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ABSTRACT: The chain end of poly(e-caprolactone) was spin-labeled to study the molecular mobility of
the polymer chain in an amorphous region under the crystallization. Time-resolved ESR measurements
were carried out in the crystallization process. The three stages of the time evolution of the molecular
mobility at the crystallization temperatures were found; the correlation time, 7., of the polymer chain
increased gradually at the early stage and remarkably at the late stage. At the final stage, the 7. increased
gradually again. The early stage is the induction period where no change of the scattering intensity is
observed by the time-resolved SAXS and WAXS measurements. The gradual decrease of the molecular
mobility is caused by the precursory aggregation of the polymer chain before the crystallization. At the
late stage, the crystalline grows and the molecular mobility in the amorphous region becomes remarkably
restricted by the rigid chains in the crystalline regions. At the final stage, the gradual decrease of the
molecular mobility by the late growth of the crystalline observed again, where no structural change was
detected by the measurements of X-ray scatterings.
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1. Introduction

Numerous studies on polymer crystallization have
been reported. In recent years, many authors developed
various devices that carried out in situ and time-
resolved measurements in the crystallization process.!=>
For example, the long- and short-range orders were
detected simultaneously by the SAXS and WAXS time-
resolved measurements. In the process, the mobility of
the polymer chain in the amorphous region as well as
in the crystalline region may change with an increase
in crystallinity. However, a few authors studied the
molecular mobility under the structural change in the
crystallization. Fukao and Miyamoto performed in situ
studies of the isothermal crystallization of poly(ethylene
terephthalate) (PET) by using simultaneous time-
resolved measurements of dielectric relaxation and
X-ray scattering.”® They concluded that the polymer
chain in the amorphous phase make a dynamical
transition from the so-called o process to another
relaxation process, called the o' process, prior to the
crystallization. Moreover, Matsuba et al. found that in
the induction period the absorbance of trans conforma-
tion bonds of syndiotactic polystyrene (sPS) began to
increase by using time-resolved Fourier transform
infrared spectroscopy.® Strobl reviewed various re-
searches of the crystallization process and proposed for
the model of the growth of the lamellar crystallites in
an entangled polymer melt.6 In the present study, we
observed the relaxation of the polymer chain during the
crystallization of poly(e-caprolactone) (PCL) by using the
electron spin resonance (ESR) technique, which is very
effective for detection of a molecular mobility with a
high sensitivity. And it is possible to evaluate the
mobility of the polymer chain in a particular region by
using the spin-label method. The structural change was
also evaluated by the simultaneous and time-resolved
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Figure 1. Chemical structure of spin-labeled PCL.

measurements of small- and wide-angle X-ray scatter-
ings. The purpose of this study is to clarify the molecular
mobility with the structural change in the crystalliza-
tion process by using the time-resolved measurements.
We took a typical crystalline polymer, PCL, as a model
system because the crystalline growth rate of PCL is
sufficiently slow to observe the isothermal crystalliza-
tion process easily and the melting temperature is low
(ca. 60 °C).

2. Experimental Section

Materials. PCL used in this study was synthesized by
anionic polymerization of e-caprolactone (Tokyo Chemical Co.,
Ltd.) in toluene using diphenylethylene lithium as an initiator,
and the polymerization was terminated by CO, and CH3;COOH
to introduce a functional group of COOH. M, and M,/M, of
the synthesized PCL were ca. 40 000 g/mol and 1.2, respec-
tively. The spin-label reagent used in this study was 4-amino-
TEMPO (4-amino-2,2,6,6-tetramethylpoperidinyl-1-oxy) (Ald-
rich). The spin-label reagent was bonded to the chain end of
the synthesized PCL by transesterification with N,N’'-dicyclo-
hexylcarbodiimide as a condensing agent. The chemical struc-
ture is shown in Figure 1. The glass transition temperature
(Ty) and melting temperature (Ty) of the PCL are ca. —70 °C
and ca. 60 °C, respectively.

