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ABSTRACT: Poly(vinyl alcohol) (PVA) nanocomposites
with pristine sepiolite and heat-treated (HT) sepiolites
were prepared by the method of solution dispersion. The
measurements of XRD, FTIR, TEM, and AFM were used
for the characterization of the nanocomposites. Further-
more, thermal and optical properties were investigated by
TG/DTG/DTA and UV-visible transmission spectra,
respectively. Both the effects of sepiolite/polymer ratio
and the structural changes in sepiolite on heating were
examined in terms of changes in the properties of the
nanocomposites. The addition of sepiolite/HT sepiolites
into the PVA matrix resulted in a decrease in the thermal

decomposition temperatures of the nanocomposites
because of the fact that sepiolite and HT sepiolites facili-
tated the elimination of the water and acetate groups from
the PVA in the second step based on the TG/DTG studies.
The HT sepiolites-PVA nanocomposites had lower thermal
stability and more influenced optical clarity than those of
the sepiolite PVA, at the same filler levels. VC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 112: 3764–3774, 2009
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INTRODUCTION

Polymer materials are usually filled with several
synthetic and/or natural layered silicates to increase
some properties like heat resistance, mechanical
strength, and impact resistance or to decrease other
properties such as electrical conductivity or perme-
ability for gases like oxygen or water vapor.1

For the production of polymer nanocomposites, 1 :
1 type layered silicates; 2 : 1 type layered silicates,
and layered silicic acids are used.2 The 2 : 1 units in
sepiolite used in this study are arranged as indicated
in Figure 1. Sepiolite is a hydrous magnesium sili-
cate with (Si12Mg8O30)(OH)4(OH2)4�8H2O as the the-
oretical unit cell formula. Each block is formed of an
octahedral sheet of magnesium oxide/hydroxide
packed between two tetrahedral silica layers. The
blocks are not sheets but ribbons which are linked
forming an open cavity (i.e., tunnel) similar to that
of zeolites, in which water (zeolitic water) and
exchange ions can be accommodated.3 Each one of
the Mg2þ cations located at the edges of the octahe-
dral sheets (i.e., those with access to the tunnels)
complete their octahedral coordination, for they are
bound to two molecules of water (coordinated

water). The external surface of sepiolite microfibers
are composed of channels and structural steps, as
determined by the external blocks’ distribution.4

Sepiolite is also a good adsorbent for organic species
because it exhibits a variety of attractive properties
such as high specific surface area, porosity, and surface
activity. Sepiolite is therefore used in a large spectrum
of areas where its sorptive, catalytic, and rheological
properties are exploited. Investigations on sepiolite
have so far focused more on its sorptive properties.5 A
number of investigators have studied the interaction of
water and various organic reagents with sepiolite.5–11

The papers related to heat-treated (HT) sepiolites
are usually concentrated on adsorption.9–11 Although
the differences relating to the adsorption behaviors
between sepiolite and HT sepiolites have been dis-
cussed, no study to date has appeared on sepiolite-
polymer nanocomposites.

Considering the studies on the nanocomposites with
sepiolite, it is seen that polyurethane,12 poly (hydrox-
yethyl acrylate),13 and poly(sodium acrylate)14 for in
situ polymerization method; chitosan,15 epoxy resin,16,17

poly(dimetylsiloxane),18,19 poly (ethyl methacrylate),
and poly(2-hydroxyethyl methacrylate)20 for solution
dispersion; Nylon-6,21 polypropylene22 for melt interca-
lation and polypropylene23 for supercritical CO2-
assisted mixing have been used in the relevant experi-
ments. Nanofibers of sepiolite have proved to yield
substantial improvement for the mechanical proper-
ties13,15,16,18,19 and thermal stability12,15,17,20 of these
polymers even at low filler levels.
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Poly(vinyl alcohol) (PVA) is a water-soluble poly-
mer extensively used in paper coating, textile sizing,
flexible water-soluble packaging films, etc.24 As both
the sepiolite and PVA are very hydrophilic, sepiolite
can be incorporated into PVA without need for pre-
treatment by simply dispersing the two components
in water.25 Nanocomposites of PVA such as MMT,24–29

