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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. #heelaxation process, associated
with glass transitions, is transformed into another relaxation processy’tpeocess, 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

Crystallization, a first-order phase transition from awide g range reveals the evolution of crystalline structure
disordered liquid phase to an ordered solid phase, is and higher-order structure. We found that a dynamical
fascinating topic for which there exist many unsolvedtransition from the usuak process to another process,
problems [1]. In particular, primary nucleation from a the a’ process, occurs before the crystallization begins.
homogeneous state is the most fundamental process for tidis finding may provide a new prospect to explore the
kinetics of crystallization. Nevertheless, few experimentakinetics of primary nucleation.
studies with regard to the kinetics of the early stage of The sample used in this study is poly(ethylene terephtha-
the ordering process have been reported because the rapate) (RT580,M, = 5.9 X 10*, M,,/M, = 2.51), kindly
development of these processes in atomic systems maksspplied by Toyobo Co. Ltd. The glass transition tempera-
such investigations technically very difficult. ture T, of this material is approximately5 °C. Amor-

In a polymer or colloid system, however, the charac-phous films of PET were obtained by quenching into ice
teristic time scale of dynamics is much slower than thawater after melting the samples20 °C for several min-
for low-molecular weight materials [2]. For this reason, utes under an oil press. Gold was then deposited onto
it is possible to investigate the kinetics of crystallizationthe film surfaces to serve as electrodes, except in the re-
even in early stages for such large molecule systems. Reion through which x rays pass. The films were heated
cent studies have demonstrated that polymers and colloidsom room temperature to the crystallization temperature
are both suitable systems for investigation of the early(7,. = 97.5 °C) in a vacuum chamber for measurements.
stage of crystallization, where convenient real-time obserAfter the temperature of the samples reachied the f
vations using several experimental techniques are avaitlependence of the complex dielectric constant andgthe
able [3]. Scattering experiments reveal the existence aependence of the x-ray intensity were simultaneously
density fluctuations in the early stages of crystallizationrmeasured as a function of the crystallization time, where
in polymers [4] and colloids [5]. Light scattering [6] and f and g are the frequency of the applied electric field
infrared absorption [7] show that in crystalline polymers aand the scattering vector of scattered x rays, respectively.
dynamical change begins before the crystalline structure i§he dielectric measurements were made using an LCR
formed. However, the relation between dynamical changeneter (HP4284A) for the frequency range 20 Hz—1 MHz
and structure formation is not yet clear, in particular withand an impedance analyzer (Solartron 1260) ffor2—
regard to the relation between dynamics in the amorphous00 Hz. The measurements were carried out at the High
phase and the formation of crystalline structure. Intensity X-ray Laboratory at Kyoto University. The in-

As a model system we chose a typical crystallinecident x rays used were point-collimated Ni-filtered Cu
polymer, poly(ethylene terephthalate) (PET), because th& « and Zr-filtered MoK « from a fine-focus x-ray gen-
crystal growth rate of PET is slow enough to allow for erator (RU1000C3, Rigaku Co. Ltd., Japan) [10]. Scat-
investigation of the real-time behavior during the crystal-tering intensities were measured using a two-dimensional
lization process [8,9]. In this Letter, we report the resultsposition-sensitive detector. We used three different opti-
of simultaneous time-resolved measurements of dielectrical systems, each of which covers a differgntange for
relaxation and x-ray scattering during the isothermak-ray scattering:0.22 < ¢ < 2.2, 025 < ¢ < 5.7, and
crystallization process in order to investigate the relatiord.69 < ¢ < 17.5 nm~'. In each optical system, dielectric
between dynamics and structure formation, in particularmeasurements were made simultaneously with x-ray scat-
in the early stage of crystallization. Dielectric measuretering measurements. The data obtained using the three
ments reveal the presence of therelaxation process optical systems were connected to obtain scattering data
characterizing glass transitions, and x-ray scattering over aver the wideg range0.22 < ¢ < 17.5 nm .
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Figure 1 shows the time evolution of the imaginary and the dc conduction in the following way:

part of the complex dielectric constatft(w) (0 = 27 f) Ae: -
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during the isothermal crystallization &f. = 97.5°C. lw)=T > — . ()
When the temperature reach&s, the peak of thea j—aarp [1+ (iw7)) "] w

i 4
process is located at aboud™ Hz, and the shape of where Ae; is the dielectric strength of th¢ process,

