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ABSTRACT: This article demonstrates the direct intercalation of an epoxy polymer in
the interlayer of Na/ –montmorillonite (MMT) by a step type of polymerization in an
aqueous emulsion media. The synthesis and the results of structural and thermal
characterizations for this hybrid composite are described. Equimolar quantities of bis-
phenol A and an epoxy prepolymer (n Å 0.2) in an emulsion media were polymerized
in the presence of Na/ –MMT. X-ray diffraction (XRD) data obtained from the acetone-
extracted products show that the basal spacing of the MMT is expanded from 0.96 to
1.64 nm. Thermal characterization for the postcured products by TGA and DSC gave
evidence of enhanced thermal stabilities. SEM examination of the uncured products
revealed that a disordered phase begins to appear with increasing polymer loading.
However, the XRD profile supported that an overwhelming fraction of the nanocompos-
ite contains intercalated clay. Also, the possibility of intercalation by the emulsion
technique is proposed on the basis of the swelling characteristics of MMT in aqueous
media and the sizes of micelles containing a monomer. q 1998 John Wiley & Sons, Inc.
J Appl Polym Sci 68: 1997–2005, 1998
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INTRODUCTION ular composite, and, hence, most of the intercala-
tion processes so far known are limited to the
pretreatment of the silicate layer to be swellableIn the past decade, there has been increasing in-
with organic molecules by ion exchange betweenterest about the molecular composite derived from
organic onium salts and the interlayer cations ofthe intercalation of organic polymers into smec-
the clay.tite clays.1,2 Undoubtedly, the interest stems from

In our recent work on a PMMA–clay hybridthe hybrid properties synergistically derived from
composite, it was confirmed that a simple tech-the host and guest, particularly the potential me-
nique of emulsion polymerization can offer a newchanical and thermal properties.3–5

approach to the synthesis of a nanocomposite. TheThe lack of affinity, however, between a hydro-
X-ray diffraction pattern of the PMMA–clay com-philic silicate interlayer and a hydrophobic poly-
posite showed that the basal spacing (d001) hasmer makes it difficult to obtain this type of molec-
expanded by 0.58 nm.

This article describes the structure, synthesis,
and thermal property of a hybrid epoxy–clay na-Correspondence to: D. C. Lee. E-mail: soldclee@dragon.

inha.ac.kr nocomposite that can be formed by the intercala-
Contract grant sponsor: Research Division of Inha Univer- tion of an epoxy polymer into the host clay inter-sity.

layer by an emulsion polymerization. A physicalJournal of Applied Polymer Science, Vol. 68, 1997–2005 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/121997-09 picture of polymer intercalation by this emulsion

1997
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technique is proposed on the basis of the swelling by filtration, washed intensively, and dried under
reduced pressure.characteristics of clay in an aqueous system and

the distribution behavior of micelle sizes con- A part of the product was then exposed to hot
acetone extraction for up to 5 days, while the re-taining monomers in an emulsion system.
maining part was subjected to postcuring. The
curing reaction was carried out by heating 100 g
of the unextracted product at 1307C for 1.5 h withEXPERIMENTAL
3 g of DCMU and 6 g of DICY, keeping the agita-
tion vigorous. The cured products were pulverizedMaterials
and dried under reduced pressure at 507C over-

Clay purification and its Na/ -exchanging pro- night. The experimental difficulty of postcuring
cesses were followed by the method described pre- the extracted products makes the curing reactions
viously.6 An emulsified epoxy prepolymer, pre- to be limited to the unextracted products.
pared by the base-induced condensation of bisphe-
nol A with epichlorohydrine, was supplied by the Characterization and Measurements
Kukdo Chemical Co. (Seoul, Korea) The value of

