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A synthetic fluorohectorite clay in which the exchange cations have been replaced by
hexadecyltrimethylammonium ions, abbreviated C16FH, has been shown to readily intercalate
linear poly(dimethylsiloxane) (PDMS) molecules containing terminal hydroxyl groups. The
extent of gallery swelling increased with increasing PDMS molecular weight over the range
400-4200. Little or no intercalation was observed for PDMS molecules terminated by methyl
groups, indicating that terminal silanol interactions with the gallery surfaces are an
important part of the gallery swelling mechanism. These interfacial interactions may also
account for the unusual correlation between the extent of gallery swelling and the molecular
weight of the intercalated linear polymer. Cross-linking reactions between PDMS-4200 and
tetraethyl orthosilicate in the presence of the C16FH organoclay afforded elastomeric
nanocomposites in which the clay nanolayers were exfoliated. The nanolayer-reinforced
polymer exhibited substantially improved tensile properties and resistance to swelling by
an organic solvent in comparison to the pristine polymer. Also, nanolayer reinforcement
greatly reduced the structural damage caused by the internal strain induced upon allowing
the solvent to evaporate from the swollen polymer network. Although synthetic fluorohectorite
has one of the highest nanolayer aspect ratios among smectite clays, relatively small
reductions in oxygen permeability were observed for the nanocomposites. A more or less
random orientation of the clay nanolayers in the polymer matrix, as indicated from TEM
images of thin sectioned samples, was responsible for the lack of an effective permeant
barrier.

Introduction

As demonstrated quite convincingly in a recent review
by Schollhorn,1 the insertion of organic molecules into
layered or porous inorganic hosts often results in
nanocomposite materials with properties dramatically
different from those of the parent end members. Nano-
composites differ from conventional composites in that
the mixing of phases occurs over a much smaller length
scale in comparison to the micrometer length scale of
conventional composites.2-4 When applied to the rein-
forcement of engineering polymers the nanocomposite
concept can lead to compositions with properties far
superior to conventional composites at a much reduced
filler loading.

Layered-silicate clays are particularly good candidates
for the nanoparticle strengthening of polymers due, in
part, to their high surface area, platy morphology and
exceptionally stable oxide network.5 In certain respects
the layered silicate clays share some of the same
characteristics as the aerogel silicas and precipitated
silicas used for the reinforcement of silicones and other
polymer systems. However, in comparison to small
particle silicas,6 clays are less costly and free of health

risks, adding to their attractiveness as a replacement
filler for silicones. Furthermore, the rich intercalation
chemistry associated with smectic clays can be used to
facilitate the dispersion of the nanolayers in a polymer
matrix, a feat unobtainable with conventional silica
nanoparticles that tend to undergo phase-segregation
in a silicone matrix.7

Toyota researchers were the first to demonstrate that
small quantities (<10 wt %) of organoclays exfoliated
in a Nylon-6 polymer matrix greatly improves the
thermal, mechanical, barrier, and flame retardant
properties of the polymer.8-11 In recent years, several
other polymer systems have been investigated including
epoxies,12-15 polyimides,16-18 polyurethanes,19 polysi-
loxanes,7,20 as well as various thermoplastics.21-30 In
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earlier studies of polysiloxane-organoclay nanocom-
posites, dimethylditallow and hexadecyltrimethylam-
monium exchanged montmorillionites were dispersed in
poly(dimethylsiloxane) (PDMS) with a molecular weights
of 18 000 and 68 000, respectively, and cross-linked to
a rubber by reaction with tetraethyl orthosilicate (TEOS).
The former system afforded an exfoliated clay nano-
composite, whereas in the latter the clay was only
partially exfoliated, as indicated by low-angle X-ray
reflection in the final composite. Both clays, however,
provided elastomer reinforcement, as well as improved
thermal and solvent barrier properties.7,20

