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ABSTRACT:

The kinetics and crystalline morphology for isothermal crystallization of poly(ethylene oxide) (PEO)

from solutions in three different solvents, N, N-dimethylacetamide (DMAc), toluene, and tripropionin (TP), were inves-

tigated. The energy barrier 4’ of primary nucleation was highest for PEO/TP, and that of radial growth C" was highest

for PEO/toluene. Crystallites grew from both the DMAc and toluene solutions as aggregates of small layers of lamellae

with branching and splitting. In addition, the crystallites from PEO/DMAc were found to have polygonal-like contours

outside the lamella aggregates. This finding suggests that liquid-liquid phase separation occurred before or during the

crystallization for PEO/DMAc. Relatively large spherulites were obtained from PEO/TP solutions due to the relatively

low primary nucleation rate. The number density of the crystallites from PEO/TP was much lower than those from

PEO/DMAc and PEO/toluene.
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Since polymer crystallization is essentially a kineti-
cally-controlled process, the morphology of polymer
crystals grown from solutions is very different from that
in the case of bulk or melt crystallization due to the ef-
fects of polymer-solvent interaction, solution viscosity,
concentration, molecular weight, and various other fac-
tors. The effect of solution concentration on the rate
of crystallization can be treated by introducing an ex-
cess entropy term into the kinetic nucleation theory.!™
Nakajima et al. investigated the solvent effect on sin-
gle crystal formation of polyethylene from various so-
lutions, and they revealed that the thermodynamic in-
teraction with solvent plays a dominant role.*> How-
ever, studies on the solvent effect have been done ex-
clusively for single crystals from very dilute solutions,
and the general characteristics of the solvent effect on
solution crystallization have not yet been fully eluci-
dated even from the phenomenological point of view.
In some cases, strong interaction between a polymer
and a solvent results in the formation of a polymer-
solvent compound® 7 or in physical gelation,® ! while
in other cases, a liquid—liquid phase separation process
may play a role in the crystallization.'® 1?13 However,
the effects of liquid-liquid phase separation on kinetics
and crystalline morphology have not been extensively
studied.

In our recent research on crystallization of poly(ethy-
lene oxide) (PEO) from non-dilute solutions of a very
viscous solvent, tripropionin (TP), we have found that
the heterogeneity arising from incomplete dissolution
in the initial solution plays an important role in the pri-
mary nucleation.'®!> This is related to the so-called
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melt memory effect reported for melt crystallization.!”
The significance of this phenomenon should be re-
newedly assessed in the light of recent issue of the
crystallization mechanism at very early stages.!® '8 We
have also revealed a unique behavior specific to the
PEO/TP system; that is, large spherulites of up to sev-
eral mm in diameter grow at a very low rate of the
primary nucleation,'* without any sign of liquid—liquid
phase separation during crystallization or of formation
of a polymer-solvent compound.

Motivated by our awareness of the importance of
the solvent effect, we have been exploring various sol-
vents for the crystallization of PEO. In this study, we
examined the kinetics and morphology of isothermal
crystallization of PEO in three different solvents, N, N-
dimethylacetamide (DMACc), toluene, and TP, by a di-
rect observation technique using a CCD camera and by
optical microscopy.

EXPERIMENTAL

Commercial PEO (M, = 2.04 X 1074, My, = 2.16 x
10~*) was used without further purification. DMAc,
toluene, and TP were distilled under reduced pressure
and were filtered using a 0.2-um mesh Millipore filter
just before use. PEO was added to these solvents in 1
mm-thick quartz cells to make solutions of lower (0.5
and 1.0 wt% PEO content) and higher concentrations
(30 wt%) in a dust-free atmosphere, and they were de-
gassed and sealed off under vacuum (<10™> mmHg).
These samples were further pre-annealed for 200 h at
120 °C for PEO/DMAc, 90°C for PEO/toluene, and
200 °C for PEO/TP before the kinetics measurements
of crystallization. We have already shown in a previ-
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Table 1. Equilibrium parameters for 30 wt% solutions and for
solvents
DMAc Toluene TP
T (K) 314 313 322
AH; (107 ergem™)? 3.23 2.04 2.29
AS4 (107 ergK-'em™)> 103 6.52 7.11
n at20°C (cP)° 0.92 0.58 6.08
E, (kcal mol™')¢ 1.80 1.26 6.5

