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ABSTRACT: The synthesis, diffraction patterns, thermal
stability, and ionic conductivity properties of methacry-
late-type polymers are analyzed here to assess their feasi-
bility as polymer electrolytes. From the parent polymer,
poly (N,N-dimethylaminoethylmethacrylate), herein la-
beled PDMAEMA, a protonated derivative was used to
prepare polymer/Montmorillonite nanocomposites with
various clay contents (1, 3, and 5 wt %). AC spectroscopy

provided the ionic conductivity data for the polymers and
clay–polymer nanocomposites. Evidences of nanocompo-
site formation are shown using transmission electron mi-
croscopy and wide-angle X-ray diffraction. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 119: 1357–1365, 2011
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INTRODUCTION

The synthesis of polymer-based nanocomposites
containing organoclays has received considerable
attention recently.1–3 Polymer nanocomposites are
generally reinforced with low level loadings (�5 wt
%) of inorganic silicate clays such as vermiculite,
montmorillonite (MMT), smectite, and hectorite.
Such composites comprise extremely thin, nanoscale
dispersions of silicate platelets in a polymer matrix.
Because of the nanoscale structure of the dispersion,
nanocomposites possess unique mechanical, chemi-
cal, and thermal properties, excellent mechanical
strength and stiffness, enhanced gas barrier behav-
ior, good flame retardancy, and increased solvent re-
sistance when compared to the pristine polymers.
The compatibility between the polymer/clay inter-
face and the type of clay used would affect the
mechanical performances of the resulting nano-
composites.4

Incorporation of layered silicates into polymer
matrices has been suggested for over 50 years.5 One
of the earliest systematic studies dates back to 1949,
when Bower6 described the absorption of DNA by
MMT. During the 1950s Carter et al.7 developed

organoclays as reinforcement of latex-based elasto-
mers and the patent: ‘‘clay complexes with conju-
gated unsaturated aliphatic compounds of four to
five carbon atoms’’ was obtained by Hauser and
Kollman.8 Uskov,9 in 1960, found that the softening
point of poly(methyl methacrylate) obtained by po-
lymerization of methyl methacrylate increased using
MMT modified with octadecylammonium. In 1961,
Blumstein10 proposed to introduce a polymer in the
clay structure, and in 1963, Greenland11 studied the
poly(vinyl alcohol)/MMT system to show that a
polymer may be directly inserted in the clay in
aqueous solution. The incorporation of organoclay
into a thermoplastic polyolefin matrix was studied
by Nahin and Backlund,12 obtaining organoclay
composites with strong solvent resistance and high
tensile strength by irradiation-induced cross-linking.
However, these preliminary studies did not analyze
in detail the intercalation process in the clay and the
potential properties of composites. In 1975, Tanihara
and Nakagawa13 analyzed the intercalation of poly-
acrylamide and polythylene oxide in aqueous solu-
tion, and in 1976, Fujiwara and Sakamoto14

described the process to obtain the first organoclay
hybrid polyamide nanocomposite. Later, the Toyota
research group disclosed improved methods to
obtain Nylon-6 clay nanocomposites using in situ po-
lymerization methods, similar to the Unichika pro-
cess. They reported that these polymer–clay nano-
composites exhibit superior strength, modulus, heat
distortion temperature, water and gas barrier prop-
erties, with comparable impact strength as neat
Nylon-6. They also reported that various types of
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polymer–clay hybrid nanocomposites based on ep-
oxy resins and polystyrene, acrylic polymer, rubber,
and polyimides may be obtained using a similar
approach. Moreover, work by Giannelis and co-
workers15,16 revealed that intercalation of polymer
chains into the galleries of the organoclay can occur
spontaneously by heating a mixture of the polymer
and silicate clay powder in the melt. Once sufficient
polymer mobility is achieved, chains diffuse into the
host silicate clay galleries, thereby, producing an
expanded polymer–silicate structure.

