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Spherulitic Growth of Poly(ethylene oxide) from Viscous Solution 
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ABSTRACT: Spherulitic growth of poly( ethylene oxide) from 30 wt% tripropionin (glycerol tri-n-propionate) solution 
was investigated in the supercooling range /';.T= 11-37 K. The solution was pre-annealed at 200oC before isothermal 
crystallization. The estimated total crystallization rate decreases with increasing pre-annealing time, and becomes almost 
constant with a pre-annealing time longer than ca. 200 h. This suggests that traces of crystalline nucleus remaining in the 
solution dissolve during the pre-annealing process. The isothermal crystallization rate G with respect to the crystallization 
temperature was measured using isothermal calorimetric measurements and direct observation of the spherulitic growth using 
a CCD camera. The Avrami exponent estimated from the isothermal crystallization data ranges from ca. 2.7 to 3.2 depending 
on the crystallization temperature. The profile of G vs. Twas also analyzed to estimate the parameters for the diffusion factor, 
and the result shows that the diffusion process belongs to the low friction limit, i.e., frictional interaction between the polymer 
and solvent is extremely weak. 
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The crystallization phenomenon of polymers has at­
tracted much interest since the establishment of polymer 
science, but has not yet been fully understood in spite 
of a number of studies on the subject. The polymer crys­
tallization rate is governed by thermodynamic driving 
force (entropy factor) and mobility of the polymer chain 
(diffusion factor). 1 •2 The melt (or bulk) crystallization 
has often been interpreted on the basic assumption that 
the diffusion factor can be expressed by the same for­
mula that has been established for the polymer dy­
namics in the equilibrium melt state, e.g., the WLF 
expression or the reptation model.l.3- 6 However, the 
polymer crystallization is essentially a non-equilibrium 
transport phenomenon, and at least, the diffusion models 
for the equilibrium system should not be uncritically 
applied to the polymer crystallization process. 

In the case of polymer crystallization from solutions 
(especially from dilute solutions), the diffusion factor is 
often neglected especially at low supercooling because of 
weaker contribution than that of the entropy factor. 
However, diffusion during the solution crystallization is 
still an important and interesting problem because the 
anomalous feature of the polymer-solvent interaction in 
a non-equilibrium state is expected to play an important 
role. We found characteristic singularity in the polymer­
solvent interaction during solution crystallization at a 
certain higher concentration where the diffusion process 
cannot be neglected. 7 

In our previous study on solution crystallization of 
isotactic polystyrene, 7 we evaluated the frictional in­
teraction between polymer and solvent on the basis of 
the reaction rate theory of Kramers, 8 •9 and found that 
it is fairly reduced and strongly dependent on solvent. 
This may be explained by the idea that in the supercool­
ed solution, where the polymer is essentially insoluble in 
the solvent, the solvent molecule has little tendency to 
be attached to the polymer chain, resulting in a small 
frictional polymer-solvent interaction. In addition, un-
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realistic negative values of the activation energy of lo­
cal polymer motions have been reported in highly vis­
cous solvents even in equilibrium solutions, and this 
can also be interpreted as an anomalous low frictional 
polymer-solvent interaction. 10 - 12 Hence, it is expected 
that the feature of the low friction during the solution 
crystallization between polymer and solvent is more likely 
to be observed in a highly viscous medium. 

This study investigates the isothermal crystallization 
of poly(ethylene oxide) (PEO) from a viscous solvent, 
tripropionin (glycerol tri-n-propionate, referred to as TP 
henceforth) by both the thermal analysis and the direct 
measurements of the spherulitic linear growth rate. As 
for the solution crystallization of PEO, kinetic data 
have been extensively collected for very dilute toluene 
solutions13 •14 in which the contribution of diffusion is 
relatively small. The present study uses solution of higher 
concentration (30 wt% ), at which the diffusion factor 
plays an apparent role, and also spherulites of appro­
priate sizes can readily be obtained. Sufficiently large 
exothermic peaks concerning the solution crystallization 
can easily be observed by the DSC apparatus for the 
present concentrated system. From data on the crystal­
lization rate with respect to the crystallization tempera­
ture (supercooling), we discuss PEO-TP interactions 
during solution crystallization. 

