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ABSTRACT: Poly(e-caprolactone)/clay nanocomposites
were synthesized by in situ ring-opening polymerization
of e-caprolactone in the presence of montmorillonite modi-
fied by hydroxyl functionalized, quaternized polyhedral
oligomeric silsesquioxane (POSS) surfactants. The octa(3-
chloropropyl) polyhedral oligomeric silsesquioxane was
prepared by hydrolytic condensation of 3-chloropropyltri-
methoxysilane, which was subsequently quaternized with
2-dimethylaminoethanol. Montmorillonite was modified
with the quaternized surfactants by cation exchange reac-
tion. Bulk polymerization of e-caprolactone was conducted
at 110°C using stannous octoate as an initiator/catalyst.
Nanocomposites were analyzed by X-ray diffraction, trans-

mission electron microscopy, thermo gravimetric analysis,
and differential scanning calorimetry. Hydroxyl functional-
ized POSS was employed as a surface modifier for clay
which gives stable clay separation for its 3-D structure and
also facilitates the miscibility of polymer with clay in the
nanocomposites due to the star architecture. An improve-
ment in the thermal stability of PCL was observed even at
1 wt % of clay loading. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 119: 936-943, 2011
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INTRODUCTION

In the past decade, polymer nanocomposites have
emerged as a new class of materials and have
received considerable attention as an effective
method of enhancing thermal stability and flame re-
tardant, mechanical, and barrier proper’cies.l‘6 Mont-
morillonite, the most preferred and widely used
smectic clay is of particular interest because it offers
a hl%h aspect ratio (10-1000) and a high surface
area.” Due to an isomorphic substitution within the
layers, the clay layer is negatively charged, which is
counterbalanced by cations in the interlayer space.
The natural montmorillonite is hydrophilic and is
generally considered unsuitable for hosting non-po-
lar organic molecules without prior treatment. In
addition, clay particles are composed of sheets that
are stacked roughly 1 nm apart. The narrow spacing
between the inorganic sheets inhibits the polymer
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permeation into the particles. Thus, the fabrication
of thermodynamically stable composites where the
clay sheets are uniformly dispersed (or exfoliated)
within the polymer matrix poses significant syn-
thetic challenges. Usually interlayer cations can be
exchanged with organic cations to obtain organo-
philic montmorillonite producing an "organoclay,"
which has an expanded interlayer spacing and read-
ily produces polymer/clay nanocomposites. Employ-
ing different organic cations (surfactants) could
achieve different natures of morphologies of the
nanocomposites: intercalated, intercalated and floc-
culated, and exfoliated.® Tt is well documented that
exfoliated nanocomposites provide the best property
enhancement due to the large aspect ratio and sur-
face area of clay.” However, there are few unequivo-
cal examples of the synthesis of exfoliated nanocom-
posites because the strong electrostatic force between
clay layers tends to hold them together and underlie
the preferred face-to-face stacking geometry in
agglomerated clay tactoids.'” In contrast, partially
exfoliated nanocomposites are readily produced hav-
ing silicate layers exfoliated into secondary particles
which contain several stacked, coplanar layers. Two
main approaches can be used to prepare polymer/
clay nanocomposites: either melt-intercalation, for
which clay is mixed with preformed polymers in the
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molten state, or in situ intercalative polymerization,
where clay is dispersed in monomers which are sub-
sequently polymerized. The in situ intercalative poly-
merization was shown to be the most efficient syn-
thetic path since it allows the generation of
completely exfoliated morphologies, leading to poly-
mer/clay nanocomposites with much-improved
properties.