the loss curve is asymmetric as normally seen in dhe & and j3; are shape parameters defined by the HN

processtqg atmorp?ous S]oly(rjners [él]'t. I.? Fig. t%] wle C‘smequation,rl,- is a relaxation time, ané andm are parame-
See contributions from the dc conductivity on the lower,e, determining the contributions from the dc electric

frequency side and a tail of th@ process, whose peak conductivity due to impurities in polymers. Figure 2

e])f'fgs above 1 M(Ij—lz. AS tlmedpasstehs, the Eeak Valu%a)}hibits the dielectric strengtihe of both the « and
of the a process decreases and anotner peak appears ¢ processes, obtained by a nonlinear least-squares fit
10-100 Hz. We refer to the process corresponding tQy

this peak as ther’ process. The shape of the dielectric
) . R

loss curve of the’ process IS quite different from that consistent with the values quoted in the literature [13].

of the « process; the peak width is much broader than, . f.od these asi, — 049, By = 1.0, and 75 =

that of thea process, and the peak shape is symmetric 3 % 10-9 sec k P - A

Shape parameters obtained by the Havriliak-Negami (HN In Fig. 2, we see thahe of the « process decreases

e?ugthn [125 ~are_a(s) 61‘60IIqws51a 1:0 O‘ItS '42%“ ~ 0‘3|1 with time and then disappears, while: of the o’ process
at O min anda, = 0.66, Bo = 1.0 & min. 1IN ncreases in the early stage and then decreases slowly. The

e p
order to extract the contributions from the and characteristic time is estimated to be about 60 min for the

]E)Oroce(s)s<te§t,) t?g dletlr(]e::rlc I,OSS ';' explresstgd as the sum &ecrease in the dielectric strength of theprocess and
ur contributions, - @'-, andf3-relaxation processes o increase in the dielectric strength of thé process.

The sum of dielectric strengths of theand«’ processes
(A€ey+ar = A€, + Ae,) is almost constant in the early
stage of crystallization and then decreases with time. This
suggests that two different dynamics, associated with the
a and a' processes, coexist in the early stage; there
B—process_ ~| is a dynamical transitionwhere the dynamics of the
= amorphous phase change from those of éhprocess to
those of thea’ process via the coexistence state. After
this stage we can see the gradual decreasAdp. .,
which can be characterized by a time scale of 130 min.
Therefore, we find two different changes in dielectric
relaxation behavior during the isothermal crystallization

€"(w) to Eqg. (1). The fit here was performed with
the condition that the parameters for tgeprocess are
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FIG. 1. Dependence of the dielectric loss on the logarithm of 0 -'-‘-‘1*1 R M
the frequency during the isothermal crystallization process (at 10 10 10
0, 60, 100, and 420 min). The open circles represent observed t (min)

values, and the solid line overlapping with the open circles is

given by a nonlinear least-squares fit to Eqg. (1). The dotted-IG. 2. Time evolution of the dielectric strength of the
line, dotted-broken line, and broken line are the contributionsprocess ¢) and thea’ process [l). The sum of dielectric
from the @ process,a’ process, ang3 process, respectively. strengths of the two processes is also plotted with the symbol
The contribution on the lower frequency side is that from theThe values ofAe, ., are shifted by 1.0 along the vertical axis
dc conductivity due to impurities. This is represented by theto avoid overlapping with other symbols. The arrows indicate
solid line. the two different characteristic times.
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process. One of these is the change fromdhelaxation where X(¢) is the intensity in question at time /(¢) is
process to thex'-relaxation process, and the other is thethe reduced intensity aX(z), X(0) is the initial value of
decrease in the sum of the dielectric strengths obtleedd X (¢), and X () is the final value ofX(z). In Fig. 3 we
o' processes. have plotted several intensities, that is, dielectric strengths

