
VOLUME 71, NUMBER 25 PHYSICAL REVIEW LETTERS 20 DECEMBER 1993

Orientation Fluctuations of Poly(ethylene terephthalate)
during the Induction Period of Crystallization
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The kinetics during the induction period of polymer crystallization is studied by means of depolarized
light scattering measurements. The spinodal decomposition during this period is shown to be caused by
orientation fluctuations of polymer segments. Time evolution of these orientation fluctuations can be de-
scribed by the spinodal decomposition kinetics in terms of transformation from the isotropic to nematic
phase proposed by Doi et aI.

PACS numbers: 61.41.+e, 36.20.—r, 64.70.Dv

Crystal nucleation is one of the phenomena showing
typical first order phase transition. The general theory of
crystal nucleation [1] is based on the assumption that the
phase transformation is initiated by large-amplitude, lo-
calized fluctuations of some order parameter such as den-
sity leading to the appearance of small regions of the
stable crystallizable phase. When these regions are
larger than some critical size, they will grow and eventu-
ally crystallize. During the crystal nucleation process,
time evolution of the number of crystal nuclei per unit
volume %~ can be expressed by

1Vy =I (t to), I )) to,

where I is a steady-state nucleation rate, t is annealing
time, and to is an effective time lag, also described as an
induction period. The induction period is defined as the
time required to form the dense regions with a critical
size from the homogeneous amorphous state. However,
the time development in the ordering process and the
cause for the ordering in the induction period have not

yet been clarified, neither experimentally nor theoretical-
ly. Recently we [2,3] have investigated the structural for-
mation of poly(ethylene terephthalate) (PET) in the in-

duction period using wide-angle (WAXS) and small-
angle (SAXS) x-ray scattering techniques and found that
at a very early stage of the induction period the SAXS in-

tensity begins to increase in the range of 0.2-0.5 nm in

the length of the scattering vector q to become a clear
peak with time. This peak is of course different from the
well-known long period peak due to the alternation of
crystalline and amorphous regions, which does not appear
until the end of the induction period or the initiation of
crystallization. It was also indicated that the time evolu-
tion of the intensity and the position of the new peak can
be described by the kinetics of spinodal decomposition.
These results suggest that the new SAXS peak is closely
related to the crystal nucleation process. Therefore, the
next step is to understand what the nature of the crystal
nucleation or the induction period of crystallization is.
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Here f(r, u, t) is the distribution function or the probabil-
ity of finding a polymer parallel to the unit vector u at
time t and a position r, I is the unit tensor, 8'denotes the
excluded volume type of potential between rods, D[l and

D& are the translational diffusion constants parallel and
perpendicular to the rod axis, respectively, D, is the rota-
tional difl'usion constant, and % is the rotational operator
defined by ux (tl/t)u). The orientation fluctuation Sq,p in

the a-P plane can be defined by
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where fq(u, t) is the Fourier component of f(r, u, t).
When we assume that the polymer can move only along
the chain axis, i.e., D& =D, =0, orientation fluctuations
are classified into three kinds of modes, so-called twist,
bend, and splay. Of these modes the bend mode has the
largest growth rate of Auctuation, and so the kinetic

Flory [4] proposed the following two-step crystallization
model: First cooperative ordering of the chains in a given
region into a parallel alignment occurs without changing
intermolecular interactions, and then longitudinal adjust-
ment occurs, resulting in the more eScient packing of the
chains in the parallel state to increase intermolecular in-

teractions. The first stage of this process was studied us-

ing the lattice dynamics, showing that a parallel ordered
state is more stable than a disordered one when the flexi-

bility parameter of the polymer chain exceeds a specified
critical value. It is noted that the first stage of Flory's
model is very similar to the formation process of the
nematic liquid crystalline phase. Doi and co-workers
[5-8] have investigated the dynamics of the formation of
the liquid crystalline phase of stiff polymers using a kinet-
ics of two order parameters of concentration and orienta-
tion, and have shown the following kinetic equation:
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equation for it is shown below for an example,
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with

K =qL/2.

