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ABSTRACT: The poly(oxypropylene)amine (POP-amine) intercalated montmorillonite (MMT) was found to have a
high organophilicity and compatibility with epoxy materials. The 2000 g mol−1 molecular weight POP-amine modified
MMT, analyzed to have 63 w% organics and 58.0 Å X-ray diffraction (XRD) d-spacing, was compounded with a curing
agent (Jeffamine R© D2000) and an epoxy resin (diglycidyl ether of bisphenol A). With 1–10 w% organoclay additions, the
cured epoxies exhibited an exfoliated characteristic and significant improvements in thermal stability, solvent resistance
and mechanical properties. The tensile strength (2.8 vs. 0.3 Mpa), flexural modulus (9.6 vs. 3.1 Mpa), and elongation
(81.2 vs. 25.3%) were observed for the improved epoxy polymer.
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In recent years, organic/inorganic nanocompos-
ites have attracted a great deal of interests due to
their proven industrial applications.1–3 Most poten-
tial composite systems are hybrids of organic poly-
mers and inorganic mineral clays consisting of layered
silicates.4–10 Mainly due to the high aspect ratio and
plate-like morphologies11 of the silicates, the nanocom-
posites have exhibited unique properties including me-
chanical strength,12–16 thermostability,17, 18 chemical
resistance,19, 20 gas barrier properties,21, 22 solvent re-
sistance,20 etc. However, the naturally abundant sili-
cate clay is hydrophilic in nature and lacks the affin-
ity for hydrophobic organic polymers. To improve its
miscibility with polymers, the layered silicate must be
modified to become organophilic by widening the in-
terlayer space with surfactants. The modification gen-
erally involves swelling the layered silicate lattice and
also exchanging the interlayer metal cations with or-
ganic surfactant salts.23 The widened interlayer spac-
ing can then be incorporated by polymers, in which
the layered silicates are exfoliated and well-dispersed.
In literature, this key intercalating process has been
well studied by using alky ammonium salts or amino
acids as the intercalating agents.5, 12, 23 The enlarge-
ment of the basal spacing to a maximum of 28 Å
has been achieved. Previously, we found that further
widening up to 92 Å was possible by employing the
poly(oxypropylene)-backboned diamines.24 The mod-
ified clays become highly organophilic and dispersible
in hydrophobic toluene. The observation impels us to
investigate their compatibility with the polymer matrix.
In this paper, the epoxy system of diglycidyl ether of
bisphenol A and a polyetheramine is chosen to study its
compatibility with organic polymers. By simple mixing

in the curing process, the modified organoclay is intro-
duced into the epoxy matrix and their improving me-
chanical, thermal, and solvent resistant properties are
demonstrated.

EXPERIMENTAL

Materials
Sodium montmorillonite, supplied by Kunimine Ind.

Co. (Japan), is a Na+ form of layered clay with a
cationic exchange capacity of 1.15 meq g−1. Liquid
diglycidyl ether of bisphenol-A (DGEBA, trade name
BE-188) with an epoxide equivalent weight (EEW)
of 188 was obtained from Nan-Ya Chemicals (Tai-
wan). Hydrophobic poly(oxypropylene)amine (POP-
amine) of 400, 2000, and 4000 Mw, namely Jeffamine R©

D400, D2000, and D4000 respectively, were purchased
from Huntsman Chemical Co. or Aldrich Chemical Co.
Chemical structures of these compounds are illustrated
in Figure 1.

Preparation of Organophilic Clay (MMT/D2000)
General procedures for the POP-amine intercalation
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Figure 1. Chemical structures of POP-diamines (Jeffamine R©

amines).
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Scheme 1. Process flow chart for clay/epoxy composite prepa-
ration.

have been reported previously24 and an example is de-
scribed below. Sodium montmorillonite (Na+-MMT,
1.15 meq g−1, 10 g,) was dispersed in 1 L of deionized
water at 80 ◦C by vigorously mixing. The POP-amine
of 2000 Mw (Jeffamine R© D2000, 23.0 g, 11.5 meq) and
aqueous hydrochloric acid (37 w%, 1.2 g) were dis-
solved in 30 mL ethanol to form quaternary ammonium
salts at room temperature and then poured into a Na+-
MMT slurry in water. The mixture was continuously
stirred at 70–75 ◦C for 5 h. A white precipitate was fil-
tered, collected, and washed thoroughly with 400 mL of
hot water/ethanol several times. The product was char-
acterized by using X-ray diffraction (XRD) and thermal
gravimetric analyses (TGA).

