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ABSTRACT: Melting behavior of epitaxially crystallized polycarprolactone (PCL) on a highly oriented
polyethylene (PE) substrate was investigated by synchrotron small-angle X-ray scattering (SAXS) and
Fourier transform infrared spectroscopy (FTIR). It is found that two dominant crystal thicknesses are clearly
identified in the final melting stage around the melting point. In contrast to the normal melting process of
polymers, the original PCL crystal and the melt-reorganized one with various lamellar thicknesses are molten
and diminished simultaneously. During the melting process, orientations of the residual crystal and ordered
all-trans PCL chain are found to be kept. However, the average chain orientation relaxation in the
amorphous region is synchronously decreased with the evolution of melting process. A sliding diffusion

mechanism was used to explain the melt behavior of PCL on the highly oriented PE substrate.

1. Introduction

The crystallization behavior of polymers has been one of the
important topics of polymer science. With the development of
modern characterization techniques, such as atomic force micro-
scopy (AFM), X-ray scattering, and neutron scattering, many
new observations especially on the microstrucutre/morphology
evolution at the early stage of polymer crystallization have
recently been disclosed.' ™ Although these new observations
trigger more arguments and discussions on the crystallization
mechanism of polymers, no general crystallization mechanism
can explain all the experimental observations, and the unification
of ideas on polymer crystallization seems to be far from reached.
Since it is considered to be a reverse process of polymer crystal-
lization, the melting process has attracted a great deal of atten-
tion and a lot of studies have been extensively carried out.” ¢
By investigating the melt process, it certainly enhances our
understanding on the polymer crystallization from a different
viewpoint.

Crystalline polymers generally exhibit various complex beha-
viors in melting region, such as intrinsically broad temperature
region of 10 °C or more and the parallel occurrence of melt-
ing, recrystallization, and reorganization.” ' Recently, with an
usage of synchrotron radiation, rapid dynamic structure changes
during the melting process have been disclosed meticulously
by small-angle X-ray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD)."”"'® One of the interesting observations
is the discontinuous lamellar thickening, in which some of the
polymers showed a doubling of lamella thickness'*~'® For
explaining the lamellar thickening in the melting process, two
major mechanisms have often been adopted: one is the sliding
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diffusion mechanism that polymer chains in the lamellar crystal
slide through the crystal lattice along the chain axis, and the other
is the thickening via melt-recrystallization process.'”'®

By changing the sampling conditions, various polymer and
oligomer semi- or single crystals such as polyethylene (PE),'*"
ultralong alkanes,'* and poly[(R)-3-hydroxybutyrate] and its
copolymer'>'® have been used to study the melting behavior of
polymeric substances. However, there have been relatively few
reports on the melting behavior of epitaxially crystallized poly-
mers. Recently, we studied the epitaxial crystallization process of
polycarprolactone (PCL) and its molecular dynamics on a highly
oriented PE substrate by use of time-resolved Fourier transform
infrared spectroscopy (FTIR) and wide-angle X-ray diffraction
(WAXD)." The IR and WAXD results clearly indicated the
surface-induced anisotropic chain ordering of PCL in its molten
state in the supercooled state on a highly oriented PE substrate,
i.e., the occurrence of soft epitaxy. These ordered PCL chain
segments then initiate the epitaxial crystallization of PCL on the
highly oriented PE substrate under the supercooling conditions.
It was indicated that the surface-induced molecular chain order-
ing reduces the energy barrier for initial stage of crystallization,
which in turn largely accelerates the crystallization rate of PCL.
These observations strongly suggested the residual chain orienta-
tion of PCL still exists on oriented PE even around the melting
point where no ordered crystalline PCL lattice is expected.
However, no direct evidence of partial ordering in PCL chains
has been provided, and the role/mechanism of PE substrate on
molecular ordering is still unknown.

So as to answer these questions and accumulate experimental
data on molecular ordering, we investigate the melting behavior
of epitaxially crystallized PCL, which is sandwiched between two
highly oriented PE thin films with time-resolved synchrotron
SAXS and polarized FTIR measurements. The use of polarized
IR can provide us information about microstructure evolutions
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Figure 1. Typical real time 2D-SAXS patterns measured for the PCL epitaxially crystallized on a highly oriented PE thin film in the heating process.