Here, v is the concentration of rodlike segments and v* is
the critical concentration at which the isotropic liquid be-
comes unstable:
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I and d being the length and the diameter of the rod, re-
spectively. Equation (4) corresponds to the difi'erential

equation describing the spinodal decomposition given by
Cahn [9]. Thus, when v& v*, the isotropic system be-
comes unstable, and the Auctuation amplitude with a
characteristic length grows exponentially with time. It is

therefore expected that the exponential growth of the
orientation Auctuations due to the parallel ordering of po-
lymer segments can be observed experimentally. Such a
result is the same as in the cases of the other two modes.
Then we can observe the behavior of spinodal decomposi-
tion when the system satisfies the v & v* condition.
These works are instructive when we interpret the time
evolution of SAXS profiles observed during the induction
period and the orientation Auctuations may play a very
important role in the structure formation during the in-

duction period. The purpose of this Letter is to confirm
the role of the orientation Auctuations occurring in the in-

duction period of crystallization by means of a depolar-
ized light scattering technique.

Before going to the study of depolarized light scatter-
ing measurements we refer to the SAXS data in more de-
tail to make clear the corresponding relation between the
former and the latter experiments. In these works PET
was employed because of the very slow crystallization
rate and the high glass transition temperature Tg =348
K, which makes it possible to fix the amorphous structure
of the molten state by quenching to room temperature.
Thus the time resolved measurements can easily be made.
In order to obtain a suSciently long induction period, an-
nealing temperature was taken to be just above Tg.
Vr'hen annealed at 353 K, the induction period was about
100 min. Typical results from SAXS measurements are
depicted in Fig. 1. Here the relative diAerence intensity,
obtained by subtracting the intensity of the melt-
quenched amorphous sample from those of annealed sam-
ples, is plotted against the magnitude of scattering vector

q for difi'erent annealing times where q =(4x/A, )sin&, X, is

the wavelength of the radiation in the medium, and 20 is

the scattering angle. It is noted that in the early stage of
the induction period, the scattering intensity profile shows

FIG. 1. SAXS profiles of PET films annealed at 353 K from
the glassy state as a function of annealing time. The diA'erence
intensity means the observed intensity after subtraction of that
for the melt-quenched sample.
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Then we evaluate the orientation Auctuation using the in-
variant expressed by Eq. (7).

P ET having number-averaged molecular weight M„
=25000 and polydispersity M„/M„=2.5 was supplied by
Toyobo Co. Ltd. The PET sample was dried at 423 K for

a maximum and as the annealing time increases, the
maximum position shifts toward smaller q while the max-
imum intensity increases. This indicates that the density
fluctuations having a characteristic wavelength occur be-
fore formation of critical crystal nuclei because it was
confirmed from the WAXS measurements [2] that no
short range ordering is observed in the induction period.
Surprisingly this growing process of density Auctuation is
very similar to that of spinodal decomposition in phase
separation.

In the following let us report the depolarized light
scattering experiments. From an experimental point of
view, the orientation fluctuations can be detected using
the depolarized light scattering technique. For the
analysis of the scattering from solids in which orientation
fluctuations are randomly correlated, a statistical ap-
proach, developed by Stein and co-workers [10,11], was
employed. The Rayleigh factor R&(q) for depolarized
light scattering for such a system can be expressed by

4

R~(q) = — g(r) (4xr )dr, (6)(8 ) sin(qr)
c 15« qr

where q is the magnitude of the scattering vector, co is the
angular frequency of incident radiation, c is the velocity
of light, (6 ) is the mean-square anisotropy, and g(r) is
the function of orientation defined as g(r) =(3(cosp; i)„—1)/2, where p; i is the angle between the optical axes of
the ith and jth elements. The total integrated intensity or
the invariant for contribution due to the orientation Auc-
tuations I,„;,„t can be expressed by
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F'IG. 2. Depolarized light scattering profiles of PET films an-
nealed at 353 K from the glassy state as a function of annealing
time.

240 min and melted at 563 K for 2 min. The melt sample
was immediately quenched into ice water in order to ob-
tain a completely amorphous PET sample in the glassy
state. The isothermal annealing of the amorphous sample
was performed on a hot stage (Linkam 600T) at 353 K.
This annealing condition is the same as that of the SAXS
measurements described above, so that the induction
period of crystallization was about 100 min. The anneal-
ing process was followed by the time-resolved depolarized
light scattering measurements. The sample was irradiat-
ed by a plane-polarized He-Ne laser beam (k=633 nm)
on the hot stage and the scattered light intensity under
depolarized conditions was recorded by a 38 photodiode
array system.

