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Origin of SAXS intensity in the low-¢q region during the early stage of polymer crystallization
from both the melt and glassy state
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The isothermal crystallization from the melt and glassy state of poly(trimethylene terephthalate) has been
studied with wide-angle x-ray diffraction, small-angle x-ray scattering (SAXS), and ultrasmall-angle x-ray
scattering (USAXS). Large scattering intensity in the low-¢ region has been observed with SAXS and USAXS
during the early stage of melt and glass crystallizations. We have quantitatively analyzed the x-ray results
using the scattering equations which can simultaneously deal with the hierarchical structures consisting of
the crystallites and their aggregates. The results reveal the crystallization mechanism in which the crystalline
nodules cover the entire sample with the aggregation regions. The conclusion quantitatively shows that the large
SAXS intensity is not due to the density fluctuations of the liquid state but due to the correlations among the

heterogeneous aggregation regions of the nodules.
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I. INTRODUCTION

Most materials crystallize when quenched from the melting
temperature or annealed above the glass transition tempera-
ture. Despite the importance of crystallization in many fields,
a complete understanding of the crystallization process is
one of the most difficult problems remaining in condensed
matter physics. Traditionally, the classical nucleation theory
has explained the crystal nucleation and growth mechanism;
however, recently the existence of density fluctuations with
the formation of precursor domains during the initial stage of
crystallization has been discussed using experimental [1-6],
simulation [7,8], and theoretical studies [9,10].

There is a long-standing controversy regarding the exis-
tence of density fluctuations during the early stage of poly-
mer crystallization [11-27]. Some groups have reported that
the fluctuations obtained with small-angle x-ray scattering
(SAXS) undergo a spinodal liquid-liquid phase separation due
to orientational fluctuations of stiff segments [13—15]. The ex-
perimental results have been supported by theoretical [19] and
simulation studies [24]. On the other hand, Muthukumar and
coworkers have reported that the fluctuations originate from
precursors obtained in simulations [20-23] and theoretical
studies [22]. The experimental evidence of the precursors has
been reported [11,16,25-27]. The origin of the fluctuations
has, however, not been understood sufficiently since the inten-
sity of the fluctuations in the experimental results is very weak
[28]. Understanding the density fluctuations will become key
in solving polymer crystallization.

Recently, Chuang and coworkers [29,30] have reported
that a large SAXS intensity in the low-g region during
the induction period of crystallization for poly(trimethylene
terephthalate) (PTT) from the glassy state and that the SAXS
intensity comes from the formation of the mesomorphic do-
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mains. The purpose of this paper is to elucidate the origin
of these SAXS intensities during the early stage of polymer
crystallization. In order to achieve this purpose, we have
investigated the crystallization processes from the melt state
and the glassy state using x-ray techniques. We have analyzed
the experimental results using scattering equations which can
simultaneously deal with the hierarchical structures consisting
of the crystallites and their aggregates.

II. EXPERIMENT

The polymer sample used in this study was PTT. The melt-
ing and the glass transition temperatures were determined as
233 and 45 °C, respectively, by differential scanning calorime-
try. The PTT films were isothermally crystallized at crystal-
lization temperatures 7T, between 50 and 70 °C, from the melt
state and the glassy state. The glass sample was prepared by
melting at 280 °C for 1 min and quenching the molten PTT
film of about 150 pm thickness into ice water at 0 °C.