The heating rate was 5 °C/min.

of the chain conformation, the intrachain packing, and the chain
orientation in both crystalline and amorphous regions, which
is an important complement to morphology data of SAXS
for ﬁgurln% out the detailed structure changes in the melting
process. Our results have shown that a continuous lamellar
thickening with unchanged orientation occurs in the whole
melting process. Unexpectedly, it is found that the two kinds of
dominant crystals with various lamellar thicknesses are molten
and diminished simultaneously in the final melting stage. Based
on our observations, the unique melting behavior of epitaxially
crystallized PCL on a highly oriented PE substrate was explained
by the sliding diffusion mechanism.

2. Experimental Section

2.1. Material and Preparation Procedures. Polyethylene (PE)
used in the present study was Lupolen 6021 DX (molecular
weight M, = 6.02 x 10° and its melting point is 135 °C), pro-
duced by BASF AG Ludwigshafen, Germany. Commercial grade
PCL, with molecular weight M,, = 65000, M/M, = 1.53, and
melting point of 60 °C, was purchased from Sigma-Aldrich Co.
The highly oriented PE thin films (30—50 nm) were prepared
through a melt-drawing technique introduced by Petermann and
Gohil.* Detailed orientation information on such thin film is
shown in ref 19. To study the melting behavior of PCL crystal on
highly oriented PE substrates, a solution-casted PCL thin film with
the thickness of about 10 um was sandwiched between two highly
oriented ultrathin PE films with the same chain orientation. Then,
the PE/PCL/PE sandwich sample was heated to 85 °C for 15 min
and melt-crystallized at 50 °C for 24 h.

2.2. Synchrotron SAXS Measurement. The measurement of
2D-SAXS data was performed at the BL40B2 beam station at
SPring-8 (Japan Synchrotron Radiation Research Institute,
Hyogo, Japan). The wavelength of the incident X-ray beam
was 1.00 A. A Rigaku R-AXIS IV++ imaging plate system was
used as the 2D detector. The sample was packed into an
aluminum pan, which was set to a DSC cell (Metlar Toledo
FP90). The X-ray exposure time was 10 s for every SAXS
measurement and the heating rate of 5 °C/min. In the heating
process from 25 to 80 °C, the 2D-SAXS data were collected
every 0.8 °C. The SAXS patterns measured were corrected for
the background scattering.

2.3. FTIR Spectra. FTIR spectra were measured with a
Thermo Nicholet Magna 870 spectrometer equipped with a

MCT detector. The normal transmission mode was employed
for the IR measurements. For studying the melting behavior of
epitaxially crystallized PCL on an oriented PE, the sandwiched
sample thus prepared was set on an Instec HCS302 variable
temperature cell, which was placed in the sample compartment
of the spectrometer. The sample was then heated from 30 to
80 °C with a heating rate of 1 °C/min. During the heating pro-
cess, polarized FTIR spectra of the specimens were recorded at a
1 °C interval with a 1 min interval with the polarized beam
parallel and perpendicular to the PE chain direction, respec-
tively. The spectra were obtained by coadding 16 scans at a
2 cm” ! resolution.

2.4. Data Analysis of SAXS and FTIR. The two-dimensional
(2D) SAXS patterns seen during this experiment consist of only
one main feature, which is the two-point pattern as shown in
Figure 1. The two points move inward toward the beam stop
with increasing temperature. This broad reflection indicates the
existence of a partially oriented stacked lamellar structure in our
sample.

In order to increase the signal-to-noise ratio in the resulting
scattering curves, the 2D SAXS images were converted to one-
dimensional (1D) profiles by circularly averaging with a Fit2d
software package. Then, the Lorentz correction was applied to
the integrated 1D profile after subtraction of background for
getting the accurate values of long periods as described in
references for anisotropic system.'>1¢2-27

For isotropic system with periodic structure, the Lorentz
correction is often used to correct the intensities of X-ray
scattering in order to obtain structure factors. Meanwhile, this
correction reduces the intensities to zero at zero diffraction angle
so that the accurate values of long periods can be read.

However, for partially oriented system, it should be men-
tioned that the Lorentz correction was thought to be suitable for
1D meridional intensity distribution rather than the total inte-
grated 1ntens1 ity of the 2D SAXS pattern by some other
researchers.”® In this work, we think that our qualitative
conclusion on the change of long periods will be not much
affected by the Lorentz correction on the circularly integrated
curve. Meanwhile, for comparing with the SAXS study of
melting behavior of polymer by Iwata et al.,'>'® we therefore
take the same procedure of the Lorentz correction as described
by them.