saponite,24,30 MoO3,31 hydrated calcium aluminate ce-
ramic,32 layered double hydroxide,33 vermiculite,34

laponite,35 etc. were synthesized using the solution
dispersion method. Also, PVA nanocomposites with
silica (SiO2),36 MMT,37 kaolinite,38 iron, cobalt, or
nickel sulfides,39 CoFe2O4,40 and silver41 were pre-
pared via a novel self-assembled monolayer tech-
nique, in situ polymerization,37–38 a hydrothermal pro-
cess, in situ precipitation and oxidation, and in situ
reduction of silver, respectively. The mechani-
cal,24,29,36,37 thermal,27,28,31,35–38 optical,27,30,37 and per-
meability (water, oxygen, and solute)27,28,30,35 proper-
ties of the nanocomposites were studied.

As mentioned earlier, no study related to the PVA
nanocomposites with sepiolite/HT sepiolites has
been reported so far in the literature. In this study,
the relevant nanocomposites were prepared by solu-
tion dispersion method. The measurements of FTIR,
XRD, TEM, AFM, TG/DTG, and UV-visible trans-
mission spectra were used for the characterization of
the nanocomposite samples. Both the effects of
sepiolite/polymer ratio and the structural changes in
sepiolite on heating were examined in terms of
changes in the properties of the composites.

EXPERIMENT

Materials and methods

Sepiolite (JCPDS 29-1492) having the chemical com-
position given in Table I was provided from Aktas�
Lületas�ı Corp., Eskis�ehir, Turkey. PVA (87–89%

hydrolyzed, Mw ¼ 85,000–146,000) was obtained
commercially from a company named Aldrich
(USA).

Serna et al.42 noted that the temperature range of
phase transitions is dependent on the experimental
conditions, such as the heating rate or whether the
sample was heated in air or vacuum. In this work,
sepiolite (�75 lm) was calcined at 400, 600, and
900�C for 2 h (10�C/min) in a furnace under an air
atmosphere. These calcined sepiolites are identified
as Sep400, Sep600, and Sep900, respectively.

The solution dispersion method is frequently suc-
cessful in preparation of PVA/clay nanocomposite,
as was described in literature.43,44 The required
amount of sepiolite was dispersed in distilled water
for 2 h at room temperature using a magnetic stirrer.
After ultrasonic treatment for 20 min, PVA was
added. The samples were then heated at 80�C for
4 h to ensure that PVA was completely dissolved.
Then they were stirred for a day at room tempera-
ture. Finally, films were cast in a closed oven at
40�C for 2 days. The film thicknesses were con-
trolled by solution volume.

Characterization

FTIR experiments were performed with a Perkin–
Elmer Spectrum One for scanning coverage from 650
to 4000 cm�1. XRD patterns were obtained using
Rigaku Rint 2000 diffractometer. The X-ray beam
was derived from nickel-filtered Cu Ka (k ¼ 0.154
nm) radiation in a sealed tube operated at 40 kV, 30
mA, and the diffraction curves ranged from 5 to 50
at a scan rate of 0.02�/min. Atomic force microscopy
was performed using a NanoMagnetics Instruments
AFM45 in tapping mode, using 300 kHz cantilevers
having 40 N/m spring constant. Transmission elec-
tron microscopy was used to determine sepiolite’s
form (a or b) and morphology of PVA nanocompo-
sites with sepiolite/HT sepiolites at an acceleration
voltage of 100 kV. For TEM study the samples of
PVA-sepiolite/HT sepiolites dispersions were depos-
ited on a 200-mesh copper grid.

The thermal stability of the nanocomposites was
examined using a Perkin–Elmer Pyris Diamond TG/

Figure 1 The structure of sepiolite.

