Structural Analysis of Oriented Poly(e-Caprolactone)
Including CaCO; Particles with '>C Solid-State NMR
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ABSTRACT: The results of a study of the relation between the oriented structure and
drawn Poly(e-caprolactone) specimens including CaCO; particles and their dynamic
mechanical properties are presented. The loss elasticity, E”, showed almost the same
curve for both undrawn sheets and drawn sheets as a function of CaCO, content. On the
other hand, the storage modulus, E’, of drawn sheets increased nonlinearly with
increasing CaCO; content, and their curve showed lower E’ values than those of
undrawn sheets. By simulation of *3C CP NMR spectra of drawn PCL/CaCO; sheets,
both oriented and unoriented components were observed. The distribution parameter,
p, of drawn PCL/CaCOj, sheets was 13°, which was larger than those (8°) of drawn PCL.
Further, the fraction of the unoriented component increased with increasing CaCOg4
content. Thus, adding CaCOj particles into the PCL, the arrangement of the oriented
component was disturbed and decreased. In addition, from the line shape analyses of
13C CP MAS NMR spectra, four peaks were obtained in not only undrawn sheets but
also in drawn sheets of both PCL and PCL/CaCO; compounds. Besides, structural
change occurred at only drawn PCL/CaCO; sheets. Therefore, the change in dynamic
mechanical properties observed only for drawn PCL/CaCO4 sheets were strongly de-
pendent on the orientational structure, which was formed under shear stress of the
stretching drawn process. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 23762382,
2001
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INTRODUCTION

Poly(e-caprolactone) (PCL) is a biodegradable
polymer formed by ring-opening polymerization
of lactone. This polymer decomposes rapidly and
completely in a typical compost environment,
which makes it an ideal replacement for nonde-
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gradable polymers in numerous applications like
yard-waste bags, surgical, and pharmaceutical
materials.?

The crystal structure of PCL has been deter-
mined by X-ray diffraction.>* Two types of con-
formations were reported: one is the planar zig-
zag conformation, and the other is a slightly dis-
torted nonplanar zigzag conformation. A recent
electron diffraction study revealed that the latter
conformation is more suitable.’® Furthermore, the
structure of PCL in the solid state has been char-
acterized by 13C solid state NMR.® Kaji and Horii
assigned the 3C CP/MAS NMR spectrum of PCL
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on the base of the assignment of the solution *C
NMR and relaxation studies. The '2C spin-lattice
relaxation time analyses revealed that the PCL
sample contains three components with different
T,c values, which were assigned to the crystal-
line, mobile crystalline, and noncrystalline com-
ponents. By analyzing the *C spin-spin relax-
ation times (T'y.), it was found that the noncrys-
talline component can be further resolved into the
crystalline—amorphous interfacial and amor-
phous components. The fractions of the crystal-
line, interfacial, and amorphous components were
finally determined to be 0.42, 0.30, and 0.28, re-
spectively. A detailed discussion of the molecular
motion of the crystalline region of PCL chains was
also given.

However, the glass transition temperature
(Ty) and melting temperature (7',,) of PCL are
very low, that is, —60°C and 60°C, respectively.
Therefore, to improve the mechanical properties,
the addition of environmentally benign materials
such as Calcium Carbonate (CaCO,), silica, and
clay to PCL is generally required for industrial
applications. The increase in mechanical strength
and biodegradability for PCL/clay and PCL/
CaCOj; mixtures have been reported.”® However,
there have been no studies on the structure of
PCL in the solid state of these mixture samples.

In this article, we reported the structure of
oriented PCL as a function of CaCO4 content de-
termined with *C CP MAS and '3C CP solid-state
NMR. The solid-state NMR analytical methods
applied for Poly(ethylene terephthalate)® and
Poly(L-lactic acid)'® were used in this study. Es-
pecially, the relationship between the change in
dynamic storage modules, E’, of the oriented
samples with the heterogeneous structure was
investigated.

EXPERIMENTAL

Materials

A commercial sample of Poly(e-caprolactone)
(PCL H-7) with d = 1.16 g/cm® was purchased
from Dicel Kagaku Kogyo Ltd (Japan). CaCOg4
particles with an average particle size of 1.25 um,
used for the dispersed particles, were purchased
from Shiraishi Calcium Ltd (Japan).

