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ABSTRACT: The crystalline—noncrystalline structure and molecular motion of poly(e-caprolactone) (PCL)
isothermally crystallized from the melt have been investigated by one- and two-dimensional solid-state
13C NMR spectroscopy. The 3C spin—lattice relaxation time (Tic) analysis reveals that the PCL sample
contains three components with different Tic values, which are assignable to the crystalline, mobile
crystalline, and noncrystalline components. By the 3C spin—spin relaxation time (T,c) analysis, it is
found that the noncrystalline component can be further resolved into the crystalline—amorphous
interfacial, and amorphous components. The mass fractions of the crystalline, interfacial, and amorphous
components are finally determined to be 0.42, 0.30, and 0.28, respectively. In the crystalline region,
different molecular mobilities along the methylene sequence are suggested through the difference in Tic
value for the constituting carbons. More detailed molecular motion in the crystalline region has been
characterized by the analysis of the 13C chemical shift anisotropy (CSA) in terms of the two-site exchange
model. 13C CSA spectra of the individual carbons are successfully recorded by using the two-dimensional
switching angle sample spinning technique. The CSA spectrum of the carbonyl carbon exhibit that the
carbonyl carbon is almost in the rigid state or undergoes the jump motion around the molecular chain
axis with a jump angle less than 30°. In contrast, methylene carbons exhibit almost axially symmetric
CSA spectra, suggesting the rapid jump motions around the molecular chain axis with a jump angle of
60—90°. Further narrowed CSA spectra, which are still axially symmetric, are observed for the methylene
carbons not directly attached to the ester group, suggesting the existence of additional enhanced jump
motion around the C—C bonds. Such enhanced molecular motions of the methylene sequence may be

due to the distorted nonplanar zigzag chain conformation of PCL in the crystalline region.

Introduction

Poly(e-caprolactone) (PCL) is of great interest as a
biodegradable polymer. This polymer is also nontoxic
and has potential as a polymer device for the controlled
release of drugs.! PCL is a crystalline polymer, and the
crystal structure has been determined by X-ray diffrac-
tion?3 and electron diffraction* measurements. How-
ever, the crystalline—noncrystalline structure and the
molecular motion of PCL have not been well character-
ized as yet.

Solid-state NMR is a powerful technique for the
elucidation of the detailed structure of solid polymers.5
To date, we have clarified the crystalline—noncrystalline
structure for different crystalline polymers, such as
polyolefins,®~° polyether,1° polyester,! poly(vinyl alco-
hol),1213 polyurethane,* and cellulose.’>16 Precise analy-
ses of 13C resonance line shapes, spin—lattice (T1c), and
spin—spin (Txc) relaxation behaviors and H spin dif-
fusion have revealed that some of these polymers are
composed of the crystalline, crystalline—amorphous
interfacial, and amorphous regions in the solid state.

Solid-state NMR also gives us important information
about the molecular motion of polymers.1718 The wide
frequency range of motion is covered by the solid-state
NMR spectroscopy: rapid motion with the frequency of
108—10'2 Hz can be characterized by the analysis of spin
relaxation parameters, such as T, and T,. The informa-
tion about the 102—108 Hz motion can be obtained by
the line shape analyses of chemical shift anisotropy
(CSA) spectra, wide-line ?H spectra, and *H—'H or 13C—
1H dipolar spectra. Their multidimensional exchange
spectra also give us the detailed information about the
ultraslow motion with 1071-10! Hz.

® Abstract published in Advance ACS Abstracts, September 1,
1997.
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In this paper, solid-state 13C NMR analyses are
carried out on the PCL sample isothermally crystallized
from the melt. The crystalline—noncrystalline structure
is characterized by analyzing the gated decoupled/MAS
spectrum and Tic and Tyc relaxation processes. The
molecular motion, particularly in the crystalline region,
is also investigated by analyzing Tic, CSA line shapes,
and two-dimensional 13C CSA exchange spectra.