EXPERIMENTAL 

Commercial PEO (Mn=2.85 x 104 , Mw=3.15 x 104 , 

MwfMn= 1.11) was obtained from Wako Pure Chemical 
Industries. TP (Tokyo Kasei Co.) was distilled under 
vacuum and filtered using a 0.2 11m mesh Millipore filter 
just before use. In a dust-free atmosphere (class 100), 
PEO was added to TP to make a 30 wt% solution. This 
mixture was then degassed under high vacuum ( < 10- 5 

mmHg), and the pre-annealing for dissolution was 
executed at 200oC for up to 420 h. Solution viscosity 
and FT-IR spectra of PEO (by a Nicolet Magna 560) 
were measured before and after pre-annealing to de-
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termine whether or not the degradation of PEO or any 
other reaction during the long time heat treatment occurs. 

Isothermal measurement for crystallization was done 
for the solution pre-annealed at 200oc for 52 h by a DSC 
apparatus (Perkin Elmer DSC7) in aluminum sealed 
pans. The temperature readings of the apparatus were 
calibrated with an indium standard. In this study, we did 
not follow any intended seeding procedure: the 200°C 
pre-annealed solution was quenched to 90°C, and then, 
was immediately put into an aluminum pan, being 
quenched to room temperature in the air (ca. 25°C). 
After the aluminum pan was sealed at room temperature, 
measurement of the isotherms was done with further 
annealing at 93°C for lOmin followed by quenching to 
various crystallization temperatures (10-30°C). 

We directly measured the spherulitic growth rate 
during isothermal crystallization from the solution pre­
annealed at 200oc for 202 h by monitoring the solution 
using a CCD camera (Flovel HCC-600) equipped with 
a zoom lens (Navitar Macro Zoom). Temperature was 
controlled within ± 0.02°C by a thermo-regulated water 
bath with a Taitec DG-10. The 200°C pre-annealed 
solution was quenched to room temperature (ca. 25°C) 
and held for more than one day. The isothermal 
spherulitic growth was observed after further annealing 
at 70°C for 8 min followed by quenching to the various 
crystallization temperatures (10-35°C). All the above 
procedures were done under vacuum (in the degassed 
ampoule prepared before the pre-annealing). Image data 
were recorded by a videotape recorder, and sizes of the 
spherulites at various times were measured on a video 
monitor (Sony PVM-14550M). 

To determine the equilibrium dissolution tempera­
ture, Td o, a 30 wt% PEO-TP solution was crystallized 
in the sealed aluminum pan at various temperatures in 
a Perkin Elmer DSC7, and the dissolution temperature 
was measured by a successive heating scan at the rate· 
of 10°C min- 1 . By the extrapolation method/ 5 we 
determined Td o for the present system to be 46.4°C. In 
general, the equilibrium temperature estimated by the 
present extrapolation method tends to be low with some 
uncertainty compared with that from the method based 
on the direct measurement of lamellar thickness (Gibbs­
Thomson formula). However, for Td o of higher molecular 
weight PEOs, the latter method does not necessarily give 
a more accurate value than the present method. 14 The 
viscosity of TP was measured at various temperatures 
using an Ubbelohde type viscometer, and the activation 
energy of the viscosity was determined to be 6.50 kcal 
mol- 1 . 

RESULTS AND DISCUSSION 

The viscosity of the PEO-TP solution was reduced by 
0.8% after the annealing at 200oC for 202 h under 
vacuum. We recognized no apparent change in theFT­
IR spectrum after the pre-annealing. PEO spherulites 
developed at 10-35°C in the present TP solution of 
rather high concentration (30 wt%) in spite of no 
intended seeding procedure. Figure 1 shows examples of 
growing spherulites. Considerable change in the time 
needed for the spherulitic growth of PEO with respect 
to the pre-annealing time was noted. For isothermal 
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Figure l. Growing PEO spherulites in 30wt% TP solution at (a) 
we and (b) 33°C. 