Although the intercalation chemistry of polymers
when mixed with appropriately modified layered
silicates and synthetic layered silicates has long been
known, two major findings have stimulated a revival
of the interest in polymer–layered silicate nanocom-
posite materials. The first one was the research on
the Nylon-6/MMT nanocomposite in which very
small amounts of layered silicate loadings resulted
in significant improvements of thermal and mechan-
ical properties; second, the observation by Giannelis
and coworkers that it is possible to melt-mix poly-
mers with layered silicates, without the use of or-
ganic solvents. Since then, the promise for important
industrial applications has motivated vigorous
research on a global scale, and efforts are focused on
using almost all types of polymer matrices. In fact,
nanocomposites have been proved with many ther-
moplastic and thermosetting polymers of different
polarities, including polystyrene, polycaprolactone,
polypropylene, poly(ethylene oxide), epoxy resin,
polysiloxane, and polyurethane.5,17–21

The most commonly clay used in the synthesis of
polymer nanocomposites is MMT, which is the
major constituent of bentonite. It is well known that
the filler anisotropy, that is, large length to diameter
ratio (aspect ratio), is especially favorable in matrix
reinforcement. Because of the unique structure of
MMT, the mineral platelet thickness is only one
nanometer, although its dimensions in length and
width can be measured in hundreds of nanometers,
with most of platelets lie in the 200–400 nm range
after purification. Because of the characteristic size
and thickness of the platelets, a single gram of clay
contains over a million individual platelets.22

Two terms (intercalated and delaminated) are
used to describe the two general classes of nanomor-
phology that can be prepared.23 Intercalated struc-
tures are self-assembled, well-ordered multilayered
structures where the extended polymer chains are
inserted into the gallery space between parallel indi-
vidual silicate layers separated by 2–3 nm. The
delaminated (or exfoliated) structures result when
the individual silicate layers are no longer close
enough to interact with the adjacent gallery layers.24

In the delaminated cases, the interlayer spacing can
be on the order of the radius of gyration of the poly-

mer; therefore, the silicate layers may be considered
to be well-dispersed in the organic polymer. The sili-
cate layers in a delaminated structure may not be as
well-ordered as in an intercalated structure. Both of
these hybrid structures can also coexist in the poly-
mer matrix; this mixed nanomorphology is very
common for composites based on smectite silicates
and clay minerals, (For definitions and background
on layered silicate and clay minerals see Ref. 25).
Wide-angle X-ray diffraction (WAXD) measurements
can be used to characterize these nanostructures if
diffraction peaks are observed in the low-angle
region: such peaks reveal the d-spacing (basal spac-
ing) of ordered-intercalated and ordered-delami-
nated nanocomposites. However, if the nanocompo-
sites are disordered, no peaks are observed in the X-
ray patterns, due to loss of the structural patterns of
the layers, the large d spacings (>10 nm), or both.
Thus, WAXD of nanocomposites has limitations
because a disordered, layered silicate can either be
delaminated or intercalated. In such cases, transmis-
sion electron microscopy (TEM) combined with X-
ray analysis characterize these materials more
accurately.
Ion-conducting polymers (or polymer electrolytes)

are materials that have attracted considerable atten-
tion for their vast applications in the development of
solid-state ionic devices. Requirements such as high
ionic conductivity, wide electrochemical stability
windows, easy processability, and light-weight
should be met, but in addition, acceptable thermal
and mechanical performances are needed.26 Interca-
lating polymers in layered clay-hosts render polymer
electrolyte composites with huge interfacial area.
Recently, the intercalation of modified clay in a
polyethylene oxide (PEO) matrix in the melt has
been reported.27–30 The relationship among the ther-
mal, electrical, and mechanical properties of this
composite polymer-electrolyte was investigated by
Nan and coworkers.27 Such clay/PEO composites
have high conductivity and high cation transference,
and they can be produced into flexible films by add-
ing a small amount of MMT to the PEO-based elec-
trolyte. The ionic conductivity of these polymer elec-
trolytes may be enhanced several decades more than
the reference system conductivity.
In this article, the synthesis, characterization, and

conductivity properties of methacrylate-type poly-
mers are reported. The parent polymer is used to
prepare three different nanocomposites. The thermal
and ionic conductivity properties of the pristine
polymer and nanocomposites are analyzed, with
particular attention given to the relationship
between ionic conductivity properties and nano-
structure. Ionic conductivity data are provided by
AC spectroscopy, which is the technique best suited
to study amorphous conducting phases.31 Data
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analysis are carried out considering the frequency
and temperature dependence of the dielectric pa-
rameters. This study provides new evidence con-
cerning the influence of molecular structure on con-
ductivity in nanocomposite systems.