Experimental Section

Sample. PCL with M,, = 80 000, which was provided by
Unitika Ltd., was melted at 100 °C for 1 h and then isother-
mally crystallized at 50 °C for 4 days in an argon atmosphere.
The sample thus obtained was cut into pieces with the
dimension about 1 x 1 x 1 mm. PCL fibers with a draw ratio
of 5, which were also provided by Unitika Ltd., were used for
the assignment of the principal axes of CSA for this material.

Solid-State ¥3C NMR Measurements. Solid-state 3C
NMR measurements were conducted on a JEOL JNM-GSX200
spectrometer operating under a static magnetic field of 4.7 T.
The 'H and 3C field strengths yB1/27 were 62.5 kHz. The
contact time for the CP process was 2.0 ms, and the rate of
sample spinning was set to 3 kHz throughout this work. 13C
chemical shifts were expressed as values relative to tetrameth-
ylsilane (Me,Si) by using the CHj; line at 17.36 ppm for
hexamethylbenzene crystals as an external reference. The
sample temperature was calibrated using the temperature
dependence?® of relative chemical shifts of CH, and OH protons
of ethylene glycol in a glass ampule, which was packed with
KBr in a MAS rotor.!* All the measurements were carried out
at room temperature, and the calibrated temperature was 41
°C at the spinning rate of 3 kHz.

Tic values longer than 10 s were measured by the CPT1
pulse sequence,?® while the shorter values were determined
by the saturation-recovery pulse sequence without CP.610 T,
relaxation decays were measured by the spin echo pulse
sequence modified for solid-state measurements.®° Here, 'H
dipolar decoupling was not used during the T,c decay. The
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Figure 1. Phase sensitive 2D SASS pulse sequence for the
measurement of individual CSA spectra. The spinning angle
is set to be 45° and the magic angle during the evolution period
t; and the detection period t;, respectively. The short Tic
component is greatly reduced in intensity by storing the
magnetization to the +z and —z directions alternatively during
the angle switching period.
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Figure 2. Gated decoupled/MAS 3C NMR spectrum of solid
PCL.

fully relaxed, gated decoupled *C NMR spectrum was obtained
by the 45 single pulse with the waiting time 7, = 1200 s after
the acquisition of an FID, which was longer than 3 times the
longest Tic value for the sample.

CSA powder patterns were measured by the two-dimen-
sional switching angle sample spinning (2D SASS) method?*~23
with the use of a Doty Scientific DAS probe in order to separate
the CSA for different carbons. The phase sensitive 2D SASS
pulse sequence used in this work is shown in Figure 1. The
spinning angles were switched between 45° and the magic
angle within 50 ms. The assignments of the principal axes
for CSA were carried out by the measurements of CP/dipolar
decoupled 3C NMR spectra for the uniaxially oriented PCL
fibers. The orientation axis was set to be either parallel or
perpendicular to the static magnetic field By in the measure-
ments.

Two-dimensional 3C CSA exchange spectra were measured
by off magic angle spinning with the angle of 45°. Mixing
times were set to be 0.1, 1, and 3 s.

Results and Discussion

Gated Decoupled/MAS 13C NMR Spectrum. Fig-
ure 2 shows the fully relaxed, gated decoupled/MAS 13C
NMR spectrum of PCL, which quantitatively reflects all
the components included in the sample. The assign-
ment of each resonance line has been made on the basis
of the results for the solution-state spectrum.2* The
resonance lines of C1, C2, and C6 carbons split into two
lines: the upfield lines of C1 and C6 carbons and the
downfield line of the C2 carbon are here simply assigned
to the noncrystalline component, whereas the counter-
part lines of these carbons are ascribed to the crystalline
component. This assignment is based on the great
difference in Tic between the respective two lines, as
shown below. More detailed assignment will be made
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Figure 3. Semilogarithmic plots of the peak intensity of the
resonance line of the crystalline component of the C6 carbon
as a function of time for the relaxation, measured by the CPT1
pulse sequence. The solid line is the composite decay curve
for the two components obtained by the least squares fitting,
and the broken lines are the decay curves for individual
components.
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Figure 4. Plot of the peak intensity of the resonance line of
the noncrystalline component of the C6 carbon as a function
of time for the relaxation, measured by the saturation recovery
pulse sequence. The solid line is the recovery curve obtained
by the least squares fitting.

after the line shape analysis of the spectrum. The
crystalline and noncrystalline components are not re-
solved into the respective lines for the other carbons.