The intensities of IR bands were automatic calculated by a
numerical data processor program for vibrational spectroscopy,
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Figure 2. Lorentz-corrected SAXS profiles evaluated from Figure 1.

Spina Version 3, which was developed by Yukiteru Katsumoto
in the Ozaki Group of Kwansei Gakuin University.

3. Results and Discussion

3.1. Morphology Evolution during Heating Monitored by
Time-Resolved SAXS Measurement. Figure 1 shows some of
the typical real time 2D-SAXS patterns for sandwiched PCL
between highly oriented PE thin films. The SAXS signals
should be mainly come from PCL rather than PE thin films
because the thickness of PE film (30—50 nm) used here are far
smaller than that of PCL film (=10 um). Meanwhile, the
SAXS pattern taken at 65 °C as shown in Figure 1, in which
the PCL is molten and PE is still in the crystalline state, also
suggests that no obvious signal can be observed from such
PE thin film. At room temperature, two point patterns across
the direct beam position indicate that the lamellar stacking of
PCL is highly oriented. The tilting of the line along the two
scattering points with the meridian direction is presumably
due to the tilting of the sample in the heater. The correspond-
ing Lorentz-corrected one-dimensional profiles are shown in
Figure 2, in which ¢ = (47/4) sin 6, where 20 is the scattering
angle and A is the wavelength of the X-rays.

As shown in Figure 2, the original scattering peak gradu-
ally shifted to a lower scattering angle during heating from
25 to 57 °C. Interestingly enough, two overlapped scattering
peaks were observed at temperatures close to the melting
point (ca. 60 °C). We will discuss this pointer later.

From the one-dimensional profile, the most probable long
period (L) was estimated using Bragg’s law to analyze the
position of scattering maximum in the Lorentz-corrected
intensity profile, and the scattering invariant (Q) was calcu-
lated using eq 1.’

q2
0= /q1 I(q)q* dq (1)

Ineq 1, the values of ¢1 and ¢2 represent the limitations of the
experimental setup.

The invariant Q and the apparent long period L were
plotted against temperature as displayed in Figure 3. On
heating, the invariant Q increases first and goes through a
maximum around 50 °C. With temperature close to the
melting point of PCL (60 °C), a rapid decreasing of the
invariant Q is observed.

For the two-phase crystalline—amorphous model with vol-
ume fraction of crystals ¢. and electron density difference Ap
between crystalline phase and amorphous phase (electron/m?),
the invariant Q is presented as’

0 = ¢.(1—9)Ap” (2)
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Figure 3. Temperature dependence of the invariant Q and long period
L calculated from Figure 2.

Asindicated by eq 2, the invariant Q is not only related to the
volume fraction of ¢ but also related to Ap. Before the main
melting process, the change in crystallinity is relatively minor
and its effect on ¢ (1 — ¢.) is thus negligible. Therefore, the
initial increasing of invariant Q should mainly be caused by
the change in Ap. Asdiscussed in ref 9, increased temperature
usually enhances the electron density difference Ap. The
invariant Q is also directly proportional to the integrated
intensity of the scattering peak in the one-dimensional I¢*>—¢
curve. Therefore, the initial increasing of invariant Q in
Figure 3 or the intensity increasing in Figure 3 is likely to
be caused by the temperature effect and is not related to the
structural change.

However, in the heating process from 50 to 57 °C, the
subtle decrease of the invariant Q together with the obvious
increasing in long period L (from 15.9 to 18.7 nm) suggests
that some structure changes take place. We have noticed that
50 °C is the crystallization temperature of our PCL sample
for heating, above which structural relaxation or recrystalli-
zation is usually expected. We will return to this point again
combined with the IR data later.

Most interestingly, in the final melting process from 57 to
62 °C, the long period L increases largely (from 18.7 to 36.5 nm,
corresponding to ca. 100% increase). During the melting
process of semicrystalline polymer, the increase of long
period is usually caused by two possibilities. One is the
lamellar thickening, and the other is the increase of amor-
phous region in between the lamellae due to melting. Of note,
the neat PCL will be totally molten at temperature before
60 °C. However, as shown in Figure 2, two points SAXS
pattern of PCL epitaxial crystallized on PE thin film can still
be clearly observed at 62 °C, which suggests that ordered
crystalline structure with larger lamellar thickness exists at
temperature above the normal melting point of PCL. Re-
cently, by the measurement of AFM, it is found that the
lamellar thickness of PCL can reach ca. 55 nm after anneal-
ing the epitaxial crystallized PCL on highly oriented PE
substrate for 6 days at 60 °C.*' Therefore, we consider that
the increase of long period observed by SAXS data here
corresponds to the lamellar thickening. Actually, the lamel-
lar thickening during the melting process have been observed
by many researchers.

