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ABSTRACT: The primary objective of this study was to improve montmorillonite clay-
platelet separation in vinyl ester resin matrix by organically modifying the nanoclay
platelet with a partially reactive onium salt. The reactive onium salt (�-undecylenyl
amine hydrochloride) was synthesized from commercial �-undecylenyl alcohol through
a series of synthetic conversions. Nonreactive onium salt (undecyl amine hydrochloride)
was made from commercial undecyl amine. These salts were characterized with 1H and
13C NMR and Fourier transform infrared techniques. The relative amounts of exfoli-
ated, intercalated, and as-treated clay and the size of the clay particle aggregates
depended significantly on the composition of clay and the processing conditions. When
the clay was ion-exchanged with a mixture of reactive and nonreactive onium salts, a
partially exfoliated vinyl ester resin polymer nanocomposite was formulated. The
addition of a comonomer styrene and high-intensity ultrasonic mixing produced vinyl
ester nanocomposite with the highest degree of clay-platelet exfoliation. © 2004 Wiley
Periodicals, Inc. J Polym Sci Part A: Polym Chem 42: 1310–1321, 2004
Keywords: vinyl ester; nanocomposites; montmorillonite clay; WAXS; TEM

INTRODUCTION

Polymer nanocomposites are a relatively new
class of materials obtained by dispersing a wide
range of diverse nanoelements, for example, in-
organic-layered silicates and organic carbon
nanotubes, into polymeric resin.1,2 Often reported
in the literature are the vast improvements in the
properties of nano-element-filled polymers as
compared with those of conventional filler-based
polymer composites, for only a small mass-frac-
tion percentage of nanoelement.3–7

With clay as the nanoelement, organic–inor-
ganic hybrid nanocomposites have been formu-

lated with various thermoplastic and thermoset
polymers.3–20 The clay particles are essentially
bundles of nanoclay sheets that are roughly 1 nm
in thickness and 100–1000 nm in breadth. For
example, an 8-�m clay particle has approximately
3000 nanoclay sheets of 1 nm thickness and 20–
200 nm in diameter.21 Because these hydrophilic
clay sheets are not compatible with hydrophobic
organic matrices, and the spacing between the
clay sheets is extremely narrow, diffusion of poly-
mer chains in the clay galleries is not likely. This
often leads to aggregation of clay particles, and
the aggregated clay sheets act as stress-concen-
tration sites in the polymer matrix. When the clay
sheets exist in such bundles and the original in-
terlayer spacing of clay sheets is unaltered in
polymer matrix, the composite is referred to as a
tactoid nanocomposite structure. If the interlayer
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spacing of clay sheets is increased and the clay
sheets are poorly dispersed, the composite is re-
ferred to as an intercalated nanocomposite. If the
clay sheets are well dispersed and distributed, the
composite is referred to as an exfoliated nanocom-
posite. Generally, an exfoliated morphology of
clay platelets is sought, with the expectation that
this would improve nanocomposite properties.22

Therefore, the objective of this study was to im-
prove clay-platelet separation by making the clay
sheets compatible with vinyl ester resin.

Compatibility between the clay and polymer is
achieved by an ion-exchange reaction of Na�,
Ca�2, or K� with a long-chain cation to increase
the organophilicity of the clay-surface layer and
provide sufficient layer separation for polymer
chains to infiltrate. Until now, most of intercala-
tion/exfoliation studies on nanocomposites have
been carried out by exchanging the cations on clay
with nonbonding ammonium salts. As expected,
the clay gallery spacing increased as the grafted
chain length of the ammonium salt on clay sur-
face was increased.

Another approach commonly used in achieving
clay-platelet separation is to suspend the clay
particles in a polar solvent/monomer medium to
promote the swollen polymer or the polymer
formed during in situ polymerization to penetrate
the clay galleries.20 The criteria for solvent/mono-
mer selection are based on its miscibility with the
polymer and its ability to swell the organically
modified clay.

Both these approaches are attractive, and they
provide a framework to explore the role of the
reactive onium salt in clay-platelet separation for
vinyl ester nanocomposites. Very few studies
have dealt with the role of a reactive onium salt
that has a structural similarity or reactivity with
the polymer resin in formulating polymer nano-
composites.4 The initial work by Toyota research-
ers in formulating nylon nanocomposites was
based on the functionalization of montmorillonite
clay with 12-aminolauric acid. This work clearly
demonstrated the desirability of onium salts hav-
ing a terminal functional group for clay-platelet
separation. Although the role of reactive salts in
nanocomposites can be inferred from this work,
specific examples related to montmorillonite clay
functionalized with vinyl-terminated ammonium
salts for vinyl ester systems are not available in
the open literature. In general, there have been
few studies reported for vinyl ester nanocompos-
ites.23,24 The concept of chemically coupling the
functionalized clay sheet with the polymer or

polymer precursor can be useful in promoting the
stress transfer to the reinforcement phase to im-
prove the mechanical properties of the nanocom-
posite.