13C Spin—Lattice Relaxation Analyses. Figure 3
shows the semilogarithmic spin—lattice relaxation decay
curve for the peak intensity of the crystalline line of the
C6 carbon, measured by the CPT1 pulse sequence.?°
Since the observed decay curve, indicated by closed
circles, cannot be described by a single exponential, the
least squares fitting analysis has been carried out by
assuming two components with different T1c values. The
overall composite decay curve and the decays of the
respective components are shown as solid and broken
lines, respectively. The composite curve thus obtained
is in good accord with the observed data, confirming the
existence of two components with T;¢ values of 276 and
28 s. Both of the two components with different T;c
values are assigned to the crystalline component, be-
cause these components have the same chemical shifts
and therefore adopt the same conformation. This as-
signment is also supported by the fact that the degree
of crystallinity determined by the line shape analysis
based on this assignment is in good accord with the
value obtained by DSC, as shown below. In contrast,
the noncrystalline line of the C6 carbon has a single Tic
of 0.19 s, as shown in Figure 4. Here, the saturation
recovery process of the magnetization of the noncrystal-
line line is successfully analyzed by assuming a single
component.
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Figure 5. Semilogarithmic plots of the peak intensity of the
resonance line of the noncrystalline component of the C6
carbon as a function of time for the relaxation, measured by
the spin echo pulse sequence. The solid line is the composite
decay curve for the two components obtained by the least
squares fitting, and broken lines are the decay curves for
individual components.

Table 1. Tic Values for Each Carbon of PCL

Tlc/S
C1l C2 C3,C4 C5 C6
crystalline 310 279 255, 232 232 276
34 33 25, 27 30 28

noncrystalline 2.5 0.22 0.26, 0.26 0.21 0.19

Table 2. T,c Values for the Noncrystalline Components
of Each Carbon of PCL

Tzc/mS
C1 Cc2 C3,C4 C5 C6
amorphous 25 2.6,2.6 2.6 2.3
interfacial 0.044 0.031, 0.034 0.034 0.036

Tic values thus obtained for all the carbons of PCL
are summarized in Table 1. The noncrystalline com-
ponent gives a single Tic value, while the crystalline
component has two Tic. The origin of the two Ti¢'s in
the crystalline component is not clear at present, but
the longer and shorter Tic components possibly cor-
respond to the rigid and mobile crystalline regions,
respectively. As for the longer Tic component in the
crystalline region, the values of the methylene carbons
become slightly shorter with increasing distance from
the ester group. Tic values of the crystalline component
become shorter with increasing mobility under this
condition. In the crystalline region, therefore, the
molecular mobility with about 108 Hz is higher around
the central part of the methylene sequence compared
to that around the ester group.

13C Spin—Spin Relaxation Analysis. Figure 5
shows a semilogarithmic plot of the peak intensity of
the C6 carbon as a function of the time 7 for the 13C
spin—spin relaxation, measured by the spin echo pulse
sequence for solid-state measurements without H
dipolar decoupling during the time 7:.51° The observed
decay curve, indicated by closed circles, can be clearly
resolved into two parts, a rapid decay and a subsequent
slow decay. Tyc values estimated for C2—C6 carbons
of PCL by the least squares fitting are summarized in
Table 2. The noncrystalline region is found to consist
of two components with different T,c values. The Tyc
values of the C1 carbon are not included in this table
because the data are scattered, and the T,oc values
cannot be estimated for the C1 carbon.

Two Ty values with the same orders were also found
for the noncrystalline components in different polyeth-
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Figure 6. Component analysis of the fully relaxed 3C NMR
spectrum of the C6 carbon: (A) crystalline, (B) interfacial, and
(C) amorphous components. The solid line is the experimental
line shape and the thick broken line is the composite line shape
for the three components obtained by the least squares fitting.
The thin broken lines are the Lorenzians for individual
components.

ylene®® and poly(tetramethylene oxide)© samples. In
these polymers, the components with shorter and longer
Toc values were assigned to crystalline—amorphous
interfacial and amorphous components, respectively.
Kimura et al. confirmed this assignment by the analysis
of the H spin diffusion process for uniaxially oriented
polyethylenes.® Therefore, the components with the
shorter and longer T,c values can also be assigned to
the interfacial and amorphous components for the
present sample, respectively.