Measurement of polymer loading was carried outn in the polyether formula,
by thermogravimetric analysis (TGA) using a Du-
Pont 9900 thermogravimetric analyzer. A 20 mg
mass of the extracted sample was heated to 5007C
at a heating rate of 207C/min under a nitrogen
atmosphere. The average molecular masses and

was 0.2 and the molecular mass was 397 g/mol. the distribution behaviors of the polymers being
This emulsified prepolymer has an epoxy func- recovered from the composite extracts were deter-
tionality of 2, epoxide equivalent weight of 200 mined by size-exclusion chromatography. A Wa-
{ 20 g/equiv, and 60 { 3 wt % of solid content. A ters Model 201 equipped with a U6K injector, an
commercial rosin soap, the sodium salt of resin M6000A solvent delivery system, and three linear
acid, was supplied by the LG Chemical Co. (Seoul, columns packed with m-Styragel was used. FTIR
Korea) and employed as a surfactant. The curing spectra were recorded on a Nicolet spectropho-
agents, dicynodiamin (DICY) and 3-(3,4-dichloro- tometer in the wavenumber range 4000–400 cm01

phenyl)-1,1-dimethylurea (DCMU), were also and the KBr method was used. X-ray diffraction
provided by the Kukdo Chemical Co. All the other (XRD) patterns of the solid-state samples were
chemicals used in this work were chemical grades obtained from a Philips PW-1847 X-ray crystallo-
and used without further purification. graphic unit mounted with a Guiniar focusing

camera. The CuKa radiation source was operated
at 40 kV and 20 mA. Patterns were recorded byEmulsion Polymerization
monitoring those diffractions that appeared in the

A heterogeneous reaction between bisphenol A 2u 27–307 range. Thermal characterizations for
and an emulsified epoxy prepolymer in the pres- the products cured or uncured were carried out
ence of Na/ –montmorillonite (MMT) was carried by both differential scanning calorimetry (DSC,
out in a colloidal system with urea. A 2 L three- DuPont 2100 differential scanning calorimeter)
necked flask was charged with 400 mL of an aque- and TGA. DSC measurement was carried out by
ous dispersion containing 20–80 g of Na/ –MMT. heating 10 mg of the sample to 1607C at a heating
After the system was stirred gently for 1 h at room rate of 107C/min under a nitrogen atmosphere,
temperature, 20 mL of the soap solution (solid and the data obtained from the second scanning
content: 30 wt %), 200 mL of the emulsified epoxy were accepted. The composite microstructure was
prepolymer, and an additional 250 mL of water imaged by an SEM JSM-840A, JEOL, operated
were added. Beginning 3 h later, 100 g of bisphe- with a high-tension voltage of 20 kV.
nol A and 5 g of urea in 50 mL of water were
introduced. Keeping the stirring rate at 700 rev/ RESULTS AND DISCUSSION
min, the reaction was carried out for up to 3 h at

Polymer-Loading Behavior607C. The polymer latex, so produced, was precipi-
tated by adding 500 mL of an aluminum sulfate The content of the polymer loading was deter-

mined by TGA. Thermograms obtained from thesolution (17 wt %). The product was separated
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Figure 1 TGA thermograms of the extracted nanocomposites.

extracted products are illustrated in Figure 1. The mately up to 0.7 nm is considered to be a conse-
quence of the intercalation of single or double lay-notation REP in the figure means that the sam-

ples are extracted but uncured and the numbers ers of polymer chains.
indicate the MMT contents (phr). The overall fea-
ture revealed by the thermogram is that consider-

Structural Characterizationable amounts of unextractable polymers still re-
mained after 120 h of extraction, which can be Additional evidence of intercalation is obtained

by the structural characterizations carried out onregarded as the bound polymer to the interlayer
of MMT. The content of organic loading, as Table the structural and morphological change and the

crystal modifications of pristine MMT by FTIR,I shows, reaches about 15 wt % on average but
increases slightly with increasing content of SEM, and XRD. Figure 2 illustrates those spectra

obtained from the pure epoxy polymer, unex-MMT. Likewise, the expansions of basal spacing
with an increasing content of MMT can be seen tracted and uncured composite (EP), extracted

composite (REP), cured composite (CEP), epoxyfrom Table I. This gallery expansion approxi-

Table I Input Ratio of Comonomers to MMT, Epoxy Polymer Content,
and Variation of Interlayer Distances of the Nanocomposite

Input Ratio Epoxy Polymer
(g/g) Content (wt %)

Sample Basal Spacing
Code Comonomer MMTa Ab Bb (nm)

MMTa — — — — 0.96
EP10 100 10 86.16 13.51 1.41
EP20 100 20 80.47 13.88 1.49
EP30 100 30 71.98 15.02 1.54
EP40 100 40 64.62 16.23 1.64

a Na/–montmorillonite.
b A: products unpurified by extraction. B: products purified by hot acetone extraction for 120

h.
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Figure 2 IR spectra of the epoxy homopolymer, MMT, and some of the composites
(see the text).