The isothermal crystallization processes were investigated
by simultaneous small-angle x-ray scattering and wide-angle
x-ray diffraction (SAXS/WAXD) and ultrasmall-angle x-ray
scattering (USAXS). The camera lengths for WAXD, SAXS,
and USAXS were 100, 1500, and 4000 mm, respectively. The
wavelengths A for WAXD/SAXS and USAXS were 0.9 and
1.2 A, respectively. The measurements were performed using
the beam line BL-40B2 at SPring-8, Nishiharima, Japan.
USAXS, SAXS, and WAXD cover the ranges of scattering
vector g = 4 sin 6 /A from 0.002 to 0.03, 0.02 to 0.2, and 0.5
to 3.0 A~!, respectively, where 20 is the scattering angle. The
temperature of the samples was controlled using a Linkam
LK300 and THMS600.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the WAXD profiles as a function of
crystallization time 7. for PTT isothermally crystallized at
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FIG. 1. (a) WAXD profiles and (c) crystallinity ¢¥ as a function
of t. for PTT crystallized at 60°C from the melt. (b) The WAXD
profile of PTT crystallized at 60 °C for 1000 sec from the melt state.
The gray circles in (b) show the experimentally observed intensity.
The thick solid black curve is the sum of the crystalline components
(thin solid line) and the amorphous component (broken line). ¢¥ in
(c) is calculated from the WAXD profiles in (a).

60 °C from the melt state. The WAXD profiles show the amor-
phous scattering just after quenching to 60 °C. Figure 1(b)
shows the WAXD profile of PTT crystallized for
t. = 1000 sec. The Bragg peaks at g = 0.63, 1.09, 1.15,
1.37, 1.50, 1.62, 1.69, 1.87, and 2.32 A~! can be separated
from the WAXD profile by using a Lorentzian function and
indicate the triclinic crystalline structure of PTT [37]. The
observed WAXD intensity can be expressed by the sum of
amorphous and crystalline components: the WAXD result
does not show any mesomorphic component [29] during
crystallization. The crystallinity ¢, from the WAXD result,
#Y, was estimated to be 22% from the ratio in integrated
intensity between the amorphous halo and the Bragg peaks.
Figure 1(c) shows the f.-dependent ¢} of the melt-
crystallized sample.

Figures 2(a) and 2(b) show the z.-dependent SAXS and
USAXS profiles I(q) for PTT isothermally crystallized at
60°C from the melt state until and after 280 sec, respec-
tively. For the USAXS and SAXS measurements, the intensity
1(q,t. = 0) is subtracted from I(q, t.), Iyw(q) = I(q,t.) —
I(q,t. =0). Since Iyp(g) shows different behaviors in the
low- and high-g regions, Iy(g) can be given by Iyw(g) =
I1(q) + Iy(g), where I;(q) and Iy(g) mainly represent
Ian(g) at g < 0.02 A="and g > 0.02 A~', respectively. The
intensity /; (g) decreases with ¢, and increases with ¢, until
280 sec and then decreases after 280 sec. On the other hand,
I1(q) has a peak around ¢ = 0.08 A~!, and monotonically
increases with 7.. The features shown in the SAXS intensity
correspond well with those obtained by Chuang and cowork-
ers [29]. Electron micrographs for PTT crystallized at 55 °C
from the glassy state do not show any spherulites at the
micrometer scale but show a crystalline nodular morphology
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FIG. 2. SAXS and USAXS profiles I,,(¢) as a function of 7. for
PTT crystallized at 60 °C from the melt state (a) until and (b) after
280 sec, (c) the USAXS profile of PTT crystallized for 275 sec, and
(d) the USAXS profiles normalized by ¢, and I(gs) in (a) and
(b). The solid curves in (c) are the fitting curve using a exp(—b>g?)
(chain curve) and cq~* (dotted curve). The broken curve in (d) is
a master curve. The right triangles in (c) and (d) indicate a slope
of —4.

at the nanometer scale separated by an amorphous region [29].
Such nodule structure has been observed for other polymers
[31-36]. The peak of Iy(g) corresponds to quasiperiodic
correlations among the nodules [29,30].

The t.-dependent invariant (Q, defined by Q =
fooo q’1(q)dg, will be discussed here. The invariant for
Lyw(q), Or, is also divided into two components: Q for
I:(g) in the ¢ range from g = 0.002-0.02 A=, Q;, and
Q for Iy(g) from 0.02 to 0.2 A~!, Qp. The dependencies
of invariants Qr, Qr, and Qy on ¢, are shown in Fig. 3(a).
The values of Q7 and Oy monotonically increase with time,
while Q; increases until 280 sec and decreases after 280 sec.
The value of Q; becomes zero when Q7 and Qy reach their
saturations at about 400 sec. The value of Q7 (7. = 280 sec)
is about half of Qr(f. = 400 sec).