TABLE I
Chemical Composition of Sepiolite

Constituent Percentage present

SiO2 53.90
MgO 25.58
CaO 0.04

Al2O3 0.18
LoI 20.05

LoI, loss of ignition.
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DTA. The TG scans were recorded at a temperature
ramp of 10�C/min under a constant nitrogen flow of
200 mL/min from 50 to 600�C. While DTG curves
were used to examine, if a change occurred in the
thermal degradation mechanism of PVA, the Tm

(melting-transition temperature) values of the com-
posites were measured by DTA. Optical properties
were investigated by Perkin–Elmer Lambda 25 UV
visible spectrometer in the range of 190–1100 nm.

RESULTS AND DISCUSSION

Products of HT sepiolite

Numerous previous studies have monitored the
dehydration of sepiolite using TGA and DTA meth-
ods.46–49 Although the thermal properties of sepiolite
have been the subject of many studies, calcined
sepiolite samples were prepared to study the effect
of heat treatment of sepiolite on PVA-sepiolite nano-
composite characteristics in this study. To determine
the calcination temperatures, a TG study was carried
out. To understand the effect of treatment, it would

be useful to hold a brief discussion about the proc-
esses occurring during the calcination. According to
our obtained TG data, Figure 2, the mass losses cor-
responding to three calcinations temperatures are
assigned as follows:

• Up to 400�C, the loss of adsorbed water, zeolitic
water, and the first water molecules coordinated
to octahedral sheet (10.7%),

• From 400 to 600�C, the loss of the rest of the
coordinated water molecules and dehydroxyla-
tion of the tetrahedral sheet (5.8%) and

• From 600 to 900�C, the loss of hydroxyl groups
(3%).

Since the samples obtained at these temperatures
were expected to behave differently from each other
on the basis of the data obtained from TG of sepio-
lite, the sepiolite samples calcined at 400, 600, and
900�C were used in the study. In terms of the afore-
mentioned findings, the reactions48 occurring in heat
treatments up to 1000�C can be summarized as

Figure 2 TG and DTG curves of sepiolite used in the study.

Figure 3 The summary of the reactions occurring during the heat activation of sepiolite.
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shown in Figure 3. As seen in the figure, sepiolite
loses its water content and crystal structure changes
during heating.

X-ray diffraction patterns of sepiolite and HT
sepiolites

The XRD pattern of sepiolite used in this study
shows the characteristic 110 peak of sepiolite at 1.23
nm and includes magnesite (2y ¼ 32.56�, JCPDS 8-
479) as the impurity in Figure 4. Furthermore, the
TEM image of sepiolite in Figure 5 shows that it has
a fibrous morphology.

The curves given in Figure 6 show that the intensity
of the peak was reduced for heat activation products of
sepiolite at 400 (I � 1400) and 600�C (I � 1000) due to
the dehydration and structural folding of sepiolite. In

addition, the peak related to magnesite between 30 and
35� disappeared at 600�C because of the removal of
CO2 from MgCO3. When the peak at 1.23 nm was com-
pletely disappeared at 900�C, the peaks (2y ¼ 28�, 31�)
related to enstatite (MgSiO3)50 were observed. These
findings confirm the reactions shown in Figure 4.

FTIR spectra of sepiolite and HT sepiolites

Figure 7 shows FTIR spectra of pristine sepiolite,
Sep400, Sep600, and Sep900. The heat-induced changes
of peaks in regions of 4000–3000 cm�1 and 1700–1600
cm�1 are mainly due to the dehydration of zeolitic and
bound water. While the bound water AOH bead at
1647 cm�1 shifted to 1618 and 1636 cm�1 in Sep 400
and Sep 600, respectively, this was not observed in Sep
900. The band related to CO3

�2 in sepiolite (1464 cm�1)
and Sep400 (1473 cm�1) was not observed in Sep600
and Sep900. These data reach an agreement with XRD
pattern of Sep600. The band of Si-O at 979 shifted to
1015 cm�1 (Sep400) and 1014 cm�1 (Sep600) on heating.
The new bands ranging from 650 to 1100 cm�1 and

Figure 4 XRD pattern of sepiolite used in the study.