In this research, emphasis was placed on the
synthesis of the surfactant and the role of the
reactive, surfactant-modified clay over the nonre-
active, surfactant-modified clay in promoting
clay-platelet separation in clay vinyl ester nano-
composites. The nonreactive surfactant used was
undecyl (C11) amine hydrochloride, whereas the
reactive surfactant used was �-undecylenyl (C11
with terminal vinyl) amine hydrochloride. The
latter compound was synthesized from �-unde-
cylenol by a series of reactions that included bro-
mination, azide formation, and azide reduction. A
similar strategy has been used for the synthesis of
amines from alcohols.25–27 Here, we report the
synthesis and characterization of the intermedi-
ates and the surfactant molecule with an olefinic
group at the terminal end from �-undecylenol.
The olefinic functional group in the reactive sur-
factant was expected to promote chemical cou-
pling of the clay to the polymer matrix and thus
better dispersion of the clay platelets in the poly-
mer matrix. Efforts are underway to establish
evidence for chemical coupling between function-
alized clay and matrix resin and the findings of
which will be presented in a later publication.

MATERIALS AND METHOD28

Reagents

The �-undecylenol was procured from Aldrich
Chemical Co.28 Lithium aluminum hydride, hex-
ane, sodium azide, N-bromo succinimide, tri-
phenyl phosphine, and diethyl ether were pur-
chased from Fisher Scientific International. Some
of the chemicals used for the study were high-
purity grade.

Instrumentation

A Fourier transform infrared (FTIR) spectropho-
tometer (Nicolet-Magna IR 560 spectrometer
from Thermo Nicolet Instrument Corp., Madison,
WI) was used to obtain IR spectra. Liquid sam-
ples were run neat (NaCl plate), and solid sam-
ples were run with the KBr pellet method. Syn-
thetic conversions were monitored with a Hew-
lett–Packard 5890 series II gas chromatograph
(GC) coupled to a Hewlett–Packard 5989A mass
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spectrometer (Avondale, PA). The interface oven
and transfer line were set at 285 °C; the injection
port set temperature was at 150 °C, in the elec-
tron-impact mode, with electron energy at 70 eV.
High-resolution, capillary GC was conducted with
a Supelco fused-silica SPB-1 (30 m, 0.32 mm i.d.,
0.25-�m film thickness) (Bellefonte, PA) as the
column. The oven temperature was programmed
40 °C for 3 min, 20 °C/min to 300, and 300 °C for
1 min; the injector temperature was set at 240 °C,
the detector temperature was set at 285 °C, and
helium was used as the carrier gas with a head
pressure of 69 kPa. By dissolving an aliquot of
sample in dichloromethane and injecting 1 �L of
sample at the port, gas chromatography-mass
spectrometry measurements were performed. 1H
and 13C nuclear magnetic resonance (NMR) data
were obtained with a General Electric 300-MHz
NMR spectrometer (GE NMR Instruments, Fre-
mont, CA). Deuterated chloroform was used as a
solvent and source of internal reference in per-
forming the NMR experiments for all the sam-
ples.

Synthesis of Undecylenyl Amine Hydrochloride

Figure 1 provides the reaction sequences used in
the synthesis of �-undecylenyl amine hydrochlo-
ride (reactive surfactant) from �-undecylenol and
undecyl amine hydrochloride (nonreactive surfac-
tant) from undecyl amine.

