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Dynamical Transition and Crystallization of Polymers
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The results of simultaneous time-resolved measurements of dielectric relaxation and x-ray scattering
during isothermal crystallization from the glassy state of poly(ethylene terephthalate) are reported. We
find a dynamical transition in the early stage of crystallization. Thea-relaxation process, associated
with glass transitions, is transformed into another relaxation process, thea0 process, via a coexistence
state before an observable change in x-ray scattering patterns due to the formation of crystalline
structures appears. Analysis of x-ray scattering patterns reveals that this dynamical transition is related
to a change in the thermal fluctuations of the electron density, i.e., to isothermal compressibility.
[S0031-9007(97)04725-X]

PACS numbers: 64.60.Qb, 61.10.Eq, 64.70.Pf
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Crystallization, a first-order phase transition from
disordered liquid phase to an ordered solid phase, is
fascinating topic for which there exist many unsolve
problems [1]. In particular, primary nucleation from a
homogeneous state is the most fundamental process for
kinetics of crystallization. Nevertheless, few experiment
studies with regard to the kinetics of the early stage
the ordering process have been reported because the ra
development of these processes in atomic systems ma
such investigations technically very difficult.

In a polymer or colloid system, however, the charac
teristic time scale of dynamics is much slower than th
for low-molecular weight materials [2]. For this reason
it is possible to investigate the kinetics of crystallizatio
even in early stages for such large molecule systems. R
cent studies have demonstrated that polymers and collo
are both suitable systems for investigation of the ear
stage of crystallization, where convenient real-time obse
vations using several experimental techniques are ava
able [3]. Scattering experiments reveal the existence
density fluctuations in the early stages of crystallizatio
in polymers [4] and colloids [5]. Light scattering [6] and
infrared absorption [7] show that in crystalline polymers
dynamical change begins before the crystalline structure
formed. However, the relation between dynamical chan
and structure formation is not yet clear, in particular wit
regard to the relation between dynamics in the amorpho
phase and the formation of crystalline structure.

As a model system we chose a typical crystallin
polymer, poly(ethylene terephthalate) (PET), because t
crystal growth rate of PET is slow enough to allow fo
investigation of the real-time behavior during the crysta
lization process [8,9]. In this Letter, we report the result
of simultaneous time-resolved measurements of dielect
relaxation and x-ray scattering during the isotherm
crystallization process in order to investigate the relatio
between dynamics and structure formation, in particula
in the early stage of crystallization. Dielectric measure
ments reveal the presence of thea-relaxation process
characterizing glass transitions, and x-ray scattering ove
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wide q range reveals the evolution of crystalline structu
and higher-order structure. We found that a dynami
transition from the usuala process to another proces
the a0 process, occurs before the crystallization begi
This finding may provide a new prospect to explore t
kinetics of primary nucleation.

The sample used in this study is poly(ethylene terepht
late) (RT580,Mn  5.9 3 104, MwyMn  2.51), kindly
supplied by Toyobo Co. Ltd. The glass transition tempe
ture Tg of this material is approximately75 ±C. Amor-
phous films of PET were obtained by quenching into i
water after melting the samples at290 ±C for several min-
utes under an oil press. Gold was then deposited o
the film surfaces to serve as electrodes, except in the
gion through which x rays pass. The films were heat
from room temperature to the crystallization temperatu
(Tc  97.5 ±C) in a vacuum chamber for measuremen
After the temperature of the samples reachedTc, the f
dependence of the complex dielectric constant and thq
dependence of the x-ray intensity were simultaneou
measured as a function of the crystallization time, whe
f and q are the frequency of the applied electric fie
and the scattering vector of scattered x rays, respectiv
The dielectric measurements were made using an L
meter (HP4284A) for the frequency range 20 Hz–1 MH
and an impedance analyzer (Solartron 1260) for1022 –
100 Hz. The measurements were carried out at the H
Intensity X-ray Laboratory at Kyoto University. The in
cident x rays used were point-collimated Ni-filtered C
Ka and Zr-filtered MoKa from a fine-focus x-ray gen-
erator (RU1000C3, Rigaku Co. Ltd., Japan) [10]. Sc
tering intensities were measured using a two-dimensio
position-sensitive detector. We used three different op
cal systems, each of which covers a differentq range for
x-ray scattering:0.22 , q , 2.2, 0.25 , q , 5.7, and
0.69 , q , 17.5 nm21. In each optical system, dielectric
measurements were made simultaneously with x-ray s
tering measurements. The data obtained using the th
optical systems were connected to obtain scattering d
over the wideq range0.22 , q , 17.5 nm21.
© 1997 The American Physical Society 4613
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Figure 1 shows the time evolution of the imaginar
part of the complex dielectric constante00svd (v  2pf)
during the isothermal crystallization atTc  97.5 ±C.
When the temperature reachesTc, the peak of thea

process is located at about104 Hz, and the shape of
the loss curve is asymmetric as normally seen in thea