CaCO4 and PCL were mixed in a two-roll mill
(Toyo Seiki Ltd), at 140°C for 10 min. The sam-
ples for elastic modulus observation, *C CP NMR
observation and *C CP MAS observation were

Figure 1 Preparation of a uniaxially oriented block
sample of PCL/CaCO; sheet for '3C CP NMR observa-
tion as a function of B, the angle between the machine
draw direction (MD) and the magnetic field.

prepared by mold pressing at 150°C under a pres-
sure of 10 Mpa to form a sheet of 1.0 mm in
thickness and then cut into rectangles of dimen-
sions, 10.0 X 50.0 mm. Uniaxially drawn sheets
were prepared with a draw rate of 100 mm/min
and a draw ratio of 4.5 at 50°C by a one-way
stretch method using an ORIENTEC tensile
tester. Especially, the oriented samples for 3C
CP NMR observation used 3 X 4 mm cut sheets,
as shown in Figure 1.

Dynamic Storage Modulus Measurement

Storage modulus, E’, and loss elasticity, E”, were
obtained from a Dynamic storage modulus instru-
ment, DDV-25FP Visco-elastic Analyzer manu-
factured by A&D Ltd, at 25°C and 11 Hz.

13C NMR Measurement

13C CP MAS NMR observations were performed
on a CMX 400 NMR spectrometer operating at
100 MHz at 25°C. The cross polarization (CP)
technique (Hartmann-Harn-matched condition)
with contact time = 7 ms was used with a recycle
delay of 3 s. Sample spinning rate was set to be 5
kHz. Typically 20,000 FIDs were accumulated for
each spectrum. The chemical shift of the methyl
peak of hexamethylbenzene was used as chemical
shift reference and converted to 17.3 ppm from
TMS. Assuming a Gaussian distribution, line
shape analyses of the carbonyl peaks were carried
out.
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13C CP NMR observations were performed on a
JEOL EX270 NMR spectrometer operating at
67.8 MHz at 25°C. The CP technique (Hartmann-
Harn-matched condition) with contact time = 2
ms was used with a recycle delay of 5 s and a
spin-locking field strength of 1.2 mT. Typically
15,000 FIDs were accumulated for each spectrum.

RESULTS

Dynamic Mechanical Properties of PCL/CaCO,
Compounds

The effect of the CaCO5 content on the storage
modulus, E’, and the loss elasticity, E”, of both
undrawn and drawn sheets of PCL/CaCO; are
shown in Figures 2 and 3, respectively. The loss
elasticity, E”, (Fig. 2) shows almost the same
curve for both of undrawn sheets [Fig. 2(b)] and
drawn sheets [Fig. 2(a)] as a function of CaCO,
content. These results are similar to those of PCL/
Clay blend system.” In contrast, the curve of the
storage modulus, E’, of drawn sheets [Fig. 1(a)] is
different from the undrawn sheets. The curve of
E’ slightly increased with increasing CaCOj; con-
tent, and showed a plateau region having lower
E’ values than those of undrawn sheets [Fig.
1(b)]. At a lower filler content, less than 20 wt %,
the storage modulus, E’, of drawn PCL/CaCOg4
sheets increased with increasing CaCO4 content.
At above 20 to 45 wt % of CaCO,, the storage
modulus, E’, showed constant values indepen-
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Figure 2 Storage modulus, E’, of drawn PCL/CaCO,
sheets (@) and undrawn PCL/CaCO; (O) as a function
of CaCOg content.
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Figure 3 Loss modulus, E’, of drawn PCL/CaCO,
sheets (@) and undrawn PCL/CaCO; (O) as a function
of CaCOg content.

dent of the CaCOg4 content. At more than 45 wt %
of CaCO,, the storage modulus, E’, slightly in-
creased one more.

Thus, it is clear that some factor that can affect
the storage modulus, E’, occurs under a shear
stress during the drawing process of the PCL/
CaCO4 compounds. There are many factors, such
as matrix toughness, interphase adhesion, and
particle aggregation, that can affect the storage
modulus, E’, of drawn PCL/CaCO5 compounds.

13C Solid-State NMR Powder Pattern Spectrum
of PCL

In the process of structural analysis of oriented
PCL/CaCO5; compounds with angle-dependent
solid-state NMR, it is necessary to determine the
chemical shift tensor values of carbonyl peaks of
PCL powder. Figure 4 shows the carbonyl region
of the *C CP NMR spectrum of the PCL powder
sample together with the simulated spectrum.
Any carbon peaks due to the calcium carbonate
(CaCOs;) could not be observed in the '*C CP NMR
spectrum as is expected from the 3C CP/MAS
NMR spectra, as shown below. After the simula-
tion,'! the chemical shift tensors were deter-
mined to be o;; = 128 ppm, 0yy = 146 ppm and
033 = 260 ppm. Here, the line broadening was
assumed to be 5 ppm in the simulation. The chem-
ical shift tensor determined here will be used for
the structural determination of the oriented com-
ponents of PCL and PCL/CaCO5 compounds.
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Structural Analyses from '>C NMR Carbonyl Peaks
of the Oriented PCL/CaCO; Compounds with
Draw Rate 100 mm/min