*Enthalpy of dissolution per unit volume of the bulk crystal of
PEO. Entropy of dissolution per unit volume of the bulk crystal
of PEO. ®Viscosity of solvent. Activation energy of the solvent
viscosity.

ous study that the crystallization rate decreases with
increase in the pre-annealing time for a PEOQ/TP sys-
tem.!* 15 The primary nucleation rate / and the final
asymptotic value of the number density of crystallites
nr showed remarkable decreases with increase in pre-
annealing time. These findings suggested heteroge-
neous nucleation due to incomplete dissolution on a mi-
croscopic order. The same phenomena were observed
for all of the solutions used in the present study. We
have confirmed that pre-annealing under the above con-
dition gives a constant value of / for 30 wt% solutions
regardless of pre-annealing time.

In each run of the isothermal crystallization exper-
iment, the sample mixture was again annealed for
8-10min at the pre-annealing temperature mentioned
above and then quenched to the crystallization tem-
perature. The rates of primary nucleation / and ra-
dial growth G were measured by examining changes
in the number density n(¢) and diameter d(¢) of crystal-
lites with crystallization time from images taken by a
CCD camera recorded by a videotape recorder. Here,
d(¢) was estimated as the length of a specific side of a
specific crystallite for each run of the isothermal crys-
tallization experiment. The procedure used for mea-
surements was described in detail in our previous pa-
per.!> The equilibrium dissolution temperature T4° and
enthalpy of dissolution AHy for each solvent were de-
termined in the same manner as described previously.'
The obtained values are listed in Table I. The morphol-
ogy of the obtained crystallites was observed using a
polarizing optical microscope (Olympus BHSP-751).

RESULTS AND DISCUSSION

Primary Nucleation

The number density of crystallites n(¢) for the sam-
ples of 30 wt% PEO content gave a nonlinear profile in
which the slope decreases with respect to crystalliza-
tion time, suggesting a heterogeneous nucleation. This
may be partially due to the micro-residuals of incom-
plete dissolution that remain in the solution in spite of
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Figure 1. Plots of In / against AT 2 for 30 wt% solutions of
DMAc, toluene, and TP. The solid lines indicate results of the least-
squares fitting analysis.

the sufficient pre-annealing to achieve constant / with
respect to pre-annealing time.!> Very small impurities
(smaller than 0.2 um) may also act as seeds of nucle-
ation. The obtained n(¢) curves were fitted to the fol-
lowing empirical equation:!?

n(t) = ne{l — exp[—a(? — 1)1} (1

where #y is the induction period. The primary nucle-
ation rate was estimated as / = n¢ @, which means the
initial slope of the curve. Taking into account the con-
tribution of entropy of polymer separation from a so-
lution,!? the kinetic nucleation theory!®?° leads to a
concentration-dependent expression, '

I =Iyexp[-A' /(AT)*] )
with
A =4, -A4,Inc (3)

where A; and A4, have little temperature dependence
(almost constant) compared with (AT)~2 in the temper-
ature range of the present study, and c is the volume
fraction of the polymer of the initial solution. Note
that in eq 2, a diffusion term is included in the pre-
exponential factor /y. This expression can be used
when the temperature dependence of the diffusion term
is negligibly weak compared with that of the entropy
term. Figure 1 shows examples of In / plotted against
(AT)™? for 30 wt % solutions. These data exhibit a good
linear relationship, indicating that eq 2 is applicable to
the primary nucleation process of our systems. Table II
shows values of / at a typical supercooling, AT = 15K,
revealing that the primary nucleation occurs fastest for
PEO/DMACc and slowest for PEO/TP. This may be par-
tially due to a high viscosity of TP: the PEO chains have
to travel through the solvent molecules (translational
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Table Il. Absolute values of I and G for 30 wt% solutions at
AT =15K
DMAc Toluene TP
I(cm s ) 473 111 1.53
G (1073 mms™) 0.721 162 6.70

Table Ill. Parameters obtained from the rate measurements
for 30 wt% solutions

DMAc Toluene TP
c 0.246 0.232 0.274
A’ (103 K?) 1.33 1.38 1.85
C’ (10° K) 0.192 0.242 0.0624
E," (kcal mol ™) 108 63.6 4.74

diffusion) to form a primary nucleus, and the higher
viscosity of TP may therefore reduce the absolute val-
ues of /.

