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ABSTRACT: To synthesize an epoxy–montmorillonite
nanocomposite, the intercalation of clay layers with acid
onium ions {[H3N(CH2)n�1COOH]�, [H3N(CH2)n�1CH3]�,
[H

3
N(CH2) �NH2]�, and [H3N(CH2)nNH3]2�} by different

methods were studied. The intercalated clay was character-
ized by XRD, ICP, and CHN elemental analysis. An acid
onium ion [H3N(CH2)17CH3]� enlarged the d-spacing of
CWC–, AMS–, and Kunipia–montmorillonite to 21.6, 18.1,
and 20.7 Å, respectively. The results of CHN elemental analysis
confirmed that onium ions were intercalated between the clay
layers. Ion exchange of montmorillonite with onium ions is a
better way to intercalate more onium ions. Among those on-
ium ions mentioned above, [H3N(CH2)nNH3]2� displaced
more sodium ions from the clay layers than did the others.
An epoxy–montmorillonite nanocomposite was synthesized
by heating a mixture of [H3N(CH2)17CH3]�–montmorillon-
ite (CWC) with an epoxy monomer and curing agent. The
nanocomposite was characterized by XRD, TEM, DSC, UV,

TGA, and Instron testing. TEM photographs showed that the
spacing between the clay layers was further enlarged to about
50 Å and no segregation between the clay particle and the
polymer was observed. The glass transition temperature of the
nanocomposite containing 20 phr of [H3N(CH2)17CH3]�–
montmorillonite (CWC) increased from 108.4 to 146.1°C. Es-
pecially, the nanocomposite possesses higher water resis-
tance than that of the epoxy resin or of the physical mixture
of epoxy and montmorillonite (CWC). According to the
transmittance measurement (� � 550 nm), the nanocompos-
ite shows good light transmittance. Although, we cannot
improve the mechanical properties, improvements of other
properties can be evidenced for the formation of nanoscale
composites. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 86:
414–421, 2002
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INTRODUCTION

Clay or other inorganic materials have been added
into polymers as fillers to improve the mechanical
properties of the polymer. Because of the interfacial
interaction between a polymer and clay, the nanocom-
posite leads to improved properties when compared
to micro- and macrocomposites. The improvements of
the properties of composites are affected by the exfo-
liation of the clay in the polymer matrix. The potential
improvements include water resistance, flame retar-
dation, and gas permeability. So, it is primary work to
understand the exfoliation of the clay in the polymer.
Recently, a nanocomposite of a clay–polymer was
formed by intercalation of clay with organic ions, fol-
lowed by polymerization of the polymer precursor
inside the clay layers. Faguy et al. polymerized pyr-
role within montmorillonite.1 The composite showed
properties of both the conducting polymer and the
host material. Toyota researchers polymerized nylon-6
in the presence of delaminated [H3N(CH2)11COOH]�–
montmorillonite.2,3 Highly dispersed clay layers in the
nylon–6 matrix greatly improved the tensile strength,
tensile modulus, and heat-distortion temperature.

Other polymer–clay composites, such as polystyrene,4

epoxy resin,5–7 poly(ethylene oxide),8–10 polyimide,11

and polycaprolactone12 were also reported.
Epoxy resin is often used in integrated circuit (IC)

packaging and printed circuit boards (PCBs), such as
in pin grid array packaging, ball grid array packaging,
and multichip modules. To improve the thermal prop-
erties and mechanical properties, inorganic material
such as clay is also used as additives in epoxy resin.
The synthesis of epoxy–clay nanocomposites were re-
ported previously.13–15 Wang et al. studied a newly
developed class of paraffinlike organomagadiite inter-
calates. The epoxy–magadiite nanocomposite is more
optically transparent than is the epoxy–smectite nano-
composite.16,17 Vaia et al. provided a new experimen-
tal insight into the interlayer and phase state of inter-
calated alkylammonium silicates by FTIR and XRD.18