Conversion of Undecylenyl Alcohol into
Undecylenyl Bromide

The �-undecylenyl alcohol was procured from Al-
drich Chemical. In a dry, three-necked, 500-mL,

round-bottom flask equipped with a magnetic
stirring bar and a nitrogen inlet, undecylenyl al-
cohol (9.164 g, 59 mmol) was dissolved in 120 mL
of methylene chloride. Triphenyl phosphene
(15.54 g, 65 mmol) was gradually added to the
stirred mixture from �5 to �10 °C, while cooling
the flask in an ice–salt jacket. Then, N-bromo
succinimide (NBS) (10.19 g, 63 mmol) was grad-
ually added to the mixture in the flask over a
duration of 30 min while maintaining the temper-
ature of the mixture below �5 °C by cooling the
flask with the ice–salt mixture. Once NBS addi-
tion was complete, the resulting solution was al-
lowed to warm to room temperature, after which
stirring was continued for an additional hour.
Methylene chloride was distilled until a white
precipitate started to appear. Then, petroleum
ether was added gradually to the mixture, and
distillation continued until complete removal of
methylene chloride was achieved. The mixture
was filtered, and the white precipitate was
washed with petroleum ether and collected with
the filtrate. The filtrate was distilled to obtain
liquid undecylenyl bromide. This bromide com-
pound was then purified with a silica gel column
with the aid of petroleum ether as a solvent and
was assisted by purging with nitrogen gas on the
top of the column. The purified bromide com-
pound was used in the subsequent reactions; the
yield was 88 � 3%.

1H NMR of product: � 1.1–1.4 (m, 12H), 1.8 (m,
2H), 1.9 (m, 2H), 3.3 (t, J � 7 Hz, 2H), 4.8 (m, 2H),
5.7 (m, 1H). IR (NaCl) (cm�1): 3073, 3001, 2925,
2853, 1630, 1455, 1434, 1240, 989, 907,743, 718,
646 [refer to Fig. 2(a,b)]. MS mass-to-charge ratio
(m/z): 233 (M�), 232 (M-1), 204, 190, 176, 162,
148, 135, 123, 111, 97, 83, 69, 55.

Conversion of Undecylenyl Bromide to
Undecylenyl Azide

To a 500-mL, round-bottom flask equipped with a
stirring bar, sodium azide (3.05 g, 47 mmol) and
230 mL of dimethylformamide (DMF) were trans-
ferred. To the stirred solution, undecylenyl bro-
mide (7.3 g, 31.3 mmol) was added drop by drop,
and the entire mixture was allowed to stir for
12 h. The azide mixture was then transferred to a
500-mL separatory funnel. The solution was ex-
tracted with ether and water at a 1:1 ratio in a
separatory funnel. The ether layer was washed
with water three times to remove DMF. The ether
layer was collected and dried over anhydrous
MgSO4 and then distilled to obtain undecylenyl

Figure 1. Reaction scheme for synthesizing undece-
nyl amine hydrochloride and undecyl amine hydrochlo-
ride.
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Figure 2. FTIR spectra of (a) undecylenyl alcohol, (b) undecylenyl bromide, and (c)
undecylenyl amine hydrochloride.
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azide compound. The reaction was repeated sev-
eral times, and the yield was 80 � 4%.

1H NMR of product: � 1.1–1.4 (m, 12H), 1.55
(m, 2H), 2.0 (m, 2H), 3.2 (t, J � 7 Hz, 2H), 4.9 (m,
2H), 5.8 (m, 1H). IR (NaCl) (cm�1): 3083, 2935,
2853, 2095, 1644, 1465, 1347, 1260, 988, 902, 723,
636, 554. MS m/z: 194 (M-1), 168, 167, 166, 152,
138, 124, 110, 96, 84, 70, 55.

Conversion of Undecylenyl Azide to Undecylenyl
Amine Hydrochloride

Lithium aluminum hydride (3.56 g, 64 mmol) was
transferred to a two-necked, 500-mL flask, and
240 mL of ether were added. The reaction mixture
was allowed to stir for 2 h. Then, undecylenyl
azide (4.64 g, 24 mmol) was gradually added to
the mixture and allowed to stir overnight. The

reaction mixture was quenched with drop-by-drop
addition of 10 mL of water. This mixture was then
allowed to stir for an additional 15 min. The or-
ganic layer was filtered, and an equivalent
amount of concentrated HCl acid (24 mmol) was
added. The organic layer was distilled to obtain
�-undecylenyl amine hydrochloride salt. The re-
action was repeated several times, and the yield
was 91 � 3%. The final compound was character-
ized with NMR and FTIR spectroscopies.

1H NMR of product: � 1.1–1.4 (m, 12H), 1.75
(m, 2H), 2.0 (m, 2H), 3.0 (t, J � 7 Hz, 2H), 4.9 (m,
2H), 5.8 (m, 1H), 8.2 (s, 3H). 13C NMR (�): 25.74,
28.77 (5C), 32.6, 33.5, 62.8, 114.0, 139.0 (see Figs.
3 and 4). IR (KBr pellet) (cm�1): 3211, 2956, 2925,
2853, 1588, 1460, 1368, 1137, 994, 897, 712 [see
Fig. 2(c)]).

