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Ordering process in the induction period of crystallization of poly(ethylene terephthalate)
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Based on experimental findings, a mechanism of structural formation during the induction period of polymer
crystallization is proposed. Recently we have found that, during the induction period of crystallization of
poly(ethylene terephthalate) before crystal nuclei are produced, a correlation peak appears in small-angle x-ray
scattering, and grows in intensity and position with time while the crystallization temperature is kept constant.
The position of this peak is of course different from that of the intercrystallite correlation peak, the so-called
long-period peak, in the crystallization stage; the former peak position is considerably lower than the latter.

Surprisingly the time evolution of the former peak obeys the spinodal decomposition kinetics. In this study the

cause for such a phenomenon is investigated from the viewpoint of the orientation fluctuations of rigid
molecular segments using depolarized light scattering as well as small-angle neutron scattering (SANS). The
depolarized light-scattering measurements indicate that during the induction period the parallel ordering of the

rigid molecular segments occurs and this ordering process agrees with the spinodal decomposition kinetics in
the isotropic-nematic transition theory proposed for stiff polymers by Doi et al. Further, the critical concen-
tration of rigid segments at which the isotropic state becomes unstable is discussed using the molecular
stiffness or the persistence length estimated from the molecular conformations observed by an isotope-labeling
method for SANS.

I. INTRODUCTION

In crystallization it is an unquestionably important prob-
lem how crystal nuclei are formed. Kinetic and thermody-
namic studies on crystal nucleation' have been made exten-
sively based on the concept that crystallization is one of the
first-order phase transitions which can be initiated by local-
ized fIuctuations of some order parameter such as density.
When these fluctuations are larger than some critical size,
nucleation starts. In recent years, however, the induction pe-
riod of crystal nucleation, which is defined as a characteristic
waiting time until nucleation starts, has been noted in the
field of metallic, inorganic, and colloidal systems. For
example, Sutton et al. performed in situ studies of the iso-
thermal crystallization of an amorphous alloy of NiZr2 using
a time-resolved wide-angle x-ray diffraction (WAXD) and
found that the crystallization proceeds via a transient struc-
tural precursor. In the case of the martensitic transition, Abe
et al. studied the martensitic transition in In-Tl alloys using
WAXD and wide-angle neutron-diffraction (WAND) tech-
niques and found that during the induction period of this
martensitic transition a dynamic embryo, having a structure
somewhat distorted from the low-temperature phase, appears
and after the dynamic embryo grows to a critical size, it
becomes a static nucleus having the same structure as the
low-temperature phase. These results suggest that a pretran-
sition structure appears in the induction period of first-order
phase transitions, but the kinetics in the induction period has

not been clarified as yet, neither experimentally nor theoreti-
cally.

In the case of crystallization of polymers consisting of
linear chain molecules, the induction period is the stage
when randomly entangled polymer chains transform to the
regular aligned lattice. Because of topological obstruction of
such entanglements, the polymer crystallization is extremely
slow. This makes it easy to observe the structural change
during the induction period.

Recently, we ' investigated the structural formation in
the induction period of the crystallization of poly(ethylene
terephthalate) (PET) using WAXD and small-angle x-ray-
scattering (SAXS) techniques. Here we show the feature of
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FIG. 1. Crystallization isotherm of the PET sample annealed at
80 C.
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FIG. 2. SAXS profiles of the PET sample annealed at 80 C
from the glassy state as a function of reduced annealing time. The
difference intensity means the observed intensity after subtraction
of that for the melt-quenched sample.

the induction period observed in this system. Figure 1 shows
the crystallization isotherm P(t) for the annealing process of
PET at 80 'C. During the initial annealing time of about 100
min, P(t) does not change from the initial value, indicating
the induction period. After that, @(t) increases rapidly with
annealing time, which indicates the initiation of crystalliza-
tion. The time evolution of SAXS profiles in difference in-
tensity during this annealing process is reproduced in Fig. 2
where reduced annealing time 7., defined by

into two stages, the early and late stages. In the early stage,
the scattering maximum position did not move with anneal-
ing time and the scattering behavior could be described by
Cahn's linearlized theory for spinodal decomposition. " In
the late stage, the scattering maximum position shifted to-
ward smaller Q with increasing maximum intensity and the
scattering behavior could be described in terms of Furuka-
wa s scaling theory. ' Surprisingly, this growing process of
the density fluctuations is thus very similar to that of spin-
odal decomposition in phase separation. Then the next step is
to understand what the nature of the induction period of crys-
tallization is.

