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Application of the simultaneous measurement system
of WAXD, SAXS and transmission FTIR spectra to the
study of structural changes in the cold- and melt-
crystallization processes of trans-1,4-polyisoprene

Paramita Jaya Ratri and Kohji Tashiro

The newly developed system of simultaneous time-dependent measurements of wide-angle X-ray diffraction, small-angle X-ray

scattering and transmission-type Fourier-transform infrared spectra has been applied to study the structural changes in the

melt- and cold-crystallization processes of trans-1,4-polyisoprene (TPI). For the melt-isothermal crystallization process at

40 1C, the domains of relatively higher density with approximately 220 Å radius formed at first as the intermediate state, where

the chain conformation was speculated to be considerably disordered. As time passed, the correlation length n between these

domains decreased until they joined together to form the stacked lamellar structure. In these lamellae, the crystal lattices of

the regular a form were created. When the isothermal crystallization was investigated at 30 1C, the intermediate-phase

regularization caused the a- and b-crystalline forms to mix. In the cold-crystallization process or the heating process that

started from the melt-quenched glass below �100 1C, TPI was found to crystallize at first to the b-form at approximately

�55 1C, which transformed to the a-form at 50 1C via the amorphous phase as observed above.
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INTRODUCTION

Recently, we developed a system of the simultaneous and time-
resolved measurement of wide-angle X-ray diffraction (WAXD),
small-angle X-ray scattering (SAXS) and transmission-type FTIR
spectra during the application of external fields such as temperature
and tensile stress.1–3 This system can provide information about the
structural evolution process of synthetic polymers viewed from
various hierarchical levels. The infrared spectral data show the
regularization of the molecular chain conformation. This
spectroscopic data can be combined with the WAXD data to reveal
the crystalline lattice formation with the ordered or disordered
packing of these chains. The SAXS data, which show the creation
process of stacked lamellae, must also be discussed in relation to this
molecular-level information. In previous works, we reported several
case studies including the tensile-force-induced phase transition of
poly(tetramethylene terephthalate),1 high-temperature phase
transition of aliphatic nylons2 and isothermal crystallizations of
poly(L-lactic acid)1 and polyethylene.3

In this paper, we will treat the structural evolution processes in the
crystallization phenomena of trans-1,4-polyisoprene (TPI), which is
well known as Gutta Percha and is one of the typically used
biodegradable green polymers in various fields to produce artificial

bone, the tooth root canal cone, golf balls and so on4–16 (http://
www.hitzbio.com/research%20E.html). However, the structural
information, which is fundamentally important to study the
microscopically viewed crystallization phenomenon, has not been
well established.17–34 To further develop this polymer in the recent
field of green polymer science, we need to clarify the structural
information in detail.
TPI exhibits several crystalline modifications (a, b and so on)

depending on the preparation conditions. Recently, we refined the
crystal structures of the typical a- and b-forms based on X-ray
diffraction data analyses.17–20,35 We discovered new methods to
prepare these crystal forms with the highest possible purity and
orientation, which gave many X-ray diffraction spots to produce
accurate crystal structures.35 In the study of the preparation methods
of pure crystalline forms, we noticed that TPI exhibited various types
of transition behaviors in the heating and cooling procedures, in
particular the crystallization behaviors, which have not been clarified
in enough details for this polymer.
Regarding the crystallization behavior of TPI, only the macro-

scopic viewpoint has been reported.21,25–29 For example, Cooper and
Vaughan29 measured the dilatometry in the isothermal crystallization
and estimated the Avrami index, and Fischer and Henderson21
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studied the formation of spherulites from the melt using a polarized
optical microscope. However, the study of crystallization viewed from
the molecular level has not been reported. In the present paper, the
structural evolution of TPI was studied in the crystallization processes
from the melt and glass based on the above-mentioned simultaneous
measurement system of WAXD, SAXS, FTIR spectra and the thermal
analysis using a differential scanning calorimeter (DSC). The
crystallization experiments were performed in different manners: (i)
the non-isothermal cooling process from the melt as a preliminary
study, during which the FTIR spectra were measured; (ii) the
isothermal crystallization process from the melt to the predeter-
mined crystallization temperature, during which WAXD, SAXS and
FTIR spectra were simultaneously measured; and (iii) the cold-
crystallization process from the glass, which was obtained by
quenching the melt into liquid nitrogen temperature, and during
this process, the WAXD and SAXD measurements were performed
simultaneously as a function of temperature.