In an effort to elucidate the swelling of organoclay
galleries by PDMS, we have examined the intercalation
properties of a synthetic fluorohectorite in PDMS poly-
mers with molecular weights in the range 400-4200.
These smaller PDMS polymers make it possible to follow
the gallery expansion process quantitatively by wide-
angle X-ray diffraction methods. Also, the synthetic
fluorohectorite used in this work has a substantially
larger nanolayer aspect ratio (∼2000) in comparison to
naturally occurring montmorillonite (∼200). The higher
nanolayer aspect ratio should provide even better
reinforcement and barrier properties, the two perfor-
mance properties in need of greatest improvement for
silicone rubbers. Accordingly, we also have prepared a
cross-linked silicone rubber-exfoliated fluorohectorite
nanocomposite and investigated its tensile strength,
dioxygen permeability, and solvent uptake properties
in comparison to the pristine elastomer. The results
clearly demonstrate the substantial reinforcement that
is possible at clay nanolayers loading of 5-10 wt %,
though the permeability of the nanocomposites remains
high despite the larger nanolayer aspect ratio.

Experimental Section

Materials. PDMS polymers with average molecular weight
values of 400, 1750, and 4200 and tin(II) 2-ethylhexaonate
were obtained from Gelest, Inc. Hexadecyltrimethylammonium
bromide and all other chemicals were purchased from Aldrich
Chemical Co. and used without further purification.

Organoclay Synthesis. Lithium fluorohectorite (Corning,
Inc.) with an anhydrous unit cell formula of Li1.12[Mg4.88Li1.12]-
(Si8.00)F4 was ion-exchanged with a 2-fold stoichiometric excess
of hexadecyltrimethylammonium bromide. A mixture of the
surfactant cations and a 1.0 wt % aqueous suspension of the
inorganic clay was stirred at room temperature for 12 h. The
flocculated organoclay was removed by vacuum filtration and

the excess surfactant was washed from the clay by resuspend-
ing the solid in water, filtering again, and then subjecting the
solid to a final Soxhlet extraction in ethanol for 24 h. The clay
was then dried, crushed, and sieved to a particle size <106
µm prior to use in the intercalation and nanocomposite studies.
The water and organic content of the air-dried organoclay, as
determined by the weight loss at 150 °C and 500 °C, was 6
and 24 wt %, respectively.

Nanocomposites Synthesis. A predetermined amount of
organoclay was added to the desired PDMS polymer and mixed
for 12 h. A stoichiometric amount of tetraethyl orthosilicate
(TEOS) as a cross-linking agent and tin(II) 2-ethylhexanoate
as a catalyst (TEOS:Sn ) 4:1) were added to the PDMS-
organoclay mixture. The resulting thixotropic mixture was
then transferred to an aluminum mold and outgassed under
vacuum. Cross-linking of the nanocomposite was carried out
under vacuum at ambient temperature for 12 h, followed by
an additional 12 h at 100 °C.

Physical Measurements. X-ray powder diffraction (XRD)
patterns were recorded on a Rigaku rotaflex 200B diffracto-
meter equipped with Cu KR X-ray radiation and a curved
crystal graphite monochromator. X-ray analysis of liquid
PDMS polymer-organoclay mixtures were accomplished by
dropping the suspension onto filter paper mounted on a glass
slide with two-sided tape and blotting away the excess liquid.
After the addition of TEOS and the Sn catalyst to the clay-
PDMS mixture, the mixture was likewise dispersed onto a
filter paper slide and the X-ray diffraction pattern was
recorded during the polymerization process. Cross-linked
nanocomposites were examined by mounting a rectangular flat
specimen into an aluminum X-ray sample holder. After data
collection, the sample was turned over to collect diffraction
data from the opposite side of the casting, verifying homoge-
neous distribution of the clay particles. This test of homoge-
neous particle distribution has proven to be important in
studying nanocomposites, as poorly dispersed mixtures typi-
cally lead to settling of the clay particles during polymeriza-
tion. In this latter case only the bottom surface of the casting
will indicate the true nature of the clay component.

Tensile measurements were made under ambient conditions
according to ASTM procedure D3039 using an SFM-20 United
Testing System. The dog-bone-shaped samples used in the
tensile measurements were 28 mm long in the narrow region,
3 mm thick, and 3 mm wide along the center of the casting.