MATERIALS AND EXPERIMENTAL
PROCEDURE

Sample preparation–polymer preparation

N,N-Dimethylaminoethylmethacrylate (DMAEMA)
was purified by vacuum distillation (84�C/15
mmHg). Bulk polymerization was carried out at
70�C for 20 h. 2,20-Azobisisobutyronitrile (AIBN)
was used as radical initiator. The yield of the reac-
tion is 92%. The resulting polymer (herein labeled
PDMAEMA) was dissolved in benzene, precipitated
in cold hexane, dried in a vacuum oven at 50�C for
24 h and stored in a desiccator [see Fig. 1(A)].
PDMAEMA is an amorphous powder characterized
by 1H-NMR (CDCl3, 500MHz); d (ppm) 0.9 and 1.1
(3H, 2s, ACH3), 1.8, 1.9, 2.0 (2H, 3s, ACH2AC(CH3),
2.3 (6H, s, (CH3)2AN), 2.6 (2H, s, ACH2AN); 4.1 (2H,
t, CH2AO); FTIR (CHCl3) mmax (cm�1) 2960 (CH3A,
tas), 2926 (CH2, tas), 1720 (C¼¼O, tst), 1456 (CH3A,
das).), 1100 (CAOAC). Analysis: C 59.97 %, H 9.60 %,
N 8.83% calculated for repetitive unit:
C8H15NO2

.2H2O, C 59.70 %, H 9.50 %, N 8.69%.
hMwi (CH3OH) is 6.28 � 104 Da.

PDMAEMA was dissolved in a 1.0M HCl solution
in 1 : 1 molar ratio at room temperature with over-
night agitation. The protonated polymer (herein la-
beled PDMAEMAH¼P) was precipitated in ethanol
and washed with distilled water to obtain the puri-
fied salt [see Fig. 1(B)]. PDMAEMAH was also an
amorphous powder characterized by FTIR. Thin
films were prepared by the solution-casting method
using trifluoroethanol as solvent. 1H-NMR spectrum
was carried out in D2O. Analysis Elemental shows
the following results: C 48.10%, H 9.38%, N 6.54%
calculated for repetitive unit: C8H16NO2

.2.1 H2O C
49.28%, H 9.29 %, N 7.18%.

Organo-MMT preparation

MMT has ionic-interchange capacity of 135 meq/
100g (Aldrich). Na-MMT is hydrophilic and not
compatible with most organic molecules. The so-
dium cation in the interlayer spacing of MMT can be
exchanged with organic cations to yield organophilic
MMT (organo-MMT). For this purpose, ammonium
cations of tetradecylammonium chloride (C14NHþ

4 )
or a sulfobetaine zwitterion, dodecyldimethyl (3-
sulfo-propyl) ammonium hydroxide, inner salt,
(C12SB) were used as surfactants.

In a 1-L beaker, 24 mmol of the surfactant, 2.4 mL
of concentrated hydrochloric acid, and 200 mL of
water at 80�C were placed. The surfactant solution
was added to a dispersion composed of 10 g of
MMT and 1000 mL of hot water, and this mixture
was stirred vigorously for 48 h giving a pink precip-
itate. The product was filtered, repeatedly washed
with distilled water to remove the excess intercalant
reagent, dried in a vacuum oven at 50�C for 48 h,
and stored in a desiccator.

Nanocomposites preparation

Organo-MMT or MMT of 0.17 g alone was dispersed
in 10 mL of distilled water, and then a solution com-
posed of 3.17 g PDMAEMAH and 10 mL of distilled
water was added slowly. The mixture was stirred
for 48 h at room temperature under ultrasound to
obtain homogenization (around 3 h). Under these
conditions, C12SB and PDMAEMAH behave as cati-
onic surfactants. The obtained nanocomposites with
3% w/w composition were dried in a vacuum oven
at 40�C and kept in a desiccator for further use. A
similar procedure was followed for the other compo-
sitions. For dielectric measurements, films were
obtained by casting, dissolving the nanocomposites
in distilled water, and pouring them in cylindrical
Teflon containers. They were left to evaporate slowly
and placed them in a vacuum oven at 50�C until
constant weight. The films so formed were transpar-
ent and kept in a desiccator.