Measurements. Time-resolved SAXS and WAXS measure-
ments were performed at beamline BL-9C in Photon Factory
(PF) of High Energy Accelerator Research Organization in
Tsukuba, Japan (KEK). SAXS and WAXS detectors were one-
dimensional position-sensitive proportional counter (PSPC)
with an effective length of 10 cm. The wavelength 1 of X-rays
was 0.15 nm. The detector (PSPC) at the measurements of the
SAXS and WAXS was located at the distance of 100 and 70
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Figure 2. Simultaneous SAXS and WAXS profiles during
isothermal crystallization at 50 °C.

cm, respectively. Collagen and tripalmitin were used as a
standard specimen to calibrate SAXS and WAXS, respectively.
The scattering intensities were corrected for the background
scattering and sample absorption. The sample was contained
in a quartz tube, which was evacuated to a pressure of 10~
Torr and sealed before ESR measurements. ESR spectra were
observed at 0.2 mT with 100 kHz field modulation (RE1XG
X-band). The signal of 1,1-diphenyl-2-picryhydrazyl (DPPH)
was used as a g tensor standard. The magnetic field was
calibrated with the well-known splitting constant of Mn?*. The
sample was first annealed at ca. 75 °C for 10 min to erase the
previous thermal history. Then the sample was quenched to
the crystallization temperature, T., and the time-resolved
measurements were carried out at the temperature to observe
the crystallization process.

3. Results and Discussion

Crystallization Process by the Simultaneous
Measurements of SAXS and WAXS. Figure 2 shows
the time evolutions of the SAXS and WAXS profiles in
the crystallization process. The SAXS intensity, I, is
corrected with a Lorentz factor, and the values of
192 are plotted for the scattering vector, q (= (4x/A)
sin(0/2), where 6 is the scattering angle). The SAXS
peak is caused by the periodicity in an alternative
structure of crystalline and amorphous layers that is
usually observed in crystalline polymers. At the early
stage of the crystallization, the intensity g2 increases
slightly with increasing the storage time. Then, the peak
intensity begins to increase remarkably at ca. 1500 s.
The early and late processes can be attributed to the
induction period of crystallization and the growth of
spherulite structure, respectively. The peaks of the
WAXS profile are assigned to be the crystallographic
reflections of the plane indexed (110), (111), and (200)
in the crystalline structure of PCL.

To evaluate the structural change in the crystalliza-
tion process, the dependence of the intensity of SAXS
and WAXS at the crystallization temperature (T) of 47
and 50 °C should be discussed. Figure 3 shows the time
evolution of the normalized intensity to that at the long
crystallization time. The intensity of SAXS is obtained
by integrating the value of 12 in the range of 0.15 nm~1!
< < 0.8 nm™1, whereas the peak area of the reflection
(110) is taken as the intensity of WAXS. In the present
study, we can see that the intensities of SAXS and
WAXS increased in the same manner. The time depen-
dence of the intensities of SAXS and WAXS coincide
with each other. These results suggested that crystalline
structure and the higher-order structure such as alter-
native lamella one were formed simultaneously. In this
study, no peak at low g in SAXS due to spinodal
decomposition®1° observed in the induction period.
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Figure 3. Normalized SAXS (a, O) and WAXS (a, ®)
intensities as a function of the logarithm of crystallization time
at 47 °C (a, a) and 50 °C (O, @). The scattering intensity at a
long time is taken to be 1.0.
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Figure 4. Time dependence of ESR spectra of spin-label
bonded to the PCL chain end during the isothermal crystal-
lization at 47 °C.

Molecular Mobility by ESR Measurement. Figure
4 shows the time dependence of ESR spectra of the spin-
labels bonded to the PCL chain end, during the crystal-
lization process at 47 °C. The main triplet spectrum due
to hyperfine coupling caused by the nitrogen nucleus
narrows with an increase in mobility of the radicals
because of motional averaging of the anisotropic inter-
action between an electron and a nucleus. A slight
change of the spectrum with the storage time is de-
tected. For instance, the relative intensity ratios of three
lines change with the time. It is possible to evaluate
the relaxation rate of the polymer chain by the analyses
of the anisotropic spectra. The rotational correlation
time z. of nitroxide spin-label which undergoes a fast
motion (107! < 7, < 1079 was estimated by the
procedures of Freed et al.,1%12 in which the anisotropic
rotational motion is taken into account. The line width
of ESR spectra, AHng, is expressed as follows

AH. =A+BM+CM (M=-1,0,1) (1)
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where M is the projection quantum number of 14N spin.
A, B, and C are given by

27 9P
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where Hp is the resonance magnetic field, go is the g
value at Hy, f3 is the Bohr magneton, and h is the Planck
constant. The A; tensor and g; tensor (i = X, y, z) that
refer to the coordinate system fixed to axially symmetric
rotor are the hyperfine splitting and the g value,
respectively. The value of A, B, and C are obtained from
eq 6, derived from eq 1:

(AH,(M))?1,, = const
NN e
L AT,
1 ly Iy
C= E(\/l:l + /l—i1 ~2

Here Iy (M = —1, 0, 1) are the peak height as indicated
in Figure 4. 7o and 1, are expressed as the following
equations:

_1
B_z

AH4(0)  (6)

Ti = 6D, + m¥D,— D) (Mm=0,2)

m

1 1

L= 6_D”’ o= G_DD' Tc = Vg (7)

D, and Dy are rotational diffusion coefficients about the
major and minor axes of axially symmetric rotor,
respectively. The major axis was taken to be parallel to
the X-axis of the coordinate fixed to the nitroxide radical
whose definition was given elsewhere.13 7. is the average
rotational correlation time of the anisotropic rotational
motion. It is possible to evaluate the mobility of polymer
by calculating 7. in the crystallization process.