crystallization at 30°C (fl.T= 16.4 K), we measured the 
time when the first visible spherulite appears in the 
solution (TJ, and the time when the entire solution 
becomes filled with spherulitic crystals (Tr). Ti is a rough 
measure of the induction period for the crystallization, 
and Tr is a rough estimate for the total crystallization 
time (inversely related to the total crystallization rate). 
Here, for convenience, Ti and Tr were determined by 
measuring the time when the foremost spherulite of 
recognizable size with the naked eye (ca. 10 -l mm for 
diameter) appears in the solution, and by measuring the 
time when a dry area first appears anywhere at the surface 
of the glass tube where the solvent is soaked up into the 
spherulite. When the initial spherulite was detected at Ti, 
it was too small to scrutinize its morphology, but it grew 
into a spherical particle (see Figure 1 ). 

Figure 2 shows the above two characteristic times with 
respect to annealing time. The data show that both Ti 
and Tr increase with the annealing time. Such behavior 
of Tr indicates that total crystallization rate decreases 
with increasing pre-annealing time. The tendency seems 
weaker with increasing annealing time, and Ti and Tr 
become almost constant after ca. 200 h. 

The results in Figure 2 may be partially due to the 
degradation of PEO (hydrolysis or thermal degradation) 
during the annealing: the reduction of molecular weight 
by the degradation causes a lower equilibrium dissolution 
temperature and lower supercooling, and as a result, the 
crystallization rate decreases. However, considering the 
present small change in viscosity and no apparent change 
in the FT-IR spectra, we attribute the above results 
mainly to the change in the inhomogeniety of the PE0-
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Figure 2. Two characteristic times, T, (e) and Tr ( 0) (see the text), 
with respect to pre-annealing time. 
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Figure 3. Time evolution of the extent of crystallization, fc(t), for 
various crystallization temperatures obtained from the isothermal 
calorimetry by the DSC apparatus. 

TP solution during the pre-annealing. When annealing 
is not enough, residuals (traces) of the crystalline, or 
small regions in which the PEO chains take up a 
crystalline-like conformation still remain in the solution, 
and they act as seeds for the primary nucleation when 
the solution is quenched to crystallization temperatures. 
These inhomogeneous residual sites in the solution 
gradually dissolve as the pre-annealing proceeds above 
the dissolution temperature. As a result, the number of 
primary nucleation sites in the solution decreases, and 
the total crystallization rate decreases resulting in en­
hancement of Tr. Also, the behavior of Ti (the induc­
tion period) in Figure 1 may be due to the above reduc­
tion of nucleation sites. 

It may be surprising that a significantly severe an­
nealing (200°C for 200 h) is needed to obtain an almost 
homogeneous solution. This means that the structural 
relaxation time for such inhomogeneous structure of the 
solution is much longer than the crystallization time of 
the present experiments (less than ca. 30 min), and 
heterogeneous nucleation is supposed to be dominant 
for the present system. 

We noted that the total number of spherulites that 
finally appeared in the solution during the crystallization 
(from Ti to Tr) decreases with increasing annealing time. 
The final number density of the spherulite appeared at 
30oC in the solution without the pre-annealing was too 
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Figure 4. A vrami plots for the data in Figure 2. 

large (>50 g- 1) to estimate quantitatively by the present 
method, but it decreased to ca. 7-9 g- 1 after the 
annealing for 202 h at 200°C. Though we could not 
determine directly the primary nucleation rate (the 
frequency of nucleation per unit time) from the present 
experiment, the obtained result may suggest that the 
primary nucleation rate is reduced by the pre-annealing, 
and this is consistent with the above consideration that 
the primary nucleation sites (the crystalline residual sites) 
decrease during pre-annealing above the dissolution 
tern perature. 

Figure 3 shows the extent of crystallization fc(t) at 
various crystallization temperatures, which was obtained 
from the isothermal calorimetric data according to 

fJt)= I H(t')dt'/ I" H(t')dt' (1) 

where H(t') is the excess heat flow for the exothermic 
crystallization peak. Figure 4 shows the corresponding 
Avrami plots for the data in Figure 3. By introducing 
an appropriate induction period, we get almost linear 
profiles in the Avrami plots for all the obtained data. 
This indicates that the type of spherulitic growth process 
does not change throughout the entire crystallization 
process in the aluminum pan, and in addition, that the 
decrease in the concentration of the remaining PEO 
solution during the isothermal crystallization does not 
apparently reduce the crystallization rate. From the 
present result, we consider that in the solution in which 
the spherulites are growing, the concentration of PEO 
in the liquid domain is not homogeneously distributed 
throughout the test tube; in other words, the local 
concentration of PEO is kinetically different between the 
inside and outside of the spherulitic particles. 