EXPERIMENTAL PROCEDURE

Samples
A synthetic TPI sample with 99% trans content was purchased from

Polyscience Inc. (Warrington, PA, USA). The films of approximately 100mm
thickness were prepared by pressing the melt at 115 1C. The number-averaged

and weight-averaged molecular weights of the sample were 53 000 and 400 000,

respectively.

Measurements

Non-isothermal crystallization. To examine the crystallization behavior of TPI

in a preliminary experiment, the temperature-dependent measurement was

initially performed with an FTIR spectrometer. The spectrometer that we used

was a Varian FTS7000 FTIR spectrometer (Varian, Santa Clara, CA, USA) at a

resolution power of 2 cm�1. The sample was set in a homemade heater with a

pair of KBr plates as the window material.

Melt-isothermal crystallization. The structural changes in the isothermal

crystallization process from the melt were investigated using the simultaneous

measurement system of WAXD, SAXS and FTIR spectra.1 The temperature

jump cell was mounted on a sample stage, around which a portable FTIR

spectrometer (Alpha; Bruker, Germany) was set to measure the transmission-

type IR spectra. The WAXD data were measured using a two-dimensional (2D)

photon counter Pilatus 100k (Dectris, Switzerland), which was set approximately

132mm from the temperature jump cell window. The SAXS data were detected

using a 2D photon counter Pilatus 300k (Dectris) at a distance of 1048mm from

the sample position. The X-ray generator that we used was a Rigaku Nanoviewer

(Rigaku, Tokyo, Japan) (40 kV, 30mA) with a Cu-rotating target and a pair of

confocal mirrors to produce a focused beam of approximately 200mm in

diameter, where the X-ray wavelength was 1.5418 Å. In the temperature jump

process, the WAXD and SAXS data were collected every 1min. The IR spectra

were measured every 30 s at a resolution power of 2 cm�1.

The details of the temperature jump cell were described in the literature.3

The cell consists of three boxes, a high-temperature box (TA), a cooling box

(TB) and a low-temperature box (TC). The sample was set in a small metal

holder with an embedded thermocouple to monitor the actual temperature

within the sample. The sample in the TA box was heated to above the melting

point and melted for a predetermined time to erase all of the sample

preparation history. After the prefixed time, the jump cell was moved and

the sample holder touched the cooling box (TB at 0 1C) when the temperature

of the sample quickly decreased at a rate of approximately 600 1Cmin�1.

When the temperature of the sample almost reached the crystallization

temperature Tc, the cell was moved again so that the low-temperature box

(TC) touched the sample holder. These movements of the cell were controlled

using a computer program that was written with a Lab viewer. The X-ray beam

constantly passed through the sample holder, and the WAXD and SAXS

patterns were measured repeatedly during the crystallization at Tc. The FTIR

spectra were measured at the same time.

Thermal analysis of isothermal crystallization. The enthalpy change during the

isothermal crystallization process was measured using a DSC instrument (TA,

DSC Q1000). The sample was placed in an aluminum pan and heated to a

temperature above the melting point on a hot plate near the DSC thermo-

meter. After a predetermined time, the pan was quickly placed on the sample

stage of the DSC cell, where the temperature of the sample stage was constantly

maintained at the crystallization temperature Tc. In this process, the enthalpy

change was measured as a function of time, from which the crystallization rate

was estimated.

Cold crystallization. The TPI sample was quenched at liquid nitrogen

temperature, and the amorphous glass sample was obtained. The 2D WAXD

and SAXS patterns were simultaneously measured in the heating process using

the above-mentioned system.

RESULTS AND DISCUSSION

Non-isothermal crystallization
The structural change in the cooling process from the melt was
investigated using the temperature-dependent measurement of the
FTIR spectra. As shown in Figure 1, during the stepwise cooling
process from the molten state (115 1C) to room temperature, the
bands at 1205, 1050, 882 cm�1 and so on, increased in intensity,
whereas the bands at 1225 and 1073 cm�1 decreased in intensity.
They were classified as the crystalline and amorphous bands,
respectively. The bands in the frequency region of 2650–2530 cm�1

exhibited different behaviors from the above-mentioned bands. For
example, the band at 2603 cm�1 was weakly detected above the
melting point. As the temperature decreased, the intensity gradually
increased. When the temperature decreased to approximately 40 1C,
the band intensity decreased again and finally disappeared. At this
moment, the bands of the crystalline a-form started to appear and
increased in intensity. Figure 2 shows the temperature dependence of
the integrated intensities estimated for the bands at 2603, 1225 and
1205 cm�1. From these observations, we may conclude that the melt
changed once to an intermediate phase and then to the a-crystalline

Figure 1 Temperature dependence of the infrared spectra of TPI measured

in the cooling process from the melt.
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form in the cooling process. However, the details of the intermediate
phase were not clear.