process of amorphous polymers [11]. In Fig. 1 we ca
see contributions from the dc conductivity on the lowe
frequency side and a tail of theb process, whose peak
exists above 1 MHz. As time passes, the peak val
of the a process decreases and another peak appear
10–100 Hz. We refer to the process corresponding
this peak as thea0 process. The shape of the dielectri
loss curve of thea0 process is quite different from that
of the a process; the peak width is much broader tha
that of thea process, and the peak shape is symmetr
Shape parameters obtained by the Havriliak-Negami (H
equation [12] are as follows:̃aa  0.15, b̃a  0.31
at 0 min and ãa0  0.66, b̃a0  1.0 at 420 min. In
order to extract the contributions from thea and a0

processes, the dielectric loss is expressed as the sum
four contributions, thea-, a0-, andb-relaxation processes

FIG. 1. Dependence of the dielectric loss on the logarithm
the frequency during the isothermal crystallization process
0, 60, 100, and 420 min). The open circles represent obser
values, and the solid line overlapping with the open circles
given by a nonlinear least-squares fit to Eq. (1). The dott
line, dotted-broken line, and broken line are the contributio
from the a process,a0 process, andb process, respectively.
The contribution on the lower frequency side is that from th
dc conductivity due to impurities. This is represented by th
solid line.
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and the dc conduction in the following way:

e00svd  T
X

ja,a 0,b

Dej

f1 1 sivtjd12ãj gb̃j
1

s̃

vm
, (1)

where Dej is the dielectric strength of thej process,
ãj and b̃j are shape parameters defined by the H
equation,tj is a relaxation time, and̃s andm are parame-
ters determining the contributions from the dc electri
conductivity due to impurities in polymers. Figure 2
exhibits the dielectric strengthDe of both the a and
a0 processes, obtained by a nonlinear least-squares
of e00svd to Eq. (1). The fit here was performed with
the condition that the parameters for theb process are
consistent with the values quoted in the literature [13
We fixed these asãb  0.49, b̃b  1.0, and tb 
6.3 3 1029 sec.

In Fig. 2, we see thatDe of the a process decreases
with time and then disappears, whileDe of thea0 process
increases in the early stage and then decreases slowly.
characteristic time is estimated to be about 60 min for th
decrease in the dielectric strength of thea process and
the increase in the dielectric strength of thea0 process.
The sum of dielectric strengths of thea anda0 processes
(Dea1a0 ; Dea 1 Dea0 ) is almost constant in the early
stage of crystallization and then decreases with time. Th
suggests that two different dynamics, associated with t
a and a0 processes, coexist in the early stage; the
is a dynamical transitionwhere the dynamics of the
amorphous phase change from those of thea process to
those of thea0 process via the coexistence state. Afte
this stage we can see the gradual decrease inDea1a0 ,
which can be characterized by a time scale of 130 mi
Therefore, we find two different changes in dielectri
relaxation behavior during the isothermal crystallizatio

FIG. 2. Time evolution of the dielectric strength of thea
process (±) and thea0 process (h). The sum of dielectric
strengths of the two processes is also plotted with the symbol≤.
The values ofDea1a0 are shifted by 1.0 along the vertical axis
to avoid overlapping with other symbols. The arrows indicat
the two different characteristic times.
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process. One of these is the change from thea-relaxation
process to thea0-relaxation process, and the other is t
decrease in the sum of the dielectric strengths of thea and
a0 processes.

What kind of structural change occurs while the abov
mentioned change is occurring in the dielectric relaxat
process? Simultaneous x-ray scattering measurements
give an answer. We find two dominant regions with
the q range observed in the present measurement,
a small-angle x-ray scattering region (SAXS,0.2 , q ,

2 nm21) and the other a wide-angle x-ray scattering r
gion (WAXS, 5 , q , 17.5 nm21). The time evolu-
tion of the SAXS profile,Iq2 vs q plot, shows that
after a temperature jump from room temperature toTc, a
peak appears, and its intensity,sIq2dmax, grows with time,
whereIq2 is the Lorentz factor-corrected intensity. Th
peak results from the periodicity in the lamellar structu
which is usually observed in crystalline polymers. T
peak position,qmax, slightly shifts to larger values with
time: qmax , 0.6 nm21 at 10 min toqmax , 0.8 nm21 at
300 min. This suggests that the period of the lamella
creases with time during the crystallization. At the initi
stage of crystallization, the peak intensity increases slo
with time. Then the peak intensity increases rapidly w
time up to about 300 min. The latter process can be
tributed to the growth of spherulitic structure.

In the case of PET, Imaiet al. observed the growth of a
small peak in the SAXS pattern during the induction peri
for crystallization which is different from the peak du
to the formation of lamellar structure [4]. However, n
small SAXS peak such as that reported by Imaiet al. was
observed in our measurements within the experimen
accuracy. This is also the case in SAXS measureme
using synchrotron radiation [14]. The appearance of
peak may strongly depend on the nature of the initial gla
states or on the method of sample preparation.