Characterization of polymers and nanocomposites

Structure and molecular weight of the precursor
polymer

FTIR spectra of the materials were recorded between
4000 and 400 cm�1 using a spectrometer (Perkin
Elmer, USA). Thin films were prepared by the solu-
tion-casting method. A minimum of 32 scans were
signal-averaged with a resolution of 2 cm�1.

1H-NMR spectra were carried out in a 5–10%
weight solution of CDCl3 with tetramethylsilane as

Figure 1 A: Chemical structure of the (PDMAEMA) poly-
mer and B: protonated polymer (PDMAEMAH).
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internal reference and deuterated water for precur-
sor and protonated polymers, respectively, on a 500
MHz Brucker at room temperature. d-units (ppm)
were recorded. Elemental analysis was used to ver-
ify the chemical composition of the polymers, and
light-scattering experiments were performed at
room temperature in a Dawn-F (Wyatt Tech.) appa-
ratus at k ¼ 6320 Å in methanol. The refractive
index increment dn/dc was calculated (0.157 mL/g)
in the same solvent at the same wave-length. Ther-
mal properties were measured using differential
scanning calorimetry (DSC) and thermogravimetry
in a TA–DSC–TGA linked to a Thermal Analyzer
2100 microprocessor at a heating rate of 10�C/min
under 50 mL/min nitrogen within the range of �50
to 500�C.

X-ray measurements

X-ray diffraction patterns for the nanocomposites
were obtained in a diffractometer using Cu, Ka, a
radiation, by performing sweeps from 2� to 70� of
2y, at 1�/min.

Dielectric measurements

These measurements require that shape of the poly-
mers remains unaltered throughout the experiment.
For this purpose, a parallel-plate device with 20-
mm diameter was used. Previously prepared sol-
vent-cast nanocomposite slides of known thickness
were placed in the holder of a Dielectric Analyzer
(DEA, TA-Instruments). This device allows for a
continuous contact between electrodes and sample.
Ionic conductivity measurements were made from
30 to 80�C using a predetermined program. A nitro-
gen flux of 500 mL/min and an applied voltage of 1
V were used, within a frequency range from 1 Hz to
100 kHz.

High-resolution transmission electron microscopy
measurements

Dried powder samples were placed in carbon and
Formvar-coated Cu grids of 300 mesh size. Direct
observation of the nanocomposite structures was
carried out under bright field. The contrast
between the dispersed clays and polymer matrix
was sufficient for imaging without staining. High-
resolution transmission electron microscopy (FEI
Co., Tacnai T20 model, operated at 200 kV using a
LaB6 filament) was used to assess the dispersion
of the clay layers and tactoids in the nanocompo-
site films.

RESULTS AND DISCUSSION

Chemical characterization of precursor and
protonated polymer

PDMAEMA and PDMAEMH structures (Fig. 1)
were verified by FTIR and 1H-NMR spectra. Figure
2 shows the FTIR spectra of precursor (A) and proto-
nated polymers (B). The main bands are described
in the experimental part. Both PDMAEMH and
PDMAEMA show a broad band around 3400 cm�1

and 1660 assigned to hydrates, showing the hydro-
gen bonding present in ammonium compounds, to-
gether with a strong band at 2640 cm�1 characteristic
of the tertiary ammonium salt due to the vibration
of NþHR3 group, according to Ref. 32.
Figure 3 shows the 1H-NMR spectra of the precur-

sor [Fig. 3(A)], and protonated polymer [Fig. 3(B)].
The interpretation was described in the experimental
part. The proton linked to the ammonium group
(Nþ–H) interchanges quickly with the deuterated
water (D2O), and therefore, the signal does not
appear in the spectrum. In addition, it is observed
that in contrast with the precursor polymer, all

Figure 2 FTIR spectra of (A) precursor polymer and (B)
protonated polymer.
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bands in the protonated polymer are shift downfield
due to the effect of the chemical modification. These
data confirm the proposed chemical structure.