The value of Q7 is proportional to ¢.(1 — ¢, ) since there
are only two components, amorphous and crystalline, during
crystallization in the WAXD profiles (Fig. 1). #.-dependent
Q7 is similar to 7.-dependent ¢ in Figs. 1(c) and 3(b) since
¢ <0.5. O [Iy(q)] and Qp [I.(g)] originate from the
correlations among structures on spatial scales of roughly
100 and 1000 A, respectively. The monotonic increase in
Qpy shows an increase in the nodular aggregates with 7.. The
distribution of the aggregates at 1000 A scale is not quasiperi-
odic but random since I;(g) monotonically decreases with
q (Fig. 2). t.-dependent Q; increases from zero, reaches a
maximum, and decreases to zero. This behavior shows that
the nodular aggregates randomly grow in the homogeneous
supercooled liquid and eventually cover the entire sample.
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FIG. 3. t.-dependent (a) Qr, Qy, and Q;, (b) x and ¢, obtained
from SAXS and WAXD results, and (c) 1/¢g, and qf\l(qA). In (b)
the values of x€ and x5 were obtained from Qp (open circles) and
from g3 1(ga) (open squares), respectively. The values of ¢, were
obtained from the Q values (open triangles) and from the WAXD
results (open diamonds) in Fig. 1(c), respectively.

Thus, I; (g) originates from correlations among the randomly
distributed regions of the aggregated nodules, and Iy(q)
originates from correlations among the nodules in the regions.
The results in Fig. 3(a), therefore, show the process that the
crystalline nodules cover the entire PTT sample with the
aggregation regions.

The crystallization mechanism with the hierarchical struc-
tures consisting of the nodules and their aggregates is ex-
pressed using the following equations. We consider the sit-
uation when the crystallization is completed; that is, the N
crystalline nodules cover the entire sample with volume V.
The position of the ith nodule is expressed as r; + R;, where
r; is the center of mass for the ith nodule, and R; is the
position from the center of mass for the ith nodule. Assuming
all the nodules have the same shape, we define the density
distribution function for the nodular shape as p,(R;), which
indicates 1 inside the ith nodule and O outside that. The
density distribution function of the nodules covering the entire
sample, p,(r), is written as p,(r) = py + (Apac) Z,N 8(r —
r;) * p,(r), where * indicates convolution, p, and p. indicate
the densities of the amorphous and crystalline components, re-
spectively, and Ap,. = p. — p,. The one-dimensional p,(r)
is illustrated in Fig. S1(a) of the Supplemental Material [38].
The volume fraction of the packed nodules in the sample is
represented by ¢ = Nv/V where v is the volume of each
nodule.

In order to describe the formation process of the nodule ag-
gregation, we introduce the distribution function of the region
of the aggregated nodules, n(r), which indicates 1 inside the
region and 0 outside that [Fig. S1(b)]. Thus, the position of the
nodules in the aggregation regions during the crystallization
is given by n(r)ps(r), where p,(r) = Z,N 6(r —r;). The
volume fraction of the aggregation regions is represented by
x . The total distribution function py(r) can be described as

Piot(r) = pa + (Apac{n(r)ps(r)} * pp(r) [Fig. SI(c)]. The

volume fraction of the nodules in the system corresponds to
the crystallinity ¢. = x .

The one-dimensional scattering intensity in the
isotropic system, [i(g), can be given by I (q) =
A/ V) prot () pror(r + r')e~"4"dr'dr), where the operator
(- - -) denotes the ensemble and orientational averages:

Lot(@) = (Apac)* {x (1 = X)¥?S,(q)
+ ¥ (1 —¥)x*Su(q)
+x (L= 0% = Y)Syiq) * Su(@YPulq), (1)

where S,(¢), S.(¢), and P,(q) are the ensemble- and
orientational-averaged Fourier transforms of normalized cor-
relation functions of the distribution functions for n(r), p,(r),
and p,(r), respectively.