Figure 5 TEM image of sepiolite.

Figure 6 XRD patterns of HT sepiolite samples: Sep400
(a), Sep600 (b), and Sep900 (c).

Figure 7 FTIR spectra of pristine and HT sepiolite sam-
ples: Sep400 (a), Sep600 (b), and Sep900 (c).
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relating to enstatite51 appeared in Sep900; confirm the
phase transformation from sepiolite to enstatite in
terms of reactions given in Figure 3.

FTIR spectra of the nanocomposites

The FTIR studies were carried out to understand the
nature of any possible chemical and physical interac-
tions between sepiolite/HT sepiolites and PVA. The
FTIR spectrum of PVA in Figure 8 shows that the
stretches of ACH3, asymmetric ACH2, and aliphatic
ACH at 2940 and 2909 cm�1, and C¼¼O at 1736 cm�1

are most likely due to residual acetate groups still
present in the partially hydrolyzed form of PVA.
Furthermore, the spectrum of PVA film shows a
band at 3302 cm�1 which was attributed to inter-
and intramolecular hydrogen bonds in PVA. After
the addition of sepiolite, the shift of the hydroxyl
peak from 3302 to 3283 cm�1 arises from the
strengthening of hydrogen bonds due to hydrogen

bonding between silanol groups (ASiOH) on the sur-
face of sepiolite and PVA. C¼¼O stretching at 1736
cm�1 in PVA was shifted to 1732 and the band of
CAO stretching shifted from 1088 to 1085 cm�1. The
hydrogen-bonded C¼¼O bands at � 1710 cm�1 were
observed, in addition to the free C¼¼O band for
PVA-sepiolite/HT sepiolites composites. The new
absorption bands at 2940 and 1732 cm�1, appeared
in the spectrum of Sep-PVA1% but not existing in
pure sepiolite, were assigned to ACH3 and C¼¼O,
respectively.

As for the PVA nanocomposites with HT sepio-
lites, the band of AOH at 3302 cm�1 in PVA were
observed at 3301, 3288, and 3295 cm�1 for Sep400,
Sep600, and Sep 900, respectively, as shown in Fig-
ure 9. While the hydrogen-bonded C¼¼O band at
� 1710 cm�1 in Sep400PVA1% was the same as that
of SepPVA1%, the band shifted to lower wave num-
ber in Sep600PVA1% and higher wave number in
Sep900PVA1%. That the peak of aliphatic ACH2 at

Figure 8 FTIR spectra of Sepiolite (a), PVA (b), and
SepPVA1% (c).

Figure 9 FTIR spectra of composites of PVA with HT
sepiolites: PVA (a), Sep400PVA1% (b), Sep600PVA1% (c),
and Sep900PVA1% (d).

Figure 10 XRD patterns of PVA and sepiolite-PVA films:
PVA (a), SepPVA1% (b), SepPVA2.5% (c), and SepPVA5%
(d).

Figure 11 XRD patterns of HT sepiolite-PVA films:
Sep400PVA1% (a), Sep600PVA1% (b), and Sep900PVA1%
(c).
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2909 cm�1 shifted to 2918 and 2913 cm�1 for HT
sepiolites-PVA nanocomposites was an additional in-
dication for interaction between HT sepiolites and
PVA.

The above analysis indicated clearly that PVA ma-
trix and sepiolite were not simply blended and some
complex interactions existed. Their existence sug-
gested that the structure of sepiolite surface was
altered by the interactions with PVA as a result of
some additional peaks and shifts in frequencies
when compared with PVA. However, the similarity
between the FTIR spectra taken from random loca-

tions of the nanocomposites was an indication of the
fact that sepiolite had been dispersed uniformly in
PVA matrix.