Isothermal crystallization phenomena
Isothermal crystallization studied by DSC. The enthalpy change in
the isothermal crystallization process was measured at various
temperatures (Tc), and the normalized degree of crystallinity X(t)
was estimated as a function of time t using this enthalpy change. The
Avrami plots were produced based on the following equation.36–41

log � ln 1�X tð Þð Þ½ � ¼ nlog kð Þþ nlog tð Þ ð1Þ

From these plots, the Avrami constants k and n, or the crystal-
lization rate constants (k) and the crystallization dimensions (n), were
evaluated. The n value was 2.41 (at 25 1C), 2.50 (at 30 1C) and 2.45 (at
40 1C), which agreed with the literature values29 and indicated that
the crystallization occurred in the 1–2D mode if we assumed a
homogeneous crystallization, and in the 2–3D mode if we assumed a
heterogeneous crystallization. The k values were 1.17� 10�2 s�1

(at 25 1C), 0.32� 10�2 s�1 (at 30 1C) and 0.03� 10�2 s�1 (at 40 1C).

Simultaneous measurement of SAXS/WAXD/FTIR spectra. The iso-
thermal crystallization experiment was performed at Tc of 30 and
40 1C, during which the SAXS, WAXD and FTIR spectra were
measured simultaneously as a function of time as shown in Figures
3–5 with Tc¼ 40 1C, respectively. The 1D X-ray diffraction profiles
were derived from the 2D X-ray data using circular integration as a
function of 2y.
(A) Tc¼ 40 1C
The starting time t¼ 0min was defined as the time point where the

temperature reached Tc. As shown in Figure 4, the WAXD pattern at
the starting point was of the amorphous halo. The crystalline peaks of
the a-form started to increase the intensity at approximately 30min
after the temperature jump. The integrated intensities of 110
reflections and the amorphous halo are plotted against time in a
logarithmic scale in Figure 6. As observed in Figure 5, the infrared
band at 2603 cm�1 appeared first, and then the bands of the a-form
at 1050 and 882 cm�1 appeared and increased the intensity at
approximately the same time as the WAXD peaks, as observed in
Figure 6. These observations showed that the intermediate phase,

which corresponded to the IR 2603 cm�1 band, first appeared from
the melt and later transferred to the a-crystalline phase.
In the crystalline a-bands, some bands appeared at a different time

from the others. For example, the detection of the 1205 cm�1 band
started at approximately 20min, which was almost the same time as
the decrement of the 2603 cm�1 band intensity. The a-form band at
1050 cm�1 appeared at approximately 32min, precisely when the
WAXD peak of the a-crystal lattice started to be detected. The time
gap between these two crystallization-sensitive bands may be reason-
ably interpreted using the concept of critical sequence length.39,40 The
infrared bands of the helical chain conformation can be detected
when the length of the regular helix exceeds a critical value that is
intrinsic to the individual vibrational mode. The band corresponding
to the shorter critical sequence length should appear earlier than the
band with the longer critical sequence length, which reflects the
growth of the regular helix.41 Thus, the band at 1205 cm�1

corresponds to the shorter helix, and the band at 1050 cm�1

corresponds to the longer one, although the concrete minimal
number of monomeric units to make a detectable helical segment
must be evaluated experimentally using the isotope dilution
method.39 It must be noted here that the WAXD peak appeared at
approximately the same time as the infrared 1050 cm�1 band with the
long critical sequence length, which indicates that the crystalline
lattice started forming when relatively long helical segments gather
together side by side.

Figure 2 Temperature dependence of the integrated intensity of the TPI

infrared bands at 2603 (intermediate phase), 1225 (amorphous phase) and

1205 cm�1 (a-form) in the non-isothermal crystallization process (refer to
Figure 1).

Figure 3 (a) Time dependence of the SAXS profiles of TPI measured in the

isothermal crystallization process at Tc¼40 1C from the melt. The air-

scattering component (Iair) was subtracted. (b) Correlation functions of the

stacked lamellar structure calculated from the SAXS data in the q range of

the LP peak.

