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ABSTRACT: A series of polymer—clay nanocomposite
(PCN) materials that consist of poly(N-vinylcarbazole)
(PNVC) and layered montmorillonite (MMT) clay are pre-
pared by effectively dispersing the inorganic nanolayers of
MMT in an organic PNVC matrix via in situ photoinitiated
polymerization with triarylsulfonium salt as the initiator.
Organic NVC monomers are first intercalated into the inter-
layer regions of the organophilic clay hosts, followed by
one-step UV-radiation polymerization. The as-synthesized
PCN materials are typically characterized by Fourier trans-
form IR spectroscopy, wide-angle X-ray diffraction, and
transmission electron microscopy. The molecular weights of
PNVCs extracted from the PCN materials and the bulk

PNVC are determined by gel permeation chromatography
analysis with tetrahydrofuran as the eluant. The morpholog-
ical image of the synthesized materials is observed by an
optical polarizing microscope. The effects of the material
composition on the optical properties and thermal stability
of PNVCs and a series of PCN materials (solution and fine
powder) are also studied by UV-visible absorption spectra
measurements, thermogravimetric analysis, and differential
scanning calorimetry, respectively. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 91: 1904-1912, 2004
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INTRODUCTION

Polymer-clay nanocomposite (PCN) materials have
evoked intensive research interests lately because their
unique physical properties are drastically different
from their bulk counterparts and therefore create po-
tential commercial applications. The historical devel-
opment of the PCN materials can be traced back to the
research work of the Toyota group in which nylon-6/
clay nanocomposites showed enhanced modulus
and strength without sacrificing other compensating
properties such as the impact resistance.! Subse-
quently, several polymer—clay hybrid nanocompos-
ite material systems were developed by the disper-
sion of alkylammonium-exchanged forms of mont-
morillonites (MMTs) in various polymeric matrices
such as nylon,' poly(methyl methacrylate) (PMMA),?
epoxy resin,® polyimide,* polystyrene,” and so forth.
PCN materials are reported to boost the thermal,®
mechanical,” molecular barrier,® flame retardant,’ and
corrosion protection properties'®™'* of polymers at
low clay loading.
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Conjugated polymers attracted considerable atten-
tion because they exhibit distinguish photoelectronic
properties upon doping. In the doping process the
conductivity of conjugated polymers can be changed
from insulating to semiconducting to metallic regimes.
The well-studied conducting conjugated polymers are
usually classified into three major families: polyaro-
matic hydrocarbons, polyenes, and polyheterocycles.
Polycarbazole (a heterocyclic polymer) has drawn
much attention in the past decade.'*'* Moreover, car-
bazole-containing polymers have been the subject of
many studies because of their electro- and photochem-
ical properties, as well as the high thermal stability of
the carbazole system.'”'® Recently, PCN materials that
consist of poly(N-vinyl carbazole) (PNVC) and lay-
ered materials were found to display a novel property,
which can be observed from two dissimilar chemical
components combining at the molecular level.'” How-
ever, in situ photoinitiated polymerization of PNVC-
clay nanocomposite (PCN) materials and their related
properties have not been reported.

In this study we prepare a series of PCN materials
by effectively dispersing the inorganic nanolayers of
MMT clay in the organic PNVC matrix via photoini-
tiated polymerization with triarylsulfonium hexaflu-
oroantimonate as the initiator. The as-synthesized
PCN materials are characterized by Fourier transform
IR (FTIR) spectroscopy, wide-angle X-ray diffraction
(WAXD), and transmission electron microscopy
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Figure 1 The Photochemical polymerization apparatus.

(TEM). The molecular weights of the PNVC extracted
from the PCN materials and bulk PNVC are deter-
mined by gel permeation chromatography (GPC)
analyses with THF as the eluant. The morphological
images of the synthesized materials are studied with a
polarizing microscope. The effects of the material
composition on the thermal stability and optical prop-
erties of PNVC and a series of PCN materials in fine
powder and solution forms are also studied by ther-
mogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and UV-visible absorption spectra,
respectively.

EXPERIMENTAL
Materials and methods

Diallylamine (98%, Lancaster), methanol (ACS grade,
Tedia), NVC (98%, Aldrich), triarylsulfonium hexaflu-
oroantimonate salt (Aldrich), PMMA (weight-average
molecular weight = 350,000, Acros), lithium chloride
(99%, Acros), and tetrahydrofuran (THF, 99%, Merck)
were used as received without further purification.
Hydrochloric acid (37%, Riedel-de Haén) was applied
to prepare the 1.0M HCl aqueous solution. The MMT
clay consisted of a cationic-exchange capacity (CEC)
value of 98 meq/100 g and the unit cell formula
[Nag 48K0.01Ca 01 Tig 011 (Feg 20Al1 44Mgo.31)(Siz 30Al0.07)-
0,0(OH), * 2H,0 as provided by Pai-Kong Ceramic
Company (Taiwan).

