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ABSTRACT: There is the need for novel polyelectrolytes
with enhanced thermal and mechanical properties. In this
report, we have reinforced a polyelectrolyte based on pol-
y(dimethylaminoethylmethacrylate) (PDMAEM) using
nanoclay montmorillonite (MMT), and have studied the
thermal and viscoelastic properties. The protonated poly-
mer (PDMAEMH) was solution mixed with functionalized
MMT. Recognizing that the sort of surfactant may have a
profound influence on the physical properties of the poly-
mer matrix, neat MMT, and MMT treated with different
surfactants (sulfobetaine and ammonia) were used, and the
concentration of the nanofiller was varied from 1 to 5%w/
w. Strikingly, while PDMAEM exhibited a glass transition
temperature Tg of 32�C, the protonated PDMAEMH
showed Tg ¼ 155�C. Master curves obtained by applying
the time-temperature superposition principle showed that
PDMAEM behaved predominantly elastic (G00 < G0) sug-

gesting an entangled polymer melt. However, PDMAEMH
exhibited much longer relaxation times, a shift of ca. seven
decades in frequency, suggesting that ionic interactions
significantly hampered the molecular dynamics. X-ray scat-
tering demonstrated that lower concentration and sulfobe-
taine surfactant favored exfoliation whereas ammonia and
untreated MMT favored intercalation of the nanoplates.
Furthermore, an enhancement in dynamic storage shear
modulus was observed for the nanocomposites exhibiting
intercalated morphologies relative to those displaying an
exfoliated morphology. It is then suggested that the molec-
ular dynamics is further slowed down due to confinement
of the macromolecules between the nanoplates. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 123: 944–955, 2012
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INTRODUCTION

Nanofiller-reinforced polymer composites have been
the subject of wide research over the last years.
These nanocomposites usually exhibit superior phys-
ical properties with respect to those of their compos-
ite counterparts. The reinforcing material can have
one (nanotubes or nanofibres), two (nanosheets or
nanolayers), or three dimensions (nanoparticles) in
the nanometer range. Near the nanoscale filler, the
polymer matrix structure and properties differ

largely from those of the bulk. These effects are
enhanced in nanocomposites with respect to conven-
tional composites due to the high aspect surface-
volume of the reinforcing material. The final proper-
ties of the nanofiller-reinforced composites results
from a combination of the properties of the individ-
ual components and the interaction between them.
Among all the potential nanocomposite materials,

those based on layered silicates have been most
widely investigated for several reasons. In the first
place, the starting clay materials are easily available
and their intercalation chemistry has been studied
for a long time.1 In addition, this family of composite
materials frequently exhibits outstanding improve-
ments of physical properties when compared with
the matrix polymers alone or equivalent micro- and
macro-composite materials.2

Polymer-layered silicate nanocomposites are
prepared by incorporating finely dispersed layered
silicate materials in a polymer matrix.3 However, dis-
persion of the silicate layer stacking in the polymer
matrix is a difficult task further hindered by
the intrinsic incompatibility of hydrophilic layered
silicates and hydrophobic engineering plastics.
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Therefore, layered silicates first need to be organically
modified to produce polymer-compatible clays (orga-
noclay). In fact, it has been well-demonstrated that
the replacement of the inorganic exchange cations in
the cavities or ‘‘galleries’’ of the native clay silicate
structure by alkylammonium surfactants can compati-
bilize the surface chemistry of the clay and a hydro-
phobic polymer matrix.4

The most commonly used clay in the synthesis of
polymer nanocomposites is montmorillonite (MMT),
which is the major constituent of bentonite. The
crystal lattice of MMT consists of a two-dimensional,
� 1 nm thick layers constituted by two tetrahedral
sheets of silica (SiO2) fused to an edge-shaped octa-
hedral sheet of alumina where the octahedral site is
isomorphically substituted.5 The silica platelets can
achieve hundreds of nanometers in length and
width, with the majority within the range 200–400
nm after purification. A single gram of clay contains
over a million of individual nanosized platelets.6

Polymer electrolytes are materials that have
attracted great attention based on their vast applica-
tions in the development of solid state ionic. In a
solid-state battery, solid polymer electrolytes must
function both as electrolyte and as separator. There-
fore, they have to meet not only requirements such
as high ionic conductivity, wide electrochemical sta-
bility windows, easy processability, and lightweight,
but also acceptable thermal and mechanical proper-
ties.1,7–10 Intercalating polymer chains within layered
clay hosts can produce polymer electrolyte compo-
sites with considerable interfacial area. In recent
years, much work has been devoted to the melting
intercalation of modified clay into the poly(ethylene
oxide) (PEO) matrix.11–13 The relationship between
the thermal, electrical, and mechanical properties of
composite polymer electrolytes has been investigated
by Fan et al.11 Such clay/PEO composites exhibit
high conductivity and high cation transfer, and they
could be processed into flexible films. By adding a
small amount of MMT into PEO based electrolytes,
the ionic conductivity of the electrolyte nanocompo-
site was enhanced relative to the neat polymer.