Application of WAXD, SAXS and transmission FTIR spectra
PJ Ratri and K Tashiro

1021

Polymer Journal



As observed in Figure 6, the amorphous region, which is
represented by the infrared band at 1225 cm�1 and the WAXD
halo component, did not decrease its population until the
a-crystalline peaks appeared, although most of the sample was
already in the intermediate phase. In other words, the observed
WAXD halo peak might be similar between the intermediate
phase and the pure amorphous phase, although some of the infrared
bands were different between them. Therefore, we speculated
that the intermediate phase consisted of a random aggregation of
short helical segments, which resulted in a slightly higher density
than the molten state, as we observed from the SAXS component
discussed below.
Figure 3a shows the time dependence of the SAXS profiles. In the

data analysis of the observed SAXS data, we assumed that the
crystallization process might be divided into three time regions: (i)
the time region immediately after the temperature jump, (ii) the time
region before the appearance of lamellae and (iii) the time region of
the lamellar structure formation, as seen in several examples of
polymers such as nylon and isotactic polypropylene.41,42 As reported
in previous works, region (i) may be analyzed using a Guinier plot
[ln(I) vs q2], but the q range observed in the experiment did not
always satisfy the effective condition for this approximated
equation (qooRg

�1, where Rg is a radius of gyration). Hence, the
equation of power function of q was used as shown below.43 The
scattering intensity from an isolated particle with the correlation

Figure 4 Time dependence of the WAXD profiles of TPI measured in the

isothermal crystallization process at (a) Tc¼40 1C and (b) Tc¼30 1C from
the melt. In a, the indices are of the crystalline a-form.35

Figure 5 Time dependence of the FTIR spectra of TPI measured in the

isothermal crystallization process at Tc¼40 1C from the melt.

Figure 6 Time dependence of various experimental data that were obtained

from the simultaneous FTIR/WAXD/SAXS measurements performed for TPI

in the isothermal crystallization process at Tc¼40 1C from the melt.

Application of WAXD, SAXS and transmission FTIR spectra
PJ Ratri and K Tashiro

1022

Polymer Journal



function g(r) is given as:

I qð Þ¼ 4p

Z 1
0

g rð Þ sin qrð Þ= qrð Þ½ �r2dr ð2Þ

Because the following approximation may be possible,

sin qrð Þ= qrð Þ � 1� qrð Þ2=6þ qrð Þ4=120 ð3Þ

equation 2 was approximated by the following form, which consists of
the second- and forth-order terms and can be applied to a wider q
range than the Guinier plot.

I qð Þ � I 0ð Þ 1� M4=6M2ð ÞD2q2 þ M6=120�M2ð ÞD4q4
� �

ð4Þ

where D is the longest length of the particle and is equal to the radius
of a spherical model. Mk is the k-th moment of the correlation
function g(r).

Mk ¼D� kþ 1ð Þ
Z

D
0

rkg rð Þdr

The radius of gyration Rg can be calculated as below.

Rg ¼ M4=2M2ð Þ1=2D ð5Þ

The SAXS intensity data in the q range o0.12nm�1 were analyzed
using equation (4). The observed intensity I(q) was plotted against q
(Figure 7), and the adjustable coefficients of equation (4) were
determined by fitting the observed data points to this equation.
The observation of Rg corresponds to the formation of domains with
higher densities than the surrounding molten region. In the time
region (ii), these domains were assumed to approach each other
with a correlation length x to form the aggregation state. The
so-called Debye–Bueche equation was applied here to estimate
the correlation length x.44,45 For the correlation function of
g(r)¼ exp(�r/x), we have

I qð Þ¼A=ð1þ x2q2Þ2 ð6Þ

where A is a constant. Although this equation may, in principle, be
applicable to any q range, the data analysis must avoid the disturbance
by the low-angle scatterings from the newly generated domains and
the wider-angle scatterings due to the inner structure of each domain.
In the actual analysis of equation (6), I(q)�1/2 was plotted against q2

in the q range of 0.15–0.17nm�1 and the slope of the straight
line provided the x2 value (Figure 8). The obtained x values are
plotted in Figure 6.