General Procedures for Dispersing POP-Amine-
Modified MMT with Epoxy (MMT/D2000/epoxy)

A process flow chart for preparing the
MMT/D2000/epoxy composites is depicted in
Scheme 1. Different weight fractions of MMT/D2000
were dispersed in Jeffamine R© D2000 curing amine.
A designated amount of DGEBA (BE-188), based
on a 1:1 equivalent ratio of epoxide/N–H, was then
added. The mixture was thoroughly stirred, degassed
and poured into a 1/8 inch-thick aluminum mold. The
curing conditions were programmed to be 80◦C for
2 h, 120 ◦C for 2 h, and 150 ◦C for 1 h.

Measurements
The X-ray diffraction patterns of MMT/D2000/epo-

xy composites were recorded on an Schimadzu SD-D1
diffractometer (XRD) with Cu target (k = 1.5405 Å).
The basal spacing (n = 001) was calculated accord-
ing to Bragg’s equation (nλ = 2d sin θ) through the
observed peaks of n = 002, 003, etc. Differential
scanning calorimeter (DSC) and thermal gravimetric
analysis (TGA) were performed on a Seiko SII model
SSC/5200. A heating or cooling rate of 10◦C min−1

under nitrogen atmosphere was used for DSC. TGA
was measured by heating the samples from 40◦C to
800 ◦C at 20 ◦C min−1. Fourier transform infrared spec-
trometry (FT-IR) absorption was recorded by using
a PerkinElmer spectrometer. Tensile properties were
measured according to ASTM D638-86 at a testing
rate of 5 mm min−1, and flexural properties were mea-
sured according to ASTM D790 at a testing rate of
2.6 mm min−1 using an Instron machine. Solvent ab-
sorption percentage (S %) was obtained by using the
equation S % = [(W1−W0)/W0]× 100%, where W0 is the
initial weight of MMT/D2000/epoxy and W1 represents
the weight after solvent saturation.

RESULT AND DISCUSSION

Preparation of Organophilic Clays
The organophilic clays were prepared by the in-

tercalation of Na+-MMT and POP-amine quaternary
salts. The intercalation can be viewed as an ionic
exchange reaction between Na+ ions in MMT and
amine salts. Using D400, D2000, and D4000 as the
intercalating agents, three modified clays with dif-
ferent organophilicity were prepared and character-
ized by X-ray diffraction (XRD). The silicate inter-
layer space is generally widened to be larger than
the pristine 12.4 Å (Na+-MMT). In Figure 2, the pat-
terns of d-spacing for MMT/D400, MMT/D2000, and
MMT/D4000 are shown to be 19.4, 58.0, and 92.0 Å,
respectively, according to Bragg’s equation. Particu-
larly, the MMT/D2000 hybrid exhibited a pattern of
Bragg peaks from n = 1 to 5, indicating a highly or-
dered gallery pattern. The intercalating agents of differ-
ent molecular weights not only affect the MMT basal
spacing but also the amount of incorporated organ-
ics. The TGA data indicates a POP fraction of 26 w%
in MMT/D400, 63 w% in MMT/D2000, and 75 w%
in MMT/D4000. Structurally, the hybrids consist of
stacked hydrophobic POP-amine and hydrophilic sil-
icate plates in an alternating manner, as illustrated
in Figure 3. In the case of MMT/D2000, the POP-
amine occupies 47 Å in space width and 10 Å in sili-
cate plate thickness, which represents the amphiphilic
arrangement and high affinity for organic compounds.
The pristine Na+-MMT is comprised of only hy-
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Figure 2. X-Ray diffraction patterns of (a) MMT/D400 (b)
MMT/D2000 (c) MMT/D4000.
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Figure 3. Conceptual illustration of stacking hydrophobic POP
and hydrophilic silicate structure.