Table III shows the values of 4’ obtained from the
slope of In I against (AT) 2 for 30 wt% solutions,
which is a measure of the energy barrier for the primary
nucleation. It can be seen that 4’(TP)> A4’(toluene)~
A’(DMAc). For the PEO/DMAc and PEO/TP solu-
tions of lower concentrations (0.5 and 1.0 wt%), I could
not be estimated with sufficient accuracy by the present
method: a tremendous number of crystallites appeared
and were rapidly precipitated in the former solution,
and the number of crystallites in the latter solution was
too small to achieve sufficient accuracy.

Radial Growth

In the PEO/DMAc and PEO/toluene systems, we
found that the diameter d(¢) of crystallites increases lin-
early in the early stage of crystallization but that the
radial growth rate later decreases with time, especially
in solutions of lower concentrations (0.5 and 1.0 wt%)).
Observation by the CCD camera showed that there was
little collision between the crystallites within the mea-
surement period, suggesting that the decrease in radial
growth rate is mainly due to the decrease in PEO con-
tent in the solution phase as the crystallization pro-
ceeds. On the other hand, little decrease in the radial
growth rate was observed in the PEO/TP system, and
linear growth continued until the spherulites began to
collide with each other. The overall crystallization rate
for PEO/TP was much lower than those for PEO/DMAc
and PEO/toluene, but huge crystallites grew from
PEO/TP (typically several mm in final diameter) un-
til the entire space in the sample cell was filled with
crystallites. The crystallites grown from DMAc and
toluene solutions were much smaller: the final diam-
eters of crystallites grown from DMAc and toluene so-
lutions were typically 0.2 and 1.0 mm, respectively, at
AT = 20K for 30 wt% solutions. The number densities
of crystallites of PEO/DMAc and PEO/toluene were
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Figure 2. Plots of In G + E,’/RT against AT ~' for 30 wt % so-
lutions of DMAc, toluene, and TP.

much higher than that of PEO/TP. For PEO/DMAc,
the number density was often too large to measure
by our technique. The results in Table II showing
that //G(DMAc) > I/G(toluene) > I/G(TP) are consis-
tent with this observation.

The radial growth rate G was obtained from the ini-
tial slope of the diameter vs. time data. Again, by intro-
ducing the entropy contribution of polymer separation
from a solution to the surface nucleation theory,?%2!
G is expressed as!?

G = Gy exp(=C"/AT) exp(—E,"/RT) 4)

with

C'=C,-Cylnc %)
where E,” is the apparent activation energy, R is the
gas constant, and parameters C; and C, have little tem-
perature dependence compared with (AT)~! in the tem-
perature range used in the present study. Figure 2
shows typical profiles of In G + E,"/RT for 30 wt%
solutions. We analyzed G vs. T data by the non-
linear least-squares fitting method to obtain the best
fit set of C’ and E,’. The results are shown in Ta-
ble III. From Tables II and III, it can be seen that
C’(toluene) > C’(DMAc¢) > C’(TP) and also that the ab-
solute values of G are smaller for PEO/DMAc and
PEO/DMACc than for PEO/TP. We should remember
the finding of relatively high primary nucleation rates
for PEO/DMAc and PEO/toluene. It is likely that a
larger amount of PEO is incorporated in the primary
nucleation event, resulting in a greater reduction in the
PEO content of the solution phase when the crystallites
have grown to sizes that are detectable by the CCD
camera (ca. a few tens of wm in diameter). There-
fore, our data of G for PEO/DMAc and PEO/toluene
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seem to reflect the radial growth from a solution of
less PEO content than in the case of PEO/TP. Con-
sidering the concentration dependence of C’ in eq 5,
we see that higher [ is responsible for higher C" for
PEO/DMACc and PEO/toluene. Similarly, the lower G
for PEO/DMACc and PEO/toluene can be accounted for
by the above consideration of the lower PEO content of
the solution phase.