In region (iii), these domains were assumed to join together to
form the lamellar structure with the long period (LP). The correlation
function corresponding to the stacked lamellar structure was applied
using the following equation.42

KðzÞ¼ Zðz0Þ � Zh i½ � Zðzþ z0Þ � Zh i½ �h i¼ 2ðpÞ� 1

Z 1

0

q2IðqÞ cosðqzÞdq

ð7Þ

where Z(z) is the electron density at position z along the direction
normal to the stacked lamellar planes, and oZ4 is the ensemble
average. Some examples of the correlation curves are shown in
Figure 3b. The LP and averaged lamellar thickness od4 were
obtained from the points shown on these curves.
Figure 6 shows the structural parameters obtained from the above-

mentioned three types of SAXS equations in comparison with the
FTIR and WAXD data at Tc¼ 40 1C. After the temperature jump, the
domains with Rg of approximately 220 Å were generated, and the
infrared band at 2603 cm�1 started to increase in intensity. As
discussed before, this band was assigned to a disordered intermediate
phase, which is the intermediate phase where the not-regular but not-
perfectly-disordered domains of approximately 220 Å radii appeared
in the melt and had a higher density than the surrounding melt. At
the starting point of time region II, the correlation length x of the
neighboring domains was approximately the same as Rg, and then x
decreased gradually and reached the LP of the stacked lamellar
structure when time region III started. During these processes, the
FTIR data showed the generation of the conformationally disordered
helical chain segments in the melt and the growth of these chains in
the intermediate-phase domains (region I). As observed in the
1205 cm�1 band, these regular chain segments continued growing
in region II and finally formed the crystalline lattice of the a-form in
region III.
Figure 6 shows that Rg, x and LP changed continuously with time,

which suggests the continuous transformation of a higher-order
structure. Figure 9 illustrates an explanation for these relations. After
the domains of Rg size appeared, the centers of gravity of the
neighboring domains approached one another, and the strong
correlation started when the distance between the domain
centers was approximately equal to Rg (¼ x). Various correlation
distances (x1, x2,y) were detected among these domains. The
observable shortest correlation length xmin in the present SAXS
experiment may be dependent on the resolution of the SAXS

Figure 7 SAXS intensity I(q) plotted against the scattering vector q at

various times in time region I, which was evaluated using the SAXS data of

TPI taken in the isothermal crystallization process at Tc¼40 1C from the

melt. The solid lines are the curves calculated using equation 4 in the text.
Figure 8 Debye–Bueche plots made for the SAXS intensity I(q) at various

times in time region II of the isothermal crystallization process of TPI at

Tc¼40 1C from the melt.
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system or on the limitation of the detectable q range. In other words,
the longer correlation lengths cannot be detected in this SAXS
experiment because of the limited q range. Thus, we have a relation
such that

qobsE1/ox4E1/x1þ 1/x2þyE 1/xmin

where ox4 is the average of all xi values (i¼ 1, 2, y). These
domains aggregated together, and the detectable correlation length
(xmin) decreased with time; finally, the domains were connected into
the stacked lamellar structure with the LP.
A concrete image of the structural evolution process in the

isothermal crystallization at Tc¼ 40 1C is illustrated in Figure 10.
In the molten state, the molecular chains might be disordered.
They were approximately regularized to form the intermediate
phase, which consisted of domains of approximately 220 Å radius.
As shown in Figures 1 and 2, the infrared band at 2603 cm�1

appeared from the melt and increased in intensity. Afterwards, the
intensity of this band decreased and the bands of the a-crystalline
form appeared. The 2603 cm�1 band was considered to correspond
to the third phase that was different from both the melt and the a-
crystalline form, and this third phase is named the intermediate
phase, as previously explained. The time region of the observation
of the intermediate phase corresponds to the appearance of the
domains in the SAXS data. Previously, the infrared bands that are
intrinsic to the a-form had a regular helical chain conformation,
which suggests that the molecular chain segments in the inter-
mediate phase or in the domains might be disordered in con-
formation, but they gathered together to form a relatively higher

Figure 9 Illustration of the relationship between Rg, x and LP estimated

from the SAXS data.

Figure 10 Schematically illustrated structural evolution model derived

for the isothermal crystallization process of TPI at Tc¼40 1C from

the melt: (a) the random coils in the melt, (b) the generation of domains

with Rg of approximately 220 Å, (c) the correlation of domains with the

correlation length x and (d) the formation of stacked lamellar structures

with the LP.