Line Shape Analysis. The line shape analysis of
the fully relaxed, gated decoupled/MAS 13C NMR spec-
trum shown in Figure 2 is carried out in the same
manner as reported previously®1° to estimate the mass
fraction of each component. Figure 6 shows the result
of the analysis for the C6 resonance line, where the line
is successfully resolved into the crystalline, interfacial,
and amorphous components. Here, the respective com-
ponents are assumed to be Lorentzian curves, because
their line shapes separately measured are described well
in terms of Lorentzians, as in the case of polyethylenes®
and poly(tetramethylene oxide).1° In addition, the
interfacial and amorphous components can be well
separated by using the difference in Tyc values. It
should be noted here that the line widths of the
interfacial and rubbery components are remarkably
narrower than those expected from the T,c values
described above because the spectrum in Figure 6 was
measured under *H dipolar decoupling. The integrated
intensity fractions of the respective components thus
obtained are 0.42, 0.30, and 0.28 for crystalline, inter-
facial, and amorphous components, respectively. The
mass fraction of the crystalline component is in good
accord with the degree of crystallinity (0.46) determined
from the DSC measurement, where the heat of fusion
for the PCL crystals was assumed to be 15.4 kJ mol=1.25
This fact also confirms the assignment of the crystalline
and noncrystalline components.

2D SASS Measurement. Figure 7 shows the 2D
SASS spectrum of PCL measured at room temperature.
The projections along F1 and F2 axes show the conven-
tional high-resolution spectrum and the CSA patterns
for all the 13C sites in PCL, respectively. The CSA in
this figure is scaled by the factor fs = (3 cos? 0s — 1)/2
along the F1 axis by setting the isotropic resonance
center as an origin. Here, fs = 1/, since the spinning
angle 0s is 45°. Although CSA patterns for the C2—C5
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Figure 7. 2D SASS 3C NMR spectrum of solid PCL. The CSA
spectrum along the F; axis is scaled by the factor of /,.

carbons are overlapped with each other in the projection
to the F1 axis, their individual spectra are successfully
recorded by taking slice spectra along the F1 axis for
the isotropic resonance lines of the corresponding car-
bons. CSA spectra of C3 and C4 carbons cannot be still
separated, because their isotropic chemical shifts are
almost the same. In the 2D SASS measurement, the
contribution of the noncrystalline component was neg-
ligibly small because it was obtained by using the cross
polarization and the phase cycling, as shown in Figure
1. The short Ti;c component is greatly reduced in
intensity by storing the magnetization to the +z and
—z directions alternatively during the angle switching
period, which is referred to as the phase cycling here.

Figure 8 shows the descaled CSA spectra for the
respective carbons of PCL, which correspond to CSA
powder spectra obtained for the static sample. The CSA
of the C1 carbon is almost in accord with the line shape
in the rigid state.?6=29 All the other carbons exhibit the
almost axially symmetric spectra, probably as a result
of the motional average of the 011 and o2, values.

Assignment of the Principal Axes. In order to
obtain the information of the molecular motion from the
CSA spectra shown in Figure 8, it is necessary to carry
out the assignment of the principal axes for each carbon.
In this work, CP/dipole decoupled 13C NMR spectra have
been measured for the uniaxially oriented PCL fibers,
by setting the orientation axis parallel or perpendicular
to the static magnetic field Bo. Figure 9 shows the CP/
dipole decoupled 3C NMR spectra of the crystalline
component measured by the CPT1 pulse sequence,?°
where the T;c relaxation decay time was set to 8 s.
Three resonance lines appear when the orientation axis
is parallel to By. In contrast, relatively complicated
resonance lines appear when the orientation axis is
perpendicular to Bo.