Table III also shows that the apparent activation en-
ergy E,” of PEO/DMAc and that of PEO/toluene are
much greater than that of PEO/TP. This extreme differ-
ence suggests an essential difference in the diffusion
mechanisms during the process of radial growth. In
DMACc and toluene solutions, larger-scaled motions of
the PEO chain might be required for polymer deposi-
tion onto the growth front (or surface nucleation) than
that in TP. As stated above, the PEO content of the solu-
tion phase from which radial growth occurs seems to be
lower for DMAc and toluene than for TP, and in turn,
this might be responsible for the difference in the dif-
fusion mechanisms. Furthermore, for the PEO/DMAc
system, liquid-liquid phase separation might influence
the crystallization process as is presented in the follow-
ing section. Thus, the apparent value of E,” for this
system may reflect a rather complicated diffusion pro-
cess including the phase separation. We also note that
the activation energy of viscosity £, exceeds E," for the
PEO/TP system. This suggests a weak dynamical inter-
action between PEO and TP, i.e., Kramers low-friction
limit>? seems to hold for this system as we have dis-
cussed in a previous paper.!> This may be specific to
the solvent TP; we have found a similar behavior for an
isotactic polystyrene/TP system.?’

Morphology

It is known that PEO forms single crystals from a
very dilute solution (e.g., 0.01 wt% PEO content).?* 2>
Morphological studies have been extensively done for
single crystals of PEO (PEO-polystyrene copolymers)
formed under various conditions from dilute solu-
tions.2>27 In contrast, we found that the concentra-
tions used in the present study (0.5, 1.0, and 30 wt%)
are not low enough to obtain single crystals. It has
been revealed that for crystallization of polyethylene
from solutions, lamella thickness as well as growth rate
depends strongly on rather the degree of supercool-
ing than the polymer concentration.’® 3" Based on this
finding for polyethylene which suggests a less promi-
nent effect of solvent on crystallization behavior, our
results on morphology presented below may be sur-
prising: crystalline morphology in our systems dramat-
ically changes with solvent. Thus, the solvent effect on
morphology would be an interesting issue.

Polym. J., Vol. 34, No. 11, 2002

Figures 3, 4, and 5 show optical micrographs of
the crystallites formed by isothermal crystallization in
DMAc, toluene, and TP solutions of 1.0 wt%, respec-
tively. These micrographs were taken in situ in the
presence of solution phase after a long crystallization
time, when the crystallization had almost ceased. In
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Figure 3. Optical micrographs of PEO crystallites grown from
1.0 wt% DMACc solution at (a) AT = 13K and (b) AT =23K.
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Figure 4. Optical micrographs of PEO crystallites grown from
1.0 wt% toluene solution at (a) A7 = 13K and (b) AT =23 K.
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Figure 5. Optical micrographs of PEO crystallites grown from
1.0 wt% TP solution at (a) AT = 17K and (b) AT =27K.

PEO/DMACc solutions (Figure 3), we can see that a
number of small layers or rods, each of which is prob-
ably composed of multi-layered lamellae or axialites,
aggregate to form a crystallite. Branching and split-
ting of such layers are also seen. Polarizing optical
microscopy revealed that the PEO chains align perpen-
dicular to the long axis of the rod (to the surface of
the lamella layer). In addition, we can see an appar-
ent polygonal-like contour outside the ragged aggregate
of lamella layers, which suggests a liquid—liquid phase
separation as we will discuss later. This morphological
feature was observed for 0.5 and 1.0 wt% solutions at
AT = 13-23K, and for 30 wt% solution at AT = 10—
15 K. At AT of higher than 15K, the 30 wt% solution
rapidly became turbid, and this change was followed by
immediate precipitation of chunks; thus, we could not
examine the detailed morphology.

As shown in Figure 4, the morphological features
of the PEO/toluene system are similar to those of the
PEO/DMACc system. However, unlike the PEO/DMAc
system, we see that the layers of lamellaec in the
PEO/toluene system tend to grow with considerable
branching, and also that there is no contour surrounding
each crystallite. The latter finding suggests that the rate
of crystallization is faster than that of the liquid—liquid
phase separation or that liquid—liquid phase separation
does not essentially occur under the present isothermal
conditions. For PEO/toluene, the same morphological
features were observed for 0.5 and 1.0 wt% solutions at
AT = 13-23K, and for 30 wt% solution at AT = 15—
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25K.