Oxygen permeability data were acquired on a Mocon Ox-
tran 2/60 oxygen permeability instrument with a test gas
containing 5 vol % oxygen in nitrogen. Film samples with a
thickness between 0.7 and 1.0 mm, which were cast from an
aluminum disk mold, were held in the testing cells with
adhesive foil masks. Pristine and nanocomposite PDMS samples
were soaked in pentane until they reached a maximum uptake
of solvent. The samples were then removed from the solvent
and photographed after different stages of solvent evaporation
to record the mechanical damage to the polymer.

TEM images were obtained on a JEOL JEM-100CX II
microscope using a CeB6 filament and an accelerating voltage
of 120 kV. Thin-sectioned samples were prepared by embed-
ding the PDMS nanocomposites in a glassy epoxy matrix and
sectioning on an ultramicrotome. The thin sections (∼80 nm)
were supported on 300 mesh nickel grids.

Results

The organoclay used in the synthesis of nanocompos-
ites was a hexadecyltrimethylammonium ion exchanged
fluorohectorite, abbreviated C16FH. This organo clay,
which was prepared by ion exchange reaction of Li+-
FH, exhibited a d001 basal spacing of 27.4 Å. Solvating
the organoclay in PDMS polymers with average molec-
ular weights in the range 400-4200 caused the basal
spacing of the clay to increase. As shown by the
diffraction patterns in Figure 1 the basal spacing
increased with increasing chain length of the PDMS
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polymer. The PDMS with MW ) 4200 gave the largest
spacing (75 Å), corresponding to a gallery height of ∼65
Å. Since PDMS-4200 showed the greatest tendency to
swell the galleries of the organoclay, this polymer was
used to form silicone rubber-organoclay nanocompos-
ites.

Silicone rubber nanocomposites containing up to 10
wt % organoclay were prepared by cross-linking mix-
tures of PDMS-4200 and C16FH using tetraethyl ortho-
silicate (TEOS) as the cross-linking agent and tin(II)
2-ethylhexaonate as the catalyst. XRD patterns of a
representative reaction mixture at different stages of
cross-linking are shown in Figure 2. Significantly, the
002 reflection increased from 38 Å in the initial inter-
calate to ∼50 Å after only 10 min of partial curing at
80 °C. At this incomplete stage in the cross-linking
process the nanolayers have been pushed apart by the
by ∼90 Å. The cross-linked nanocomposite (12 h, 100
°C) showed no evidence for a 00l clay refection, indicat-
ing that the nanolayers were optimally exfoliated. Also,
as shown by the inset in Figure 2, the clay in-plane 060
reflection near 60° 2θ was observed in the cured
composite, indicating the retention of nanolayer crystal-
linity, even though it is highly dispersed.

Tensile data were obtained for dog-bone-shaped cast-
ings of the silicone elastomers containing 0.0, 5.0, and
10 wt % organoclay loadings. These organoclay loadings
correspond to silicate loading of 0.0, 3.5, and 7.1 wt %,
respectively. Figure 3 provides the stress-strain curves
for each composition. Table 1 summarizes the corre-
sponding values of tensile strength, modulus, and strain
at break.

Included in Table 1 are the oxygen permeability
results and cyclohexane uptake values for the pristine

and clay-reinforced elastomers. The permeabilities rep-
resent the transmission rates of oxygen at a concentra-
tion of 5.0% in nitrogen as a carrier gas, and the
cyclohexane uptake values are the loadings of liquid
solvent contained in the elastomer at equilibrium at 25
°C.

Discussion

The replacement of Li+ by hexadecyltrimethylammo-
nium ions in the galleries of fluorohectorite resulted in
a basal spacing of 27.4 Å. The difference between the
observed basal spacing and the estimated clay layer

Figure 1. X-ray diffraction patterns of synthetic hexadecyl-
timethylammonium fluorohectorite, abbreviated C16FH, in-
tercalated by PDMS polymers with molecular weights of 400,
1750, and 4200. The pattern for the initial organo clay is
included for comparison. Figure 2. X-ray diffraction patterns of mixtures of PDMS-

4200 and C16FH organoclay at different stages of cross-linking.
The cross-linking agent was tertraethyl orthosilicate and the
catalyst was tin(II) octoate. The inset indicates the presence
of an in-plane 060 clay reflection in the exfoliated composite.