Concerning the polymer crystallization problem, Flory'
studied the statistical thermodynamics of semifiexible chain
molecules in the crystallization using a lattice dynamics and
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 adjustment occurs, result-
ing in the more efficient packing of the chains in the parallel
state to increase intermolecular interactions. We have consid-
ered that the first nematic transition process probably corre-
sponds to the structural formation in the induction period.
Recently, the dynamics of the isotropic to nematic transition
was investigated theoretically by Doi and co-workers. '

Doi and co-workers have shown that the behavior of spin-
odal decomposition occurs in the formation process of the
liquid crystalline phase of stiff polymers (see Sec. II). These
works are instructive when we interpret the time evolution of
the SAXS profiles observed in the induction period of crys-
tallization. In a preceding letter, ' we reported that the orien-
tation fluctuations play a very i ~]portant role in the ordering
process in the induction period. The purpose of this study is
to investigate the ordering process in the induction period of
crystallization from the viewpoints of orientation fluctuations
and chain conformation. For this purpose we have performed
time-resolved measurements of depolarized light scattering
and small-angle neutron scattering (SANS) for the annealing
process of PET.

tp

was introduced, t and tp being the annealing time and induc-
tion period, respectively. The difference intensity was ob-
tained by subtracting the intensity of the melt-quenched
amorphous sample from those of annealed samples. It is
noted that during the induction period the scattering intensity
profile shows a maximum, and as the annealing time in-
creases, the maximum position shifts toward smaller Q while
the maximum intensity increases. After the induction period,
another scattering peak appears near Q=0.6 nm ' and in-
creases in intensity with annealing time. The latter is a well-
known, so-called long-period peak due to the formation of
lamellar crystals.

These results indicate that the density fluctuations, having
a characteristic wavelength, occur before formation of criti-
cal crystal nuclei because it was confirmed from the WAXD
measurements that no short-range ordering is observed in
the induction period. According to a detailed study, ' the
ordering process in the induction period could be divided

II. THEORETICAL BACKGROUND

Doi and co-workers' ' have investigated the dynamics
of the formation of the liquid crystalline phase of stiff poly-
mers using a kinetics of two order parameters of concentra-
tion and orientation and have shown the following kinetic
equation:

0 8 8 8—= —[Dluu+ D~ (I—uu)] —+f W+ D„.SP[Mf-
Bt Br Br Br

+fM~ W]. -

Here f(r, u, t) is the distribution function or the probability
of finding a polymer parallel to the unit vector u at time t and
a position r, I is the unit tensor, W denotes the excluded
volume type of potential between rods, DI and D~ are the
translational diffusion constants parallel and perpendicular to
the rod axis, respectively, D, is the rotational diffusion con-
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stant, and M is the rotational operator defined by
uX(8/Bu). The orientation fluctuations S~ p in the a-P
plane can be defined by

f
S()~/i= du f()(u, t)(u up —

—,'8 p),

where f&(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„=O,and orientation fluctuations proceed
by three kinds of modes, so-called twist, bend, and splay. Of
these modes the splay mode is coupled with density Auctua-

tions, which provides an explanation for the fact that the
orientation ordering process involves density fluctuations,
which have been observed by SAXS. As the kinetic equa-
tions for these modes assume a similar form, only the equa-
tion for the bend mode is, for example, given:

~Sg bq~g Dl (

2 121—
Bt 7L

with

v ~ 25v
K + gK Sg bendv ( 9v

(4)

K= QL/2

16

mdL
(5)

L and d being the length and diameter of the rod, respec-
tively. Equation (4) corresponds to the differential equation
describing the spinodal decomposition given by Cahn. "
Thus, when v) v*, the isotropic system becomes unstable
and the fluctuation amplitude with a characteristic length
grows exponentially with time. It is therefore expected that
the exponential growth of the orientation fluctuations due to
the parallel ordering of polymer segments can be observed
experimentally. Such a result is the same as in cases of the
other two modes. Then we can observe the behavior of spin-
odal decomposition when the system satisfies the v~ v* con-
dition. In order to investigate the ordering process in the
induction period on the basis of this nematic transition
theory, it is necessary to confirm the orientational ordering
occurring in the induction period and examine it in terms of
the critical condition given by Eq. (5).