Analysis of the scattering pattern in the WAXS regio
which provides information on crystalline structure, r
veals that at 0 min, only the amorphous halo is observ
As time increases, the intensity of the amorphous ha
Ia, decreases and Bragg reflections appear simultaneo
The time evolutions of these two processes obey the s
dynamical law. Within theq range accessible in the
present measurement, two sets of Bragg reflections co
be observed; one is a peak consisting of011 and010 re-
flections, and the other a peak consisting of111 and110
reflections. Because of the low crystallization temperat
the contributions from the two Bragg reflections overl
to form a single peak [15].

In order to compare the time variation in the valu
obtained in different measurements such as dielec
relaxations, SAXS and WAXS, we introduce the reduc
intensityz std as follows:

z std 
Xstd 2 Xs`d
Xs0d 2 Xs`d

, (2)
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whereXstd is the intensity in question at timet, z std is
the reduced intensity ofXstd, Xs0d is the initial value of
Xstd, and Xs`d is the final value ofXstd. In Fig. 3 we
have plotted several intensities, that is, dielectric strength
of the a processDea , the sum of the dielectric strengths
of the a process and thea0 processDea1a0 , the peak
intensity due to lamellar structuresIq2dmax obtained by
SAXS, the intensity of the amorphous haloIa, and the
intensities of the Bragg reflections,IB1 and IB2, obtained
by WAXS. We can see that the intensities obtaine
by SAXS, WAXS, andDea1a0 can be reduced to a
master curve throughz std. The process described by the
master curve is due to the crystallization process in whic
crystalline structure and higher-order structure—lamella
structure—are formed simultaneously. The formation o
the crystalline structures leads to a decrease in the to
amount of the amorphous phase. As a result, the sum
the dielectric strengths of thea and a0 processes begins
to decrease.

Comparing the time evolution of the master curve fo
crystallization with that ofDea , we find a distinct differ-
ence between the two time evolutions: the characterist
time for the dynamical change in the dielectric strengt
of the a process,tdyn, is about 60 min, while the char-
acteristic time for the crystallization process,tcryst, is
130 min. This suggests that adynamical transitionfrom
the a process to thea0 process occurs as a precursor to
the usual crystallization process.

We now discuss the structural change related to th
dynamical transition prior to the crystallization. Detailed
analysis of x-ray scattering profiles over the wideq range
from 0.2 to 17.5 nm21 reveals that there are several
contributions, from scattering due to crystalline structure
thermal density fluctuations, higher-order structure, an
very long-range fluctuations [16]. Among these fou
contributions, the scattering intensity due to therma

FIG. 3. Reduced intensityz std as a function of the logarithm
of time for various intensities at97.5 ±C: ≤, Dea ; h, Dea1a0 ;
±, Ia; n, IB1; e, IB2; ,, sIq2dmax. The valuesXs0d and Xs`d
for each measurement were chosen appropriately.
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density fluctuations,If, changes with the occurrence of
the dynamical transition. The intensityIf is empirically
expressed by the formIfsqd  AR expsBRq2d, whereAR

and BR are constants [17]. The prefactorAR is equal to
the structure factor of the forward scattering:

AR 
Z

drkdrsrddrs0dl

 r2kBTkT ~ ksDNd2l , (3)

wherer is the electron density,dr the electron density
fluctuation from the average value,kB the Boltzmann con-
stant, T the temperature,kT the isothermal compressi-
bility, and DN the fluctuation in electron number. The
thermal density fluctuation,AR, displays a maximum at
approximatelytdyn during the time evolution process, as
shown in Fig. 4. Since the compressibility of the amor
phous phase is usually larger than that of the crystallin
phase, the termAR is expected to decrease monotonically
with a characteristic timetcryst in an ordinary ordering
process, reflecting a decrease in the fraction of the amo
phous phase. However, Fig. 4 shows that in the ear
stage of crystallization the intensityIf due to thermal fluc-
tuations initially increases with time, and then begins t
decrease with time after reaching a maximum value. Th
time associated with the maximum is nearly equal to th
characteristic timetdyn for the dynamical transition and
differs from tcryst. This indicates that prior to the usual
crystallization process there is a disordered state in whi
thermal fluctuation is enhanced, and via such an interm
diate disordered state the amorphous phase with thea

process changes into that with thea0 process. After this
dynamical transition the crystallization begins to produc
normal crystalline and higher-order structure.

In summary, we made simultaneous time-resolved me
surements of x-ray scattering and dielectric relaxatio
during the crystallization process in poly(ethylene tereph

FIG. 4. Time dependence of the scattering intensity due
density fluctuations during the isothermal crystallization proces
at 97.5 ±C. The solid line is to serve as a guide to the eye.
4616
-
e

r-
ly

o
e
e

ch
e-

e

a-
n
-

to
s

thalate). We found the existence of a dynamical transition
occurring prior to the beginning of normal crystallization.
We hope that the present study will lead to a breakthroug
in the investigation of primary processes of crystallization
and stimulate development in this field.
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