During the last decade, an increasing attention
has been paid to biodegradable polymers because of
their sustainability. Poly(e-caprolactone) (PCL) is a
well known green polymer which can be prepared
by ring opening polymerization (ROP) of e-caprolac-
tone in the presence of catalyst and initiator. How-
ever, the applications of such polymers are limited
because of incompatibility in mechanical and barrier
properties to water and gasses. To improve the
properties of the biodegradable polymers particu-
larly for use as packaging materials, one option is to
incorporate environmentally acceptable fillers. In
this regard, clay is a suitable filler because it is a
naturally abundant mineral that is toxin free. It can
be used as one of the components for food, medical,
cosmetic, and health-care recipients.”"> Recently,
biodegradable polymers reinforced by clay have
been investigated,"*?” and the crystallization behav-
ior of PCL/nanoclay were studied in detail by melt
processing.”! A small amount of fillers particularly
organically modified layered silicates improved the
mechanical,”*** thermal'**>*® and gas barrier prop-
erties'® of the matrix PCL. To synthesize PCL/clay
nanocomposites with controlled PCL chain lengths
and exfoliated structures, in situ ROP of e-caprolac-
tone with a well-controlled coordination/insertion
mechanism has been used.”’ ' The ROP was cata-
lyzed by tin(Il) 2-ethylhexanoate, dibutyltin(IV)
dimethoxide, or triethylaluminum in the presence of
clay modified by quaternary ammonium cations
containing hydroxyl groups. The hydroxyl groups
can act as initiators for the ROP, yielding surface
grafted PCL chains and leading to an exfoliated
morphology. In exfoliated PCL/clay nanocompo-
sites, the clay layers completely lose their stacking
orders and are uniformly dispersed in the continu-
ous PCL matrix. Such PCL/clay nanocomposites can
attain a particular degree of properties with less
clay content than that with the intercalated
structures.®

In this work, we prepared poly(e-caprolactone)/
clay nanocomposites by in situ ring-opening poly-
merization of e-caprolactone catalyzed by Tin(Il) 2-
ethylhexanoate in the presence of the clay modified
by a 3-D surfactant, hydroxyl functionalized quater-
nized polyhedral oligomeric silsesquioxane (POSS).
In addition, the thermal properties and crystalliza-
tion Dbehavior of the nanocomposites were
investigated.

937

MATERIALS AND METHODS
Materials

Montmorillonite (MMT) (Morrisville, Pennsylvania)
which has cation exchanged capacity of 92.6 meq/
100 g was obtained from Gelest. 3-Chloropropyl
trimethoxysilane (974%), 2-dimethylaminoethanol
(99.5+%), Tin(Il) 2-ethylhexanoate (~99%) were pur-
chased from Aldrich (Yongin, Korea) and were used
without additional purification. e-Caprolactone
(Aldrich, Yongin, Korea) was dried over CaH, and
distilled under reduced pressure prior to use.

Synthesis of octa (3-chloropropyl) poss

Octa(3-chloropropyl) POSS was synthesized by slight
modification of the procedure reported elsewhere.”
Typically, 3-chloropropyltrimethoxysilane (10 g, 0.05
mol), methanol (225 mL), and conc. HCI (10 mL of
35% in H,O) were stirred at room temperature for 5
weeks. POSS-(Cl)s was obtained as white powder af-
ter suction filtration followed by washing with de-
ionized water (3.2 g, yield: 32%). "H-NMR (CDCl,,
3, ppm, TMS) assignment: 0.78-0.82 (2H, Si—CH,),
1.85-1.91 (2H, Si—CH,CH,), 3.52-3.54 (2H, Si—
CH,CH,CH,CI).

Synthesis of octa (2-hydroxyethyl
dimethylaminopropyl) poss

Octa (2-hydroxyethyl dimethylaminopropyl) POSS
was prepared by a quaternization reaction as
depicted in Figure 1. Initially, octa(3-chloropropyl)
POSS (1.0 g) was dissolved in a mixed solvent of
ethanol (5 mL) and N,N-dimethyl formamide (2 mL)
and reacted with 2-dimethylaminoethanol (0.8 mL)
at 80°C for 2 days. After solvent evaporation, the
reaction product was precipitated in n-hexane and
recovered as white powder that was dried under
vacuum at ambient temperature for 24 h. 'H-NMR
analysis showed that more than 95% of the 3-chloro-
propyl groups were transformed to quaternized am-
monium groups. 'H-NMR (CDCls, 6, ppm, TMS),
assignment: 0.69-0.83 (2H, SiCH,); 1.72-1.85 (2H,
Si—CH,CH,); 3.07-3.1 (2H, Si—CH,CH,CH,); 3.33-
3.36 (6H, N (CHs),); 3.36-3.45 (2H, NCH,); 3.82-3.89
(2H, NCH,CH,); 3.76-3.80 (NCH,CH,OH).