III. ANALYTICAL METHODS

Here v is the concentration of rodlike segments and v* is the
critical concentration at which the isotropic liquid becomes
unstable:

where Q is the magnitude of the scattering vector, cu is the
angular frequency of incident radiation, c is the velocity of
light, (8 ) is the mean-square anisotropy, and g(r) is the
function of orientation defined as g(r) =(3(cosg;,.)„—1)/2,
where P; is the angle between the optical axes of the ith
and jth elements. The total integrated intensity or the invari-
ant for contribution due to the orientation fluctuations I„;,„,
can be expressed by

I,„,„,= Ri(Q)Q dQ=
0

When we consider this orientation ordering process, the
criterion of Doi and co-workers plays an important role. In
order to examine the critical condition, it is necessary to
estimate the length of the rodlike segment or the stiffness of
the chain. As the stiffness of the chain, we employed the
so-called persistence length, which can be obtained from the
single-chain scattering function. In general, a polymer chain
in the amorphous state can be represented by the Kratky-
Porod or wormlike chain model which describes a continu-
ous transition from a Gaussian coil to an infinitely thin rod
with increasing Q. ' ' Three different analytical models
have been proposed to describe the scattering function for
the unperturbed Kratky-Porod chain. Yoshizaki and
Yamakawa ' have developed the scattering function de-
scribing the low-Q range corresponding to the Gaussian coil
region, which is inapplicable to the determination of the per-
sistence length. Des Cloizeaux ' has given the exact scat-
tering function in a series expansion for the infinitely long
chain, which is valid only in the high-Q range, correspond-
ing to the rod part for the real finite chain. In principle, the
limiting form of this function for Q —+~ seems to be suffi-
cient for the estimation of the persistence length. Practically,
however, the fit with the limited observed data involved a
considerable uncertainty owing to the usual experimental er-
ror. In the present study, where the slight change of the per-
sistence length is required to be detected, this function could
not be used. On the other hand, Sharp and Bloomfield have
obtained the scattering function for the unperturbed worm-
like chain as as special case for the wormlike chain with
perturbation (excluded volume) effects, in a simple analytical
form for a wide Q range containing both the coil and rod
regions. It is confirmed that this function agrees well with the
des Cloizeaux's function for Q~~. ' We therefore em-
ployed the function of Sharp and Bloomfield, which could be
well fitted with the whole observed data as will be shown
later, providing considerably reliable persistence length.

The scattering function developed by Sharp and
Bloomfield ' is expressed as

The orientation fluctuations can be detected using the de-
polarized light-scattering technique. For the analysis of the
scattering from solids in which orientation fluctuations are
randomly correlated, a statistical approach, developed by
Stein and co-workers, ' ' was employed. The Rayleigh fac-
tor Ri (Q) for depolarized light scattering for such a system
can be expressed by

I„(Q)=

with

2(e "+x—1) 8 14 l22 14 l
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where M is the molar mass of the polymer, I„(Q)is the
single-particle scattering function, normalized in such a way
that I„(0)=1, and ML =Mo/po (Mo is the molar mass of
the monomer unit, and po is the pitch of the monomer unit in
the extended chain conformation). We estimated the persis-
tence length a by fitting Eq. (8) to the single-chain scattering
data obtained from small-angle neutron-scattering measure-
ments and examined the criterion of Doi and co-workers
given by Eq. (5).

IV. EXPERIMENT

A. Samples

For the depolarized light-scattering measurements, we
used PET pellets presented from Toyobo Co. Ltd. This PET
sample has a number-average molecular weight M„of
25 000 and a polydispersity M /M„=2.5. The glass transi-
tion temperature Tg and the melting temperature T of this
sample were 75 and 250 'C, respectively. This PET sample
contains only 30 ppm phosphor and 30 ppm germanium as
additives in order to reduce the excess scattering from impu-
rities.

