observe the appearance
of WAXS peak prior to the change of SAXS profiles
when E, B, block copolymers crystallize from micelles
in n-hexane solution [25].

Based on the radius of the micelles and the volume
fraction of the poly(oxyethylene) block, the average
distance between two adjacent micelles, L, can be estimated.
The values of L are 125 A and 380 10\, respectively, for

e e AT
w LR

(a) E76-005

crystallization

(b) E155-005

Fig. 12. Schematics for crystallization and morphological change in E76-
005 and E155-005.
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E76-005 and E155-006. We notice that the distance of
125 A in E76-005 is larger that in E;5sB7¢/B,g blend with
¢ =0.18 and sphere morphology, which is 117 A[17]. Our
previous work revealed that the E;ssB-¢/B,g blend with
¢ =0.18 exhibits confined crystallization behavior [17,18],
but macro-aggregation is still observed in E76-005. This
shows that the distance between two crystalline domains,
i.e. diffusion, is not the major factor governing crystal-
lization behavior of the block copolymers.

So far we have studied crystallization of E,,B,, block
copolymers from ordered melt [18], from micelles in E,,B,/
By blends and from micelles in n-hexane solution [25].
Although the mechanisms of crystallization from ordered
micro-phase separated morphologies and from micelles are
different, a similar phenomenon is observed: the mor-
phology before crystallization is destroyed for shorter block
copolymer E-¢Bsg after crystallization, but it is retained for
the longer block copolymer E;55B-6. The effect microstruc-
ture of the block copolymers on crystallization behavior can
be explained from the viewpoint of free energy. There are
three major parts that contribute to the total free energy: the
fusion enthalpy of the crystalline block, the conformation
entropy of the amorphous and the interfacial free energy
[47-49]. The morphology of the block copolymer is
determined by the balance of these three major contri-
butions. The blend of the shorter block copolymer, E76-005,
forms smaller micelles and thus have larger interfacial free
energy. To reduce the interfacial free energy the micelles
tend to deform and aggregate after crystallization
(Fig. 12(a)). On the other hand, the shorter amorphous
block has a smaller amount of conformation and has minor
contribution to the total free energy. This allows larger
deformation of the amorphous block without an evident
increase in free energy. Moreover, the shorter blocks have
stronger mobility, which makes the aggregation easier. As a
result, in the E76-005 aggregation of the micelles after
crystallization tends to take place in both thermodynamic
and kinetics. In contrast, when the block copolymer
becomes longer, the amorphous block has a larger
contribution to the total free energy. In order to obtain
large conformation entropy, the amorphous block adopts
coiled conformation rather than highly stretched confor-
mation. If the micelles aggregate, the amorphous blocks
have to be stretched, resulting in increase of free energy.
The random-coiled amorphous blocks with long length also
cover the lateral interface and hinder the coalescence of
different micelles (Fig. 12(b)).

5. Conclusions

The crystallization kinetics and SAXS results show that
crystallization of the E block from the micelles in E,,B, /By,
blends can be divided into two steps: Firstly, the micelles
crystallize individually through homogeneous nucleation.
Secondly, crystallization induces deformation of the

micelles. The extent of deformation is strongly dependent
on microstructure of the block copolymers. For shorter
block copolymer larger deformation occurs and the
deformed micelles can aggregate into macro-crystals,
while the micelles of the longer E,B, block copolymer
undergo little deformation and the morphology of micelle is
retained after crystallization.
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