Figure 5 shows the '3C CP NMR spectra of car-
bonyl carbons of uniaxially drawn (100 mm/min
at 50°C) sheets with different CaCO4 content as a
function of B;, the angle between the drawn di-
rection and the magnetic field. The line shapes of
the carbonyl carbon are slightly different between
the PCL and PCL/CaCO5 compounds. In particu-
lar, the carbonyl peaks of PCL/CaCO; compounds
are slightly broader than those of PCL, especially,
at both B;, = 30° and B;, = 60°. In addition, there
were also little differences between the two kinds
of PCL/CaCO4; compounds (about 15 wt % and 35
wt %). The carbonyl peaks of the oriented compo-
nent was slightly broadened with increasing
CaCOg content. The simulated spectra (dot line)
are also shown for the spectra of the carbonyl
carbons with 35 wt % CaCO4 (Fig. 6). The spectra
with the powder pattern spectra subtracted from
the observed spectra can be used for the simula-
tion. The Euler angles ap and B defined in our
previous articles”'® were determined to be 10°

a2

o

l

a33

SR

300 280 260 240 270 200 180 160 140 120 100

ppm from ext TMS

Figure 4 The '*C powder pattern spectra of carbonyl
carbon of PCL powder (the observed spectrum (lower)
and simulated one (higher). The '*C chemical shift
tensors are determined as o,; = 128 ppm, 0y, = 146
ppm and o35 = 260 ppm.
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Figure5 The *C CP NMR spectra of carbonyl carbon
uniaxially drawn (X4.5 at 50°C) PCL and PCL/CaCO,
compounds (about 15 wt % and 35 wt %) as a function
of B;, the angle between the draw direction and mag-
netic field.

and 5°, respectively, and the distribution param-
eter, p, determined by assuming Gaussian, was
13°. The structural parameters, oy, By, and, p, for
the oriented components obtained for uniaxially
oriented PCL/CaCO4 samples are summarized in
Table I as well as the fraction of the oriented and
unoriented components. Only the p value was
changed and the ap and Bp values remain con-
stant. From the increasing p values as the CaCOj,
content increased, the oriented component of
PCL/CaCO5; compounds becomes more distrib-
uted than that of PCL. However, the average
structure of the oriented components was kept
constant.

3C CP MAS NMR Spectra of Undrawn
PCL/CaCO; Compounds

Figure 7 shows the '*C CP MAS NMR spectra of
undrawn PCL and undrawn PCL/CaCO5 samples
(CaCOg; 15 wt % and 35 wt %, respectively). Any
carbon peaks due to CaCOj; could not be observed.
The assignment of each peak has been reported.®
The peaks of C,, C,, and C4 carbons was split into
two lines: the upfield line of C1 and C6 carbons
and the downfield line of the C2 carbon have been
assigned to the noncrystalline component,
whereas the counterpart line of these carbons are
ascribed to the crystalline component.

Figure 8 shows the expanded '3C CP MAS
NMR spectra of the carbonyl carbon of undrawn



2380 ITO ET AL.

Oriented Component
(70%)

90"

60°

30°

Unoriented component
(30%)

o

- —

1

00 300 200 100 3

00 200 100

ppm from ext TMS.

Figure 6 The *C CP NMR spectra of carbonyl carbon drawn (x4.5 at 50°C) PCL/
CaCOy sheet included 35 wt % CaCOj as a function of B;, the angle between the draw
direction and magnetic field. Full and dotted curve shows observed and calculated
spectra, respectively. The fraction of the two components, amorphous (30%) and ori-
ented (70%) were determined by simulation. The spectral parameters were ap = 10°, B
= 5° and p = 13°. When the chemical shift tensor are o;; = 128 ppm, 04, = 146 ppm

and o35 = 260 ppm.

PCL and undrawn PCL/CaCO4 compounds (solid
line) and the simulated spectra (dot line). By line
shape analyses, the peaks were found to split into
four peaks. Within the four peaks, the three
peaks (I, I, IIT) at lower field were assigned to the
crystalline components and the highest field peak
IV to the noncrystalline component, respectively.
The spectral patterns of the carbonyl carbon did
not change with increasing CaCO; for the un-
drawn samples. Therefore, it appears that the
structural change of PCL did not occur even if
CaCO4 was included.