For the SANS measurements, both deuterated and
hydrogenated PET's (D-PET and H-PET) were synthesized
by transesterification of dimethylterephthalate and ethylene
glycol followed by polycondensation. As deuterated di-
methyl terephthalate was not commercially available, it
was synthesized from deuterated terephthalic acid and
methanol. The obtained deuterated dimethyl terephthalate
was then purified by recrystallizing twice from the methanol
solution. For the transesterification, we used 0.03 mol % zinc
acetate and 0.04 mol /o Sb203 as catalysts. The molecular
weights of both the deuterated and nondeuterated PET were
determined to be M„=17 000 and 21 500, respectively, by
viscosity measurements in a phenol and tetrachloroethane
mixture. Both samples also had nearly the same Tg and T
of 75 and 250 C, respectively.

B. Depolarized light scattering measurements

The PET sample was melted at 290 C for 2 min and
immediately thereafter quenched in ice water. The density of
the melt-quenched sample was 1.333 g/cm, which agrees
with the value reported for the amorphous PET, and no
crystalline diffraction peaks were observed in the wide-angle
x-ray scattering profiles for this sample. The isothermal an-

nealing of the amorphous samples was performed at 80 C
within 0.1 'C on a hot stage for optical microscopes (Linkam
600 T). The annealing process was followed by the time-
resolved depolarized light-scattering measurements. We paid
special attention to the purity of the sample and the optical
parts to reduce the background scattering. We used a plane-
polarized He-Ne laser beam (k=633 nm). The beam was
passed through a two-aperture system to eliminate parasitic
scattering. The sample on the hot stage was irradiated by the
beam, and the scattered light intensity was recorded by a
38-photodiode-array system having a wide detector area. The
scattering measurements were carried out under Hv (depo-
larized) optical geometry. In order to detect the weak inten-
sity change, exposure time was taken to be 2 s and the mea-
surements were performed several times to check the
reproducibility.

C. SANS measurements

In order to obtain the single-chain scattering function, we
used diluted mixtures of 95 wt. % D-PET and 5 wt. %
H-PET. This is because we need to obtain the single-chain
scattering function up to a fairly high-Q range (Qa-4) in
order to estimate the persistence length, ' and this low
amount of H-PET reduces the incoherent scattering from H
nuclei which interferes with the evaluation of single-chain
scattering function especially in the rather high-Q region.
D-PET and H-PET were blended by dissolving in a common
solvent of hexafIuoro-2-propanol and then reprecipitating in
methanol. The precipitate was dried in a vacuum oven and
melt pressed under nitrogen atmosphere for 2 min at 285
'C. This melt condition was determined from the optimum
condition to eliminate the so-called memory effect of poly-
mer crystallization and to prevent the transesterification be-
tween D-PET and H-PET. Immediately after the melt press,
the sample was quenched in ice water to prevent crystalliza-
tion. The density of the melt-quenched blend sample was
observed to be 1.388 g/cm, and no crystalline peaks were
observed in the WAXD profiles for this sample. The sample
may have changed to a H-D block copolymer as a result of
the transesterification during the melt-press process, but this
problem will be discussed later in Sec. VII. The amorphous
melt-quenched blend sample was annealed for various given
times at 88 C in an oil bath and then quenched into ice-cold
water to fix their states. At this annealing temperature we can
neglect the transesterification reaction between hydrogenated
and deuterated PET. Amorphous samples of pure D-PET
and pure H-PET were also prepared for estimation of inho-
mogeneities of the pure PET structure itself and incoherent
scattering. The sample thicknesses of D- and H-PET were
adjusted so that they would correspond to the blend ratio.
These samples were also annealed and quenched under the
same conditions as the blend sample. SANS measurements
were performed at room temperature for the quenched
samples. This annealing process was also followed by the
density measurement to obtain the crystallization isotherm.