Thermal properties

DSC and thermogravimetric analysis (TGA) deter-
mined the glass transition temperatures (Tg) and
thermal stability of polymers and nanocomposites.
For both polymers and nanocomposites, Tgs were
obtained from the second DSC-sweep as disclosed in
Table I. Tg of the protonated polymer (PDMAE-
MAH) is 171�C, in contrast to 70�C for the same
polymer synthesized by thermal initiation as
reported by Chetia et al.33 Explanation of this dis-
crepancy may be due to the different molecular
weights of the protonated polymer (6.24� 104 Da)
and the higher proton concentration used in this
work. Polymer/3% PMMT/C14NHþ

4 exhibits the
highest Tg among the nanocomposites, attributed to
the type of morphology (see later). In view of the

very low organo-MMT loading, increases in Tg in
the range of 2–20�C are measured.
The issue regarding the changes in Tg of polymer–

clay nanocomposites is still controversial in the liter-
ature. Xu et al.34 studied the epoxy/organo-MMT
nanocomposites with diethylenetriamine. They

Figure 3 1H-NMR spectra of (A) precursor polymer and (B) protonated polymers.

TABLE I
Thermal Properties of Precursor and Protonated

Polymers and Nanocomposites

Sample % MMT % H2O Tg (
�C) Td10% (�C)

MMT/C14NHþ
4 – 1 – 136

PDMAEMA – 16 32 173
PDMAEMAH ¼ P – 15 171 224
P/MMT/C14NHþ

4 1 14 163 231
PMMT/C14NHþ

4 3 13 168 234
P/MMT/C14NHþ

4 5 15 160 228
P/MMT/C12SB 1 14 162 281
P/MMT/C12SB 3 10 158 285
P/MMT/C12SB 5 12 157 267
P/MMT 3 13 151 210
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reported that the nanocomposite with 3% of organo-
MMT has a lower Tg compared to the parent resin,
as measured by dynamic mechanical analysis. This
was attributed to the extra-gallery-cured epoxy resin,
as the Tg of the highly confined epoxy in the inter-
galleries was beyond the testing temperature range.
A study on the melt intercalation of polystyrene in
layered silicates showed that the magnitude of the
DSC trace diminished upon intercalation, suggesting
that only the unintercalated polymer contributed to
the measured glass transition trace.35

Fan et al.27 showed that when modified MMT is
added to (PEO)16 LiClO4-based composite polymer
electrolytes, a reduction in the Tg is obtained. As Tg

lowers, the amorphous phase becomes more flexible;
hence the ionic conductivity should be enhanced at
low temperatures.

The observed increase of Tg in the nanocomposites
obtained in this work may be associated to two
causes: first, as the silicate layers interact with the
polymer matrix through the ionic groups, the seg-
ment motion of the extragallery polymer is still
affected by the unintercalated and exfoliated silicate
layers, and then the interaction among ionic groups
increases the Tg. This interpretation is in close agree-
ment with Guo et al.36 Samples with higher organo-
MMT loading exhibited a moderate decrease in Tg.
This may be due to increased aggregation of organo-
MMT in the composite as the amount of organo-
MMT increases and, therefore, this leads to an
increase in the flexibility of the chain.27

The interactions of the intercalated chains of the
polymer with the host species greatly reduce their
rotational and translational mobility. The situation is
similar to that in a reticulated polymer, where
restrictions on its mobility increase its glass transi-
tion temperature.

TGA data of the samples are shown in Table I.
Percent humidity (%H2O) and the decomposition
temperatures at 10% weight losses (Td10%) for each
sample are reported. TGA data reveal that samples

are highly hygroscopic; however, there is a clear
influence of the nanoclay on the material hygro-
scopic properties. The percentage of humidity for
the precursor polymer was 16%, but this was
reduced with the addition of clay. Td10% for the
polymers and these nanocomposites ranged from
210 to 285�C. Results show that the sulfobetaine sur-
factant significantly enhances the thermal stability of
the nanocomposites, in contrast to the ammonia sur-
factant. Thermally stable polymers are sought for
applications as polymer electrolytes; in this regard,
P/organo-MMT shows the highest degradation tem-
perature (267–285 �C) when C12SB is used as
surfactant.