Modification of MMT

Na-MMT (1.0 g) was dispersed in 50 mL of deion-
ized water under vigorous stirring to form suspen-
sion. 0.5 g of the octa(2-hydroxyethyl dimethylami-
nopropyl) POSS surfactant was dissolved in 25 mL
deionized water. The solution was then added to the
aqueous suspension. The mixture was stirred for
24 h before it was collected by filtration. The solid
precipitate was subsequently washed with water

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Synthesis of octa(2-hydroxyethyl dimethylaminopropyl) POSS.

several times until there was no white precipitate
observed by adding 0.1 M AgNO;, confirming the
absence of chloride ions. The product was then vac-
uum-dried at 50°C for 48 h, grounded into powder,
and stored in a desiccator. The modified clay was
denoted as OMMT (organic montmorillonite).

Preparation of poly(e-caprolactone)/clay
nanocomposites

The desired amount of clay was placed in a poly-
merization vial and dried under vacuum at 60°C for
1 h. A known amount of e-caprolactone and a solu-
tion of Tin(Il) 2-ethylhexanoate in dry toluene were
added into the vial. The [monomer],/[Sn] molar ra-
tio was 300. The reaction medium was then soni-
cated for 30 min and nitrogen gas was passed
through the solution for another 30 min. Finally, the
polymerization was allowed to proceed at 110°C for

Journal of Applied Polymer Science DOI 10.1002/app

24 h under nitrogen atmosphere. The product was
diluted with a small amount of CH,Cl, and precipi-
tated in excess amount of n-hexane. After filtration,
the PCL/clay composites were dried in a vacuum
oven at 40°C for 48 h. The yield was calculated
gravimetrically.

Characterization

"H-NMR spectra were recorded using a JNM-ECP
400 (JEOL). The degree of quaternization of the
QPSSQ surfactant was determined by "H-NMR spec-
tra in CDCl; solvent. Powder X-ray diffraction
(XRD) data were collected on a Philips X'pert MPD
diffractometer using Cu Ko radiation. The XRD pat-
terns were recorded in the range of 1°-10° at a scan-
ning rate of 1° min ' and 10°-50° using step scan-
ning mode with the step size of 0.02° and the preset
time of 0.5 s. Transmission electron microscopy
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Figure 2 XRD patterns of (A) Na-MMT, (B) organic
MMT, (C) MMT/PCL nanocomposites with 5 wt % Na-
MMT, (D) MMT/PCL nanocomposites with 1 wt %, (E) 5
wt %, and (F) 10 wt % of organic MMT.

(TEM; JEOL 2010F, operating under an accelerating
voltage of 120 kV) were used to observe the mor-
phologies and microstructures of the nanocompo-
sites. Samples for morphology analyzes were taken
from the core portion of an injection-molded bar.
Ultra-thin sections of ~50 nm thicknesses were cryo-
genically cut with a diamond knife while cooled
using liquid nitrogen at a temperature of —80°C
using an RMC PowerTome XL microtome. These
sections were taken from the plane defined by the
flow direction (FD) and the normal direction (ND)
of the molded bar as explained elsewhere.* Sections
were collected using 300 mesh grids and dried using
filter paper. Thermo gravimetric analysis (TGA) was
performed using a Perkin Elmer TGA-7 system in
air atmosphere from room temperature to 600°C at a
heating rate of 20°C min™'. Differential scanning cal-
orimetry (DSC) has been used to study the crystalli-
zation kinetics of the PCL intercalated chains in the
nanocomposites. The measurements have been con-
ducted with a Perkin Elmer Pyris 1 DSC instruments
calibrated with indium. Samples were encapsulated
in aluminum pans and the following cycle has been
used: heated at 10°C/min from room temperature to
100°C, held at 100°C for 5 min and then cooled at
10°C/min to —50°C and finally heated to 100°C
at 10°C/min. Measurements have been performed
twice and enthalpy values were reproducible
within 5%.

RESULTS AND DISCUSSION

Poly(e-caprolactone)/clay nanocomposites with 5 wt
% of pristine clay (Na-MMT) and 1, 5, and 10 wt %
of the organic clay were prepared by the polymeriza-
tion of e-caprolactone in bulk at 110°C by Tin(Il) 2-