Recently, a new class of polymer electrolytes based
on poly(dimethylaminoethylmethacrylate) (herein
named PDMAEM) has been recently synthesized
offering new routes for solid state ionics.
The PDMAEM matrix, its protonated polymer
(PDMAEMH), and the nanocomposites based on
PDMAEMH/MMT (PH/clay) have been studied
using dielectric spectroscopy and by high resolution
transmission electron microscopy (HRTEM) demon-
strating exfoliation and intercalation morphologies as
a function of the type of surfactant used.14 The results
suggested that the dielectric properties were a func-
tion of morphology and prompted us to further
investigate the influence of nanostructure on the ther-
mal and viscoelastic properties of these materials.
The aim of this work is to extend preceding stud-

ies on PDMAEM nanocomposites focusing on the
correlation between thermal properties, viscoelastic
behavior, and nanostructure. The influence of the
surfactants employed to prepare organoclay fillers
on the properties and structure of the final nano-
composite is discussed as compared to untreated
MMT.

EXPERIMENTAL

Sample preparation

Polymer synthesis

The synthesis and characterization of N,N-dimethyla-
minoethylmethacrylate (DMAEMA) has been previ-
ously described.14 DMAEMA was purified by vacuum
distillation (84�C/15 mmHg). Bulk polymerization
was carried out at 70�C for 20 h. 2,20-azobisisobutyro-
nitrile (AIBN) was used as radical initiator, and a
yield of 92% was achieved. The obtained polymer
[herein named PDMAEMA, see Fig. 1(a)] was dis-
solved in benzene and precipitated in cold hexane,
dried in a vacuum oven at 50�C for 24 h and stored
in a desiccator. PDMAEMA is an amorphous powder.

Protonated polymer preparation

PDMAEMA was dissolved in a 1M hydrochloric
acid (HCl) solution in 1 : 1M ratio at room tempera-
ture and under agitation. The solution was kept in
agitation overnight. The protonated polymer (herein
named PDMAEMAH) was then precipitated by
ethanol and washed with distilled water to get the
purified salt [see Fig. 1(b)]. PDMAEMAH was also
an amorphous powder.

Structure and molecular weight of
pristine polymer

PDMAEMA structure was verified by 1HNMR in 5–
10% weight solution of CDCl3 with tetramethylsilane

Figure 1 Chemical structure of poly (N,N-dimethylami-
noethylmethacrylate), PDMAEMA, and protonated
PDMAEMA (designated PDMAEMAH).
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(TMS) as an internal reference. d units (ppm) were
recorded. The protonated polymer was characterized
by 1HNMR (D2O) and FTIR (film) spectra. Elemental
analysis was used to verify the chemical composition
of the polymers. Light-scattering experiments were
performed at room temperature on a Dawn-F (Wyatt
Tech.) apparatus at k ¼ 6320 Å in methanol. The
refractive index increment (dn/dc) was calculated as
0.157 mL/g in the same solvent at the same
wavelength.

Organomontmorillonite (organo-MMT) preparation

MMT used in this work has an ionic interchanged
degree of 135 meq/100 g (Aldrich). Na-montmorillon-
ite is hydrophilic and not compatible with most or-
ganic molecules. The sodium cation in the interlayer
space of MMT can be exchanged with organic cations
to yield organophilic MMT (organo-MMT). For the
present purpose, a sulfobetaine zwitterion, dodecyldi-
methyl(3-sulfo-propyl) ammonium hydroxide inner
salt, (C12SB) was chosen as surfactant to increase the
interlayer distance and facilitate the intercalation of
PDMAEMAH. In a 1 L beaker were placed 24 mmol
of surfactant, 2.4 mL of concentrated hydrochloric
acid, and 200 mL of water, at 80�C. The surfactant so-
lution was added to a dispersion composed of 10 g of
MMT and 1000 mL of hot water, and then this mix-
ture was stirred vigorously for 2 h, yielding a pink
precipitate. The product was filtered, repeatedly
washed with distilled water to remove the excess
intercalative reagent, dried in a vacuum oven at 50�C
for 48 h and stored in a desiccator. Under these con-
ditions, C12SB shows a cationic behavior.