The SANS measurements were performed using a SANS
instrument of the Institute for Solid State Physics of the Uni-
versity of Tokyo (SANS-U) at the JRR-3M reactor of the
Japan Atomic Energy Research Institute (Tokai). In the
SANS-U instrument, a two-dimensional position-sensitive
detector with 650' 650 mm area, having 5 X 5 mm reso-
lution, was positioned at two sample-to-detector distances of
1 and 4 m. As all the measurements were performed at the
wavelength X of 0.7 nm with resolution AP /X = 0.1, the cov-
ering Q range was 0.08 —3.5 nm

D. SANS data reduction

The obtained two-dimensional scattering patterns from
the blend specimens were circularly averaged to obtain the
one-dimensional scattering function I(Q) because the scat-
tering patterns showed cylindrical symmetry. The scattering
data were then corrected for instrumental background, detec-
tor efficiency, transmission, and specimen thickness. The
scattering intensities from H-PET and D-PET were used for
estimation of incoherent scattering intensity from H and D
nuclei and structural scattering arisen from inhomogeneities
of bulk PET. After these corrections, the scattering functions
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FIG. 3. Depolarized light scattering profiles of the PET sample
annealed at 80'C from the glassy state as a function of reduced
annealing time.

FIG. 4. Annealing time dependence of the invariant for orienta-
tion fluctuation I„,,„,obtained from the time-resolved DLS mea-
surement at 80 'C.

d&(Q) = cH(1 —cH)n KI„(Q),
- label

(10)

where cH is the concentration of hydrogenated segments,
n is the degree of polymerization, and K is the contrast
factor given by

pNL
(m~bo —bH~),

0

with p =density, NL=Avogadro number, M0 =monomer mo-
lecular weight, bo, b H=scattering lengths of deuterium or
hydrogen, and m =number of exchanged hydrogen nuclei per
monomer. In Eq. (10) n means the degree of polymerization
of the block and I„(Q)is the single-chain scattering function
for a hydrogenated block:

1
I„(Q)= —

2 g exp[iQ(R; —R,.)]
nw ij (12)

Here we neglect the cross term characterizing the interfer-
ence between the D and H parts of the same molecule as a
consequence of transesterification for an intermediate-Q
range. ' ' The obtained I,(Q) were analyzed on the basis of
the scattering function for the wormlike chain proposed by
Sharp and Bloomfield. '

V. ORIENTATION FLUCTUATIONS IN THE INDUCTION
PERIOD OF CRYSTALLIZATION

As described in the Introduction, orientation fIuctuations
may play a very important role in the structure formation
during the induction period. In this section, we confirm the
role of the orientation fluctuations occurring in the induction
period of crysallization by means of a depolarized light-
scattering technique.

were converted to absolute differential scattering cross sec-
tions dX(Q)/dA by comparison with the scattering intensity
of the standard sample Lupolen which is calibrated against
standard vanadium. Then we can get the differential scat-
tering cross section for hydrogenated block. For a mixture of
H- and D-PET without any specific interaction, the differen-
tial scattering cross section per unit volume is given by

Figure 3 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 80 C as
a function of Q from which the depolarized intensity of the
unannealed sample was subtracted. This annealing condition
was the same as that of the SAXS measurements described in
the Introduction. During the induction period, the scattering
profiles are almost independent of Q and the scattering in-
tensity increases with annealing time. Figure 4 shows the
time dependence of the invariant I„;,„,for orientation fluc-
tuations in a semilogarithmic scale, which was calculated by
Eq. (7). Here I„;,„,is normalized as I„;,„,(~= 1)= 1. The
invariants appear to increase almost exponentially with an-
nealing time until ~=0.5, but between 0.5 and 1.0, it levels
off somewhat. After the induction period, the rate is suddenly
accelerated and the invariant increases exponentially again,
which is due to the formation of spherulite texture. The ex-
ponential increase of I„;,„,agrees with the prediction of the
theory of Doi and co-workers, suggesting that the parallel
ordering actually occurs during the induction period. The
two-step ordering process is also consistent with the SAXS
results, indicating early and late stages in the induction pe-
I iod.

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 by the
flexible parts. The problem is whether or not such rod seg-
ments really satisfy the criterion of Doi and co-workers. In
order to examine the criterion, we estimated the value of the
length L and the diameter d of the rod in the amorphous state
as follows. As an approximate value of I, we adopted the
persistence length in the wormlike chain model. Gonzalez
et al. reported that the persistence length of a PET mol-
ecule in the 0 state is 1.2 nm. This value almost 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. Using
these values for the calculation, we get a critical concentra-
tion v* of 5.4 segments/nm . The concentration p of PET
segments at a given temperature can be calculated from the
density at that temperature and the mass of the segment.