The apparatus for photochemical polymerization is
shown in Figure 1. A UV lamp (CA91786, P/N 95-
0127-01, Upland) in a dark box was used for the ex-
periment (365-nm wavelength, 100-W power). The
FTIR spectra were recorded from pressed KBr pellets
using a Bio-Rad FTS-7 FTIR spectrometer. The powder
WAXD study of the samples was carried out with a
Rigaku D/MAX-3C OD-2988N X-ray diffractometer
with a copper target and Ni filter at a scanning rate of
4°/min. The samples for the TEM study were first
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prepared by putting PCN powder into PMMA cap-
sules and curing the PMMA at 100°C for 24 h in a
vacuum oven. Then the cured PMMA-containing PCN
materials were microtomed with a Reichert-Jung Ul-
tracut-E into 60-90 nm thick slices. Subsequently, one
layer of carbon (~10 nm thick) was deposited on these
slices on 100 mesh copper nets for TEM observations
on a JEOL-200EX with an acceleration voltage of 120
kV. The morphological images of the as-synthesized
materials were evaluated by an Olympus DP10 polar-
izing microscope. The molecular weight of the poly-
mer extracted from all samples and the bulk PNVC
was determined by GPC. A Waters GPC model 2 II
equipped with a programmable solvent delivery mod-
ule (model 590), a differential refractometer detector,
and a Styragel HT column were employed to perform
the GPC studies. The UV-visible transmission spectra
of the polymer in solution form were recorded on a
Hitachi U-2000 UV-visible spectrometer at room tem-
perature. A Seiko thermal analysis system equipped
with a TGA/SDTA 851 and a DSC-910S was employed
to perform the thermal analyses under N, flow at a
flow rate of 20 mL/min. The programmed heating rate
was 10°C/min.

Preparation of organophilic clay

Organophilic clay is prepared'’™'? by a cationic-ex-
change reaction between the sodium cations of the
MMT clay and the alkylammonium ions of the inter-
calating agent, diallylamine. Typically, 5 g of MMT
clay with a CEC value of 98 meq/100 g is stirred in 800
mL of distilled water (beaker A) at room temperature
for 24 h. A separate solution containing 0.571 g of
intercalating agent in another 100 mL of distilled wa-
ter (beaker B) is magnetically stirred, followed by
adding a 1.0M HCI aqueous solution to adjust the pH
value to about 3-4. After stirring for 1 h, the proton-
ated amino acid solution (beaker B) is added to the
MMT suspension (beaker A) at a rate of approxi-
mately 10 mL/min with vigorous stirring. The mix-
ture is stirred for 24 h at room temperature. The or-
ganophilic clay is recovered by ultracentrifuging (9000
rpm for 30 min) and filtering the solution in a Buchner
funnel. The purification of the products is performed
by washing and filtering the samples at least 3 times to
remove any excess ammonium ions. Upon drying un-
der a dynamic vacuum for 48 h, the organophilic clay
is obtained.

Photochemical preparation of PNVC and PCN
materials

As a typical procedure for the preparation of PNVC or
PCN materials via photochemical polymerization, an
appropriate amount of organophilic clay, which is
calculated as 0 wt % (0 g, for PNVC), 0.25 wt % (0.025



1906

YU, LIN, AND YEH

TABLE 1
Relations of Composition of PNVC-MMT Clay Nanocomposite Materials to Molecular Weights, UV-Visible
Absorbance Wavelength, and Thermal Stability by GPC, UV-visible, TGA, and DSC Measurements

Feed composition

(Wt%) Molecular weights® UV-visible data® Thermal analyses

Compound N-Vinyl Band I Band II T, T,
code carbazole Clay M, M, PD (nm) (nm) (°O)c Q)¢
PNVC 100 0 2768 2273 1.22 256 330 215.36 48.25
CLNVCO0.25 99.75 0.25 2028 1761 1.15 254 325 173.45 56.37
CLNVCO0.5 99.5 0.5 1725 1542 1.12 253 323 175.77 69.18
CLNVCO0.75 99.25 0.75 1658 1503 1.10 250 320 180.90 75.46
CLNVC1 99 1 1569 1438 1.09 248 319 191.34 78.45

@ As determined by GPC with THF as the eluant.