By monitoring frequency shifts of the asymmetric CH2

stretching and bending vibrations with FTIR, they
found that the intercalated chains exist in states with
varying degrees of order. Chen and Wu added china
clay (3Al2O3 � 2SiO2) to the epoxy matrix and the
results show that the influence of the boundary layer
is important and that it can influence the density. The
Young’s modulus and tensile strength of the compos-
ite can be estimated from the component phases.19 Lee
intercalated the epoxy polymer into the interlayer of
Na�–montmorillonite by a step type of polymeriza-
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tion in an aqueous emulsion media; the acetone-ex-
tracted products show that the basal spacing of the
montmorillonite is expanded from 0.96 to 1.64 nm.20

Lee and Lichtenhan investigated thermal and vis-
coelastic property enhancement on crosslinked epoxy
using two types of nanoreinforcement, namely, or-
ganoion-exchange clay and polymerizable polyhedral
oligomeric silsesquioxane macromers; however, for an
epoxy network reinforced with clay, the results
showed no effect on the Tg due to the presence of clay
reinforcements.21 Although considerable research has
been reported on the synthesis of nanocomposites,
most reports focused on the modification of clay by
ion exchange and the properties of the composite.
Hence, the delamination of montmorillonite by differ-
ent methods, clays, and onium ions were studied in
this report. The epoxy–montmorillonite nanocompos-
ites were characterized by XRD, TEM, DSC, UV, TGA,
and Instron testing. Besides, due to the applications of
nanocomposites, properties such as heat resistance,
water resistance, tensile strength, and optical proper-
ties are also reported.

EXPERIMENTAL

Materials

Na�–montmorillonite with an exchange capacity of
145 mequiv/100 g (CWC) and 125 mequiv/100 g
(AMS) were obtained from Nanocor Inc (Chicago, IL).
Na�–montmorillonite with an exchange capacity of
125 mequiv/100 g (Kunipia-F) was donated by the
Kunimine Industrial Co (Chiyoda-ku, Japan). Diglyci-
dyl ether of bisphenol A (DGEBA, epoxide equivalent
weight 178, DER332) was obtained from Dow Chem-
icals (Midland, MI). Nadic methyl anhydride (NMA,
GR), benzyldimethylamine (BDMA, 98%), alky-
lamines [CH3(CH2)n�1NH2, 99% for n � 6, 98% for n
� 12, and 97% for n � 18], aminocarboxylic acids
[H2N(CH2)n�1COOH, 99% for n � 6 and 98% for n
� 12], and diamines [H2N(CH2)nNH2, 98% for n � 6
and 99% for n � 12] were obtained from Aldrich (St.
Louis, MO) and used as received.

Intercalation of clay with organic onium ions

The protonated forms of amine were formed by dis-
solving 5 mmol of the free amine in 500 mL of a 0.01N
(0.02N for diamine) aqueous HCl solution at 60°C.
Five grams of clay was thoroughly dispersed in the
onium ion solution at 60°C for 3 h. The cation-ex-
changed montmorillonite was separated by centrifu-
gation and washed with deionized water. The proce-
dure was repeated until no white precipitate of AgCl
was observed when a drop of 0.1N AgNO3 was added
to the centrifugate.

Intercalation by acid–base reactions was carried out
in the vapor phase and an aqueous solution. A sodium
form of montmorillonite was converted into acidic
form by ion exchange with an aqueous HCl (1M)
solution. In the vapor-phase reaction, dodecylamine
was heated at 140°C, the vapor of dodecylamine
[H2N(CH2)11CH3] was passed by H�–montmorillonite
for 4 h, and then montmorillonite was sealed with
vapor overnight. In an aqueous solution reaction, 5 g
of H�–montmorillonite was thoroughly dispersed in
the dodecylamine solution (0.01M) at 60°C for 3 h.

Synthesis of epoxy–montmorillonite
nanocomposite

Intercalated clay was added with stirring to DGEBA
(DER 332) and cured by addition of NMA and BDMA.
The amount of the curing agent used for each formu-
lation was as follows: 87.5 phr (per hundred resin) of
NMA and 5 phr of BDMA. The clay/DGEBA mixtures
were heated at 70°C with stirring for 10 min and then
sonicated for 30 min at 70°C using an ultrasonic
cleaner. Following sonication, samples were heated at
70°C for 1 h and the curing agent was added with
thorough mixing and then dispensed into Teflon
molds or beakers. All samples were cured at 80°C for
1 h, 100°C for 1 h, 120°C for 1 h, 150°C for 6 h, and
200°C for 1 h.