X-ray diffraction patterns of the nanocomposites

The XRD patterns for PVA and PVA nanocompo-
sites with 1, 2.5, and 5 wt %, addition of sepiolite
are shown in Figure 10. Sepiolite has normally a
peak at 2y ¼ 7.2� (d: 1.23 nm). As shown in the fig-
ure, the disappearance of this basal peak for 1 and
2.5% of sepiolite-PVA nanocomposites is usually

Figure 12 TEM images of the PVA nanocomposites: SepPVA1% (a, b) and Sep900PVA1% (c, d).
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considered as an evidence for highly dispersion of
sepiolite fibers. This change can be attributed to the
fact that the texture in the sepiolite altered in the
sepiolite-filled nanocomposites and then sepiolite is
dispersed to fiber sticks or bundles and dispersed
homogenously into PVA matrix. The intensity of 110
peak is related to the volume fraction of sepiolite
fibers, i.e., the lower the volume fraction of the

fibers, the more weak the diffraction peak.12 For
SepPVA5%, a relatively small diffraction peak dis-
plays at 2y ¼ 7.2�. This is probably a consequence of
the increase in the volume fraction compared with 1
and 2.5% and hence some sepiolite fibers agglomer-
ate. The peak at � 30� 2y is due to partially crystal-
line structure of PVA. Furthermore, the XRD pat-
terns of Sep400PVA1%, Sep600PVA1%, and
Sep900PVA1% in Figure 11 show that HT sepiolites
are dispersed homogenously into PVA matrix by
1%.

TEM images of the nanocomposites

TEM images can give information about the mor-
phology of nanocomposite. In this study, TEM
images of SepPVA1% and Sep900PVA1% were
obtained because XRD pattern of Sep900 had not
included the 110 peak of sepiolite at 2y ¼ 7.2� as
mentioned before (Fig. 6). In the TEM images of
SepPVA1%, the fiber bundles with diameters which
are not uniform in nanoscale were observed as can
be seen in Figure 12(a,b). In that of Sep900PVA%1
[Fig. 12(c,d)], wider fiber bundles, presumably

Figure 13 AFM images of sepiolite-PVA nanocomposites:
SepPVA2.5% (a), SepPVA5% (b), Sep900VA5% (c). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 14 Thermogravimetric curves of sepiolite-PVA
nanocomposites: (a) TG curves and (b) DTG curves, PVA
(curve a), SepPVA1% (curve b), SepPVA2.5% (curve c),
and SepPVA5% (curve d).
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belonging to enstatite, compared with the fiber bun-
dles of SepPVA1% were observed.

AFM images of the nanocomposites

Deneuborg et al.18 observed that though some sepio-
lite needles were lying on the surface, most needles
localized perpendicular to the surface in AFM analy-
sis of polydimethylsiloxane-sepiolite nanocompo-
sites. Therefore, 3D AFM morphology was used to
observe the fibers perpendicular to the surface in the
sepiolite-PVA nanocomposites as seen in Figure
13(a,b). The fibers appeared more evidently in Sep-
PVA2.5% than Sep-PVA 5%. The increase in the vol-
ume fractions of the fibers was observed in 3D AFM
morphology of Sep-PVA5% in comparison to Sep-
PVA2.5%.

Figure 13c shows that the fiber bundles of sepio-
lite were observed in 3D morphology of SepPVA5%,
they did not appear in that of Sep900PVA5%
because all the sepiolite had been transformed into
enstatite and the wider enstatite bundles caused the
wider hills. All results regarding the AFM analysis
were in agreement with the data obtained by XRD
on the basis of the changes in volume fractions of
sepiolite fibers.

Thermal properties of the nanocomposites

Figures 14 and 15 show the TG and DTG thermo-
grams of PVA and its nanocomposites’ films heated
in a nitrogen atmosphere. The relevant data are
summarized in Table II. According to these findings,
the thermal degradation of PVA film and nanocom-
posites show three weight loss stages, as shown in
the literature.38,52 The reactions in these stages for
PVA are shown in Figure 16. The first weight loss
takes place at 50–176�C due to the loss of adsorbed
moisture and/or evaporation of the trapped water;
the second stage at 200–400�C involves the elimina-
tion reactions of H2O and residual acetate groups
because of partially hydrolyzed PVA. The degrada-
tion step at 400–550�C is more complex and includes
the further degradation of polyene residues to yield
the carbon and hydrocarbons53 shown in Figure 16.