Figure 3. 1H NMR spectrum of undecylenyl amine hydrochloride.

Figure 4. 13C NMR spectrum of undecylenyl amine hydrochloride.
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Synthesis of Undecyl Amine Hydrochloride

The undecyl amine (procured from Aldrich Chem-
ical) was used without further purification to form
undecyl amine hydrochloride with concentrated
HCl. The undecyl amine hydrochloride was char-
acterized by FTIR and 1H NMR techniques.

1H NMR of product: � 0.9 (t, 3H), 1.24 (m, 16H),
1.78 (m, 2H), 3.0 (m, 2H), 8.2 (s, 3H). IR (KBr
pellet) (cm�1): 3211, 2920, 2904, 2853, 1598, 1501,
1460, 1050, 989, 912.

Preparation of C11 Clay

Na-montmorillonite (Na�-MMT) was provided by
Southern Clay Products under the trade name of
Sodium Cloisite (Na-Cloisite). Na-Cloisite has a
cation-exchange capacity (CEC) value of 92 mmol/
100 g of clay with the exchangeable sites ionically
bound with Na cations.21

Na�-MMT is a fine powder with an average
particle size of 13 �m. The preparation of par-
tially reactive and nonreactive clay was per-
formed by the ion exchange of Na� with the syn-
thesized surfactant cations. To synthesize par-
tially reactive C11 clay, Na� clay (7.5 g) was
dispersed into 600 mL of distilled water at 80 � 2
°C. �-Undecylenyl amine hydrochloride (0.1565 g,
25 mol %) and undecyl amine hydrochloride
(0.4518 g, 75 mol %) (referred to as partially re-
active C11 clay, RC11) in 300 mL of distilled
water maintained at 80 � 2 °C was poured into
the hot clay/water suspension and stirred vigor-
ously for 3 h at 80 � 2 °C. The hot clay/water
suspension was filtered, and the solid was washed
several times with a tetrahydrofuran/warm water
mixture (for 3 h) to remove free chloride ions. The
washing was continued until the solid was veri-
fied for the absence of chloride ions by checking
the aliquot filtrate solution with 0.1 N AgNO3
solution.

The filtered clay was dried overnight at 70 °C.
The modified clay was ground with a mortar and
pestle and sieved to obtain particles with sizes
less than 45 �m for the synthesis of vinyl ester
nanocomposites. The nonreactive clay with 100
mol % undecyl amine hydrochloride (referred to
as nonreactive C11 clay, NC11) was made by fol-
lowing a procedure similar to that described
above.

Vinyl Ester Nanocomposites

First, either partially reactive or nonreactive C11
clay (0.3 g) was soaked in (1.5 g, 0.0144 mol) of

styrene, whereas Ashland Aotech Q6055 bisphe-
nol A-type vinyl ester resin (5 g) was allowed to
swell in styrene (1 g). After soaking the clay and
resin in styrene for 3 h, both the clay and vinyl
ester were combined and sonified with a Branson
2200 Ultrasonic Cleaner sonicator at 40-kHz fre-
quency. The temperature was recorded and was
35 °C. Additional sonication experiments were
performed with a high-power VWR Branson Ul-
tasonifier 250 R (frequency of 20 kHz) at a 40%
duty cycle and at different output controls (from 1
to 10) for 30 min. During ultrasonication, the
temperature of the mixture was maintained be-
low 35 °C by placing the reaction vessel in an ice
jacket. To the sonified mixture, N,N-dimethyl an-
iline (0.03 g, 0.00025 mol) and cobalt napthenate
(0.06 g) (catalyst) were added. The mixture was
stirred for 5 min, after which methyl ethyl ketone
peroxide (0.12 g, 0.00115 mol) was added. The
mixture was then immediately poured into a dog-
bone mold. The dog-bone specimen was precured
for 30 min at 30 °C, postcured at 100 °C for 30
min, and cooled gradually in a Lab-Line Instru-
mentation programmable vacuum oven. The
same curing cycle was used to prepare all vinyl
ester nanocomposites, regardless of composition.