Figure 5 shows the time evolution of z.. To clarify the
correlation between the molecular mobility and struc-
tural changes in the crystallization process, the time
evolution of the normalized SAXS intensity is also
depicted in Figure 5. 7. increased with an increase in
the crystallization time; that is, the mobility of polymer

Crystallization of Poly(e-caprolactone) 5325

—_
[=1

6.8x10°[C

g
6.6 Q
9 08 3
2 eap B
N
L o
£ 62r 06 &
5 o
8 6.0 >
g s8f 04 %5
£ sel %
3
C sal 022
< =)
52 1 1 1 I il
0 1000 2000 3000 4000 5000
Crystallization time (sec)
5.5x107°fF 10

bl

=]

T
o o4
[=2} x®

=
=
K)SUSIUT SXV'S PIZI[EULION

Correlation time (sec)
N .
N
T

=
=)
T
e
[S8d

f L L L o
0 1000 2000 3000 4000 5000

Crystallization time (sec)

Figure 5. Normalized SAXS intensity (solid line) and the
correlation time . (closed circle) plotted against the crystal
lization time at (a) 47 °C and (b) 50 °C.

chain decreased in the crystallization process. Moreover,
the remarkable change of the increase of 7. agrees with
the increase of the normalized SAXS intensity. There-
fore, these changes of 7. in the crystallization process
are originated from the structural change of PCL.
However, at the early stage of the duration time shorter
than ca. 700 s at 50 °C, no change of the normalized
SAXS intensity from the alternative lamella structure
is observed, whereas the correlation time . increases
gradually with increasing crystallization time. At the
early stage of the crystallization process, the mobility
of the polymer chain decreased even if the crystalline
structure was not definitely formed. When the normal-
ized SAXS intensity started to be detected (the crystal-
line structure appeared), 7. increased remarkably. And
then, the normalized SAXS intensity increased gradu-
ally to an asymptotic value with the increase in t..
Finally, no increase of the SAXS intensity was detected,
but 7. continued to increase gradually.

The nitroxide radicals of large size, labeled at the
polymer chain end, should be trapped in the amorphous
region. The remarkable decrease in the mobility (the
increase in 1) with the change of the SAXS intensity is
caused by the growth of the crystalline. For instance,
the polymer segments in the amorphous layer between
the crystalline layers should be suppressed by the
immobile segments in the crystalline. The alternative
structure of the crystalline and amorphous layers starts
to generate, and then the amorphous chains are con-
siderably restricted and the correlation time, 7, in-
creases with an increase in crystallinity. At the final
stage in the crystallization process, each spherulite
collided and the crystallization rate has considerably
decreased, where no structural change was observed
clearly with the measurements of X-ray scatterings. On
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the other hand, the mobility of polymer chain in the
amorphous layer is also strongly influenced by the late
growth of crystalline. Consequently, the 7. detected by
the ESR measurements continues to increase with the
crystallization time.

At the early stage in the crystallization process,
various structural changes are generated, for example,
spinodal decomposition, the conformational change, and
the nucleation. Strobl proposed the sequential growth
of the crystallites at the early stage.® It is considered
that these structural change influences the mobility of
the polymer chain. Therefore, the increase in 7. at the
early stage in the crystallization process is originated
from the structural change such as the self-aggregation,
but the detail is open to the further study. One key may
be opened by studying the change of the molecular
mobility at higher crystallization temperature where the
induction period is more longer.

Conclusions

In the present study, to clarify the molecular mobility
correlated with the structural change in the crystalliza-
tion process was carried out by using time-resolved
SAXS, WAXS, and ESR measurements on PCL. It was
found that the correlation time 7. increases with the
growth of crystalline. When the intensity of X-ray
scattering began to increase with the generation of a
well definite structure, the correlation time . increased
simultaneously and remarkably. Furthermore, at the
induction period in the crystallization process, the 7.
increased gradually. This result indicates the existence
of the precursory aggregation of the polymer chain in
the crystallization process.
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