The reason for the weight loss in the first step
may be caused by the evaporation of adsorbed mois-
ture and/or trapped solvent due to the interactions
among PVA, water/solvent, and sepiolite/HT sepio-
lites as shown in Figure 17 according to the data
obtained by FTIR spectra and TG curves. The
decrease in Tp (the temperature of the maximum
weight loss rate) shows that sepiolite and HT sepio-
lites may facilitate the degradation of PVA in the
second step. Furthermore, Tp temperatures for com-
posites with HT sepiolites are lower than those with
Sep-PVA. Generally speaking, thermal stability of
the nanocomposites is lower than that of pure PVA.
As previously mentioned this reduced thermal sta-
bility of sepiolite-PVA nanocomposites is presum-
ably as a result of the reduction in the number of
intra and inter hydrogen bonds of PVA after the
addition of sepiolite/HT sepiolites. Additionally,
they facilitate the removal of AOH and AOOCCH3

groups.
As demonstrated in Table II, the char yield

increased with the amount of sepiolite and HT
sepiolites. This enhancement of the char formation

Figure 15 Thermogravimetric curves of HT sepiolite-PVA
nanocomposites: (a) TG curves and (b) DTG curves, PVA
(curve a), Sep400PVA5% (curve b), Sep600PVA5% (curve
c), and Sep900PVA5% (d).

TABLE II
The Data Obtained from TG/DTG and DTA Curves for

PVA and the Composites

Systems Tm Tp % Char

PVA film 186 328 4.7
Sep-PVA1% 188 315 6.7
Sep-PVA2.5% 190 306 9.1
Sep-PVA5% 188 300 11.2
Sep400PVA1% 189 298 6.6
Sep400PVA5% 190 293 11.3
Sep600PVA1% 187 293 7.9
Sep600PVA5% 190 285 12.8
Sep900PVA1% 188 304 7.1
Sep900PVA5% 188 294 10.9
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was ascribed to the high heat resistance exerted by
sepiolite and HT sepiolites.

The different types of fillers were found to have
different influences on the thermal stability of PVA
matrix. For example, while silver nanoparticles
improve the thermal stability54 of PVA, magnetite
nanoparticles55 and laponit36 cause it to decrease.
On the other hand, in the presence of montmorillon-
ite in PVA as filler, the thermal decomposition
remains unchanged.

The melting transition peaks of the PVA compo-
sites with various sepiolite/HT sepiolites loading
were found to be slightly increased in the DTA
curves, as is evident in Figure 18 and Table II. Simi-
lar results were obtained in the case of the montmo-
rillonite/PVA nanocomposites26 and the PbS/PVA

nanocomposites56 with low content of the inorganic
phase.

Optical properties of the nanocomposites

The thickness of the films of bulk PVA and its com-
posites used for optical property measurements is 50
� 5 lm. Figure 18 shows UV-visible transmission
spectra of PVA nanocomposites with sepiolite/HT
sepiolites. The transmission spectra of PVA compo-
sites with sepiolite/HT sepiolites in 190–1100 nm are
slightly affected by the presence of the low sepiolite
loading. These products can be used in paper coat-
ings, one of the most common uses for pure PVA.
However, the spectra of the nanocomposites with
HT sepiolites are more affected by filler loading and
exhibit lower optical clarity than untreated sepiolite-
PVA composites [Fig. 19(b–d)], suggesting that there

Figure 16 Reaction scheme occurring during the degradation of PVA.

Figure 17 Interactions among PVA, water, and sepiolite.