Figure 5 shows the obtained Avrami exponent n with 
respect to the crystallization temperature. We see that n 
is almost constant (ca. 3.2) below 20°C, while it becomes 
lower (ca. 2.7) above 20oC. This may be due to the fact 
that the probability of the primary nucleation decreases 
with decreasing supercooling. From the above estimated 
density of spherulite appeared in the solution (7-9 g- 1 

at 30°C), we can say that at high crystallization tem­
peratures, the mean number of the spherulites in an 
aluminum pan is less than 1 (the sample weight was ca. 
20 mg). At temperatures above 20°C, at most, a single 
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Figure 5. Avrami exponent n of the isothermal spherulitic growth 
evaluated from the calorimetric data. 
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Figure 6. Diameter d of the PEO spherulite during the isothermal 
crystallization from 30 wt% TP solution with respect to time at different 
crystallization temperatures. 

spherulite may thus grow in a sample pan, leading to 
smaller n value than that below 20°C where multiple 
spherulites develop. 

The crystallinity of the obtained spherulitic materials 
was estimated from the area of the exothermic peak to 
be 59--66% with no apparent dependence on the crys­
tallization temperature. The present crystallinity is fairly 
lower than that of the bulk crystallization, 16 which 
indicates that solvent molecules hamper the formation 
of crystalline conformation of the PEO chain. 

Figure 6 shows the observed diameters d of the 
spherulites with respect to the crystallization time, in­
dicating that the diameter increases linearly with time. 
We estimated the spherulitic growth rate GeeD from the 
slopes of these lines as shown in Figure 7. Figure 7 shows 
the results from the thermal measurement by the DSC 
apparatus; the isothermal crystallization rate GDse was 
estimated with the reciprocal of the time for reaching 
the value 0.5 for the extent of crystallization fc(t). We 
see that the profiles of the G vs. 1/TfiT data obtained 
from the two different methods are very similar to each 
other. According to the standard surface nucleation 
theory, 2 •17 - 19 In G should decrease linearly with 1/TfiT. 
The slight non-linearity of In G vs. 1/TfiT plot seen in 
Figure 7 suggests that at least one of the following three 
factors should be considered: (1) diffusion of the polymer 
chains (diffusion factor), (2) the regime transition,20 and 
(3) fractionation according to molecular weight. 21 - 23 

Since spherulitic growth is observed at all the super­
coolings with no change in morphology, we do not 
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Figure 7. Isothermal crystallization rate G with respect to 1/Tf'!.T 
evaluated from the direct measurements of the diameter of the spherulite 
(Gcco• 0), and from the calorimetry (Gosc• e) . 
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Figure 8. Isothermal crystallization rate G obtained from the 
diameter measurement with respect to the crystallization temperature. 
The solid line indicates the fitted curve obtained by the analysis using 
eq 2. 

presently consider the regime transition for the present 
system. 

To take into account the diffusion factor, we analyzed 
the observed G vs. T data according to the following 
expression 7 

with 

( K To) G=G0 exp exp[ -(Ea+Eq)/RTJ/ 
TfiT 

{0.5+[0.25+A 1 exp( -2Eq/RT)]0 ·5 } (2) 

xbaae 

g kfiH 
(3) 

where G0 is the pre-exponential factor, Ea and Eq are the 
activation energy of the polymer diffusion and solvent 
viscosity, respectively, A1 is a parameter determining the 
potential profile for the polymer chain diffusion, x 
depends on the regime of surface nucleation (2 or 4), b 
is the thickness of a stem, a is the lateral surface free 
energy, a. is the end surface free energy, and fiH is the 
polymer heat of dissolution. Analysis was done by direct­
ly fitting the calculated curve based on eq 2 to the experi­
mental data of GeeD using the non-linear least squares 
fitting algorithm (modified Marquardt method). 