3.2. Time-Resolved Polarized FTIR Measurement. Figure 4
shows the polarized IR spectra of the epitaxially crystallized
PCL on a highly oriented PE substrate in the region of
3050—700 cm ™ '. Because of the saturation of C=0 stretch-
ing bands, the 1800—1600 cm ™' region is omitted in Figure 4.
Since the thickness of the PE substrate is very thin, ca. 30— 50 nm,
no signal from PE is visible. The obvious intensity differences
between the perpendicular and parallel bands suggest that
the PCL chains are highly oriented, which is fully consistent
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Figure 4. Polarized transimission IR spectra of PCL epitaxially crystal-

lized on a highly oriented PE thin film in the region of 3050—700 cm ™.

The spectra were measured at room temperature.
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Figure 5. IR spectral evolution of PCL epitaxially crystallized on a
highly oriented PE thin film during the heating process from 30 to 80 °C
in the region of 1500—800 cm ™" (a) and 3050—2800 cm ' (b). The
heating rate was 1 °C/min, and the spectra are arranged with a 1 °C
interval. IR transmission mode was performed for the sandwiched
sample.

with our SAXS data. By examining the intensity differences
in Figure 4, it is easy to identify the perpendicular and
parallel bands. Figure 5 shows the temperature-dependent
IR spectra of our sample from 30 to 80 °C. By this set of
spectra, we can distinguish crystalline bands and amorphous
bands because the semicrystalline sample will totally turn to
an amorphous state at the temperature above the melting
point of PCL (ca. 60 °C), where only amorphous bands
appear and the crystalline bands disappear.

It is found that the complete band assignments of PCL
have not been available yet.>>”3° However, considering the
simple molecular structure of PCL as depicted in Scheme 1,
which comprises the short alkyl chain and the ester bond, a
tentative assignment may be given by referring the assignments
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Scheme 1. Chemical Structure of PCL

%O{CHﬁ; Eﬁ:

Table 1. Band Assignments of PCL

wavenumber/cm ™' assignment polarization®
2945 v,s(CH») amorphous 1
2865 v(CH,) crystalline 1
1477 O(CH,)" crystalline 1
1295 (CO) + v(CC) crystalline Il
1245 V,5(COC) crystalline Il
1165 1(COC) amorphous Il
962 (C—C) +1(CH,)"  crystalline Il
934 crystalline 1
841 crystalline 1
731 Y(CH,) crystalline 1

“Il'and L indicate that the electric vector of incident infrared beam is
parallel and perpendicular to the chain direction, respectively. ® Tentative
band assignment by us.

for the IR spectra of PE, nylon, etc.>**” The band assign-
ments given in the literature®* >® together with our tentative
assignments are summarized in Table 1. Among them, bands
at 2945, 2865, 1477, and 731 cm ™! are related to the localized
vibrations of CH, groups, whereas the bands at 1295, 1245,
and 1165 cm ™" are associated with the localized vibrations of
C—0O—C bond.

In our previous paper, on the basis of the band assignment
of similar orthorhombic PCL crystal with cell parameters
a=0.747,b = 0.498, and ¢ = 1.705 nm and that of PE crystal
witha = 0.74, b = 0.494, and ¢ = 0.253 nm, especially for
the @ and b unit cell dimensions,*®*® we have discussed
that the band at 731 cm ™! and another weak band around
710 cm ™! originate from factor group splitting due to the
intermolecular interaction of the CH, sequences packed in
an orthorhombic unit cell just as in the case of PE crystals.
In fact, it is also rational to speculate that the 6(CH,) band
at 1477 cm™ " has the same origin as that of the y(CH,) band
at 731 ecm™ ! because the band splitting is observed not only
for 6(CH») and but also for y(CH,) vibration mode in the
orthorhombic unit cell of PE. That is, both the bands at
731 and 1477 cm™' are associated with the dense chain
packing in the PCL crystal. In other words, they are the true
crystalline sensitive bands. In this paper, in order to perform
the real-time FTIR measurement for the fast melting pro-
cess, the liquid nitrogen cooled MCT detector was used so
that the limited lowest frequency is a little overlapped with
the 731 cm ™. Therefore, we will use the band at 1477 cm ™ ' as
a marker band to follow the change in crystalline structure,
especially the changes in chain packing during the melt
process.