? As determined by UV-visible absorbance spectra measurements.

¢ As determined by TGA.
4 As determined by DSC.

g), 0.5 wt % (0.05 g), 0.75 wt % (0.075 g), and 1 wt %
(0.1 g) with respect to NVC, is introduced into 100 mL
of THF under magnetic stirring for 24 h at room
temperature. The NVC monomers, which are calcu-
lated as 100 wt % (10 g, for PNVC), 99.75 wt % (9.975
g), 99.5 wt % (9.95 g), 99.25 wt % (9.925 g), and 99 wt
% (9.9 g), respectively, are subsequently added to the
dispersed organophilic clay solution. The mixture is
then stirred for 24 h at room temperature. Upon the
addition of the initiator triarylsulfonium hexafluoro-
antimonate salt (1/1000 mol ratio with respect to NVC
monomer), the solution is transferred to a glass con-
tainer for photochemical polymerization. After radia-
tion by a UV lamp (365-nm wavelength and 100-W
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Figure 2 Representative FTIR spectra of PNVC (spectrum
a), CLNVC0.25 (spectrum b), CLNVCO0.5 (spectrum c),
CLNVC0.75 (spectrum d), CLNVC1 (spectrum e), and or-
ganophilic clay (spectrum f).

power) housed in a light-proof box for 24 h at room
temperature, the PNVC or PCN precipitates are ob-
tained.

Polymer recovery

A reverse cationic-exchange reaction is employed to sep-
arate bound PNVC from the inorganic component in the
nanocomposite.'® As a typical extraction procedure, 2 g
of fine powder of synthesized PCN materials are dis-
solved in ~100 mL of THF (beaker A). A separate 10-mL
stock solution of 1 wt % LiCly, in THF is prepared
(beaker B). Both beakers are subjected to vigorous mag-
netic stirring for 3-4 h at room temperature. After com-
bining the contents of the two beakers, the mixture is
stirred for an additional 24 h followed by Soxhlet extrac-
tion at 85-90°C for 48 h. The extract solution is evapo-
rated on a rotavapor under reduced pressure to yield
PNVC fine powders. The molecular weights of both the
extracted and bulk PNVC are determined by GPC anal-
yses with THF as the eluant.

RESULTS AND DISCUSSION

NVC is a well-studied monomer that can be photopo-
lymerized and therefore lead to a polymer (PNVC)
with unusual electrical and photoelectronic properties
and high thermal stability. During the past decade,
numerous attempts have been made to chemically
modify PVNC to produce potential materials with
improved bulk properties.'® In this study we prepared
a series of PCN materials by photoinitiated polymer-
ization and we evaluated their properties. The poly-
merization of NVC can proceed simultaneously by a
combination of both cationic and free-radical mecha-
nisms. The typical photochemical process with triph-
enylsulfonium hexafluoroantimonate as the initiator
for the preparation of PNVC can be represented
through the following reactions®?":
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In contrast, MMT is a clay mineral containing stacked
silicate sheets measuring ~10 A in thickness and ~2180
A inlength.* 1t possesses a high aspect ratio and a platey
morphology. The chemical structures of MMT consist of
two fused silica tetrahedral sheets sandwiching an edge-
shared octahedral sheet of either magnesium or alumi-
num hydroxide. The Na* and Ca*? residing in the in-
terlayer regions can be replaced by organic cations such
as alkylammonium ions by a cationic-exchange reaction
to modify the hydrophilic layer silicate into an organo-
philic one. MMT has a high swelling capacity, which is
important for efficient intercalation of the polymer, and

) N )
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CH—CH,
Sth‘

CH=CH,

ArS SbF, + Ar-

|
- CH~—CHy—Ar

e + AY3S'

|
SbFg 'CH—C Hy—Ar

ArZS + Ar-

is composed of stacked silicate sheets that provide im-
proved thermal stability, mechanical strength, fire retar-
dant, and molecular barrier properties.