Characterization

X-ray diffraction (XRD) experiments were performed
on a Siemens D-500 X-ray diffractometer with CuK�
as a radiation source, operated at 40 kV and 30 mA.
The polymerization temperature and Tg were deter-
mined by a Perkin–Elmer DSC7 under N2 (50 mL/
min) with a heating rate of 20°C/min. Indium and
zinc were used as calibration standards.

The amount of the sodium ion exchanged was de-
termined by a JOBIN YVON JY-24 ICP/AES. TEM
photographs were taken with a JEOL JEM2000 FX II
using an accelerating voltage of 160 kV. The sample
was ultrathin-sectioned (75-nm-thick slices) using a
microtome equipped with a glass knife. TGA analyses
were carried out under N2 on a Perkin–Elmer TGA7
thermogravimetric analyzer at a heating rate of 10°C/
min. A sample mechanical measurement was per-
formed at ambient temperature according to ASTM
procedure D638-64T using a United Testing System.
Tensile testing was obtained with a Instron Model
4302 using a strain rate of 1 mm/min. The volume of
the samples for water-content measurements were 15
� 15 � 3 mm. The samples were placed in an oven at
110°C for 24 h, then immersed in water at 23°C for
24 h. The water content of the sample is calculated by
the formula
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weight23°C,24h in water � weight110°C,24h in oven

weight110°C,24h in oven
� 100%

RESULTS AND DISCUSSION

Intercalation of montmorillonite

Ion exchange of Na� gallery cations in the pristine
mineral by onium ions allows modification of the
layer surface for intercalation of epoxy monomers. To
exfoliate the clay layers, Na� must be completely ex-
changed, because unexchanged Na� centers in alky-
lammonium-exchanged clays may act as pinning
points to prevent gallery expansion by the polymer
precursors.22 Furthermore, the dielectric constant of
the product may be affected by the residual Na� or
other metal ions. According to our study, the amount
of Na� ions displaced reached a plateau when mont-
morillonite was exchanged with onium ions at 60°C
for 3 h. The same amount of displaced Na� was found
at higher temperature. It is noteworthy that the d-
spacing of the exchanged clay at 35°C for 3 h also
reached 16.4 Å. The solubility of alkylammonium in
water decreases with increasing alkyl chain length. It

is necessary to keep the temperature at 60°C for higher
solubility of the long-chain alkylammonium ion in
water. The result of ICP analyses shows that no more
Na� ions were further displaced by exchanging the
clay twice with [NH3(CH2)11CH3]�. To achieve the
maximum amount of exchanged alkylammonium
ions, we studied the effect of the intercalating meth-
ods, clays, and onium ions on the intercalation of
montmorillonite.

Effect of intercalating methods

Figure 1 shows the XRD pattern of onium ions inter-
calated, H�– and Na�–montmorillonites (CWC). The
spacings of intercalated clay formed from an acid–
base reaction in the vapor phase, an acid–base reac-
tion in an aqueous solution, and ion exchange of Na�–
montmorillonite are 13.5, 17.6, and 18.0 Å, respec-
tively. A shoulder corresponding to the d spacing of
14.5 Å appears in the XRD pattern of montmorillonite
intercalated by an acid–base reaction in an aqueous
solution. The peak occurs at the same diffraction angle
as that of a 0.15M HCl aqueous solution-exchanged
clay. We assigned the d-spacing of this shoulder peak
to the hydronium ion intercalated clay. The XRD pat-
tern of (b) reveals that only part of the clay was
intercalated by onium ions. Table I shows the d-spac-
ing and the amount of amine for montmorillonite
(CWC) intercalated by different methods. Elemental
analysis of CHN also showed that a higher level of
intercalation occurs in clay intercalated by the ion-
exchange method. The amount of onium ions interca-
lated in the clay layers are 407.5, 617.6, and 1184
�mol/g clay by an acid–base reaction in the vapor
phase, an acid–base reaction in an aqueous solution,
and an ion-exchange reaction, respectively. The results
indicate that an acid–base reaction in the vapor phase
is not an effective method to enlarge the d-spacing
between clay layers.