The resonance frequency o of a given carbon nucleus
can be expressed as3®

0 = 0y, €0s” o sin® B + 0,, sin® a sin® B + 0,5 cos” 8

@)

where a and § are the Euler angles that relate the
principal axis frame for the chemical shift tensor ¢ to
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Figure 8. Descaled experimental CSA spectra for each carbon
of solid PCL.

the laboratory frame. When the orientation axis is
parallel to B, 5 becomes 0 for the carbon whose o33 axis
is parallel to the orientation axis. Then eq 1 reduces
to

0 = Og3 2)

and thus only one resonance line is observed at oss.
Similarly, eq 1 reduces to

0=0n (3

for the carbon whose 011 axis is parallel to the orienta-
tion axis. When the orientation axis is perpendicular
to By, 8 becomes /2 for the carbon whose o33 axis is
parallel to the orientation axis. In this case, the
resonance lines are observed at o1; and o, as a doublet
with an equal intensity, because eq 1 reduces to

0 = 04, COS° 0L + 0, SiN° A (4)

Similarly, for the carbon whose o1 axis is parallel to
the orientation axis, eq 1 reduces to

0 = 0,, C0S” B + 035 SIN° (5)

On the basis of these theoretical considerations, the
principal axis for each carbon can be assigned from the
experimental results shown in Figure 9 as follows. The
values of g11, 022, and o33 are shown in Figure 9 by
arrows, which are obtained from the CSA spectra in
Figure 8. For the methylene carbons, the averaged
values, (011 + 022)/2, are shown instead of the respective
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Figure 9. CP/dipole-decoupled *C NMR spectra of uniaxially
oriented PCL fibers.

values, because these carbons show the axially sym-
metric CSA spectra at room temperature, as shown in
Figure 8. According to egs 3 and 5, we conclude that
the o011 axis is parallel to the orientation axis for the C1
carbon; the resonance line for this carbon is observed
at 011 when the orientation axis is parallel to Bo. When
the orientation axis is perpendicular to By, the corre-
sponding lines appear at o2, and o33. The experimental
line shapes are somewhat deviated from the theoretical
prediction in egs 3 and 5, possibly due to the imperfect
orientation3! or molecular motion. For the methylene
carbons, the experimental line shapes in Figure 9 are
also deviated from the theoretical prediction, possibly
due to the molecular motion. However, the o33 axis is
found to be parallel to the orientation axis for all the
methylene carbons from Figure 9; the resonance lines
are observed at o33 when the orientation axis is parallel
to Bo. When the orientation axis is perpendicular to By,
these carbons resonate not at 011 and o2, but at (o011 +
022)[2. This result is consistent with that for the
isothermally crystallized PCL in Figure 8. Our assign-
ments of the principal axes are in good accord with those
previously reported, for example, for the methylene
carbon of polyethylenes®233 and the carbonyl carbon of
poly(methyl methacrylate).34-36

Simulation of CSA Spectra by the Two-Site
Exchange Model. The principal values in the rigid
state are necessary for the detailed analysis of the
molecular motion, but they have not yet been deter-
mined for each carbon of PCL. As far as we know,
however, the principal values reported for similar
compounds with ester groups are not so different from
those for the C1 carbon of PCL.26=2° Therefore, the
principal values obtained in this paper, o117 = 265 ppm,
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Figure 10. Schematic model of the jump motion around the
molecular chain axis for PCL in the crystalline state.

022 = 146 ppm, and o33 = 117 ppm, will be used for the
CSA simulation of the C1 carbon described below. In
contrast, the principal values of the methylene carbon
directly attached to the oxygen atom seem to depend
on the type of compound.3’-41 In the present analysis,
011 = 106 ppm, 022 = 91 ppm, and o33 = 27 ppm?7 for
the OCHy; carbon of poly(tetramethylene oxide), which
are determined at —90 °C, are assumed as the principal
values for the C6 carbon in the rigid state. As for the
principal values of the C3—C5 carbons, g11 = 52 ppm,
022 = 37 ppm, and ag33 = 13 ppm, which are derived from
the values determined for polyethylenes crystals,3342:43
are used as reference values in the rigid state. The
principal values are not assumed for the C2 carbon in
this work.