Table I. Compositions of MMT/D2000 compounding epoxy
curing materials

Organoclay
w%a

MMT/D2000b

(g) Curing agent
(D2000, g)

DGEBAc

(g)D2000 MMT
0 0 0 72.7 27.3
1 0.63 0.37 72.0 27.0
3 1.89 1.11 70.5 26.5
5 3.15 1.85 69.0 26.0

10 6.30 3.70 65.4 24.6
a w%: MMT/D2000 hybrid in epoxy. bMMT/D2000: Na+-

MMT modified by Jeffamine R© D2000. cLiquid diglycidyl
ether of bisphenol-A (DGEBA).

drophilic silicate ions and sodium counter ions, while
D400 contributes not enough and D4000 too much hy-
drophobicity in the modified clays. It was found that
MMT/D2000 was dispersible in organic solvents such
as toluene and ethanol.

Preparation of Clay/Epoxy Nanocomposites
The MMT/D2000 hybrid, consisting of 63 w% or-

ganics and 37 w% silicates, was selected to study its
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Figure 4. X-Ray diffraction patterns of MMT/D2000 in the
DGEBA/D-2000 epoxy matrix.

compatibility with epoxy materials. The chosen epoxy
system is comprised of two components, JeffamineR©

D2000 amine and diglycidyl ether of BPA (DGEBA)
at 1:1 molar ratio of epoxy/N–H or weight fraction of
72.7 w% and 27.3 w%, respectively. The detailed com-
position of the modified clay in the epoxy system is
summarized in Table I. The cured epoxy materials with
3, 5, and 10 w% of MMT/D2000 in the system were
examined by using XRD analyses. The 10 w% is the
maximum loading, above which the viscosity becomes
too high for mixing in the process. Shown in Figure 4,
none of diffraction peaks are observed in the range of
2θ = 2–10◦ for cured epoxy polymers with the MMT-
D2000 addition up to 10 w%. By contrast, the parent
MMT/D2000 exhibits a pattern of peaks from n = 2
to 5 with the calculated 58.0 Å for n = 1. The results
implicate the silicates are well dispersed and possibly
exfoliated in the epoxy matrix.

FT-IR Analysis
Examples of FT-IR absorptions are shown in Fig-

ure 5. In Figure 5a, the peak at 1038 cm−1 can be
associated with Si–O stretching vibrations, 3624 cm−1

with –OH stretching of the lattice water, and between
600 to 400 cm−1with Al–O stretching and Si–O
bending. Figure 5b showed the absorptions at 3000–
2900 cm−1 (CH3 stretching), 1625–1430 cm−1 (aro-
matic C=C stretching), 1100 cm−1 (polyoxyalkylene,
–CH2CH(CH3)O–), and weak absorptions be-
tween 950–750 cm−1 (epoxide ring vibration) for
DGEBA/D2000 epoxy polymer. Nevertheless, there
was no evidence of new absorption peaks in Figure 5c
for interactions between silicates and polymer.

Mechanical Properties
The mechanical properties of MMT/D2000 dispers-
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Figure 5. FT-IR spectra of (a) Na+-MMT (b) DGEBA/D2000
epoxy (c) 10 w% MMT/D2000 in DGEBA/D2000.

Figure 6. Tensile strength of MMT/D2000 dispersed in
DGEBA/D2000 epoxy matrix.

ed in the cured epoxies were measured by using an
Instron machine. The tensile properties for various
MMT/D2000 (37 w% silicates) loadings from 1, 3, 5,
and 10 w% are compared in Figure 6. The tensile
strengths dramatically increased with increasing sili-
cate loadings. The tensile strength of 1 w% organ-
oclay in the system was almost three times that of
the pristine epoxy polymer. The improvement was at-
tributed to the presence of well-dispersed and exfoli-
ated silicates in the epoxy matrix. However, the flex-
ural modulus, shown in Figure 7, displayed only mod-
erate improvements. For the elongation performance,
the increasing organoclay addition from 1 to 5 w% re-
sulted in improvements of nearly four times (Figure 8).
The significant increase in elongation may be due to
the strong interaction between the silicate plates and
D-2000 poly(oxypropylene) backbone through a po-
lar ion/–(O–C–C)– non-covalent bonding. However,
the trend of elongation increase is off-set at the ex-
tremely high clay loading, perhaps from the balance
of the high hardness and flexural modulus properties.
In general, these mechanical properties were improved
significantly upon adding the organophilic MMT.

Figure 7. Flexural modulus of MMT/D2000 dispersed in
DGEBA/D2000 epoxy matrix.