Effect of clay with different interlayer charge density

The cation-exchanged capacity (CEC) is a useful pa-
rameter for interlayer charge density. Figure 2 shows

Figure 1 XRD patterns of [H3N(CH2)11CH3]�–montmoril-
lonite (CWC) hybrids prepared by (a) an acid–base method
by vapor, (b) an acid–base method by aqueous medium, and
(c) an ion-exchanged method and (d) H�–montmorillonite
(CWC) and (e) pristine Na�–montmorillonite (CWC).

TABLE I
Amount of Amine Intercalated in Montmorillonite (CWC) and d-Spacing of

Intercalated Montmorillonite by Different Method

Method of intercalation

[NH3(CH2)11CH3]�–
montmorillonite

d-Spacing
(Å)

Amount of aminea

(�mol/g clay)

Acid–base intercalation in vapor 13.5 407.5
Acid–base intercalation in aqueous medium 17.6 617.6
Ion-exchanged intercalation 18.0 1184.4

a Determined by CHN elemental analysis.
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XRD curves of intercalated clay of different chain
lengths of [NH3(CH2)n�1CH3]� and clays from differ-
ent sources. Table II summarizes the d-spacing of
[NH3(CH2 n�1CH3]�–montmorillonite and the
amount of Na� displaced by protonated alkyl amines.
The order of decreasing d-spacing of the
[H3

�N(CH2)n�1CH3]�–montmorillonite (n � 6, 12, and
18 ) are CWC � Kunipia � AMS, in accordance with
the order of the amount of displaced sodium ions. The
amount of alkylammonium ion that can be interca-
lated into the clay layer may depend on the interlayer
charge density. Since the order of decreasing CEC
values are CWC � AMS � Kunipia, we expect that the
d-spacing of the [H3N(CH2)n�1CH3]�–montmorillon-
ite will be CWC � AMS � Kunipia. The result is not
the same as we expected. There will be some other
factors influencing the d-spacing of the intercalated
clay. The hydrophobicity, interfacial interaction, and
other properties of the montmorillonite may play im-
portant roles.

Effect of onium ions

In this section, montmorillonite (CWC) intercalated by
various cations was studied. The cations intercalated

were [H3N(CH2)n�1CH3]� (n � 6, 12, and 18),
[H3N(CH2)n�1COOH]� (n � 6, 12), [H3N(CH2)nNH2]�

(n � 6, 12), and [H3N(CH2)nNH3]2� (n � 6, 12). Due to
differences in the chain length, functional groups, and
charge density of the exchange cations, the d-spacing
differs for the hybrids. In Table III are listed the results
of the XRD and elemental analysis of montmorillonite
(CWC) intercalated with various cations. The effects of
various factors are discussed below:

Effect of chain length

As shown by the data in Table III, we find that d-
spacing of intercalated clay increases with the chain
length when the intercalated onium ions are
[H

3
N(CH2 n�1CH3]� and [H3N(CH2)n�1COOH]�. The

results agree with previous reports.5 In Table III, the
amount of gallery cations all increase from n � 6–12.
In general, as the chain length increases, the interca-
lated chains adopt a more ordered, liquidlike struc-
ture, resulting from a decrease in the gauche/trans con-
former ratio.18 The ordered form will have a larger
packing capacity than that of the disordered form.
These results may also indicate that the onium ions’
aggregation in the interlayer was changed from mono-
layers to bilayers. The increase in gallery height is
accompanied by a decreasing amount of gallery cat-
ions when the n of [H3N(CH2)n�1CH3]� changes from
12 to 18. Since with a longer chain length the the
alkylamines are more hydrophobic, the solubility of
alkylamines (�0.01M for n � 12 and about 0.004M for
n � 18 at 60°C) in an aqueous solution decrease with
an increasing chain length. For the above reason,
[H3N(CH2)17CH3]�–montmorillonite has a smaller
amount of gallery cations. Our study also evidenced
(not showed here) that there was a correlation be-
tween the onium ion concentration (0.004 – 0.0001M)
of the bulk solution and the amount of intercalated
gallery cations within the clay layers. Another rea-
son for a smaller amount of gallery cations in
[H3N(CH2)17CH3]�–montmorillonite is that the lim-
ited interlayer spacing can only accommodate fewer
long-chain onium ions. The concentration of onium