52 ORDERING PROCESS IN THE INDUCTION PERIOD OF ~ . . 12 701

0.10 1.0

0.08 ——

0.06 ——

c5

0.04 ——

U

0.02 ——

0.00 "
0. 1 10 100 1000

Annealing Time (min)

0.1

0.0
0.1

0.00
0.03
0.17
0.68
1.03
2.05

g (nm')
1.0

~ 4
&a

Sx
0 ~ dx

j(db kxhd

X)(
~ ~ ~ +,r 0'kiS—-=

FIG. 5. Annealing time dependence of crystallinity (crystalliza-
tion isotherm) for the D-PET sample used for SANS measurement
at 88 'C. The crystallinity was obtained by density measurements.

FIG. 6. SANS profiles of the D-PET sample annealed at 88 'C
from the glassy state as a function of reduced annealing time.

Since the density of the glassy PET is 1.333 g/cm and the
mass of a monomer is 192 g/mol, the concentration of the
segment 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. However, we consider the follow-
ing scenario for the structure formation in the induction pe-
riod of crystallization. When PET is annealed above the glass
transition temperature, the internal rotation of ethylene
groups begins to be allowed due to the release from the fro-
zen 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 the trans conformation is about 3.35 kJ/mol
more stable than the gauche one. " This conformational
change increases the length of the rod segments. When the
conformation 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 the two CH2's 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
segments/nm . In this case, the condition v~ v* is achieved
and the isotropic state becomes unstable. Then the phase
transition from the isotropic to the orientationally ordered
state occurs following the kinetics of spinodal decomposi-
tion. Therefore, the key point of this scenario is to confirm
the increase of the chain stiffness parameter such as the per-
sistence length in the induction period of crystallization.

VI. DENSITY FLUCTUATIONS IN THE INDUCTION
PERIOD OF CRYSTALLIZATION EXAMINED BY SANS

X,=(P P, )/(P, P, )—, —(13)

In order to examine the change of the chain stiffness, we
employed the time-resolved SANS measurements for the an-
nealing process of the D- and H-PET mixture. Before going
on to the study of the chain stiffness, we follow the behavior
of density fluctuations in the induction period of crystalliza-
tion of D-PET at 88 'C. Figure 5 shows the crystallization
isotherm for D-PET obtained by the density measurement.
The volume fraction of crystallinity of the sample was ob-
tained by the relation
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FIG. 7. SANS profiles of the D-PET sample annealed at 88 C
from the glassy state as a function of reduced annealing time. The
difference intensity means the observed intensity after subtraction
of that for the melt-quenched sample.

where p, p, , and p, represent the densities of the sample,
the crystalline part (1.516 g/cm ), and the amorphous part
(1.389 g/cm ), respectively. Here we estimated the density
of the crystalline part for D-PET from the value of H-PET.
From this isotherm, the induction period of this annealing
process is obtained as about 300 min.

The growth process of the density fluctuations in the in-
duction period of this annealing process was followed by
time-resolved SANS measurement of the fully deuterated
PET sample. Figure 6 shows the time evolution of SANS
profiles for deuterated PET at 88 'C in a double-logarithmic
expression. Despite the induction period of crystallization
where the macroscopic density does not change from the
amorphous one, the scattering intensity at around Q=0.5
nm increases with annealing time. After the induction pe-
riod of crystallization, the scattering intensity increases rap-
idly and makes a scattering peak due to the so-called long-
period structure, which corresponds to v=1.03 and 2.05. In
order to show the structural change in the induction period,
we subtracted the intensity of the melt-quenched sample
from those of the annealed samples. Figure 7 shows the dif-
ference scattering profiles for the samples during the anneal-
ing process. This figure shows that a scattering maximum
appears at around Q = 0.5 nm ' for r= 0.03. As the anneal-
ing time increases, the maximum position seems to shift to-
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FIG. 8. Guinier plot of the melt-quenched H/D-PET blend

sample.

ward smaller Q simultaneously with increasing the maxi-
mum intensity. After the induction period, the scattering
intensity in the vicinity of Q=0.7 nm ' begins to increase
due to the appearance of the long-period structure. This time
evolution of the scattering profiles in the induction period is
very similar to the behavior of SAXS profiles as shown in

Fig. 2. These results have reconfirmed the growth process of
the density fluctuations in the induction period.