Based on the principal axes and their values deter-
mined above, the simulation of CSA spectra is carried
out by using the two-site exchange model.*445 In this
case, each carbon of PCL is assumed to undergo a jump
motion around the molecular chain axis with a jump
angle 6 and a jump rate « between two sites. The
analysis by the two-site exchange model is possibly
based on the existence of the conformational distortion
of the methylene chain from the planar zigzag confor-
mation, as shown below. Figure 10 shows the schematic
model of the jump motion around the molecular chain
axis of PCL in the crystalline state, where the principal
axes are also shown for the carbonyl and methylene
carbons.

Figure 11 shows the simulated CSA spectra for the
C1 carbon with different jump angles and jump rates.
The wiggles on the simulation spectra in Figure 11b—g
(and Figures 12g and 13g, as shown below) are numer-
ical noise. The slow and fast exchange limits of the
jump motion are about 102 and 10* Hz, respectively.
When the jump angle is less than 30°, the line shape is
almost the same as that in the rigid state at any jump
rate. When the jump angle is larger than 30°, signifi-
cant narrowing due to the average of o2, and o33 is
observed for the higher jump rates. In the present case,
the exact jump angle and frequency cannot be deter-
mined because the principal values in the rigid state
are not well-defined at present. Nevertheless, the
experimental line shape of the C1 carbon is definitely
different from the simulated line shape for the jump
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Figure 12. Simulated CSA spectra for the C6 carbon of PCL.

motion with & > 30°. Therefore, the C1 carbon is
concluded to be static or to undergo the jump motion
with 6 < 30°.

Figure 12 shows the simulated CSA spectra for the
C6 carbon with different jump rates for 6 = 60° and 90°.
Similar to the case of the C1 carbon, the line shape is
almost the same as that in the rigid state at any jump
rate, when the jump angle is less than 30° (not shown
here). The simulated CSA spectra are wider than the
experimental ones. Since the reported principal values
of the OCH, carbons depend on compounds,®’=4! only
the shapes of CSA spectra should be discussed here. The
comparison between the simulated and experimental
CSA spectra suggests that the C6 carbon undergoes 60—
90° jump motion around the chain axis with the
frequency of about 102—10% Hz. Although the simula-
tion has not been carried out for the C2 carbon, the
axially symmetric CSA line shape indicates that this
carbon also seems to undergo the same type of 60—90°
jump motion.

Figure 13 shows the simulated CSA spectra for the
C3—C5 carbons, which are obtained by assuming the
same type of jump motion around the chain axis.
Experimental spectra for the C3 and C4 carbons are
narrower than the simulated spectra for the 60—90°
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Figure 13. Simulated CSA spectra for the C3—C5 carbons of
PCL.

jump motion. This may be due to the additional partial
averaging of o33, suggesting an additional molecular
motion, probably around the C—C bond, for these
carbons.

In summary, the C1 carbon is almost rigid or under-
goes the jump motion around the molecular chain axis
with 6 < 30°. C2 and C6 carbons adjacent to the ester
group undergo the 60—90° jump motion around the
molecular chain axis. C3 and C4 carbons, which are
not directly attached to the ester group, additionally
undergo some molecular motion, probably around the
C—C bond.

In this paper, the simulation of CSA line shapes has
been carried out on the assumption that individual
carbons undergo the two-site jump motion around the
molecular chain axis. From the results of the simula-
tion, however, it is possible for individual carbons to
undergo not the cooperative jump motion around the
molecular chain axis but the wavelike motion where the
ester group is almost rigid and methylene carbons
undergo the 60—90° jump motion around the chain axis
with or without the additional molecular motion. The
molecular motion accompanied by the conformational
changes cannot be analyzed by the CSA line shapes,
because the principal values will change depending on
the conformation. In order to obtain the more detailed
information of the molecular motion, the C—H dipolar
spectra or 2H spectra, which are independent of the
conformational change, will be analyzed in the near
future.