Crystallites from TP solutions generally grew to
more than several mm in diameter, which is much
greater than the sizes of crystallites grown from the
other two solvents. We note here that there is no con-
tour outside each of the crystallites, suggesting that
the liquid-liquid phase separation does not play a role
(or does not occur) in the PEO/TP system under the
present conditions. Our visual observations showed
that crystallites grown from PEO/TP solutions of 0.5
and 1.0wt% were translucent through a 1 mm-thick
cell, thus, we infer that the solution phase (TP-rich
phase) is included inside the crystallites. The mor-
phology of crystallites from 0.5 and 1.0 wt% solutions
varies in a range AT = 17-27K as shown in Figure
5. At AT = 17K, ribbon-like bundles of lamellae, of
which the thicknesses and widths are several um and
several tens of wm, respectively, grow with branch-
ing to form a large crystallite. At AT = 27K, the
branching occurs more frequently than that at AT =
17K, and consequently, a large spherical crystallite
(negative spherulite) is formed: it may be a common
phenomenon that the rate of branching due to dis-
location becomes greater as AT increases.’!"3? Fig-
ure 5b shows just a center portion of such a large
spherulite. Many lamella layers (each probably com-
posed of multi-layered lamellae) forming clusters by
branching and splitting can be seen.

We now discuss implication of the contour surround-
ing each crystallite observed for the PEO/DMACc sys-
tem (see Figure 3). We assume that an upper critical
solution temperature for the PEO/DMAc system ex-
ists, below which a liquid-liquid phase separation takes
place, and that there is a region where the phase separa-
tion occurs without crystallization. This type of phase
diagram has been reported for polyethylene in some
solvents.*3%34 If the PEO-rich phase formed by the
phase separation lies in a region of liquid—solid separa-
tion, crystallization occurs only in this phase. Thus, we
infer that in PEO/DMAc, a liquid-liquid phase separa-
tion has occurred prior to or during the crystallization,
and that the observed contour is a trace of phase bound-
ary. According to this proposition, the crystallization
occurs from a solution phase where the PEO concen-
tration is greater than that of the initial solution. We
note here that A’(TP) > A’(DMACc) (see Table III), i.e.,
the energy barrier of the primary nucleation is greater
for PEO/TP than for PEO/DMAc. This might imply
that the phase separation promotes the primary nucle-
ation for crystallization. Our microscopic observation
in the early stage revealed that for PEO/DMAc, the par-
ticles as small as 50 um in diameter had already given
birefringence, but we also observed areas without ap-
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parent birefringence inside the contour of the particle
where PEO seems to exist as an amorphous state. The
latter observation suggests the occurrence of phase sep-
aration without crystallization. Thus, the crystallites
shown in Figure 3 may have originated from droplets
formed initially by the phase separation.

Based on the above discussion, we propose the
following scenario for the crystallization in the
PEO/DMAc system: 1) liquid-liquid phase separation
first takes place, and this phase separation results in the
formation of spherical droplets (domains) of PEO-rich
phase, 2) primary nucleation occurs exclusively within
the PEO-rich phase, and this is followed by crystal
growth, and 3) ragged aggregates of axialites grow in-
side the domain accompanied by distortion of its spher-
ical contour, and at the same time, the domain itself
grows slowly as the crystallization proceeds. During
the above slow growth of the domain, PEO is deposited
on the domain surface from a more dilute PEO solution
phase, and this leads to a smaller absolute value of G
than those in the PEO/TP system as we discussed ear-
lier.

CONCLUSIONS

Present study on crystallization rates of PEO from
three solvents revealed that the ratio of apparent pri-
mary nucleation rate to radial growth rate is high-
est for PEO/DMAc and lowest for PEO/TP. The ob-
served size and number density of the crystallites dif-
fer in accordance with this finding. Most likely the
observed radial growth from DMAc and toluene so-
lutions occurs due to PEO deposition from a solu-
tion phase of less PEO content than that in the case
of PEO/TP. From PEO/DMAc solutions, small crys-
tallites composed of aggregated multi-layered lamellae
with branching grew, and a contour outside each of the
crystallites was also observed, the latter suggesting that
liquid-liquid phase separation had occurred. Similar
morphology to that of PEO/DMAc was observed for
PEO/toluene, but no contour was found. The PEO/TP
system gives relatively large crystallites, and their ar-
chitecture depends on supercooling in the temperature
range used in our experiments. This dependence on su-
percooling seems to be mainly due to a difference in
the frequency of branching of the lamella layers. No
direct evidence of the occurrence of liquid-liquid phase
separation for PEO/DMAc was obtained in this study.
It was not possible to determine whether particles of
less than say 10 um in diameter at an earlier stage were
droplets formed by the liquid-liquid phase separation
or pure crystalline nuclei. We are now making an effort
to check the presence of the binodal line in the tempera-
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ture range of crystallization for the PEO/DMAc system.
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