VII. CHANGE OF CHAIN STIFFNESS IN THE INDUCTION
PERIOD OF CRYSTALLIZATION REVEALED BY

SANS

Based on the isotropic to nematic transition theory pro-
posed by Doi and co-workers, we have investigated the
single-chain conformation in the induction period of crystal-
lization. First, we examine the single-chain conformation of
the melt-quenched sample in terms of the unperturbed chain
model and then investigate the time evolution of the single-
chain conformation in the induction period.

A. Single-chain conformation

Before we determine the single-chain conformation in the
melt-quenched blend sample, we must solve the problem of
transesterification occurring during the melt-quenching pro-
cess. First, we evaluate the extent of transesterification by
determining the average molecular weight M of hydroge-
nated blocks in the blend sample. For small-Q region, the
single-chain scattering function I„(Q)may be approximated
by

t(n(Q) =exp( —
—,
' Q'Rg),

where R is the radius of gyration. Since
I„(0)= 1, M =MonIv can be determined from the extrapo-b

lated value [dX(Q)/dA]t, b, t of Eq. (10) with Eq. (11).Fig-
ure 8 shows the Guinier representation of the
[dP(Q)/dfl]„b„for the melt-quenched blend sample, indi-
cating that Eq. (14) is valid within experimental error. From
the intercept at Q=O, M" =4650 was obtained, suggesting
about 90% reduction of molecular weight from the initial
one. This reduction is due to the transesterification having
occurred when the sample was melted for 2 min at 285 C
during the melt-quenching process. Kugler et al. studied

FIG. 9. Kratky plot of the melt-quenched H/D-PET blend

sample. Drawn curve: best fit to the data using a scattering function
for the wormlike chain proposed by Sharp and Bloomfield (Ref.
24).

1+U
gW gQ (15)

where U is the polydispersity M /M„—1=1. Using Eq.
(15), we obtained a value of 0.034 nm for the ratio of R to
M ~ . Flory calculated the dimension of the unperturbed PET
chain using a statistical model and obtained the ratio of 0.039
nm. Our ratio was only slightly lower than the value pre-
dicted by Flory and agreed well with the value obtained ex-
perimentally by Gilmer et al. of 0.032 nm. It is therefore
concluded that the chain conformation of H blocks is unper-
turbed. The value of the ratio of Rg to M~ did not change
during the induction period. Thus the important idea in this
study is obtained that at least during the induction period of
crystallization, the polymer chain remains to assume the un-

perturbed conformation and the local conformation or persis-

the transesterification in PET using SANS and reported the
transesterification rate as a function of annealing temperature
and annealing time. According to their results, it is expected
that there will be about 95% reduction of the molecular
weight when PET is melted at 280 'C for 2 min, which is
almost consistent with our result. From the slope of the curve
in Fig. 8, the z-average radius of gyration of the hydroge-
nated block, R", , was also evaluated to be 2.82 nm. The next
problem is whether or not the chain conformation of the
transesterificated blocks is the same as that of the original
pure H-PET. The fundamental idea for such judgment is as
follows. If the hydrogenated block conformation is unper-
turbed or Gaussian, then we may conclude it is the same as
that of the original H-PET because it is established that the
chain conformation in the amorphous bulk is
unperturbed.

The chain conformation in the H block can be estimated
by determining the ratio of the weight-averaged radius of
gyration Rg to M~, which is a measure of the unperturbed
chain. The R, obtained from Guinier analysis for the melt-
quenched sample was 2.82 nm as described before. If we
assume a Schultz-Flory distribution with a polydispersity
M /M„=2, which is reasonable for polycondensation poly-
mers, it is possible to convert the z-average radius of gyra-
tion to a weight average value, R, by
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FIG. 10. Annealing time dependence of single-chain scattering
function in a Kratky-plot expression.

tence length of the block chains is equal to that of the origi-
nal pure PET. Based on this conclusion, we estimate the
persistence length below.