939

ethylhexanoate. Small angle X-ray diffraction (XRD)
was used to characterize the layered structure of the
polymer/clay nanocomposites. Figure 2 shows the
XRD patterns of sodium montmorillonite, organic
clay, poly(e-caprolactone)/clay nanocomposites with
5 wt % of Na-MMT and 1, 5, and 10 wt % of organic
clay loadings. By using Bragg equation, the 4 (001)
spacing values of the samples were calculated and
used to characterize the layered structure of the poly-
mer/clay nanocomposites. As is seen from curves in
Figure 2(A,B), the d-spacing was expanded after the
cation exchange with quaternized POSS surfactant
from 11.8 A to 18.16 A. In the curve in Figure 2(C),
the appearance of the peak at 26 = 5.19 ° in the XRD
pattern reveals the formation of partially intercalated
nanocomposites by 5 wt % of Na-MMT clay loading.
However, the complete disappearance of the peak in
Figure 2(D) was observed for PCL/MMT nanocom-
posites synthesized using 1 wt % of organic clay
loading. Although the disappearance of the reflection
peak indicated a disordered structure, this did not
provide enough information about whether the clay
platelets were fully exfoliated and evenly dispersed
throughout the polymer matrix. The peak intensity
increased slightly with an increase in clay loading as
shown in Figure 3(E,F) with 5 and 10 wt % of organic
clay loadings. These results suggested that partially
exfoliated nanocomposites were formed when the
polymerization was conducted with higher clay load-
ings. The characteristic data for PCL and PCL/MMT
nanocomposites synthesized with different clay load-
ings are given in Table I. All the polymerization
resulted in high yields above 94%. The TEM analysis
allowed direct visualization of the morphology, spa-
tial distribution, and dispersion of the nanoparticles
and platelets within the polymer matrix. In Figure 3,
TEM images were shown to observe the microstruc-
tures of the nanocomposites, where the dark line rep-
resents individual silicate layers and the brighter
area stands for the PCL matrix. When the polymer-
ization was conducted using 1 wt % of organic clay
loading, more exfoliated nanocomposites along with
some intercalated clay tactoids were observed [Fig.
3(A)]. However, an increase in clay loading in the
nanocomposites shows frustrated filling behavior,

TABLE I
Characteristic Data of PCL Homopolymer and PCL/MMT
Nanocomposites with Different Clay Loadings

Filler Polymerization d-spacing
Sample code content (%) yield (%) (A)
PCL 0 98.5 -
MP-5 5 95.73 14.94
OMP-1 1 97.97 Partially exfoliated
OMP-5 5 95.22 18.71
OMP-10 10 94.76 18.14

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 TEM images of PCL/MMT nanocomposites with (A) 1, (B) 5, and (C) 10 wt % of organic clay loadings.

where nanocomposites with agglomerated clay tac-
toids were formed. These results suggested that a
small amount of clay loading might form exfoliated
nanocomposites while higher clay loading shows
unintercalated nanocomposites. Singh and Balazs
have studied the influence of the architecture of
polymers on the miscibility of polymer/clay nano-
composites. In their study, they used self-consistent
field theory to predict that star-shaped polymers
might form thermodynamically stable exfoliated clay
nanocomposites.** However, our work in this field is
to test the miscibility of clay with star polymer which
was synthesized in situ and possibly realize an
improvement in physical properties of the resulting
nanocomposites. Our experimental results suggested
that the star polymer which was synthesized in situ
enhanced physical properties of the nanocomposites
by incorporation of even 1 wt % of the nanoclay. Pre-
sumably, the relatively compact size of the star poly-
mer combined with the multiple points of interaction
with the surfactant-covered surface of the clay pro-
motes the miscibility of the nanocomposites.*

Journal of Applied Polymer Science DOI 10.1002/app

Thermal degradation behavior of the nanocompo-
sites was studied by TGA, heating from room tem-
perature to 600°C at a rate of 20°C/min. In general,
the thermal stability of the polymer/clay nanocom-
posites can be affected by polymer matrix, fillers,
and the interaction between polymer matrix and fill-
ers. Figure 4 shows that the nanocomposites with
different clay loading degrade at higher temperature
than neat PCL. This beneficial effect can be
explained by a decrease in the diffusion of oxygen
and volatile products throughout the composite ma-
terial. However, the thermal degradation tempera-
tures of the nanocomposites with different organic
clay loadings were very close to each other, and no
significant trend with increasing clay content was
observed. An increase in the thermal degradation
temperatures of the nanocomposites with increasing
clay content has been generally observed for interca-
lated nanocomposites.'**"*® The reason may be
related to the loss of thermal mobility and the heat
transfer ability of chains confined between the plate-
lets. In this case, the nanocomposites synthesized
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Figure 4 Temperature dependence of the weight loss for
(A) pure PCL, (B) PCL/clay nanocomposites with 5 wt %
of Na-MMT, (C) PCL/clay nanocomposites with 1 wt %,
(D) 5 wt %, and (E) 10 wt % of organic clay (heating rate
20°C/min).