Figure 8. Elongation properties of MMT/D2000 dispersed in
DGEBA/D2000 epoxy matrix.

Thermal Properties
The thermal properties of these epoxies were char-

acterized by using a differential scanning calorime-
ter. During the curing process, the presence of
MMT/D2000 hybrid had enhanced the epoxy curing
process. The comparison of the curing behavior in
DSC (Figure 9), a lower curing temperature profile was
observed for the addition of 10 w% MMT/D2000 to
the BE188/D2000 system. The D2000 cured epoxies
were polymeric materials with low cross-linking due
to the high molecular weight of the curing JeffamineR©

amine used. With increased MMT/D2000 hybrid load-
ings, the composite exhibited a higher glass transi-
tion temperature (Tg), from 19.0 ◦C up to 36.9 ◦C (Fig-
ure 10). This observation can be interpreted in terms
of the exfoliated silicate plates interacting with the
epoxy polymer chains, resulting in low mobility of the
matrix. The thermal stability of the cured materials
was examined by using a TGA (Figure 11). In this
epoxy matrix, the poly(oxypropylene) ether segments
are less stable functionality which can be degraded at a
lower temperature compared to the BPA portions. The
MMT/D2000/epoxy had a slightly lower decomposi-
tion temperature than the pristine epoxy, due to pres-
ence of the additional D2000 from the MMT/D2000.
However, beyond the 50 w% decomposition tempera-
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Figure 9. DSC thermograms of the curing process with and
without clay.

Figure 10. DSC thermograms of MMT/D2000 dispersed in
epoxy at various loadings.

BE188/D2000/(MMT/D2000, 5w%)

BE188/D2000/(MMT/D2000, 10w%)

BE188/D2000

Figure 11. TGA of silicates dispersed epoxies.

ture (approximately at 400◦C), the organoclay started
to play a role for stabilizing the epoxy matrix and
displayed a higher decomposition temperature as well
as char residue (approximately 10 w% at 550◦C). The
presence of silicate plates appeared to affect the decom-

Table II. Solvent absorption (S%) of epoxy composites

H2O EtOH
Toluene

DMAc THF
(S%)a

Epoxy 4.1 88 170 160 210
Epoxy/(MMT/D2000 (10 w%)) 4.1 64 98 110 160

aS % = [(W1 −W0)/W0]× 100%. Absorption conditions: 1.5 g
samples in solvents for 5 d.

position of epoxy materials because of the shielding ef-
fect.25

Solvent Resistance Property
The effect of silicate plates on solvent resistance is

demonstrated by comparing the weights of solvent ab-
sorption. The introduction of silicate plates into epox-
ies has led to an obvious decrease in the solvent ab-
sorption (Table II). For instance, at the organoclay
loading of 10 w%, the solvent absorption is translated
to be only 72% in ethanol, 56% in toluene, 72% in
N,N-dimethylacetamide, and 75% in THF of the orig-
inal absorptions by the epoxy without clay. Due to
the hydrophobic nature, both epoxies with and with-
out organoclay absorb low amounts of water. The
decrease of solvent absorption is rationalized by the
presence of delaminated silicate plates dispersed ran-
domly in the epoxy matrix. A representative micro-
graph of transmission electronic microscopy (TEM) of
5 w% MMT/D2000 in epoxy material has exhibited the
well dispersion of layered silicates in the matrix. The
pictures represent the fine dispersion in a macroscopic
view (Figure 12a) and an averaged 1–3 aligned silicate
plates in a exfoliated mode from a microscopic view
(Figure 12b). The well dispersed silicate plates in the
polymer matrix contributed the reduction of solvent ab-
sorption and other physical properties of these epoxy
materials.

CONCLUSIONS

A highly organophilic MMT, prepared from the in-
tercalation of 2000 Mw POP-amine, has been used to
demonstrate the compatibility with epoxy materials.
The modified clay of 58.0 Å d-spacing is highly dis-
persible in toluene. In mixing with JeffamineR© D2000
cured epoxy, the resultant polymer is optically trans-
parent and displays improved mechanical properties
such as increased tensile strength, flexural modulus,
and elongation. The thermal stability and solvent re-
sistance are also improved.
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Figure 12. TEM of 5 w% MMT/D2000 dispersed in the epoxy.
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