To synthesize the PCN materials, organophilic clay
is first prepared by a cationic-exchange reaction be-
tween the sodium cations of MMT clay and the alky-
lammonium ions of the intercalating agent (dial-
lylamine). Organic NVC monomers are subsequently
intercalated into the interlayer regions of organophilic
clay hosts, which is followed by one-step photochem-
ical polymerization with an initiator (triarylsulfonium
hexafluoroantimonate salt). The apparatus for photo-
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chemical polymerization is illustrated as Figure 1. The
composition of the PCN materials is varied from 0 to
1 wt % clay with respect to the PNVC content as
summarized in Table L

Characterization

The representative FTIR spectra of the organophilic
clay, neat PNVC, and PCN materials are given in
Figure 2. The characteristic vibration bands of PNVC>
are shown at 1605 and 1480 (aromatic ring —C=C—
stretch), 1230 (C—H in-plane deformation of the aro-
matic ring), and 753 cm ™' (ring deformation of the
aromatic structure). Those of diallylamine-MMT
clay'?~'? are shown at 3489 (—NH), 1650 (C=C), 802
(—CH,), 1043 (Si—O), 518 (Al—O), and 468 cm ™'
(Mg—O). As the loading of organophilic MMT clay is
increased, the intensities of the organophilic MMT
clay bands become stronger in the FTIR spectra of
PCN materials.

Figure 3 illustrates the powder WAXD patterns of
organophilic clay and a series of PCN materials. In
Figure 3(A) the powder WAXD patterns from 26 = 2—
10° do not show any diffraction peak below the dif-
fraction peak at 20 = 6.35° (d-spacing = 1.391 nm) for
organophilic clay and 20 = 7.45° (d-spacing = 1.185
nm) for MMT clay, indicating the possibility of having
exfoliated silicate layers of organophilic clay dispersed
in the PNVC matrix. However, there is a small diffrac-
tion peak appearing at 260 = 9.1°, corresponding to a
d-spacing of 0.97 nm for PNVC. The intensity of this
peak is increased when the amount of organophilic
clay increases for PCN materials. Furthermore, when
the powder WAXD patterns are scanned from 26 = 10
to 20° no diffraction peak appears for PNVC, whereas
there are three intense diffraction peaks appearing at
20 = 17.5°,21.7°, and 26.3°. The intensity of these three
peaks is also increased when the amount of organo-
philic clay increases for PCN materials, as shown in
Figure 3(B). This implies that the crystalline behavior
of PNVC would be enhanced by loading of organo-
philic clay in the form of an intercalated or exfoliated
layer structure. This is further evidenced by the stud-
ies of the morphological image of the synthesized
materials with a polarizing microscope.

In Figure 4 the TEM of PCN materials with 1 wt %
clay loading shows that the lamellar nanocomposite
has a mixed nanomorphology. Individual silicate lay-
ers, along with two, three, and four layer stacks, are
found to be exfoliating in the PNVC matrix. In addi-
tion, some larger intercalated tactoids can be identi-
fied.

Morphological image studies

The morphological image of the materials was studied
with a polarizing microscope. For these studies the
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Figure 3 Wide-angle powder X-ray diffraction patterns of
PNVC (spectrum a), CLNVCO0.25 (spectrum b), CLNVCO0.5
(spectrum c), CLNVCO0.75 (spectrum d), CLNVC1 (spectrum
e), organophilic clay (spectrum f), and clay (spectrum g)
scanned from 26 = (A) 2°-10° and (B) 10°-60°.

bulk PNVC and CLNVC1 (1 wt% clay loading in
composite) fine powder are dissolved in THF to give
typical 0.1 wt % solutions. After filtering, the as-pre-
pared solutions are cast onto a microscope slide glass
(1.0 X 1.0 cm) followed by drying in air for 24 h at
100°C to give coatings for conoscopy observation with
the polarizing microscope. The polarizing microscope
images in Figure 5 show a crystallite morphology for
CLNVC1 that is different than the flat morphology of
PNVC. The granule shape of CLNVC1 implies that
some crystalline behavior occurred as the polymer
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Figure 4 Transmission electron microscopy of CLNVCI.

incorporated MMT clay. This result is consistent with
the powder WAXD patterns described previously.

Weight-average molecular weight of extracted and
bulk PNVC

The molecular weights of the various polymer sam-
ples extracted from the nanolayers of MMT clays are
obtained by GPC analyses. The molecular weights of
the THF soluble polymer extracted from all samples,
as well as the bulk PNVC, display monomodal peak
distributions corresponding to a molecular weight
value, as shown in Table I. The molecular weights of
PCN materials decrease with increasing clay loading,
indicating the structurally restricted polymerization
conditions in the intragallery region of the MMT clay,
as shown in Figure 6.** The proposed pathways for
polymer chain propagation of pure PNVC and PCN
materials are shown in Figure 7. Another possible
explanation of the reduced polymer molecular weight
with increasing clay content could be that the clay
blocked the UV radiation during the photochemical
polymerization process.