using 1 wt % of clay loading shows higher degrada-
tion temperature than that of the nanocomposites
with higher clay loadings, due to its partially exfoli-
ated nanostructure, which restrict thermal behavior
or molecular mobility. It is observed from Figure
4(C) that the temperature at which 50% weight loss
is shifted by 50°C towards higher temperature upon
the addition of this clay loading. Higher amount of
clay is, however, a little bit unfavorable as exempli-
fied by temperature shift of 40°C when the content
of organo-modified clay is 5 and 10 wt %. The nano-
composites using 5 wt % of Na-MMT did not show
any significant heat change due to its partial interca-
lation of polymer into clay gallery. The TGA results
were summarized in Table II and provide informa-
tion on the degradation pathway of these materials.
Tys and Tsp represent the temperatures at which 25
and 50% degradation occur, respectively. The per-
centage, Wo,os stands for residue that is not volatil-
ized at 450°C. At the 1 wt % of clay content, rela-
tively higher percentage of residue was found at
450°C temperature compared to higher clay contents.
The thermal properties of the nanocomposites and
PCL were further investigated by DSC. Both melting
and crystallization processes of PCL were detected
in the cooling and heating thermograms (Figs. 5

TABLE II
TGA Data for PCL and PCL/MMT Nanocomposites
Synthesized with Different Clay Loadings

Samples Tos (°C) Tso (°C) Wo, res (450°C)
PCL 340 357 1.28
MP-5 344 363 4.86
OMP-1 373 409 5.04
OMP-5 371 401 7.59
OMP-10 381 402 9.02
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Figure 5 The DSC analysis on (A) PCL; PCL/MMT nano-
composites with (B) 5 wt % of NaMMT, (C) 1, (D) 5, and
(E) 10 wt % of organic clay loadings, cooling step.

and 6) of the nanocomposites, which indicated that
clay or POSS has significant effect on crystallization
and melting of the polymer chains. The incorpora-
tion of 5 wt % of Na-MMT resulted in a significant
increase of crystallization temperature (T.), because
Na-MMT acts as a nucleating agent which accelerate
the crystallization of PCL.***®* The nanocomposites
with 1 wt % of organic clay resulted in a slight
decrease of crystallization temperature compared
with neat PCL due to the restriction in the mobility
of polymer chains caused by dispersed silicate nano-
layers.” This can be attributed to the exfoliated
structure of the nanocomposites with 1 wt % of or-
ganic clay. However, the crystallization temperature
of the nanocomposites with 5 and 10 wt % of or-
ganic clay were similar with that of pure PCL, sug-
gesting the nucleating and restriction effects are off-
set. On the other hand, the nanocomposites with
Na-MMT and neat PCL displayed a similar melting
transition at ca. 55.4°C, but the melting temperature
slightly increased with the addition of modified clay
by 0.4-0.7°C [Fig. 6(C-E)]. Liu et al. have shown that
the star PCL displayed the higher melting tempera-
ture than their linear counterparts.*’* Furthermore,
Singh and Balazs also explained that star-shaped
polymer formed thermodynamically stable exfoliated
nanocomposites.”* These are in good agreement with
our experimental results. The DSC results were sum-
marized in Table III. The melting and crystallizing
enthalpies (AH, and AH,, respectively) have been
measured for each curve, and the PCL crystallinity
degree has been deduced from these values, by
using the formula Xpcp, = AH x Wper/AH,, with
Xpcr being the polycaprolactone crystallinity degree,
WpcL the weight fraction of the polyester, and AH,
the value for a 100% crystalline PCL, which is 136.1
]/ g.41 When comparing AH,. and AH,, values of the
nanocomposites and neat PCL, the AH. value is

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 The DSC analysis on (A) PCL; PCL/MMT nano-
composites with (B) 5 wt % of Na-MMT, (C) 1, (D) 5, and
(E) 10 wt % of organic clay loadings, second heating step.