Figure 3. Comparison of the stress-strain curves for pristine
PDMS and PDMS-C16FH nanocomposites containing 5.0 and
10 wt % C16FH organoclay.
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thickness (9.6 Å) indicated a gallery height of 17.8 Å.
This value is consistent with a paraffin-like orientation
of the surfactant chains in the gallery region. If the
carbon chains adopted an all-anti conformation, the
observed gallery height would correspond to an angle
of inclination of ∼50° between the chain axis and the
clay surface. However, the chains are most likely
kinked31 and oriented more vertically on the gallery
surfaces. Ordinarily, long-chain ammonium ion surfac-
tants adopt lateral bilayer to pseudotrimolecular ori-
entation in the gallery space of montmorillonite, result-
ing in gallery heights below 10 Å.31-33 However, synthetic
fluorohectorite has a higher layer charge (1.12 e- per
O20 per unit cell) in comparison to montmorillonite,
which usually has a layer charge density of ∼0.75 e-
per O20 per unit cell. Thus, the higher population of
surfactant chains in fluorohectorite result in a paraffin-
like packing of chains and a comparatively large gallery
expansion.

Somewhat surprisingly, the extent of clay gallery
expansion upon PDMS intercalation is dependent on the
molecular weight of the guest polymer (cf., Figure 1).
This is not the usual outcome observed when other
linear molecules are intercalated into an organoclay.
Ordinarily, the gallery height is determined by the
orientation of organocation in the gallery and the critical
diameter of the intercalated polymer. The length of the
guest species usually has little or no effect on the gallery
height. That is, the organoclay normally permits a fixed
volume of the prepolymer to intercalate as dictated
primarily by the polarity match between the linear
polymer, gallery surface, and gallery cation. The gallery
heights observed in the PDMS-fluorohectorite systems,
however, are determined by the molecular weight or,
equivalently, the ratio of -OSi(CH3)2- repeat units to
terminal -Si(CH3)2OH groups. As this ratio increases,
the gallery height increases.

The hydrophobicity of the organocation surfactant
undoubtedly plays an important role in allowing the
initial penetration of PDMS into the galleries. However,
the silanol end groups of the polymer interact at least
in part with the gallery surfaces. These interactions
most likely play a role in determining the space-filling
configuration of the PDMS. The importance of specific
interactions between the silanol end groups and the

gallery surfaces is verified by the observation that
PDMS polymers of the same molecular weight but
terminated exclusively by methyl groups do not inter-
calate into C16FH. As illustrated schematically in Figure
4, restricting the silanol end groups to specific contacts
with the gallery surface will influence the packing of
long-chain PDMS molecules (e.g., PDMS-4200) in the
gallery. Shorter PDMS chains that are comparable in
length to the organocation (e.g., PDMS-400, which
contains ∼6 -Si(CH3)2O- units) cannot bridge opposite
gallery surfaces and at the same time account for a 10
Å or more increase in gallery height in comparison to
C16FH (e.g., compare the diffraction patterns in Figure
1). Thus, in the case of short PDMS chains only one
terminal silanol group may be linked to the gallery
surface.