Figure 9 shows the *C CP NMR spectra of the
carbonyl carbon (solid line) and the simulated
spectra (dot line) of drawn PCL and PCL/CaCO,
samples (CaCOg: 15 wt % and 35 wt %, respec-

Table I The Euler Angles, oy, By, and
Distribution of Fiber Axis, p, of Drawn PCL
Specimens Including CaCO; Particles

CaCO, 0 15 35
p (®) 8 13 13
ay (°) 10 10 10
Br (®) 5 5 5
Oriented component (%) 90 80 70

The fraction of oriented component is also listed.
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Figure 7 '2C CP MAS NMR spectra of undrawn PCL
and undrawn PCL/CaCO4 compounds (about 15 wt %
and 35 wt %).
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tively) with draw rate of 100 mm/min. The spec-
tra of drawn PCL and PCL/CaCOj; samples
changed dramatically with increasing CaCO4 con-
tent. In the line-shape analyses, the four peaks
observed for undrawn samples were also observed
in these cases. In these drawn sheets, peak I
disappeared when CaCO5 was blended with PCL.
And peak II also decreased with increasing the
CaCOj content from 41% to 9-11%. In contrast,
the intensities of peaks III and IV increased with
increasing the CaCOj5 content from 21 to 34% and
from 18 to 33-36%, respectively. The width of
peak IV became broader with increasing CaCO,
content. Peak IV corresponds to the amount of the
powder component used in the 1*C CP NMR anal-
ysis (Table I). Peak IV is the amorphous phase,
and increased in the drawn PCL/CaCO; samples.
In addition, a new peak, labeled V, was observed
in the drawn PCL/CaCO5; samples. At present,
structural discrimination of these peaks (I, II, III,
and V), which were assigned to crystalline struc-
ture could not be performed exactly, but it ap-
pears that when the PCL that had been blended
with CaCO4 particles was exposed under shear
stress, some structural change occurred. The com-
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Figure 8 '®C CP MAS NMR spectra of carbonyl car-
bon of undrawn PCL and undrawn PCL/CaCO5 com-
pounds and their deconvolution spectra into four frac-
tion (I, IT, III, IV, and V).
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Figure 9 °C CP MAS NMR spectra of carbonyl car-
bon of drawn PCL and drawn PCL/CaCO; compounds
and their deconvolution spectra into five fraction (I, II,
111, IV, and V).

position ratio of each fractions are also described
in Figure 9.

CONCLUSION

The loss elasticity, E” (Fig. 2) shows almost the
same curve for both of the undrawn sheets [Fig.
2(a)] and the drawn sheets [Fig. 2(b)] as a func-
tion of CaCO4 content. In contrast, the storage
modulus, E’, of drawn PCL/CaCO5 samples in-
creased nonlinearly with increasing CaCO5 and
this curve showed lower E’ values than those of
undrawn samples. Therefore, some physical
changes occurred under shear stress as a result of
the process for PCL/CaCO5 compounds.

By the simulation of *C CP NMR spectra, one
oriented component and one unoriented compo-
nent was obtained in both undrawn samples and
drawn samples. In this case, it is difficult to sep-
arate more two components; thus, the oriented
component was treated as the mean structure of
several oriented components. Also, the distribu-
tion parameter, p, of the oriented component of
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Figure 10 Diagrammatic arrangement of oriented
component and amorphous region in uniaxially ori-
ented PCL and uniaxially oriented PCL/CaCO; com-
pound.

Mechanical Extension
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drawn PCL/CaCO4 compounds was 13°, which is
larger than those (8°) of drawn PCL sample.
Therefore, it is clear that adding CaCOg particles
to PCL and drawing uniaxially, the arrangement
of the oriented component was distributed.
From the line shape analyses of *C CP MAS
NMR spectra, four peaks were obtained in not
only undrawn samples but also the drawn sam-
ples of PCL and PCL/CaCO; compounds. How-
ever, the line-shape patterns are different be-
tween undrawn samples and drawn samples. Al-
though, for the undrawn samples, structural
change did not occur within the four peaks with
respect to the CaCOg4 content, dramatic structural
changes occurred in the drawn samples. In the
case of drawn samples, peaks I and II disap-
peared and/or decreased with CaCO4 content and
drawing; at the same time, peak III increased and
a new peak, V, appeared in drawn PCL/CaCO,
samples. In addition, peak IV, which was as-
signed to the amorphous component, increased,

and peak shape become broader with increasing
CaCOg content.

From these result, the phenomena that was
observed in the storage elastic modulus, E’ [Fig.
1(b)] may be explained. In the CaCO5 compounds,
the arrangement of the oriented component was
disturbed and the structure of the oriented com-
ponent changed under the shear stress of the
drawing process (Fig. 10). Therefore, in this PCL/
CaCO5 system, the physical properties are
strongly dependent on the oriented structures,
which was formed under shear stress of the draw-
ing process.
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