higher for PCL/clay nanocomposites with 1 wt % of
organic clay, but lower for 5 and 10 wt % of organic
clay. Conversely, the AH,, values decreased signifi-
cantly with the incorporation of the clay in the nano-
composites. This may be due to a melt-recrystalliza-
tion-melt cycle during sample heating that reduces
the real values for the melting enthalpy. This phe-
nomenon had already been described by several
authors when PCL was blended with amorphous
polymers, such as SAN,* chlorinated polyethylene,*’
poly-(hydroxy ether of bisphenol A),** or poly(sty-
rene-co-maleic anhydride).” A PCL double melting
peak was observed during DSC analysis of the dif-
ferent polymer blends, whereas the pure PCL had a
single melting peak. This reflects the strong effect of
partial PCL grafting on its crystalline behavior,
which favors the melt-recrystallization-melt cycle.
The thermal properties of PCL/MMT nanocompo-
sites were specifically investigated by Pucciarieollo
et al.*® Their results showed that the presence of
organophilic clay increased the degree of crystallin-
ity of PCL when the nanocomposites were exfoli-
ated, but reduced the degree of crystallinity when
the nanocomposites were intercalated. In this study,
exfoliation of 1 wt % organic clay throughout the
PCL matrix increased the degree of crystallinity of
PCL. However, the increased content of organic clay
to 5 and 10 wt % led to a decrease of crystallinity

HOSSAIN, YOO, AND LIM

probably due to the partial intercalation of polymer
inside clay galleries.

The wide-angle X-ray diffraction (WAXRD) meas-
urements between 10° and 50° were also employed
to examine the crystalline structure of PCL/clay
nanocomposites, which are shown in Figure 7. For
comparison, the diffraction pattern of PCL homopol-
ymer was also incorporated in the figure. The dif-
fraction peak positions of PCL homopolymer agree
well with the reported unit cell parameters for PCL
(orthorhombic, a = 7.47 A, b = 498 A, ¢ = 17.05
A)¥ The intense diffraction peaks located at 20 =
21.39°, 22.00°, 23.70°, corresponding to the (110),
(111), and (200) reflections were observed for the
PCL. For the PCL/clay nanocomposites, it is seen
that the diffraction peaks at 20 = 21.39°, 22.00°, and
23.70° remained invariant in comparison with the
PCL homopolymer. This observation suggests that
there is little change in the crystalline structures.
Therefore, the presence of clay in the PCL nanocom-
posites did not alter the packing structure of PCL
chains in the crystals.**"

CONCLUSIONS

A series of PCL/MMT nanocomposites have been
prepared by in situ ROP of e-caprolactone initiated
by Tin(Il) 2-ethylhexanoate in the presence of clay
modified by the hydroxyl functionalized quaternized
POSS. Partially exfoliated nanocomposites have been
obtained when polymerization was conducted with
1 wt % of organic clay loading. However, with
increasing the clay loading to 5 and 10 wt %, the
degree of exfoliation of the nanocomposites
decreased, which was assessed by both XRD and
TEM analysis. From TGA, an improvement in the
thermal stability of PCL was noted even at 1 wt %
of clay loading. DSC analysis showed that the crys-
tallization behavior of the nanocomposites with Na-
MMT is significantly different from the composites
with organic clay. While Na-MMT increases the
crystallization temperature, a decrease in crystalliza-
tion temperature was observed for the nanocompo-
sites with 1 wt % of organic clay. All the nanocom-
posites displayed almost similar melting transition
with that of neat PCL. The wide-angle X-ray scatter-
ing analysis also revealed that PCL/MMT

TABLE III
Enthalpy and Corresponding Crystallinity Values Obtained from the DSC Analysis

Sample AH. (J/g) Crystanillity (%) AH,, (J/g) Crystanillity (%) AH.—AH,, (J/g)
PCL 68.50 50.33 88.52 50.32 —20.02
MP-5 69.74 48.68 65.68 60.35 4.06
OMP-1 70.73 51.45 67.98 49.45 2.75
OMP-5 65.86 45.97 64.16 44.79 1.7
OMP-10 57.86 38.26 61.10 40.40 -3.24

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Wide angle XRD patterns of (A) PCL homopoly-
mer; PCL/MMT nanocomposites with (B) 5 wt % of
NaMMT, (C) 1, (D) 5, and (E) 10 wt % of organic MMT.

nanocomposites possessed crystalline structure even
with high clay loading.
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