In the spectral region of 1000—800 cm ™' (Figure 5), there
are several crystalline bands with sharp peak profiles located
at 962,934, and 841 cm ™!, which decrease in intensities upon
heating and disappear totally in the molten state of PCL.
Usually, the vibration modes in the lower frequency region
of polymers are assigned to the chain backbone vibration.
Meanwhile, we noticed that the bands observed in this
spectra region for nylons and n-alkane molecules are named
as the so-called progression bands, which are assignable to
the CH, rocking and C—C stretching modes of methylene
sequence of finite chain length. Therefore, we tentatively
propose that the three bands at 962, 934, and 841 cm™ " are
sensitive to the all-trans TTTT conformation ordering of
the —CH,—CH,—CH,—CH,—CH,— methylene sequence in
the crystal structure of PCL.
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Figure 6. Intensity changes of PCL amorphous (2945 cm™') and
crystalline (962 cm ') bands during the heating process of PCL epitaxial
crystallized on highly oriented PE thin film from 30 to 80 °C.

As shown in Figure 5, the bands at 2945 and 1165 cm ™!
increase in intensities obviously during the melting process.
Thus, it is rational to assign them as the amorphous bands.
However, the large absorption coefficient of the v,(COC)
vibration leads to strong absorption intensity (~2) for our
sample, which could not obey the Beer—Lambert law well.
Therefore, we only use the v(CH,) band at 2945 cm ™' to
perform the quantitative analysis for the amorphous region.

Intensity changes of PCL amorphous (2945 cm™ ') and
crystalline (962 cm ™ ") bands during the heating process from
30 to 80 °C for epitaxially crystallized PCL on the highly
oriented PE substrate are depicted in Figure 6. Upon heat-
ing, especially in the melting temperature region (around
60 °C), the synchronous changes of the two bands illustrate
the crystal-to-amorphous phase transition very well. How-
ever, it should be mentioned that the absorption coefficient
of IR band is a function of temperature. Usually, it will
decrease with increasing temperature. Thus, the gradual
linear increasing of the amorphous band or the decreasing
in the crystalline band at the initial heating process ( < 50 °C)
as shown in Figure 6 should not be considered as the
structure changes but caused mainly by the decreasing of
the IR absorption coefficient with increasing temperature.
Above 50 °C, the rate of changes in intensity of the two bands
rapidly varies with temperature. It indicates that some
structural changes take place. The drastic decreasing of the
crystalline band at 962 cm™' is observed above 50 °C.
Meanwhile, in the SAXS data (Figure 3), invariant Q also
starts to decrease with heating temperature above this temp-
erature. Therefore, these data clearly show that the melting
process of the sample starts from 50 °C. Figure 6 also shows
that the sample is finally molten at ca. 63 °C, which is totally
consistent with the SAXS data.

The temperature-dependent polarized IR spectra for the
sample in various spectral regions are shown in Figures 7—9.
For comparison, the temperature-dependent IR spectra
obtained without the polarizer are also provided. In the
spectral region of 1500—1400 cm ™! (Figure 7), the change
of the crystalline sensitive band at 1477 cm ™" clearly forms a
sharp shoulder peak in the perpendicular spectra.

In the spectral region of 1350—1110 cm™ ' (Figure 8), the
changes of three broad peaks (1295, 1245, and 1197 cm™ )
associated with the C—O—C stretching vibration are identi-
fied especially in the parallel spectra. Obviously, the bands in
this spectral region are heavily overlapped, and there is some
peak shifting in the melting process. In contrast, in the
spectral region of 980—800 cm ™! (Figure 9), the progressive
bands (962, 934, and 841 cm™ ') associated with the all-trans
TTTT conformation of the —CH,—CH,—CH,—CH,—CH,—
methylene sequence are well resolved in both parallel and
perpendicular bands, and their peak positions are unchanged
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Figure 7. No polarized (a), perpendicular (b), and (c) parallel polarzied
IR spectral evolution of epitaxially crystallized PCL on oriented PE thin
film during the heating process from 30 to 80 °C in the region of
1500—1400 cm ™"

throughout the temperature range investigated. Therefore,
the bands at 1477 cm ™! and 962, 934, and 841 cm™ ! are
suitable for quantitative analysis.