Thermogravimetric Analysis (TGA) of Nanoclay
Powder

TGA was performed on the Na� clay, nonreactive
C11 clay, and partially reactive C11 clay powder
with a PerkinElmer 7 Series system in nitrogen
atmosphere. The thermogram was generated by
placing 25 mg of sample in a crucible and heating
it from 30 to 600 °C at 20 °C/min. The nitrogen
gas was allowed to flow at a rate of 5 mL/min.
Similarly, TGA was also performed in air atmo-
sphere to determine the mass of surfactant cat-
ions in the treated clays.

X-ray Diffraction (XRD) and Transmission Electron
Microscopy (TEM) of Vinyl Ester Nanocomposites

The nanocomposite dog bone produced during the
molding process had a fairly smooth surface. The
dog-bone specimens with sample-to-sample vari-
ation in thickness were cut to size and analyzed
by XRD with a Scintag, Inc. XRG 3000 diffractom-
eter that was equipped with a Cu K� radiation
source operated at 40 kV and 35 mA. The scan-
ning speed and the step size were 0.01°/min and
0.04°, respectively.
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TEM specimens were cut from dog bones with a
Leica ultra-microtome, equipped with a diamond
knife. They were collected on the surface of a
water-filled trough and lifted from the surface
with 200-mesh copper grids. Electron micro-
graphs were taken with a Philips EM400T at an
accelerating voltage of 120 kV.

RESULTS AND DISCUSSION

In this multistep synthetic strategy for forming
the reactive surfactant, �-undecylenol was ini-
tially converted to undecylenyl bromide. The pu-
rified undecylenyl bromide was characterized by
FTIR and NMR techniques. The disappearance of
the hydroxyl peak in the FTIR spectrum of �-un-
decylenol [Fig. 2(a,b)] indicates the substitution of
hydroxyl functionality with bromide. Further ev-
idence for the conversion of �-undecylenol to un-
decylenyl bromide is the absence of a primary
alcohol proton peak at 2.44 � in the 1H NMR
spectra of undecylenyl bromide (data are avail-
able but not provided). In comparison, the 1H
NMR spectra of �-undecylenol (data are available
but not provided) showed the primary alcoholic
proton peak. Both of these 1H NMR spectra
showed the existence of vinylic proton peaks at
approximately 5.8 ppm (ACHO) and 5.0 ppm
(CH2A), indicating the olefinic group at the ter-
minal position of the sample, and hence the vi-
nylic group was preserved during the conversion.
The peak at �3.4 ppm was probably due to the
�-methylene proton in the undecylenyl bromide
compound.

In the second step, undecylenyl bromide was
converted to undecylenyl azide. The azide was
then reduced to an amine, followed by conversion
to an amine hydrochloride [Fig. 2(c)]. Figure 3
shows the 1H NMR spectrum of undecylenyl
amine hydrochloride. The 1H NMR spectrum had
a peak at a chemical shift of 8.2 ppm, which was
characteristic of the primary amine hydrochloride
proton in the final compound. In addition, the 1H
NMR spectrum shows a �-methylene proton peak
at 2.96 ppm, olefinic proton peaks at approxi-
mately 5.8 ppm (ACH), and at 4.93 ppm (CH2A).
The peaks at 4.93 and 5.8 ppm in the 1H NMR
spectrum clearly indicated that the vinyl group
(CH2ACH) was preserved during azide reduction
and was available for further reaction.

The 13C NMR spectrum for undecylenyl amine
hydrochloride is depicted in Figure 4. The peak at
39.5 ppm can be assigned to the �-methylene

carbon. A vinylic methylene carbon peak ap-
peared at 138.6 ppm and a vinylic methyne car-
bon peak appeared at 114 ppm. Other methylene
carbon peaks appeared in the range of 25–33
ppm. As mentioned previously, the vinylic group
was preserved during azide reduction and was
available for reaction with the vinyl ester resin
during the formulation of nanocomposite.

The CEC of Na� clay is reported to be 104
mmol/100 g.21 Figure 5 displays the TGA thermo-
grams of Na� clay, nonreactive C11 clay, and
partially reactive C11 clay. We assigned the low
percentage mass loss at �100 °C to the loss of
interparticle water. Thermal decomposition of the
ammonium ions in the modified clay was most
likely responsible for the drop in weight between
�150 and 400 °C. This mass loss was absent in
the Na clay. As a point of reference, pure octade-
cyl amine hydrochloride has a melting point of
155 °C and thermal decomposition of octadecyl
ammonium salt from clay occurs at 210 °C
(unpublished data). The onset decomposition tem-
perature for ammonium salt, modified, organi-
cally layered silicate was shown to be 160 and
higher.29,30 These observations supported our hy-
pothesis that the thermal decomposition of unde-
cyl amine salt should begin at �150 °C. TGA was
also performed in air atmosphere to measure the
ammonium cation mass fraction in several differ-
ent samples of treated clay: 87.5 � 3.5 mmol/100
g of clay. This value agreed with the reported
value.21