polymer recovered from the composite extracts lattice water, Al{O stretching, and Si{O bend-
ing. Absorption bands, on the other hand, at(EXEP), and the pristine MMT. The spectra of

composites either extracted or unextracted reveal 3000–2900 cm01 (CH3 stretching), 1625–1430
cm01 (aromatic C|C stretching), and 950–750the presence of characteristic absorptions of both

inorganic and organic components. The peak at cm01 (epoxide ring vibration) are the conse-
quences of the epoxy polymer. Concurrently, the1050 cm01 can be associated with Si{O stretch-

ing vibrations, and those that appeared at 3630 samples of the CEP series exhibit increasing in-
tensity of the OH band at 3630 cm01 and newcm01 and between 600–400 cm01 can be associ-

ated, respectively, with {OH stretching of the bands at 2500–2000 cm01 associated with the cy-
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the lower range of the 2u angle (47–87 ) and the
peak intensities. This lack of variation in the bulk
diffractive features is strong evidence for the minor
occurrence of delamination, and, hence, the over-
whelming fraction of the MMT is believed to be in-
tercalated with organic polymers. Furthermore,
those intensive reflections of the composites com-
pared to that of the pristine MMT at the 2u Å 47–
87 range indicate also that the system is composed
of alternating layers of polymer–MMT.7

On the other hand, the transfer of peak posi-
tions corresponding to d001 spacing toward to a
lower 2u angle can reasonably be attributed to the
expansion of basal spacing of the composites. The
average value of 1.52 nm in Table I is equivalent
to Kojima et al.’s 1.51 nm,8 being obtained from
the nylon 6–clay hybrid, and comparable with
1.57 for the PMMA–clay6 and 1.77 nm for the
polyether–Na–MMT9 hybrids. Accordingly, on
the basis of this X-ray analysis, it can be con-
cluded that the interlamellar distances can be in-
creased with polymer loading by the emulsion
technique without accompanying significant de-
lamination.

In addition, the calculated value for the thick-
ness of diglycidyl ether of bisphenol A by a chemi-
cal model was 0.52 nm, which corresponds to the
average value of 0.57 nm of increased basal spac-
ing. This means that a single layer of the polymer
chain, on average, is confined between the clay
gallery, being oriented parallel to the lateral di-
rection of the interlayer. In view of this special
limitation imposed on the polymer chains, the
polymer molecules are expected to assume the
type of planar conformation and their segmental
motions are highly restricted.

Figure 3 XRD patterns of the extracted nanocompos- SEM examination of the fracture surfaces in
ites and the pure Na/ –MMT. an extracted but uncured nanocomposite system

containing 16.2% of the polymer reveals two dif-
ferent morphological phases, as are shown in Fig-
ure 4. The appearance of an irregular image inano groups which may have resulted from the cur-

ing reaction. Nevertheless, no evidence of new the figure (b) indicates that a delaminated nano-
composite can also be formed during the intercala-bands that could be associated with interactions

between organic and inorganic materials was tion reaction, particularly when the polymer load-
ing increases. However, judging from the XRD re-found, suggesting that the fixation of the polymer

might have occurred by strong secondary valence sults, it seems reasonable that the significant
fraction of the MMT was intercalated.forces acting between Na/ and the polar groups

of the epoxy polymer.
Shown in Figure 3 is a series of XRD patterns

Molecular Characterizationobtained from the pristine MMT and the samples
of the REP series. The patterns revealed by those The average molecular masses and polydispersity

indices of polymers recovered from the compositecomposites are essentially the same as that of the
inorganic matrix, except for the peak positions in extracts are summarized in Table II. All those
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Figure 5 DSC thermograms of the extracted nano-
composites.

polymer molecules in the composites. Although
the polydispersity variation shows no definite
trend, the values of the composites appeared as

Figure 4 SEM of the extracted nanocomposite con- slightly larger than that of neat epoxy, suggesting
taining 16.2 wt % of the epoxy polymer. that the MMT can possibly affect the kinetics of

the terminating step. On the basis of a reasonable
assumption, on the other hand, that a swelled