Their intensity changes of these bands as a function of
temperature derived from the perpendicular spectra of
Figure 7—9 are shown in Figure 10. With increasing the
temperature, the monotonic decrease of these crystalline
bands is observed. It should be noted that not only the
melting of PCL crystal but also the orientation change can
induce the intensity changes in these temperature-dependent
polarized IR spectra.

The extent of chain orientation is usually described by an
orientation function f defined as>°

CR-1 2
" R+23cos?a—1

s

where a is the angle between the chain axis and the transition
moment associated with the infrared band used for the
measurement. For simplify, o is taken as 0°or 90° for the
parallel or perpendicular bands, respectively. R is the mea-
surable infrared dichroic ratio defined as R = 4;/A,, with
Ay and A reflecting the absorbance when the infrared beam
was polarized parallel and perpendicular to the chain direc-
tion, respectively.

The variation of orientation function for crystalline sensi-
tive band at 1477 cm™!, the conformation sensitive bands
at 962, 934, and 840 cm ™!, and the amorphous band at
2945 cm™ ! as a function of temperature are summarized in
Figure 11. It is quite obvious that the orientations of the
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Figure 8. No polarized (a), perpendicular (b), and (c) parallel polarzied
IR spectral evolution of epitaxially crystallized PCL on oriented PE thin
film during the heating process from 30 to 80 °C in the region of
1330—1120 cm ™"

remaining crystal and ordered all-trans chain conforma-
tion of PCL show almost no change below 62 °C, whereas
the chain orientation in the amorphous region is continu-
ously relaxed with increasing the temperature in the melting
process.

4. Discussion

By combining the temperature-dependent changes of invariant
O (Figure 3) and that of the crystalline IR band (Figure 6), it can
be concluded that two melting stages can be identified for the
broad temperature region (50—63 °C) of epitaxial crystallized
PCL on the highly oriented PE. One is the premelting process
between 50 and 57 °C, and the other is the main melting process
above 58—63 °C. In the final melting stage around the melting
point, two dominant crystal thicknesses are clearly identified.
As an example, the curve fitting was performed on the SAXS
profile measured at 60 °C. As depicted in Figure 12, two scatter-
ing peaks were resolved at ¢ = 0.22nm ' (L = 28.5nm)and ¢ =
0.32nm™' (L = 19.6 nm).

All the SAXS profiles measured in the final melting stage were
analyzed by the same curve fitting procedure. As shown in Figure
13, the original long period (L) is split into two in the final
melting stage. The long periods with smaller values (L) are
comparable with those of the original long period. Therefore, it is
rational to assign the crystal lamella with smaller L; is the
remaining crystal of the original lamella and the crystalline
lamella with larger long period (L,) is the newly developed,
melt-reorganized ones.

Usually, the half-width (Aw) of the scattering peak is inversely
proportional to the ordering extent of period structure. On the

Duan et al.

g 80-C
o
|
04} 30-C
<
3
0.2 o
©
A (2)
0.0 -

Absorbance

04}

<

o] -

<
‘[’ 3
| (e)
o.o L 1 1 1 1
960 920 880 840 800
Wavenumber /cm”

Figure 9. No polarized (a), perpendicular (b), and (c) parallel polarzied
IR spectral evolution of epitaxially crystallized PCL on oriented PE thin
film during the heating process from 30 to 80 °C in the region of
980—800 cm ™.

1 o 841 cm”

0.3 0 934
' A 962
% v 1477

8
c 0.2
©
2
=
[=]
[7]
g 0.1
«(««(«««u’««««««, o)
RS 20 TSRO
0.0

30 40 50 60 70 80 90
Wavenumber /cm”

Figure 10. Intensity changes of various bands calculated from
Figures 7—9 as a function of temperature from 30 to 80 °C.

basis of the change of the half-width of the curve fitted scattering
peaks, it is found that the original one (Aw;) becomes less
ordering, whereas the ordering of the melt-reorganized one
(Aw,) increase gradually with increasing temperature. The subtle
increasing in long period and decreasing in crystalline ordering
for the original crystal suggest that the lateral melting may be
dominated in the final melting stage. Unexpectedly, it is found
that the original and the melt-reorganized crystal are molten and
diminished simultaneously as evidenced by their synchronized
intensity decreasing with heating.