To confirm the observation that the Na� ions
were replaced by undecyl ammonium ions, XRD
of the organically modified clay and the Na� clay

Figure 5. TGA of A, Na� clay; B, nonreactive C11
clay, NC11; and C, reactive C11 clay, RC11.
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was performed. The d-spacing of the undecyl
amine hydrochloride modified clay was 1.40
� 0.02 nm (for C11 treated nonreactive clay) and
1.39 � 0.02 nm (for clay treated with a 25:75
mixture of reactive and nonreactive amine, re-
spectively) as compared with 1.18 � 0.02 nm for
not fully dried Na� clay (Fig. 6). These values
were consistent with complete ion exchange by
the organic cation. Specifically, these values indi-
cated that the gallery spacing (tgallery) after treat-
ment was 0.42 and 0.41 nm, respectively [the
thickness of the silicate layer (tsilicate) was 0.98
nm, as determined from fully dried MMT]. As-
suming complete ion exchange (i.e., fcat � CEC)
and no residual water in the gallery, the density
of the surfactant-filled gallery (�gallery) relative to
that of the silicate (�silicate) is:

�gallery

�silicate
� fcat Mamine

tsilicate

tgallery
(1)

which, in this case, is 0.43. Here, Mamine is the
molar mass of the ammonium ion. Because the
density of the silicate is 2.0 g/cm3, this corre-
sponds to a reasonable value for the gallery den-
sity of 0.86 g/cm3. Thus, it is likely that complete
ion exchange was achieved. Because the uncer-
tainty in tgallery was approximately 5% (see
above), the uncertainty of fcat is likewise. Having
achieved essentially complete ion exchange and

the resulting increase in d-spacing, further ex-
pansion by vinyl ester resin is possible.

After addition and curing of the vinyl ester
resin, another peak at 2� � 3° corresponding to
intercalated clay was observed (Fig. 7). A small
amount of resin lies within the gallery of the
treated clay. The position and relative intensity of
this peak is sensitive to the conditions used to
prepare the composite material. The peak arising
from treated clay (at 2� � 6.3°), however, re-
mained prominent and indicated that matrix
resin intercalation is not complete.

Although the d-spacing for these two peaks
exhibited a ratio of nearly (but not exactly) 2:1, we
did not interpret the higher order peak as a sec-
ond order of the first, mainly because of their
relative intensities. If the higher angle peak was
a second order, reasonable models for the local
electron density predict that the intensity of the
second order should be significantly less than the
first order. However, the observed intensity of the
higher angle peak was comparable to, and even
greater than, that of the low-angle peak associ-
ated with intercalated clay (giving rise to the
peak at 2� � 3°). Therefore, a certain fraction of
the clay was intercalated by polymer chain infil-
tration, and a certain fraction was nearly as-

Figure 6. XRD of a, Na� clay; b, NC11 clay; and c,
RC11 clay.

Figure 7. XRD of polymer clay composites. The peak
at approximately 6.3° is associated with as-treated clay
(see Fig. 6), and the peak at approximately 3° is asso-
ciated with clay that is intercalated with resin. a,
NC11, no styrene, low power; b, NC11, no styrene, high
power; c, NC11, styrene, high power (the peaks are less
intense); d, RC11, no styrene, low power; e, RC11, sty-
rene, low power; less-intense diffraction; and f, RC11,
styrene, high power; peak associated with intercalated
structure is absent.
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treated clay, that is, without polymer chain infil-
tration (peak at 2� � 6.3°).

Although efforts have been made in under-
standing the kinetic and thermodynamic param-
eters that control clay-platelet separation, many
issues associated with the processing conditions
as it relates to control of morphology remain un-
resolved. In this study, we consider some (ther-
modynamic) parameters (ultrasonication and the
use of a swelling agent) that may promote diffu-
sion of resin into the clay interlayer. To assess the
role of the terminal functional group in promoting
an intercalated/exfoliated structure, the XRD pat-
terns of partially reactive and nonreactive C11
clay nanocomposite were also compared.