Figure 11 Time dependence of various experimental data obtained from the

simultaneous FTIR/WAXD/SAXS measurements performed for TPI in the

isothermal crystallization process at Tc¼30 1C from the melt.
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density region. As time passed, these domains approached each
other to form the stacked lamellar structure at the final stage,
where the conformationally regular chains of the a-form gathered
in parallel to form the crystalline lattice.
(B) Tc¼ 30 1C
A similar structural evolution was observed in the case of

isothermal crystallization at Tc¼ 30 1C but in a shorter time scale,
as shown in Figure 11. In contrast to the case of Tc¼ 40 1C, the
crystalline b-form was determined to crystallize in addition to the a-
form, as observed from both the infrared data and the WAXD data
(Figure 4b). The b-form appeared a short time after the a-form. As a
trial, the Avrami-type plot was made using the integrated intensity of
various crystallization-sensitive infrared bands of the a- and b-forms.
The averaged n value estimated for the a-bands at Tc¼ 40 1C was
2.49, which is approximately the same as the value 2.45 obtained by
the DSC data analysis. The rate constant log k¼ �3.54, which was
estimated for the a-bands, is also similar to the value �3.57 derived
from the DSC data analysis at Tc¼ 40 1C. At Tc¼ 30 1C, the averaged
n value was 2.18 for the a-form and 2.80 for the b-form. The a-form
appeared approximately 4min after the temperature jump, and the
b-form appeared at approximately 5.5min. Thus, the induction time
was different between these two crystalline phases, which indicates the

difference in the nucleation rate at the early stage of crystallization.
When the crystallization temperature was lower, the fraction of the
b-form was increased with a shorter induction time.

Cold crystallization
The molten sample was quenched at liquid nitrogen temperature to
obtain the glass sample. Then, the sample was set to a metal holder
by keeping the temperature below �100 1C. The WAXD and
SAXS patterns were measured in the stepwise heating process
(approximately 2 1Cmin�1 in average). Figure 12 summarizes these
experimental data in comparison with the DSC thermogram (col-
lected at 10 1Cmin�1). In the WAXD data, the initial amorphous halo
pattern changed to that of the b-form at approximately �50 1C,
where an exothermic peak was detected in the DSC thermogram. The
crystallized b-form was stable up to 50 1C, where it sharply
disappeared, and the amorphous phase appeared in a narrow
temperature region once and then changed to the a-form. The
a-form was melted at a higher temperature that corresponded to a
small endothermic peak of the DSC thermogram. (Strictly speaking, a
small temperature deviation might be detected between the DSC peak
and the melting of the a-form because of the difference in heating
rate). The analysis of the SAXS data revealed the temperature
dependence of the invariant Q, the LP and the lamellar thickness
od4. With an increase of temperature, the lamellar thickness and
the LP increased gradually; then, they increased remarkably in the a-
form formation region.

CONCLUSIONS

In this paper, simultaneous measurements were performed for
WAXD and SAXS and for WAXD, SAXS and FTIR data, from
which the microscopically viewed structural changes were clarified
regarding the crystallization processes of TPI. In the melt-isothermal
crystallization process at 40 1C, an intermediate phase appeared from
the melt and later transformed to the a-form. At Tc¼ 30 1C, the
situation was similar, but the crystallization to the b-form was
included in addition to the a-form. The combination of the SAXS,
WAXD and FTIR data allowed us to derive the structural evolution
process from various levels as illustrated in Figure 10. In the cold-
crystallization process from the glass sample, the crystallization into
the b-form occurred. The b-form transformed to the regular a-form
via the intermediate phase during the heating process to the
molten state.
Therefore, the crystallization behavior that started from the melt is

different from the behavior that started from the glass. The a-form
seems stable at high temperatures, whereas the b-form is unstable at
high temperatures and melts at a relatively lower temperature of
approximately 50 1C. The once-melted sample transforms again to the
crystalline a-form at a higher temperature.
In this paper, we did not clarify the characteristic structural features

of the a- and b-forms that we detected in various circumstances: these
crystalline forms may change the regularities in chain-conformation
and chain-packing mode depending on the preparation conditions.
Using the oriented samples, we can obtain more detailed information
about these irregular–regular transitions in the heating and cooling
processes, as we will report in a separate paper.
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Figure 12 Temperature dependence of various parameters estimated from

the SAXS, WAXD and FTIR data collected in the cold-crystallization process

of TPI from the amorphous state at �100 1C.
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