Ionic conductivity properties

The ac-conductivities at different temperatures of
the pristine polymer, protonated polymer, and nano-
composites with various modified-MMT contents are
shown in Table II. Conductivity increases with
increasing frequency, and so in Table II, conductivity
values at 100 kHz are only listed. A drastic two-dec-
ade increase in conductivity of PDMAEMA with the
addition of 1 and 5 wt % clay using C14NHþ

4 as sur-
factant is revealed. The highest value is 9.6 � 10�7

S/cm at 35�C. The decrease in Tg of PDMAEMA/1%
(C12SB-MMT) is ascribed to an increase in the seg-
mental motion of the polymer, enhancing the con-
ductivity (2.7 � 10�7 S/cm) at temperatures below
the glass transition. These results indicate that the
MMT-polymer electrolyte interface effect is not very
important for ionic conduction. Kurian et al.37 pro-
vide evidences for single-ion conduction in poly-
mer–silicate nanocomposite electrolytes and con-
firmed that the conductivity arises from ionic
motion. Likewise, in the nanocomposites analyzed
here, two different ions Naþ from MMT and Hþ

from C14NHþ
4 and PDMAEMAH are present, and

therefore, the conductivity may be caused by these
ion motions.

TABLE II
Ionic Conductivity Properties of Protonated Polymer and Their Nanocomposites at

100 KHz as a Function of Temperature

Sample % MT

Ionic Conductivity at 100 kHz

35�C 50�C 60�C 80�C

PDMAEMAH ¼ P – 1 � 10�9 1.7 � 10�9 1.6 � 10�9 1.6 � 10�9

P/MMT/C14NHþ
4 1 1.6 � 10�6 7.8 � 10�7 4.4 � 10�7 2.1 � 10�8

PMMT/C14NHþ
4 3 3 � 10�6 8 � 10�6 1.1 � 10�5 1.6 � 10�5

P/MMT/C14NHþ
4 5 3.7 � 10�7 2.1 � 10�7 8.6 � 10�8 2.6 � 10�8

P/MMT/C12SB 1 2 � 10�7 2 � 10�7 7 � 10�8 1 � 10�8

P/MMT/C12SB 3 6 � 10�10 2 � 10�9 2 � 10�9 9 � 10�10

P/MMT/C12SB
a 5 5 � 10�9 6 � 10�9 4 � 10�9 1 � 10�9

P/MMTa 3 1 � 10�6 9 � 10�5 2 � 10�4 2 � 10�4

a Obtained at 10 kHz
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It is interesting to mention that in PDMAEMA/3%
MMT or in 3% C14NHþ

4 -MMT samples the conductiv-
ity increases monotonically; however, the behavior is
not Arrhenius like. The highest ionic conductivities
values for these samples were 2 � 10�4 S/cm and 1.6
� 10�5 S/cm respectively, at 80�C. It has been sug-
gested that the formation of percolating trajectories
via polymer–inorganic interfaces may be important
for ionic conduction.27,38 Present results may rule out
this assumption, since in the composites Tg increases
as the polymer intercalates in the MMT galleries as
shown in the morphology of the P/3% organoclay
systems. The increase in the ionic conductivity at low
temperature and its decrease at high temperatures
make the composite polymer electrolyte less depend-
ent on temperature, which makes it more suitable for
applications.27 Conductivities between 10�4 and 10�5

S/cm have been reported for [clay/PEO] nanocompo-
sites (70–75 wt % clay at 250�C),21 whereas other
[clay/polymer] systems39,40 exhibited conductivities
in the range of 10�8 to 10�10 S/cm (10 wt % in the
range of 85–110�C). Although the highest conductiv-
ity values reported here are low in comparison with
other polymer electrolytes, the systems described in
this work are salt free. Further work is needed to
assess the suitability of these systems focusing on the
development of oriented morphologies.

Nanomorphologies

Recent alternatives to produce polymer electrolytes
with improved properties include polymer clay
nanocomposites using various polymeric matrices.
Clays used for preparation of nanostructures belong
to the smectite group, and MMT is most commonly

used. The crystal structure of the smectite group
consists of a two-dimensional, 1-nm thick layers of
two tetrahedral sheets of silica fused to an edge-
shaped octahedral sheet of alumina where the octa-
hedral site is isomorphically substituted.41