Nanocomposites preparation

Dispersions of 0.17 g of MMT or organo-MMT were
prepared in 10 mL of distilled water, and then a so-
lution composed of 3.17 g PDMAEMAH and 10 mL
of distilled water was slowly added. The mixture
was stirred for 48 h at room temperature. The
obtained nanocomposite was dried in a vacuum
oven at 40�C to obtain a constant weight. The nano-
composite with nanoclay (PH/MMT/C12SB) was
kept in a desiccator. The same preparation proce-
dure was used for the other nanocomposites compo-
sitions when using either surfactant.

Thermal properties

The thermal transitions were determined using a
MDSC2920 modulated differential scanning calorim-
eter manufactured by TA Instruments (Newcastle,
DE). Modulated DSC scans were carried out at 5�C/
min with amplitude of 6 0.5�C and a period of 40 s.
Two scans of similar samples were employed to

determine the glass transition temperature Tg for
each material. Decomposition temperatures were
determined using a Thermal Analysis Thermog-
ravimetry instrument TGA2950 linked to a Thermal
Analyzer 2100 microprocessor (TA Instruments,
Newcastle, DE). The TGA scans were carried out at
a heating rate of 10�C/min under 50 mL/min nitro-
gen flow.

Rheology

Small-strain oscillatory shear measurements were
carried out using the stress-controlled CVO rheome-
ter manufactured by Malvern Instruments (United
Kingdom). Parallel plate’s fixtures of 25 mm diame-
ter were used. Strain sweeps were carried out to
determine the linear viscoelastic (LVE) regime of
each sample. However, frequency sweeps, within
the LVE regime, were carried out over a range of
temperatures to apply the time-temperature super-
position principle. Thermal transitions were deter-
mined carrying out dynamic temperature scans in
shearing mode at 1 rad/s, applying a heating rate of
2�C/min.

X-ray scattering

Two-dimensional patterns were obtained using a
Micro Star rotating anode generator with copper
target manufactured by Bruker (Germany). Middle-
angle X-ray scattering (MAXS) patterns were
recorded using a Mar345 dtb image plate with a
resolution of 3450 � 3450 pixels, and 100 lm/pixel;
a sample-to-detector distance of 40 cm was used.
The patterns were analyzed using the X-ray scatter-
ing software POLARVR v2.6 (Stonybrook Technology
and Applied Research, NY).

RESULTS AND DISCUSSION

The structure of PDMAEMA and PDMAEMAH
(Fig. 1) was characterized by 1H-NMR; the results
are summarized in Table I. At around 3 ppm
appeared the proton of the ammonium group
together with (CH3)2N þ HA. The fast Fourier trans-
form infrared, FTIR, spectrum obtained from a film
cast from chloroform (CHCl3) showed the mmax in
2960 and 2926 (CAH saturated), 1720 (C¼¼O), 1456
(CH3A), 1400, 1290, 1176 (CAO ester group), and
1100 (CAO ether group) cm�1. However, elemental
analysis showed the following results: C 59.97%, H
9.60%, and N 8.83% calculated for C8H15NO2.2H2O,
C 59.70%, H 9.50%, and N 8.69%. The weight aver-
age molecular weight, �Mw determined in ethanol
(CH3OH) by light scattering, was 6.28 � 104 Da.
However, the FTIR spectrum of PDMAEMAH

showed the same mmax as PDMAEMA plus a strong
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resonance at 3406 y1640 cm�1, which was assigned
to H2O adsorbed and 2690 cm�1 assigned to the
ANþH(CH3)2 group. The elemental analysis of
PDMAEMAH showed: C 48.10%, H 9.38%, and N
6.54%, calculated for the repetitive unit C8H16NO2.2.1
H2O C 49.28%, H 9.29%, and N 7.18%.

Thermal properties

Relatively thick films, about 2 mm thick, of the poly-
mer and its nanocomposites were cast from aqueous

solutions. Figure 2 shows photographs of the films
under white light conditions. There can be seen that
the relatively thick films are optically transparent,
and there is no evidence for nanoclay agglomeration
suggesting good nanoclay dispersion within the
polymer matrix. It should be pointed out that the
optical micrographs do not demonstrate exfoliation
or intercalation in the nanocomposites. The micro-
graphs only suggest good dispersion of the nano-
clays in the polymer matrix because the nanocompo-
sites maintained optical transparency, as the neat
polymer. However, one of us has already reported
HRTEM demonstrating conclusively exfoliation and
intercalation in the nanocomposites, and the type of
nanostructure is dependent on the surfactant used to
treat the nanoclay, as will be further discussed
below.14