Figure 8 shows the above fitted curve together with 
experimental data from the diameter measurements, and 
Table I gives the obtained parameters from the analysis. 
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Table I. Data obtained from fitting analysis 
for the Gcco vs. T data 

E./kcal mol- 1 

1.97 47.8 45.4 

We note in Table I that A 1 is extremely large (5.74 x 
1020), which means that the diffusion factor can be 
practically expressed as exp(- Ea/ RT) (the low friction 
limit8 •9 ). In other words, the solvent viscosity does not 
affect the polymer diffusion, and thus, frictional in­
teraction between the polymer and solvent is extremely 
weak. This was expected for the present system, because 
PEO in a supercooled solution is essentially incompatible 
to the solvent, and in this case, PEO chains may crystal­
lize slipping through the solvent molecules with low 
friction. We found the same low-frictional feature in the 
solution crystallization of the isotactic polystyrene-TP 
system, 7 and we consider that such a low-friction aspect 
between the polymer and solvent is closely related to 
the specific character of TP itself. In general, the low 
polymer-solvent friction in a high viscosity medium can 
be interpreted as follows. Solvent molecules possessing 
ester groups like TP tend to associate with each other to 
form a network structure resulting in high viscosity, 12 

and the polymer molecules merely move through the 
rather set network with low friction. For the present 
system, the solvent network is probably well established 
in spite of the large content of PEO (30 wt%) which may 
hinder network formation. 

The obtained Ea is in the range evaluated from the 
conformational energy calculations for the PEO seg­
mental chain, 24 which may correspond to the activation 
energy for the local conformational transitions. We 
estimated a. to be 16.3 erg em- 2 using the literature 
values for the parameters b=4.63A,25 dH=2.31 x 109 

ergcm-\26 and a=9.6ergcm- 2 , 27 •28 and with the 
assumption that x = 2 (regime II). The value obtained 
here is much smaller than in other studies on crystal­
lization from dilute solutions. 13 •14 The reason for this is 
not clear, though there may be a problem in employing 
the above literature values obtained under different 
experimental conditions. 

In Figure 8, we note systematic deviation at high 
crystallization temperatures ( > 31 °C), where experi­
mental values are lower than the theoretical curve. This 
may indicate that the fractionation effect according to 
molecular weight exists. 2l- 23 Such fractionation is due 
to different Td o 's for different molecular weight fractions, 
and thus to different crystallization rates with respect to 
molecular weight. In this case, the crystallization rate 
decreases with decreasing molecular weight, and lower 
G of the experimental data at high crystallization tem­
peratures may be due to the low molecular weight 
fractions contained in the present sample of which the 
crystallization rates are extremely low. We have no clear 
evidence for the formation of any integral folded (IF) or 
extended chain crystals29 in the present study, but the 
transition between the possible IF lamellar structures of 
different fold numbers for the low molecular weight 
fractions may also affect the present G vs. T data. 

872 

CONCLUSIONS 

In the present study, we examined the crystallization 
of PEO from a viscous TP solution of 30wt%, and 
spherulitic growth was found to occur. The polymer­
solvent frictional interaction in the present system is 
extremely weak (the low friction limit holds), i.e., the 
PEO molecules move independent of the surrounding 
molecules during the spherulitic growth. This may be 
consistent with the idea that in the supercooled solution, 
the polymer chains that are essentially incompatible with 
the solvent have a weak interaction of friction with the 
solvent molecules. At higher polymer concentrations, a 
fairly large portion of the surrounding molecules must 
be occupied by PEO itself, and as a result, the frictional 
interaction between polymer and the surrounding mo­
lecules must become strong. Nevertheless, the anomalous 
low-frictional feature is still observed for the present 
concentrated solution (30 wt%), and we feel much excited 
about this result. 

Deviation between the theory and experiment at high 
crystallization temperatures seen in Figure 8 may in­
dicate the occurrence of fractionation according to 
molecular weight. Further investigation should be done 
on PEO fractions with extremely narrow molecular 
weight distributions to scrutinize this phenomenon and 
the corresponding variation in the chain folding feature. 
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