Together with X-ray analyses (WAXD), TEM
results further support the occurrence of blend com-
posites at the nanoscale level. The basal spacing d
(001) from X-ray diffraction measurements is calcu-
lated at peak positions according to Bragg’s law, d ¼
k/(2 sin y), where y is the diffraction angle. The X-
ray diffractograms of polymer–clays give a shift in
the position of [001] planes (2y changed from 7.2� to
3.3�), revealing increases in the basal spacing of
these planes. The increase was relatively large, from
1.2 to 2.6 nm, and confirms the occurrence of poly-
mer molecule intercalation between silicate platelets
(indication of increasing of the interlayer spacing of
clay layers, see Ref 42). These observations indicate
that the main effect of the organic modifier in lay-
ered silicates is the intercalation in [001] planes of
MMT. The basal spacing of layered silicates depends
on the polymer modifier, increasing with concentra-
tion of the modifier. In this work, using two modi-
fiers with the same organo-MMT concentration, dif-
ferent nanocomposite morphologies were obtained.
Figure 4(A) shows high-resolution TEM images for
two nanocomposites with P/3% organo-MMT with
C14NHþ

4 or C12SB as surfactants. In image A, layers
or clay laminates (bright lines) are observed. The ba-
sal spacing d (001) can be measured directly in the
tactoid images, lying perpendicular to the beam, giv-
ing an average value of d (001) �13 Å, which is in
good agreement to the value obtained by X-ray anal-
ysis, that is, d (001) �26 � 12 ¼ 14 Å.

Figure 4 TEM images of (A) PDMAEMAH/3% C14NH4-MMT, (B) DMAEMA/3% C12SB-MMT nanocomposites, and
schematic model of the MMT structure, showing the intercalation of polymer molecules in the silicate platelets.
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Figure 4(B) shows dispersed clay aggregates in the
polymer matrix, oriented at random. When MMT
concentration is high, uniform dispersion of clay in
the PDMAEMA matrix is difficult to achieve, lead-
ing to the formation of phase-separated morpholo-
gies. This is expected to affect the conductivity of
the systems, as the Naþ (from MMT) carriers are no
longer uniformly distributed throughout the mate-
rial. Moreover, the clay platelets may be acting as
physical barriers to the effective motion of carriers,
thus leading to a decrease in conductivity of the ions
below that of PDMAEMAH.

A broadening of one of the diffraction peaks (or
no discernible peaks) was observed, notwithstand-
ing, a MMT basal spacing of 12.2 Å appears, as
shown in Figure 5(A). However, the broad diffrac-
tion peaks (decrease in the intensity of the basal
reflections) show that the composite increases the
disorder of the nterlayer material due to the random
arrangement of the host molecules, and therefore,
this is an indication of a strong structural disorder
and inhomogeneous composition in the interlayer
spacing of samples.43 Such arrangement would
allow for an expansion of the interlayer spacing, as
in sample PDMAEMA/1% C12SB-MMT. Similar
observations have been recently reported in Ref. 26,
for MMT intercalated with neutral polar dodecyl-
amine in a molar ratio of 4 : 1, where a strongly in-
homogeneous structure (very broad diffraction peak
like that of Figure 6, for the sample PDMAEMA/1%
C12SB-MMT) is observed. This peak looks like an
interstratified mixture of a wide-scale basal spacing
of 26 Å. The same conclusion regarding the intensity
of the peaks and morphology of nanocomposites has
been reached (for more details see Ref 44).

CONCLUSIONS

PDMAEMAH/organo-MMT composites have been
prepared by solution casting. WAXD patterns and
TEM images reveal intercalation of the polymer in
the clay galleries when the concentration is 3%
(C14NHþ

4 -MMT or MMT). By addition of modified
MMT into the PDMAEMAH matrix, the ionic con-
ductivity of the composite polymer electrolyte

Figure 5 A: XR diffractogram of MMT and PDMAE-
MAH/3% -MMT and B: Magnification of the 2y region,
2�–15�.

Figure 6 XR diffractogram of the PDMAEMA/1%C12SB-
MMT sample, showing a strongly inhomogeneous
structure.
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increases with ionic content. The behavior of the
ionic conductivity and thermal properties can be
attributed to the interactions and morphology fea-
tures of the MMTs in the polymer matrix. One as-
pect of this study deserves further attention. The
properties of the intercalated nanocomposites here
prepared suggest that the laminate structure
imposes a strong anisotropy on the conductivity
properties and this is exclusively of the cationic
type. This result itself not only sheds light on the
understanding of ionic transport in the confined
spaces of galleries but also has innovative technolog-
ical implications in the production of new solid
electrolytes.

The authors wish to thank Dr V. Garibay of the Mexican Pe-
troleum Institute, P. Castillo and J. Rocha for their technical
advise, and to the facilities provided in UAM-I.
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