MV w ’s exhibited by the composite extracts are in MMT can provide sites equally for the polymeriza-
the order of 103 g/mol and are comparable with tion at both the inside and outside surfaces of
that of the epoxy polymer prepared with exclusion the clay, the measured Mw ’s can be regarded as
of MMT. This implies that the presence of MMT equivalent for both side polymers.
does not much influence the chain growth of the

Thermal Characterization
Table II Average Molecular Masses and DSC thermograms obtained from those extractedPolydispersity Indices of Epoxy Homopolymer

composites are illustrated in Figure 5, which re-and Polymers Recovered from Acetone Extracts
veal no evidence of thermal transition. The lowof the Nanocoposites by GPC
molecular mass and polymer confinement are con-
sidered to be the most responsible. In contrast,Sample Mw Polydispersity

Code (g/mol) Index (Mw /Mn ) the cured products show clear transition points
corresponding approximately to the Tg of the

Epoxy 1500 15.2 cured epoxy polymer. Those endotherms in Figure
EXEP10 1700 24.5 6 are referred most likely to the crosslinking of the
EXEP20 1500 29.8 epoxy resin loaded inside and outside the MMT
EXEP30 2200 22.1 particles. Moreover, the elevation of the transition
EXEP40 2300 24.5 temperatures with an increasing content of MMT
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Figure 6 DSC thermograms of the cured epoxy polymer and the nanocomposites.

can easily be interpreted in terms of the heat- depend much on the polymer contents of the com-
posite, within the ranges of this study.insulation effect of MMT, and this phenomenon

is compatible with the results obtained from the
following TGA experiments.

Physical Picture of IntercalationFigure 7 compares the TGA thermograms ob-
tained from the cured products. Obviously, the

On the basis of the swelling characteristics of clayonset temperatures of thermal decomposition
in an aqueous system,10,11 a quantitative descrip-shown by those composites are shifted signifi-
tion of the possibility of polymer intercalation bycantly toward to the higher temperature range
the emulsion technique can be made in terms ofthan that of pure epoxy polymer, indicating the
the swelled distance of the interlayer and the sizesenhancement of the thermal stability of the com-
of the monomer-containing micelles. The swelledposites. It is also noticeable that the composites
distance of the clay interlayer can be predicted asare showing nearly the same onset temperature
follows:range at around 2807C, regardless of their poly-

mer contents. This is an indication that the heat-
insulation effect of the inorganic host does not d Å [1 /100](t / Rion ) / Rion ( in m),
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Figure 7 TGA thermograms of the cured nanocomposites and the epoxy polymer.

where d is half the distance between the two lay- of a condensation type of a polymer by emulsion
polymerization with a small scale of concomitanters; 1, the swelling volumetric strain (%); t , the

thickness of the MMT mineral layer; and Rion , the delamination. The structural characterizations by
FTIR and XRD for the extracted products givenonhydrated radius of typical ions that existed

in the MMT interlayer. Fitting the parameters strong evidence that an overwhelming fraction of
MMT is intercalated with the epoxy polymer. Theobtained from experiment, such as 1 Å 500%, t

Å 0.96 nm, and RNa/ Å 0.098 nm,11 to the above enhanced thermal stability of those postcured prod-
ucts are corroborated by TGA and DSC analysis.equation, the 2d value can be calculated as 35 nm

when the MMT is assumed to be fully expanded. The strong fixation of the polymer to the inorganic
surfaces is believed to be due to the cooperativeOn the other hand, the dimensions of monomer-

containing micelles in a typical emulsion polymer- formation of the ion–dipole force acting between
the polar functional groups of the polymer chainization system are known to have values ranging

from 2 to 10 nm.12 This suggests that the swelled and the interlayer ions. The possibility of direct in-
tercalation by this emulsion technique is proposed,basal spacing of MMT in an aqueous system can

provide enough space to penetrate those mono- demonstrating the quantitative relations of fully
swelled distances of clay interlayers and the sizesmer-containing micelles and polymerization to oc-

cur, while those large-sized monomer droplets of monomer-containing micelles.
(103–104 nm) are simply adsorbed or bound to
the outer surfaces of the MMT particles and poly- The authors thank the Research Division of Inha Uni-

versity for the financial support of this work.merized.
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