The relative amounts of exfoliated, interca-
lated, and as-treated clay and the size of the clay
particle aggregates depended significantly on
composition and processing, according to XRD
and TEM analysis. It also appeared that the pres-
ence or absence of reactive amines influences the
morphology. Weak hand mixing produced a poor
dispersion, and the composite material was tur-
bid. TEM micrographs revealed large, 1–10 �m
aggregates [see Fig. 8(a)], the evidence of poor
dispersion. A very small fraction of isolated, exfo-
liated silicate sheets are also observed. The great
majority of silicate layers lie within the aggre-
gates, and XRD reflections arising from interca-
lated and as-treated clay are observed (Fig. 7).
Low-power sonication and heating before poly-
merization did little to change the morphology;
both XRD peaks remained essentially unchanged
with only slight sample-to-sample variations in
the peak positions (�0.2°) and relative intensity.

The addition of a comonomer styrene and high-
intensity ultrasonic mixing favor intercalation
and exfoliation. Because mass transport of highly
viscous resin into clay galleries is widely consid-

ered one of the limiting steps to exfoliation, the
use of low-viscosity diluent and ultrasonication
may indeed facilitate resin transport. Styrene

Figure 8. TEM micrographs of composite morphol-
ogy: (a) NC11, no styrene, low power; large aggregates
are scattered throughout the sample, and only a few
individual (exfoliated) silicate plates are observed [cf.
Fig. 7(a)]; (b) NC11, styrene, high power [small aggre-
gates are well dispersed, and the exfoliated fraction is
higher; cf. Fig. 7(c)]; and (c) RC11, styrene, high power
[cf. Fig. 7(f)]. Images (b) and (c) are similar because
aggregates of intercalated and as-treated clay are sim-
ilar. The average aggregate size is slightly smaller in
(c), and the degree of exfoliation is greater. Most exfo-
liated silicate particles are not observed edge on, so
they appear as ribbons in these thin sections.
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was chosen as the swelling agent and reactive
diluent because it is widely used in vinyl ester
preparation. The clay and vinyl ester were pre-
mixed with styrene to obtain a low-viscosity sus-
pension in which efficient mixing of the various
components can be achieved. Although styrene
alone did not significantly change the d-spacing of
the intercalated structure, the intensity of the
intercalated clay peaks was reduced (Fig. 7).
Some reduction was expected simply because of
the lower concentration of silicate in the sam-
ple;31 an increased fraction of exfoliation caused
further reduction in diffraction intensity at 3 and
6.3°. TEM micrographs of the composite showed
many more small particles (aggregates) and some
individual plates. Large aggregates persisted and
the composite remained turbid.

Much higher power sonication breaks these
large aggregates and produces a more uniform
dispersion of small aggregates (typically several
layers in thickness) and exfoliated particles [Fig.
8(b)], and the composite is comparatively more
transparent. It is also reported32 that in polysty-
rene nanocomposite, sonication improves disper-
sion of clay platelets. The high-power ultrasoni-
fier generates ultrasonic waves of high amplitude
that induce cavitation bubbles as small as 10�m.
It is conceivable that these highly energetic bub-
bles when they form in the gallery spaces can
induce deagglomeration of clay platelets. It is
commonly reported in the literature18,33 that
when the clay platelets are sufficiently separated
and mixed with resin, often the viscosity of the
system increases at low shear rates. In our study,
we noticed an increase in the viscosity during and
at the end of ultrasonication. This increase in
viscosity happened because as the dispersion im-
proved, the effective volume of clay platelets dra-
matically increased (consistent with the TEM im-
ages, Fig. 8).

Finally, treatment of the clay with the reactive
amine produced the highest degree of exfoliation.
When the high-power sonication was not used,
and/or in the absence of styrene comonomer, both
as-treated and intercalated XRD peaks were ob-
served (Fig. 7), as before. These results were con-
sistent with the TEM images of low-power soni-
cated RC11 clay polymer nanocomposites with no
styrene and with styrene (data not shown). How-
ever, when high-power sonication was used to mix
samples with styrene comonomer, the interca-
lated fraction decreased, and the composite was
more transparent. Nevertheless, a fraction of as-
treated clay remained in these composites; aggre-

gates were small (several silicate layers) and dis-
persed uniformly [Fig. 8(c)]. Most exfoliated sili-
cate particles were not observed edge on; thus,
they appeared as ribbons in these thin sections.
Reaction of as-treated clay was not likely because
of steric constraints, and the as-treated clay re-
mained aggregated. Within the slightly expanded
gallery of the intercalated clay, copolymerization
of either vinyl ester or styrene with vinyl amine
surfactant was possible, and the reaction could
further promote exfoliation of these silicate lay-
ers.