Figure 2 XRD patterns of various hybrids of CWC–mont-
morillonite, AMS–montmorillonite, and Kunipia–montmo-
rillonite intercalated with [H3N(CH2)n�1CH3]�.

TABLE II
d-Spacing of the Hybrids and the Amount of Na� Displaced by Protonated Alkyl Amines

Gallery cation

CWC AMS Kunipia

d-Space
(Å)

Exchanged
Na

� a
d-Space

(Å)
Exchanged

Na
� a

d-Space
(Å)

Exchanged
Na

� a

Na� 12.6 — 12.8 — 12.8 —
[NH3(CH2)5CH3]� 13.5 725.5 13.3 667.1 13.3 681.2
[NH3(CH2)11CH3]� 18.0 1013.5 14.0 803.6 16.7 821.6
[NH3(CH2)17CH3]� 21.6 948.9 18.1 827.7 20.8 743.5

The CEC of CWC–montmorillonite, AMS–montmorillonite, and Kunipia–montmorillonite are 1450, 1250, and 1150 �mol/g
clay, respectively.

a The unit of the exchanged Na� was �mol/g clay.
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ions also has a significant effect on the d-spacing of
intercalated clay. When the onium ion concentration
of the bulk solution was lower than 0.0025M, it was
difficult to enlarge the interlayer spacing of the clay.

Effect of functional group

Depending on the d-spacing and the chain length, the
[H3N(CH2)11CH3]� and [H3N(CH2)11COOH]� chains
are thought to lie as a bilayer. Also, the [H3N(CH2)5CH3]

�,
[H3N(CH2)11COOH]�, [H3N(CH2)nNH2]�, and
[H3N(CH2)nNH3]2� (n � 6 and 12) chains all lie as a
lateral monolayer. Finally, the [H3N(CH2)11CH3]� was
expected to lie pseudo-trimolecular.13,23 The interac-
tions occurring at the onium ion–clay surface are very
complex. The attractive interactions are different for
different functional groups. In accordance of the rela-
tive small d-spacing and high displaced percentage of
diamines (13.1–13.8 Å and 83.4–85.6%), we are sure
that the diamines have the largest interaction between
onium ions and the clay surface. In this study, the
order of interaction between onium ions and the clay
surface are [H3N(CH2)nNH3]2� � [H3N(CH2)n�1CH3]�

� [H3N(CH2)n�1COOH]�, in accordance with the
amount of gallery cations.

Effect of charge density

The dependence of d-spacing on the charge density was
also investigated. Table III compares [H3N(CH2)nNH3]

2�

and [H3N(CH2)nNH2]� hybrids of different charge
density, but similar chain length. As the charge den-
sity increases, d-spacing decreases from 13.1 to 13.0 Å
for n � 6 and from 13.8 to 13.7 Å for n � 12. Although
the difference in d-spacing is not so clear, it also shows
us some evidence that [H3N(CH2)nNH3]2� has a stron-
ger affinity with the layers of clay on both sides than
that of [H3N(CH2)nNH2]�. Thus, it is harder for
[H3N(CH2)nNH3]2� to increase the d-spacing. It is