A Kratky plot representation of the single-chain scattering
function I„(Q)for the blocked melt-quenched sample is
shown in Fig. 9. Here we corrected for the inhuence of the
cross section of the chain using the scattering function for an
infinitely long rod molecule given by

where r0 is the radius of a rod. We fit the observed scattering
profiles with the theoretical scattering function in the range
of a '(Q(ro ' and obtained the value of 0.28 nm for ro,
which is close to the van der Waals width of a benzene ring,
0.33 nm. The corrected single-chain scattering function in
Kratky representation shows a plateau, indicating a Gaussian
chain and a linear increase in the higher-Q range, indicating
the rodlike nature of the chain. We fit the obtained scattering
function by the calculated scattering function for the worm-
like chain proposed by Sharp and Bloomfield. Such a fit is
also given in Fig. 9, and the obtained value for the persis-
tence length is 1.22 nm. This persistence length agrees well
with the reported value of about 1.2 nm obtained by hydro-
dynamic data in the 0 condition.

17
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FIG. 11. Annealing time dependence of the persistence length.

B. Time evolution of single-chain conformation

The change of the single-chain scattering function in the
induction period is shown in Fig. 10 in a Kratky-plot expres-

sion. Qualitatively, the intersection of the two asymptotic
scattering behaviors of Gaussian at low-Q range and rodlike
at high-Q range leads to the persistence length. Then the
persistence length seems to increase during the induction pe-
riod of crystallization. However, this method is too simple to
determine the annealing time dependence of the persistence
length exactly; then, we fit the scattering functions by the
wormlike chain model to obtain the persistence length. Fig-
ure 11 shows the annealing time dependence of the resulting
persistence lengths during the induction period of crystalli-
zation. The persistence length appears to increase in the early
stage of the induction period from 1.22 to 1.33 nm. After the
initial increase it levels off, but in the end stage of the induc-
tion period it increases again to about 1.6 nm. This annealing
time dependence of the persistence length agrees well with
the prediction of our parallel ordering model.

VIII. DISCUSSION

In the following we make a somewhat quantitative discus-
sion about the critical concentration v* defined by Eq. (5).
As an approximate value of L, we adopted the persistence
length in the wormlike chain model and for the cross-
sectional diameter of the rod we took the van der Waals
width of a benzene ring of 0.66 nm. In the case of the melt-
quenched amorphous state, we get a critical concentration
v* of 5.2 segments/nm using L= 1.22 nm and the concen-
tration v of 4.2 segments/nm, resulting in v( v~. This re-
sult confirms our discussion in Sec. V. In the case of the early
stage of the induction period, v* becomes 4.3
segments/nm if we employ the observed average value of
persistence length, 1.33 nm, as the rod length L. Such a
decrease of v* from 5.2 segments/nm may be considered to
cause the phase transition to the orientationally ordered
phase, but this v* is still lightly larger than that of v=4.2
segments/nm for the amorphous PET sample. At the present
stage, the reason for this is not clear though some factors in
the theory can be considered. Anyway, the increase of the
persistence length, which may be due to the conformational
change from gauche to trans form, induces the parallelization
of the polymer chains having the spinodal decomposition
kinetics, and then longitudinal adjustment occurs, resulting
in the more efficient packing of the parallel oriented chains
to form a crystal nucleus. A similar spinodal decomposition
due to the orientation fluctuations has been predicted by
Brochard-Wyart and de Gennes when the chain orientation
is temporarily given by a rapid stretching.

IX. CONCLUDING REMARKS

Here we have reported an ordering process during the
induction period of polymer crystallization, where two order
parameters, density and orientation, play an important role.
This suggests that under the conditions where polymers crys-
tallize the amorphous state is not metastable, but unstable,
and the parallel ordering of polymer segments occurs due to
the increase of the polymer chain rigidity. This parallel or-



12 704 M. IMAI, K. KAJI, T. KANAYA, AND Y. SAKAI

dering is a pretransition phenomenon, and after this ordering
proceeds to a certain level, crystallization starts. Although it
is yet unclear whether or not the existence of such pretran-
sition structure is of universal nature, it has also been re-
ported, as described in the Introduction, in the fields of
metallic, inorganic, andcolloidal systems that thecrystal
nucleation proceeds through transient structural precursors.
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