Similar motional inhomogeneities have been observed
in several systems. English et al. analyzed the meth-
ylene motion in the crystalline component of nylon 66
in detail by solid-state 2H NMR measurements* and
molecular dynamics simulation.*” The functional group
of nylon 66 is almost rigid in the crystalline region,
while the methylene carbons undergo the librational
motion around the chain axis with 6 = 60° above 100
°C. This temperature is almost the same as or slightly
above the temperature at which the methylene carbons
in polyethylenes begin to undergo the 180° jump motion
around the chain axis with a frequency of 10*—10°
Hz.#84% Compared with these polymers with fully
extended methylene chains, the present results indicate
that the methylene chain in PCL is mobile even at 41
°C. This is probably because the methylene chain in
PCL is slightly distorted. Two types of conformations
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are reported for PCL by the X-ray diffraction measure-
ments: one is the planar zigzag conformation,? and the
other is a slightly distorted nonplanar zigzag conforma-
tion.® A recent electron diffraction study revealed that
the latter conformation is more suitable.* If such a
conformational distortion really exists, the potential
energy curve of methylene carbons in PCL will not be
single but double-welled. In this case, the jump motion
may be induced between the two potential wells, sug-
gesting the enhanced molecular mobility for methylene
sequences in PCL compared to the fully extended
methylene sequences in polyethylenes. This sort of
crystalline state of PCL may correspond to one of
dynamic conformational disordered states.50-52

Ultraslow motions in PCL were also investigated by
two-dimensional 13C CSA exchange measurements.
Two-dimensional CSA exchange spectra for C1 and C6
carbons, which were separately observed by using off
magic angle spinning with the angle of 45°, do not show
observable off-diagonal peaks with mixing times be-
tween 0.1 and 3 s, indicating that ultraslow motions
with a frequency of 10~1—10! Hz are almost frozen for
C1 and C6 carbons.

Conclusion

One- and two-dimensional 33C NMR analyses of the
crystalline—noncrystalline structure and molecular mo-
tion in the crystalline region have been performed at
room temperature for poly(e-caprolactone) (PCL) iso-
thermally crystallized from the melt at 50 °C for 4 days.

(1) 13C spin—Ilattice relaxation time (Tic) and 13C
spin—spin relaxation time (T,c) analyses have been
carried out to characterize the crystalline—noncrystal-
line structure. Tic analyses have revealed that three
components exist with different T,c values, which are
assignable to the crystalline, mobile crystalline, and
noncrystalline components. T,c analyses have also
revealed that in the noncrystalline region, two compo-
nents exist with different T,c values, which are assign-
able to crystalline—amorphous interfacial and amor-
phous components.

(2) From the line shape analysis of the fully relaxed,
gated decoupled/MAS 13C NMR spectrum of PCL, the
mass fractions of the crystalline, crystalline—amorphous
interfacial, and amorphous components are determined
to be 0.42, 0.30, and 0.28, respectively. The mass
fraction of the crystalline component is in good accord
with the degree of crystallinity as determined by DSC
measurement.

(3) Tic values of the respective carbons in the crystal-
line component become slightly shorter with increasing
distance from the ester group, suggesting that the
methylene carbons undergo more enhanced molecular
motion with the increase of the distance from the ester
group, even in the crystalline state.

(4) More detailed molecular motion with the order of
103 Hz in the crystalline region has been characterized
by analyzing the 13C chemical shift anisotropy (CSA)
in terms of the two-site exchange model. 3C CSA
spectra of the individual carbons of PCL can be suc-
cessfully recorded by using the two-dimensional switch-
ing angle sample spinning method. The CSA spectrum
for the carbonyl carbon thus obtained almost agrees
with that in the rigid state. In contrast, methylene
carbons exhibit axially symmetric CSA spectra, sug-
gesting rapid jump motions around the molecular chain
axis with jump angles of 60—90°. In particular, much
narrower CSA spectra with axial symmetry are ob-
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served for the methylene carbons in the central part of
the sequence, suggesting the existence of additional
enhanced jump motion around the C—C bonds. Such
enhanced methylene motions may be related to the
conformational distortion from the planar zigzag con-
formation.
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