noteworthy that, because the amount of gallery cat-
ions that can be loaded into the galleries of clay is
dependent on the charge density of the onium ion, the
amount of H2N(CH2)nNH2 in CWC–montmorillonite
also depends on the charge density of the onium ion.
Thus, the amount of gallery cations decreased from
574.9 �mol/g clay for [H3N(CH2)5NH2]� to 513.3
�mol/g clay for [H3N(CH2)5NH3]2� and from 754.9
�mol/g clay for [H3N(CH2)11NH2]� to 558.8 �mol/g
clay for [H3N(CH2)11NH3]2�. Because of the difference
in the d-spacing, displaced percentage, and amount of
gallery is not very distinguished, it may be indicated
that [H3N(CH2)nNH2]� and [H3N(CH2)nNH3]2� are
formed at the same time for 0.01M H2N(CH2)11NH2
dissolving in 0.01M HCl. So, it is possible for the
designed [H3N(CH2)nNH2]�–montmorillonite to co-
exist with [H3N(CH2)nNH3]2�–montmorillonite. The
[H3N(CH2)nNH2]�–montmorillonite really caused the
designed [H3N(CH2)nNH2]�–montmorillonite to have
a smaller amount of gallery cations and bigger d-
spacing than those of [H3N(CH2)nNH3]2�–montmoril-
lonite.

In this study, the maximum d-spacing of 21.6 Å was
observed for [H3N(CH2)17CH3]�–montmorillonite
(CWC). A large amount of epoxy monomer can be
loaded into clay galleries with large interlayer spac-
ing. So, we chose [H3N(CH2)17CH3]�–montmorillonite
(CWC) for the synthesis of the clay–epoxy nanocom-
posite.

Synthesis of the nanocomposite

To verify the degree of swelling of [H3N(CH2)17CH3]�–
montmorillonite (CWC) by epoxy monomers, XRD pat-
terns of the swelled clay were studied. The results shown
in Figure 3 indicate that the d-spacing of intercalated clay
increased further in contact with the epoxy monomer
even at room temperature. After curing at elevated tem-
perature (200°C), the d-spacing is too large to be ob-

TABLE III
Summary of XRD, ICP, and CHN Data for Various Hybrids

Gallery cation

CWC–montmorillonite (1450 �mol/g clay)

d-Space
(Å)

Na�

Amount of gallery cation
(�mol/g clay)

Displaced Na�

(�mol/g clay)
Displaced

percentage (%)

Na� (pristine clay) 12.6 — — 1434.8
[H3N(CH2)5CH3]� 13.5 725.5 50.0 745.3
[H3N(CH2)11CH3]� 18.0 1013.5 69.9 1184.4
[H3N(CH2)17CH3]� 21.6 948.9 65.4 770.8
[H3N(CH2)5COOH]� 13.1 687.0 47.4 419.4
[H3N(CH2)11COOH]� 17.8 889.2 61.3 735.7
[H3N(CH2)6NH2]� 13.1 1241.7 85.6 574.9
[H3N(CH2)12NH2]� 13.8 1209.8 83.4 754.9
[H3N(CH2)6NH3]2� 13.0 1290.4 89.0 513.3
[H3N(CH2)12NH3]2� 13.7 1220.1 84.1 558.8
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served by XRD. The TEM photograph of the nanocom-
posite containing 20 phr of [H3N(CH2)17CH3]�–mont-
morillonite (CWC) is shown in Figure 4. The distance
between the layers is in the range of 40–50 Å. The
delamination of clay in the polymerized epoxy resin
was confirmed by the absence of d001 reflections in the
XRD patterns and TEM images.

Properties of the nanocomposite

Several important properties of the nanocomposite
were studied. The glass transition temperature (Tg) of
the clay–epoxy nanocomposite was determined by
DSC. As shown in Figure 5, the epoxy polymer with-
out the addition of clay shows the Tg at 108.4°C. The
addition of Na�–montmorillonite during the polymer-
ization of the epoxy polymer decreased the Tg to
92.5°C. The epoxy resins polymerized in the presence
of 5 and 20 phr of [H3N(CH2)17CH3]�–montmorillon-
ite (CWC) show higher Tg’s at 117.4 and 146.1°C. The
epoxy was to be used as building blocks for PCBs,
plastic IC packages, etc., in the computer industry.
Thus, water resistance, especially at various clay load-
ings, is an important characteristic of these materials.