What kind of structural change occurs while the above-of the @ processAe,, the sum of the dielectric strengths
mentioned change is occurring in the dielectric relaxatiorof the @ process and the’ processAe, ., the peak
process? Simultaneous x-ray scattering measurements ciaensity due to lamellar structur@g?)m.« obtained by
give an answer. We find two dominant regions within SAXS, the intensity of the amorphous halg, and the
the ¢ range observed in the present measurement, oriatensities of the Bragg reflectiong; and g, obtained
a small-angle x-ray scattering region (SAXE2 < ¢ < by WAXS. We can see that the intensities obtained
2 nm~!) and the other a wide-angle x-ray scattering re-by SAXS, WAXS, andAe€,+, can be reduced to a
gion (WAXS, 5 < g <175 nm ). The time evolu- master curve througli(r). The process described by the
tion of the SAXS profile,I¢*> vs g plot, shows that master curve is due to the crystallization process in which
after a temperature jump from room temperaturd'tpa  crystalline structure and higher-order structure—Ilamellar
peak appears, and its intensityg>)max, grows with time,  structure—are formed simultaneously. The formation of
wherel4? is the Lorentz factor-corrected intensity. The the crystalline structures leads to a decrease in the total
peak results from the periodicity in the lamellar structureamount of the amorphous phase. As a result, the sum of
which is usually observed in crystalline polymers. Thethe dielectric strengths of the and o’ processes begins
peak position,gmax, Slightly shifts to larger values with to decrease.
time: gmax ~ 0.6 nm ™! at 10 min togyax ~ 0.8 nm ! at Comparing the time evolution of the master curve for
300 min. This suggests that the period of the lamella deerystallization with that ofAe,, we find a distinct differ-
creases with time during the crystallization. At the initial ence between the two time evolutions: the characteristic
stage of crystallization, the peak intensity increases slowlyime for the dynamical change in the dielectric strength
with time. Then the peak intensity increases rapidly withof the a process,rqy,, is about 60 min, while the char-
time up to about 300 min. The latter process can be atacteristic time for the crystallization processg,ys, is
tributed to the growth of spherulitic structure. 130 min. This suggests thatdynamical transitionfrom

In the case of PET, Imait al. observed the growth of a the @ process to thex’ process occurs as a precursor to
small peak in the SAXS pattern during the induction periodthe usual crystallization process.
for crystallization which is different from the peak due We now discuss the structural change related to the
to the formation of lamellar structure [4]. However, no dynamical transition prior to the crystallization. Detailed
small SAXS peak such as that reported by Imaal. was  analysis of x-ray scattering profiles over the wigleange
observed in our measurements within the experimentdrom 0.2 to 17.5 nm' reveals that there are several
accuracy. This is also the case in SAXS measurementontributions, from scattering due to crystalline structure,
using synchrotron radiation [14]. The appearance of thehermal density fluctuations, higher-order structure, and
peak may strongly depend on the nature of the initial glassyery long-range fluctuations [16]. Among these four
states or on the method of sample preparation. contributions, the scattering intensity due to thermal

Analysis of the scattering pattern in the WAXS region,
which provides information on crystalline structure, re-
veals that at O min, only the amorphous halo is observed. VI
As time increases, the intensity of the amorphous halo, 1bv ﬂv%veﬁ I
1,, decreases and Bragg reflections appear simultaneously. B Ly
The time evolutions of these two processes obey the same B '
dynamical law. Within theg range accessible in the
present measurement, two sets of Bragg reflections could ~
be observed; one is a peak consisting)df and010 re- -
flections, and the other a peak consistinglof and 110
reflections. Because of the low crystallization temperature
the contributions from the two Bragg reflections overlap
to form a single peak [15].

In order to compare the time variation in the values
obtained in different measurements such as dielectric 10
relaxations, SAXS and WAXS, we introduce the reduced t (min)
intensity /(¢) as follows:

0.5

FIG. 3. Reduced intensity(s) as a function of the logarithm

X(1) — X() of time for various intensities #7.5°C: o, A€,; [, A€y+ao;

s ) o, I;; N\, Igi; <, Ign; V, (Ig%)max. The valuesx (0) and X ()
X(0) — X(o) for each measurement were chosen appropriately.
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density fluctuations/¢, changes with the occurrence of
the dynamical transition. The intensify is empirically
expressed by the forni(q) = Ar exp(Brg?), whereAg
and Br are constants [17]. The prefactdg is equal to
the structure factor of the forward scattering:

Ax = f dr (5 p(r)5p(0))

= p*kgTkr = ((AN)?), 3

where p is the electron density§p the electron density
fluctuation from the average value; the Boltzmann con-
stant, T the temperaturexr the isothermal compressi-
bility, and AN the fluctuation in electron number. The
thermal density fluctuationdg, displays a maximum at
approximatelyry,, 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 crystalline
phase, the termy is expected to decrease monotonically
with a characteristic timer.. in an ordinary ordering

J

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 breakthrough
in the investigation of primary processes of crystallization
and stimulate development in this field.
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