Explanation of Formation of Exfoliated
Nanocomposite

In clay-filled vinyl ester resin, the layer separa-
tion and polymer-network formation steps control
the final morphology of nanocomposite. For for-
mulating exfoliated nanocomposite, either the
network structure of resin has to occur concur-
rently as the clay layer separates or layer sepa-
ration should precede the network structure for-
mation. For layer separation to occur while the
network structure is being formed, the rate of
layer separation must be considerably faster than
the kinetics of the bulk network structure forma-
tion. To enhance the rate of gallery separation,
generally the chemistry of organic modifiers on
the exchanged clay surface is made compatible to
the resin being investigated. The fundamental
assumption is that organic modifiers can partici-
pate in the reaction(s) with resin components and
improve the miscibility of the clay with resin.
Specific associations between the functionalized
clay and epoxy resin have been proposed in the
formulation of epoxy nanocomposite.18 For exam-
ple, it is assumed that the olefinic group in the
undecenyl amine functionalized clay can react
with styrene and/or vinyl ester resin, and/or a
combination thereof. The intragallery reaction
rate and the structural composition of network
resin between the layers may well depend on the
reactivity of the local components in clay layer
spacing. One can envision the formation of copol-
ymer structures, homopolymers, and the hybrid
(clay/polymer interface) structure within the gal-
lery.16,17 The characterization of vinyl ester nano-
composite to establish the coupling of surfactant-
treated clay, comonomer, and/or matrix resin is a
difficult and complex issue. In an attempt to ad-
dress the chemical bonding aspect of chemically
functionalized clay/vinyl ester nanocomposite, we
performed a model experiment to study the reac-
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tivity of reactive salt with styrene. Preliminary
NMR data indicated (by loss of the alkenyl-proton
signal) that the reactive salt copolymerizes with
styrene monomer or homopolymerizes itself (work
in progress). Indirect evidence for the bonding
between reactive clay and resin can also be ob-
tained by observing an increase in the viscosity of
the clay/resin mixture and improvement in the
stiffness and strength of nanocomposite. In our
forthcoming article, we describe the mechanical
property enhancement of reactive clay (hydroxyl
and olefinic functional C19 amine hydrochloride
surfactant-treated MMT clay) vinyl ester nano-
composite over nonreactive C18 clay vinyl ester
nanocomposite and pristine resin.34

In addition to the role of the partially reactive
clay toward resin, there are kinetic and thermo-
dynamic parameters that have to be considered in
promoting exfoliation of clay platelets in vinyl
ester resin. The addition of low-viscosity reactive
monomer (styrene) generally facilitates the trans-
port of higher viscosity resin in the gallery spac-
ing and improves the swelling of the clay platelets
because of nonpolar–nonpolar interactions (be-
tween the olefinic group in undecenyl amine-func-
tionalized clay and the olefinic group in styrene).
The transport of resin and comonomer in the gal-
lery spacing of clay can be further facilitated by
the use of an effective mixing technique. High-
power sonication can effectively induce deagglom-
eration of clay platelets in the presence of low-
viscosity reactive diluent.

We observed that it is the combination of par-
tially reactive clay and mixing conditions that
promotes layer separation and achieves a greater
degree of exfoliation. Further studies have to be
conducted to carefully evaluate the role of indi-
vidual parameters in achieving morphological
changes.

CONCLUSIONS

The following conclusions can be drawn from this
work.

First, on the basis of characterization by 1H
NMR, 13C NMR, and FTIR techniques, the syn-
thesis of reactive surfactant �-undecylenyl (C11
with terminal vinyl) amine hydrochloride (from
�-undecylenol by a series of reactions that include
bromination, azide formation, and azide reduc-
tion) was confirmed.

Second, by comparing the XRD and TGA re-
sults of the organically modified clay and the Na�

clay, we have shown that the Na� ions have in-
deed been replaced by undecyl ammonium ions
and/or undecenyl ammonium ions.

Third, an improvement in clay-platelet separa-
tion was achieved by making the clay sheets com-
patible with the vinyl ester resin and the selection
of appropriate processing conditions. The addi-
tion of a comonomer styrene and high-intensity
ultrasonic mixing favor intercalated and exfoli-
ated clay-platelet morphology. Finally, treatment
of the clay with the reactive amine produces the
highest degree of exfoliation.
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from NIST in some useful discussions about the re-
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