Assuming the size of the aggregation region is sufficiently
larger than the nodular size, S,,(g) can be regarded as the delta
function for S,(g), and P,(q) can be regarded as unity for
S, (g). Thus Eq. (1) can be rewritten as

Lai(q) = (Bpac) (X (1 = X)W S,(q)
+xv (1 = ¥)Su(q)Pi(q)} @
Equation (2) represents the intensity Ig,(g) obtained from
the SAXS results. The first and second terms on the right-

hand side of Eq. (2) should be regarded as I; (¢) and I (q),
respectively, and give

071 = 272 (Apac) ¢ (1 — B0, A3)
Q1 =27 (Apac)* x (1 — ¥, )
On =22 (Apac)* XU (1 — ¥). S

These equations satisfy Q7 = Qp + Qy. The detailed
derivation of Eqs. (1)—(5) is described in Sec. 1 of the Sup-
plemental Material [38]. The value of x is between 0 and
1 and ¢ is considered to be constant during crystallization.
Thus, Q7 and Q 5y monotonically increase while Q; increases
and then decreases with time. Assuming v is constant, the
values of x, x<, ¥, ¥ 2, and ¢, £ can be calculated from Q
depicted in Fig. 3(a) using Egs. (3)—(5). The calculated result
leads to ¥ ¢ = 0.22 and 7.-dependent x ¢ and ¢£ are shown
in Fig. 3(b). The behavior of x ¢ is similar to those of ¢}
and Qr. The comparison shows that Eq. (2) quantitatively
represents Iy, (g ). The above discussion demonstrates that the
density fluctuations, which give rise to I;(g), do not come
from the fluctuations in the supercooled liquid with orienta-
tional order [13-15,19,29], but do come from the correlations
among the heterogeneous aggregation regions of nodules.
Although the time evolutions of ps(r) and p,(r) have been
ignored in this analysis, the scattering equation can explain
the obtained experimental results well. The time evolutions of
ps(r) and p,(r) have been reported in detail by Chuang and
coworkers [29].

In order to estimate the size and shape of the aggregates,
we analyze t.-dependent /7 (¢) using the characteristic wave
length, g, which is defined as the first moment of I, (g),
qn = [y ql(q)dq/ [;° 1.(q)dq. For the numerical estima-
tion of g, I1.(¢) is extrapolated by a exp(—b*g?) in the low-g
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FIG. 4. (a) I.(g) for PTT crystallized at T, for #, from the
melt state (filled symbols), and the glassy state (open ones), T.-
dependent (b) #, and (c) 1/ga.n, and (d) I.(g) normalized by ga
and IL(qA.hv [}1) in (a)

region and cq~* in the high-g region where a, b, and ¢ are
constants [Fig. 2(c)]. Figure 2(d) shows I; (¢) normalized by
ga and Ig(ga). Normalized I (q) shows that I;(g) can be
scaled.

Figure 3(c) shows f.-dependent 1/g, and qf\ I1(gp)-
1/ga can be regarded as a characteristic length, A, of the
aggregation region. A linearly increases with 7. and be-
comes constant at ¢, > 300 sec. qf\IL(qA) is proportional
to x(1 — x)¥? since the scalable structure factor in the
three-dimensional two-component system is proportional to
qXSF (g/qa) [Eq. (S4)], where F(x) is a time-independent
scaling function [39—42]. The detailed derivation of these rela-
tions is described in Sec. 2 of the Supplemental Material [38].
The value of x (1 — x)¥2 has a maximum at z, = 275 sec. The
t.-dependent x and x5 can be obtained in Fig. 3(b) because
of constant ¥ and it also corresponds to x ¢. t.-dependent
#2 obtained from the SAXS results quantitatively agrees with
t.-dependent ¢ from the WAXD results. The kinetics of the
nodular aggregates is different from the spinodal-like kinetics
[15,19].