Figure 6 shows the water content of pristine clay
(Na�–montmorillonite) and modified clay {[H3N(CH2)17
CH3]�–montmorillonite} in water at 23°C for 24 h. Ep-

Figure 3 XRD patterns of (a) [H3N(CH2)17CH3]�–mont-
morillonite (CWC), (b) DER 332 epoxy, (c) mixing
[H3N(CH2)17CH3]�–montmorillonite (CWC) with 20 phr
and DER 332 epoxy, (d) of (c) heated at 105°C for 8 h, and
(e) of (d) then cured at 150°C for 6 h and 200°C for 6 h.

Figure 4 TEM photograph of a clay–epoxy nanocomposite
with a [H3N(CH2)17CH3]�–montmorillonite (CWC) content
of 20 phr.

Figure 5 DSC thermograms. Hybrids of clay with (a) no
clay addition, (b) 20 phr pristine–montmorillonite (CWC),
(c) 5 phr [H3N(CH2)17CH3]�–montmorillonite (CWC), and
(d) 20 phr [H3N(CH2)17CH3]�–montmorillonite (CWC).

Figure 6 Water content of pristine and modified clay by
various clay loadings.
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oxy–[H3N(CH2)17CH3]�–montmorillonite nanocompos-
ites show excellent water resistance. The difference of
water resistance between modified clay and unmodified
clay can be explained by that the water resistance was
strongly dependent on the delamination of clay within
the epoxy resin and modification of the clay surface. The
delamination of clay within the epoxy resin increased
the diffusion path of water in the epoxy resin: It took
more time for water to pass through the epoxy resin. The
modification by [H3N(CH2)17CH3]� made the clay sur-
face more hydrophobic, because the tail of the onium
ions were a hydrophobic group [CH3(CH2)—]. TGA
analyses were also evidence for the affinity of water by
the clay surface. Generally, weight loss below 200°C is
attributed to desorption of water, which includes inter-
particle water and interlayer water. The associated
weight loss evident in the TGA analysis curve shown in
Figure 7 indicates that modification of clay by onium
ions such as [H3N(CH2)17CH3]� was more hydrophobic
than was that of unmodified clay.

In this study, the composites are in nanoscale, so
they should have better optical properties than just a
physical mixture of clay and epoxy resin. Figure 8
shows the transmittance of visible light at 550 nm for
modified clay and pristine clay within the epoxy resin.
The higher transmittance (% T) of the composite indi-
cates that the clay layers are exfoliated (nanoscale)
within the epoxy resin. The epoxy resin with modified
clay showed good heat resistance (Tg), water resis-
tance, and optical properties compared with the epoxy
resin with no addition of clay or unmodified clay. The
results indicate that a nanocomposite of polymer and
clay was formed. Unfortunately, epoxy with modified
clay resulted in a decrease of tensile strength (not
shown here). It is distinct that the interactions between
the epoxy and the clay surface are very weak. The
mechanism of interaction occurring at the epoxy–clay
interface is very complex. Further study about this
subject is in progress.

CONCLUSIONS

In summary, we attempted to enlarge the d-spacing of
clay by organic cations. XRD results indicated that the
chain length of organic ions play an important role in
the d-spacing of hybrids. We obtained large d-spacing
of hybrids when the organic ions had a long chain
length. However, due to the charge density of
[H3N(CH2)nNH3]2�, the [H3N(CH2)nNH3]2�–clay has
smaller d-spacing than that of [H3N(CH2)n�1CH3]�–
clay or of [H3N(CH2)n�1COOH]�–clay. A maximum
amount of intercalated cations and d-spacing of the
intercalated clay were obtained by ion exchange with
montmorillonite (CWC). Under the ion-exchanged
method, the intercalation of [H3N(CH2)11CH3]� in the
galleries was more efficient than were acid–base
methods. The H� ions in the galleries may have a little
pinning behavior, and the organic ions hardly pene-
trate the gallery region of the clay. Finally, an clay–
epoxy nanocomposite was synthesized successfully
with [H3N(CH2)17CH3]�–montmorillonite (CWC).
The nanocomposite has good thermal properties, wa-
ter resistance, and optical properties. The results indi-
cate that a nanocomposite of polymer and clay was
formed.
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