At the end of the melting process, the conversion from a
peaked to a monotonic SAXS pattern is often observed for
polyethylene,* sydiotactic polypropylene,*' and poly(3-hydroxy-
butyrate).'>%4? Tt suggests that the lamellar with smaller lamel-
lar thicknesses are molten first, and the isolated lamellae with
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Figure 12. An example of the curve fitting for the SAXS profiles
measured at 60 °C.

larger lamellar thicknesses are present even at the end of the
melting stage. Such an explanation seems to be quite reasonable
because the melting point of the lamellae crystal is proportional
to the lamellar thickness. However, how to explain our above
observation for epitaxial crystallized PCL on highly oriented PE
substrate?

As mentioned in the Introduction, two major mechanisms
have often been adopted to explain the lamellar thickening
phenomenon in the melting process. One is the sliding diffusion
mechanism that polymer chains in the lamellar crystal slide
through the crystal lattice along the chain axis, and the other is
the thickening by the melt-recrystallization process.'*~'® Usually,
the melt-crystallized crystal is more stable than the original
one. However, in our case, the original crystal and the melt-
reorganized one are molten simultaneously. Therefore, the con-
ventional melt-crystallization mechanism may not describe our
observation well. Because of the soft epitaxy effect by the highly
oriented PE substrate and the enhanced chain mobility, it can be
considered that melt-reorganized stacked structure is formed
by the sliding diffusion mechanism. That is, in the final melt
stage, lateral melting and sliding diffusion induce the structure
reorganization. Under such circumstances, the lateral interchain
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Figure 13. Intensities (a), half-widths (b), and long periods (c) as a
function of temperature calculated by curve fitting methods for the
SAXS profiles depicted in Figure 2.
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Figure 14. Intensity changes of crystalline sensitive band (1477 cm™")
and conformation sensitive bands (962 and 840 cm™') during the
heating process of PCL epitaxially crystallized on an oriented PE thin
film from 30 to 80 °C without polarizer.

interactions between the original crystal and the newly formed
one are the similar. Therefore, both crystals collapse at the same
time with increasing the temperature.

Figure 14 shows the intensity changes of the crystal sensitive
band at 1477 cm™" and conformation-sensitive bands at 840
and 962 cm~' derived from the temperature-dependent IR
spectra without polarizer. It is found that the decreasing rate of
the crystalline sensitive band is much larger than those of
the conformation-sensitive bands. As mentioned previously, the
band at 1477 cm™ " is caused by the interchain packing of the
ordered CH, sequences. Usually, thermal expansion of the lattice
along « or b axis in the crystal will occur in the heating process.
Therefore, the drastic decrease in intensity of this band indicates
that the interchain interaction becomes weak and the ordered
chain conformation is stable before the final collapse of the
crystal. With the decreasing in the interchain interaction and the
increasing in the chain mobility, chain sliding will take place with
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increasing temperature. Moreover, sliding diffusion along the
c axis is facilitated by the directional effect of the highly oriented
PE substrate.

5. Conclusion

The melting behavior of epitaxially crystallized polycar-
prolactone (PCL) on a highly oriented PE substrate was inves-
tigated by synchrotron small-angle X-ray scattering (SAXS) and
Fourier transform infrared spectroscopy (FTIR). A continuous
lamellar thickening behavior upon heating to the melting temp-
erature region of PCL was observed. In the final melting stage
around the melting point of PCL, two dominant crystal thick-
nesses are identified by the curve fitting on SAXS profiles. In
contrast to the normal melting process of polymers, it is found
that the original crystal and the melt-reorganized one with
various lamellar thicknesses are molten and diminished simulta-
neously. During the melting process, the orientation of the
remained crystal and the ordered all-trans PCL chain are kept.
However, the average chain orientation relaxation in the amor-
phous region is synchronized with the evolution of melting
process. These observations suggest that there is an interface
interaction between the PCL crystal and the highly oriented PE
substrate. However, the ordered chain and the chain orientation
in the amorphous region cannot be stabilized at the temperatures
close to the melting point where the entropic effect is more
dominant than the soft epitaxy effect from the substrate.
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