The charged headgroups of the surfactant, the silox-
ane oxygens of the clay layer, and coadsorbed water
molecules may all contribute to the interactions of the
terminal silanol groups with the gallery surfaces. Burn-
side and Giannelis have noted that a small amount of
gallery water was needed to intercalate a PDMS-18 000
polymer into an organo montmorillonite. We have
verified the need for gallery water to achieve PDMS
intercalation. The air-dried organoclay used in the
present work contained ∼6 wt % water, as judged by
the weight loss upon drying at 150 °C, but if the water
is removed by drying at elevated temperatures, then no
PDMS intercalation was observed. In view of these
results, it is now clear that water is needed to facilitate
interaction of the terminal silanols and the gallery
surfaces, presumably through hydrogen bond formation.
Once the H-bonding sites are saturated, PDMS inter-
calation is complete and there is no further swelling of
the clay galleries.
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Table 1. Properties of Silicone Elastomera-C16FH
Organoclay Nanocomposites

organoclay
loading,
wt %b

strength,
kPa

modules,
kPa

elongation,
%

oxygen
permeabilityc

cyclohexane
uptake, g/gd

0.0 152 1.8 x 10-3 11 6.12 x 104 2.55
5.0 361 2.3 x 10-3 31 1.07

10.0 880 3.5 x 10-3 52
1.5 5.75 x 104

8.0 4.56 x 104

a The elastomer was formed by cross-linking PDMS (MW )
4200) a with a stoichiometric amount of TEOS. b The organic and
water content of the clay was 6% and 24%, respectively. c The
permeability is expressed in cm3 day-1 for a film 1.0 m2 in area
and one-thousandth of an inch in thickness. d Grams of cyclohex-
ane/gram of polymer.

Figure 4. Schematic representation of the swelling of an
alkylammonium ion exchanged fluorohectorite by a long-chain
PDMS polymer (MW ) 4200) containing terminal OH groups.
Shorter PDMS chains with molecular weight fractions of 400
and 1750 may have only one end of the chain associated with
the gallery surfaces.
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Although the swelling of C16FH is best monitored
quantitatively by XRD, the dependence PDMS interca-
lation on molecular weight can be qualitatively judged
by the physical behavior of the clay in PDMS suspen-
sions. Figure 5 is a photograph of four different C16FH-
PDMS suspensions, each containing 5 wt % organoclay.
The tubes are filled from left to right order with methyl-
terminated PDMS-400 and silanol-terminated PDMS-
400, -1750, and -4200. The methyl-terminated PDMS
does not intercalate into the galleries, and the unex-
panded clay settles to the bottom of the tube. For the
silanol-terminated PDMS derivatives, however, the
nanolayers are separated by PDMS molecules, allowing
for the formation of a stable, scaffoldlike suspension of
swollen clay tactoids with an equilibrium height that
increases with the PDMS polymer molecular weight.

The Sn(II)-catalyzed cross-linking of PDMS-4200 by
TEOS in the presence C16FH organoclay leads to further
expansion of the galleries and the formation of silicone
rubber-clay nanocomposite (cf., Figure 2). The absence
of an observable 001 diffraction peak in the cured
elastomer implies that the clay nanolayers have been
optimally separated (exfoliated) by the elastomer ma-
trix. This means that the intragallery cross-linking rate
was competitive with the extra gallery rate. For this to
occur the catalyst and TEOS should be favorably
partitioned between the PDMS solution and the orga-
noclay galleries. Coadsorbed water may also facilitate
intragallery polymerization through TEOS hydrolysis.
Verification that the individual clay nanolayers retained
their structural integrity in the exfoliation process was
provided by the presence of a 060 in-plane reflection in
the high 2θ region near 60° (see inset in Figure 2).

The uniform dispersion of clay nanolayers in the
nanocomposite affords a marked improvement in the
tensile strength, modulus, and strain-at-break (see
Figure 3 and Table 1). Similar improvements in tensile
properties have been reported for silicone rubber-clay
nanocomposites derived from PDMS polymers with
molecular weights of 18 000 and 68 000.7,20 Through the
absorption and dispersal of an applied load, the nano-
layers layers delocalize stress, as well as toughen the
matrix as indicated by the large increase in the strain-
at-break. In contrast, conventional composites ordinarily
compromise toughness for tensile strength. It has been
previously noted14,20 that the clay nanolayer reinforce-
ment of elastomers dramatically reduces the ability of
the matrix to absorb solvents. An analogous reduction
in cyclohexane uptake was observed for the clay nano-
layer reinforced silicone elastomers prepared in the