Optical properties of solution

Figure 8 shows the UV-visible absorbance spectra of
pure PNVC and PCN materials in THF solutions.
There are two absorbance bands observed at around
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250 and 330 nm that may be attributed to m—* ab-
sorptions of the aromatic chromophores of the carba-
zole units in the polymer.”® The wavelengths of pure
PNVC and PCN materials in the UV-visible regions
are gradually affected by the presence of clay loading

(b)

Figure 5 Polarizing microscope images of (a) PNVC and
(b) CLNVCL1.
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Figure 6 The relationships between the molecular weight
and clay loading as obtained from GPC measurements.

in the PCN materials as illustrated in Table I. The
spectra exhibiting blueshifts reflect the energy gap of
the m—7* transition increasing along with the MMT
loading.® This may be attributed to the molecular
weight decrease of PCN materials, which is consistent
with that mentioned above.

Thermal properties of fine powders

Figure 9 shows a typical TGA thermogram of the
weight loss as a function of temperature for PCN
materials and PNVC as measured under a nitrogen
atmosphere. In general, major weight losses are ob-
served in the range of ~150-550°C for PNVC and
PCN fine powers, which may correspond to the struc-
tural decomposition of the polymers. Evidently, the
thermal decomposition of those PCN materials shifts
toward a lower temperature range than that of PNVC,
as illustrated in Table I, which may be due to the
molecular weight decrease of PCN materials. Further-
more, all the PCN materials show a further increased
decomposition temperature along with the loading of
MMT clay, which may confirm the enhancement of the
thermal stability when the MMT clay content is in-
creased.?” After ~600°C, the curves all became flat and
mainly the inorganic residues (i.e., Al,O5;, MgO, SiO,)
remained.

DSC traces of PNVC and PCN materials are shown
in Figure 10. PNVC exhibits an endotherm at 48.25°C,
corresponding to the glass-transition temperature (T,)
of PNVC. All the PCN materials show a higher Tg, as
shown in Table I, compared to pure PNVC. This is
tentatively associated with the confinement of the in-
tercalated polymer chains within the clay galleries that
prevents the segmental motions of the polymer chains.

YU, LIN, AND YEH

CONCLUSIONS

A series of nanocomposite materials that consisted of
PNVC and layered MMT clay are prepared by effec-
tively dispersing the inorganic nanolayers of the MMT
clay in the organic PNVC matrix via photochemical
polymerization of NVC monomers with triarylsulfo-
nium hexafluoroantimonate salt (initiator). The syn-
thesized PCN materials are characterized by FTIR,
WAXD, and TEM. The morphological images of the
PCN materials are studied with a polarizing micro-
scope. Crystalline surface morphology is observed
with the incorporation of MMT clay into the PNVC
matrix. This is consistent with the observation of pow-
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Figure 7 The proposed pathway for polymer chain prop-
agation of (a) pure PNVC and (b) PNVC-clay nanocompos-
ite materials.
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Figure 8 UV-visible spectra of PNVC (spectrum a),
CLNVC0.25 (spectrum b), CLNVCO0.5 (spectrum c),
CLNVCO0.75 (spectrum d), and CLNVC1 (spectrum e).

der WAXD patterns in which several intense peaks
appearing for PCN materials are increased along with
the loading of MMT clay.

The molecular weights of PNVC extracted from la-
mellar PCN materials and bulk PNVC are determined
by GPC. The molecular weights of extracted PNVC
exhibit a decreased molecular weight compared to the
bulk PNVC, indicating the structurally restricted po-
lymerization conditions in the intragallery region of
the MMT clay. The optical properties and thermal
stability of PNVC and a series of PCN materials (so-
lution and fine powder forms) are also investigated by
UV-visible absorption spectra, TGA, and DSC, respec-
tively. The UV-visible absorption spectra exhibit a

80
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(] 200 400 600 800 1000
Temperature (C)

Figure 9 TGA curves of PNVC (curve a), CLNVC0.25
(curve b), CLNVCO0.5 (curve c¢), CLNVC0.75 (curve d), and
CLNVC1 (curve e).
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Figure 10 DSC curves of PNVC (curve a), CLNVCO0.25
(curve b), CLNVCO0.5 (curve c), CLNVCO0.75 (curve d),
CLNVC1 (curve e).

blueshift of the aromatic chromophores when the
MMT content is increased. The thermal decomposition
temperature of the PCN materials is lower than the
bulk PNVC because of the decrease of the molecular
weights with the incorporation of MMT clay. Increas-
ing the nanolayers of MMT clay in the PCN matrix
results in an increment in the thermal decomposition
and glass-transition temperatures based on TGA and
DSC studies.

The financial support of this research by the NSC is grate-
fully acknowledged.
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