Figure 18 DTA curves of sepiolite-PVA nanocomposites:
PVA (a), SepPVA1% (b), SepPVA2.5% (c), Sep400PVA1%
(d), Sep600PVA1% (e), and Sep900PVA1% (f).
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is stronger scattering of HT sepiolites resulting in
lower transparency. This result is in agreement with
the finding given in discussions of TEM images of
Sep900PVA1%, in which enstatite formed by the
bonding of fibers during the heating of sepiolite is
used in the preparation of the nanocomposites.

CONCLUSIONS

The purpose of this study is to prepare PVA nano-
composites with sepiolite/HT sepiolites by the solu-
tion dispersion method and to investigate the influ-
ences of heat activation and loading percent of
sepiolite on the properties and morphology of PVA
nanocomposites. To investigate the effect of heat
treatment of sepiolite on the properties of sepiolite-
PVA nanocomposites, we used sepiolite samples
heated at various temperatures such as 400, 600, and
900�C. The FTIR measurements showed that sepio-
lite fibers were dispersed inside the PVA matrix,
causing the PVA to undergo significant changes on
exfoliation with sepiolite. The XRD patterns, the
AFM and the TEM images confirmed the dispersion
of sepiolite fibers in the matrix.

The thermal properties of PVA and its’ composites
were investigated by TG, DTG, and DTA and the
optical clarity by UV-visible transmission spectra.
The addition of sepiolite/HT sepiolites into the PVA
matrix resulted in a rise both in the char yield and
in the melting temperatures; however, a decrease
was observed in the thermal decomposition temper-

atures. These changes occurred due to the fact that
sepiolite and HT sepiolites facilitated the elimination
of water and acetate groups from PVA in the second
step. Therefore, the heat treatment of sepiolite causes
lower thermal stability and more influenced optical
clarity when filler loading is added to the PVA.

The authors thank Prof. _Ismet Kaya for FTIR measurements,
Nanomagnetics Instrument for AFM analysis, and UNAM
for TEM analysis.
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25. Döppers, L.-M.; Bren, C.; Sammon, C. Vib Spectrosc 2004, 35, 27.
26. Strawhecker, K. E.; Manias, E. Chem Mater 2000, 12, 2943.
27. Yeh, J.-M.; Ming-Yao, Y.; Shir-Joe, L. J Appl Polym Sci 2003,

89, 3632.
28. Strawhecker, K. E.; Manias, E. Macromolecules 2001, 34, 8475.
29. Wang, L.-P.; Wang, Y.-P.; Zhang, F.-A. Polym Compos 2005,

13, 839.
30. Yeun, J.-H.; Bang, G.-K.; Park, B. J.; Ham, S. K.; Chang, J.-H.

J Appl Polym Sci 2006, 101, 591.
31. Lagashetty, A.; Havanoor, V.; Basavaraja, S.; Venkataraman,

A. Bull Mater Sci 2005, 28, 477.
32. Messermith, P. B.; Osenar, P.; Stupp, S. I. J Mater Res 1999, 14, 315.
33. Li, B.; Hu, Y.; Zhang, R.; Chen, Z.; Fan, W. Mater Res Bull

2003, 38, 1567.
34. Xu, J.; Meng, Y. Z.; Li, R. K. Y.; Xu, Y.; Rajulu, A. V. J Polym

Sci Part B: Polym Phys 2003, 41, 749.
35. Nair, S. H.; Pawar, K. C.; Jog, J. P.; Badiger, M. V. J Appl

Polym Sci 2006, 103, 2896.

36. Zheng, P.; Kong, L. X.; Li, S.-D. J Appl Polym Sci 2005, 96,
1436.

37. Yu, Y.-H.; Lin, C.-Y.; Yeh, J.-M.; Lin, W.-H. Polymer 2003, 44,
3553.

38. Jia, X.; Li, Y.; Zhang, B.; Cheng, Q.; Zhang, S., Mat Res Bull
2008, 44, 611.

39. Qıan, X. F.; Yın, J.; Yang, Y. F.; Lu, Q. H.; Zhu, Z. K.; Lu, J.
J Appl Polym Sci 2001, 82, 2744.
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