present work (cf., Table 1). However, the reinforcement
effect goes far beyond simply limiting the uptake of
solvent. The clay nanolayers can also dramatically
reduce the structural damage that normally occurs
when the solvent is allowed to evaporate from a solvent-
saturated elastomer. As shown in Figure 6, the rapid
evaporation of cyclohexane from the pristine silicone
rubber causes internal strain that fractures the matrix,
rendering the recovered elastomer useless. In contrast,
the nanolayer-reinforced composite undergoes less sol-
vent swelling and loses solvent more slowly, thus
reducing internal strain and avoiding matrix fracture.
The avoidance of structural damage caused upon expo-

Figure 5. Photograph of PDMS polymer-C16FH organoclay
mixtures containing 5.0 wt % organoclay and equilibrated at
room temperature. The mixtures were formed from (a) methyl-
terminated PDMS-400, (b) OH-terminated PDMS-400, (c) OH-
terminated PDMS-1750, and (d) OH-terminated PDMS-4200.

Figure 6. Photographs of a pristine silicone elastomer formed
from PDMS-4200 (upper specimen) and the corresponding
nanocomposite containing 5.0 wt % C16FH organoclay (lower
specimen) after equilibration in a cyclohexane bath and subse-
quent removal from the bath to allow for solvent evaporation:
(a) immediately after removal from the bath, (b) after 15 s,
and (c) after 20 min. No structural damage was noted for the
nanocomposite after complete evaporation of the solvent.
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sure to solvents may represent one of the most impor-
tant benefits of nanolayer reinforcement in elastomeric
polymer technology.

Although the tensile and solvent resistance properties
of a silicone rubber can be greatly enhanced through
clay nanolayer reinforcement, the gas permeability of
the nanocomposites was only slightly affected. Even at
an organoclay loading of 8.0 wt % organoclay, the oxy-
gen permeability was only reduced only by ∼25% (see
Table 1). In contrast, previous work has shown that dra-
matic reductions in permeability can be achieved for
polyimide films and other thin film forms of poly-
mers.34-38 For instance, the exfoliation of 2 wt %
synthetic mica in a polyimide film reduced the water
vapor permeability 10-fold,37 and a 4.8 wt % dispersion
of clay in poly(ε-caprolactone) reduced the water vapor
permeability 5-fold.35

In general, a reduction in the permeability of a
nanolayer-reinforced polymer film can be anticipated if
the nanolayers are highly aligned parallel to the film
surfaces or if the constrained polymer region near the
clay interface is large.39 Aligned nanolayers increase the
tortuosity of the diffusion path, causing the permeability
to decrease with increasing aspect ratio of the nanolay-
ers. A thick constrained polymer region can also reduce
the permeability by decreasing both the diffusion rate
and the solubility of the permeant. Although synthetic
fluorohectorite has one of highest nanolayer aspect
ratios among smectite clays, it has not been effective in
providing substantially reduced gas permeability in the
case of silicone elastomers. This suggests that the
nanolayers are not well aligned or that the constrained
polymer region is relatively thin. Under the conditions
used to form sufficiently thick samples for the perme-
ability measurements, the surface tension forces are too
weak to facilitate nanolayer ordering parallel to the
sample surface. The relatively random orientation of the
nanolayers was verified by transmission electron mi-
croscopy. As shown by the lower TEM image in Figure

7, the nanolayers generated by the exfoliation of a clay
tactoid tend to orient parallel to one another. However,
as shown by the upper image in Figure 7, wherein
nanolayers emanating from different tactoids are nearly
orthogonal to each other, there is little or no tendency
for the nanolayers to orient uniformly through out the
matrix. Thus, better methods for achieving nanolayer
orientation must be devised if substantially reduced
permeability is to be achieved for silicone-clay nano-
composites through a tortuous path mechanism. It
appears that a constrained polymer region does not play
an important role in reducing the permeability of the
nanocomposite.
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Figure 7. TEM images of a cross-linked silicone elastomer
prepared from PDMS-4200 and 10 wt % C16FH organoclay.
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