To further investigate the nature of the nodular aggrega-
tions, x-ray measurements of melt- and glass-crystallized PTT
for different 7, have been performed. The increase and then
decrease in Iy (q) with time can be observed for both melt
and glass crystallization. The time #;, at which I (g) becomes
maximum yields x = 0.5. Figure 4(a) shows I, (g) for PTT
crystallized at T, for t;, from the melt state and the glassy state.
T.-dependent #;, is shown in Fig. 4(b). The increase in t, with
decreasing 7. in Fig. 4(c) is due to the increase in structural
relaxation time close to the glass transition temperature. g
estimated from I, (g, t, = t) in Fig. 4(a) is denoted as g s,
and 1/qa 5 as Aj. T.-dependent 1/g4 ;, are shown in Fig. 4(c).
Figure 4(c) shows that A, increases with increasing 7.
Figure 4(d) shows I (g, t;) normalized by g , and I1,(ga n)-
Normalized I;.(q, t,) shows that all I;(q, t;) can be scaled
considering the deviation in the high-g regions by Iy (q).

The above results show that #, and A;, depend only on 7,
regardless of the initial melt or glassy state.

The experimental results reveal the following: (1) The scat-
tering intensity in the low-g region I, (g) has been observed
during the early stage of the melt and glass crystallization. (2)
I (g) originates from the correlations among the aggregation
regions of the crystalline nodules. (3) The ¢, dependence of ¢,
obtained from the SAXS result quantitatively agrees with that
from the WAXD result. (4) The nodular aggregation regions
spread with linearly increasing A during the early stage
and eventually cover the entire sample. (5) I;(g) observed
for all conditions can be scaled. Panine and coworkers [25]
have reported the simultaneous observation of the SAXS and
WAXD signals and the time evolution of each signal during
the early stage of crystallization of isotactic polypropylene
(iPP). As mentioned above, this paper reveals the crystal-
lization process with the nodular aggregation, especially the
quantitative agreement between the SAXS and WAXD results
and the nature of the aggregation regions. Meanwhile, the
origin of the aggregation mechanism of nodules remains
unclear.

The results in the present study show that the nodules
might easily form around the already formed nodular ag-
gregates. Muthukumar’s model explains the early stage of
nucleation by precursor “baby nuclei” followed by a co-
operative coarsening of these multiple nuclei on the basis
of the entropic effect of the polymer chain between baby
nuclei. Miyoshi and coworkers [27] have reported using NMR
techniques that there are chain foldings even in the nodules of
iPP and that the NMR results are direct evidence of the coop-
erative coarsening of the nodules. Although direct evidence
of the precursors is absent from our experimental results,
we suggest that the possible origin of the nodular aggregates
is the formation of precursors before crystallization. More
specifically, the precursor regions, where crystallization easily
occurs, form first followed by a number of crystalline nodules
forming in each precursor region. The nodular aggregates
might come from the entropic effect of the precursor. This
crystallization process, with formation of precursors, has
been reported in other systems [1-10]. The origin of the
nodular aggregates should be investigated carefully in the
future.

IV. SUMMARY

In summary, the crystallization of PTT from the melt
and glassy state has been investigated with x-ray techniques.
The SAXS intensity in the low-¢g region has been observed
during the early stage of not only the glass crystallization but
also the melt crystallization. The SAXS intensity observed
in the present study is not due to the density fluctuations of
the liquid state but due to the heterogeneous aggregations
of nodules. The regions of the aggregated nodules linearly
increase with time and eventually cover the entire sample.
The proposed crystallization mechanism can quantitatively
explain the experimental results using the scattering equa-
tions which can simultaneously deal with the hierarchical
structures. The origin of nodular aggregation still remains
an open question and could be key in solving polymer
crystallization.
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