Figure 2 shows the semilogarithmic expression of time
evolution of the depolarized light scattering intensity in

the early stage of the annealing process of the sample at
353 K as a function of q, from which the depolarized in-

tensity of the unannealed sample was subtracted. During
the induction period the scattering profiles are almost in-

dependent of q and the scattering intensity increases with
annealing time. Figure 3 shows the time dependence of
the invariant calculated by Eq. (7) in a semilogarithmic
scale where the invariant for orientation fluctuations,
I,„;,„t, is normalized to that for a sufficiently annealed
sample which was taken to be unity. As can be seen from
the figure, the invariant appears to increase almost ex-
ponentially with annealing time until 50 min, but between
50 and 100 min, it levels oA somewhat. After the induc-
tion period, the rate is suddenly accelerated and the in-
variant increases exponentially again, which is due to the
formation of spherulite texture. The exponential increase
of the invariant until 50 min agrees with the prediction of
Doi's theory, suggesting that the parallel ordering actual-
ly occurs during the induction period. The two-step or-
dering process is also consistent with the SAXS results
indicating early and late stages in the induction period.

In the following we discuss the critical concentration
v* defined by Eq. (5). The PET molecule is composed of
rigid terephthalate groups and soft ethylene groups; in

other words, it consists of rigid rod segments connected

0 50 100 150

Annealing Time (min)

FIG. 3. Annealing time dependence of the invariant for the
depolarized light scattering intensity of PET films. The invari-
ant for orientation fluctuations, I,„;,„t, is normalized to that for a
su%ciently annealed sample which was taken to be unity. Ar-
row indicates the initiation time of crystallization.

by the flexible parts. The problem is whether or not such
rod segments really satisfy Doi's criterion. In order to ex-
amine the criterion, we estimated the values of the length
L and the diameter d of the rod in the amorphous state as
follows. As an approximate value of L we adopted the
persistence length in the wormlike chain model. Gon-
zalez er al. [12] reported that the persistence length of a
PET molecule in the theta state is 1.2 nm. This value
corresponds to the monomer unit length of 1.08 nm. For
the cross-sectional diameter of the rod we took the van
der Waals width of a benzene ring of 0.66 nm because it
is considered that the benzene ring is freely rotating
around the molecular axis just above the glass transition
temperature [13]. If we use these values for the calcula-
tion, we get a critical concentration v of 5.4 seg-
ments/nm . The concentration v of PET segments at a
given temperature can be calculated from the density at
that temperature and the mass of segment. Since the
density of the glassy PET is 1.333 Mg/m and the mass
of a monomer is 192 g/mol, the concentration of the seg-
ment in the glassy state is estimated to be 4.2
segments/nm, resulting in v ( v*. In the glassy or melt
state of PET we therefore cannot observe the orientation
ordering or liquid crystalline state. When PET is an-
nealed above the glass transition temperature, the inter-
nal rotation of ethylene groups begins to be allowed due
to the release from the frozen state and the most stable
chain conformation of the trans form is preferred to the
gauche one. For example, in the case of n-butane [14]
the trans conformation is about 3350 J/mol more stable
than the gauche one. This conformational change in-
creases the length of the rod segments. When the confor-
mation of one of two CH2 groups per monomer changes
from gauche to trans as an average, it is expected that the
rod length becomes 0.25 nm longer than that in the glassy
state because one CH2 repeating unit has a length of 0.25
nm. This increase of the rod length leads to the decrease
of the critical concentration to a value of 3.7 seg-
ments/nm . In this case, the condition v) v* is achieved
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and the isotropic state becomes unstable. Then the phase
transition from the isotropic to the orientationally or-
dered state occurs following the kinetics of spinodal
decomposition. After such parallelization of the polymer
chains in a given region, longitudinal adjustment occurs
resulting in the more e%cient packing of the parallel
oriented chains to form a crystal nucleus.

Additional support for spinodal decomposition due
lo orientational fi'uctuations: Brochard-Wyart and de
Gennes [15] indicated that even molten polymers show a
spinodal decomposition when the chain orientation is

temporarily given by a rapid stretching.
To summarize we have demonstrated by means of the

depolarized light scattering technique that the kinetics
during the induction period of PET is determined by the
orientation fluctuations. The exponential growth of the
orientation fluctuations in the induction period can be un-

derstood in terms of spinodal decomposition obeying
Doi's theory.
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