Thermogravimetric analysis data revealed that the
samples were hygroscopic; however there was a
clear influence of the nanoclay on the material’s hy-
groscopic properties. The humidity values for all
samples are reported in Table II. The amount of hu-
midity for the neat polymer was 16% g/g. However,
the level of humidity was reduced with the addition
of nanoclay. Note that the nanocomposite containing
3 wt % of MMT treated with sulfobetaine exhibited

TABLE I
Assignation of 1H NMR Signals of PDMAEMA and

PMAEMAH

PDMAEMA d (ppm) PDMAEMAH d (ppm)

0.907 and 1.159 0.997–1.136
(3H, 2s, ACH3) (3H, 2s, ACH3),
1.822–1.947 2.02
(2H, 3s, ACH2AC(CH3) (2H, 3s, ACH2AC(CH3)
2.284 2.942–3.022
(6H, s, (CH3)2AN) (6.7H, m, (CH3)2ANþ) þ H2O
2.566 3.57
(2H, s, ACH2AN) (2H, s, ACH2ANþ)
4.055 4.246
(2H, t, CH2AO) (2H, t, CH2AO)

Figure 2 Photographs of films prepared from PDMAEMA, PDMAEMAH, and their layered silicate nanocomposites.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the lowest level of humidity of 10 wt %. A possible
explanation of the anomalous moisture uptake in
our samples is associated to the immobilization of
water molecules on the surfaces of the hydrophilic
MMT clay layers. Pavlidou and Papaspyrides1 have
already pointed out that after a nanocomposite
is immersed in water, three processes may occur:
(1) sorption of water molecules on the sample surfa-
ces, (2) diffusion of water into the sample, and
(3) adsorption of water molecules on the hydrophilic
surfaces of nanoclay layers, where these molecules
become immobilized. Thus, when the concentration
of nanoclay was increased the water absorption
decreased due to the immobilization of water mole-
cules on the surfaces of the hydrophilic MMT clay
layers. Similar results were reported for polyamide
6,6 by Liu and Wu.15 In the case of the surfactant
C12SB, its high polarity would give rise to a higher
immobilization of water molecules. This would be
the reason why the amount of humidity is less at the
temperature recorded from TGA curves.

The decomposition temperatures, Td, determined
at 10% weight loss are listed in Table III and the
influence of nanoclay concentration on Td is shown
in Figure 3. Thermally stable polymers are sought
for applications in battery devices. Results show that
the sulfobetaine surfactant significantly enhanced
the thermal stability of the nanocomposites, in con-
trast to ammonia. Indeed, the decomposition tem-
perature when using C12SB as surfactant increased
over 100 and 56�C relative to the neat and proto-
nated polymers, respectively. Finally, note that neat
MMT also showed an increase in thermal stability
when compared to the neat polymer (P), that is the
decomposition temperature increased to Td ¼ 210�C.
In contrast, the decomposition temperature
decreased for PH/3MMT when compared with the
protonated polymer PH.

It is generally observed that the incorporation of
clay into a polymer matrix enhanced the thermal sta-
bility by acting as an insulator and mass transport
barrier to the volatile products generated during
decomposition, as well as by assisting in the forma-
tion of char after thermal decomposition.2 When
MMT is treated with an organic ammonium salt, the
original inorganic MMT becomes lipophilic and the
interlayer galleries obstruct the volatile gas pro-
duced by thermal decomposition. Moreover, from
the viewpoint of the thermal decomposition process,
thermal decomposition begins from the surface of
the nanocomposites. When the molecules at the

TABLE II
Pristine, Protonated Polymers, and the Layered Silicate

Nanocomposites

Sample Material
MMT
(wt %)

H2O
(wt %)

P PDMAEMA 0 16
PH PDMAEMAH 0 15
PH/3MMT PDMAEMAH/MMT 3 13
PH/MMT/1NH PH/MMT/C14NHþ

4 1 14
PH/MMT/3NH PH/MMT/C14NHþ

4 3 13
PH/MMT/5NH PH/MMT/C14NHþ

4 5 15
PH/MMT/1SB PH/MMT/C12SB 1 14
PH/MMT/3SB PH/MMT/C12SB 3 10
PH/MMT/5SB PH/MMT/C12SB 5 12

PDMAEMA, poly (N,Ndimethylaminoethylmethacry-
late); PDMAEMAH (protonated PDMAEMA), MMT,
montmorillonite; NH, ammonia; SB, sulphobetaine.

Figure 3 Onset of degradation temperature, Td,onset, as
determined by TGA as a function of concentration of
montmorillonite (MMT). Data also show the influence of
the sort of surfactant (ammonia, NH, or sulfobetaine, SB)
used. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

TABLE III
Thermal Properties of Pristine, Protonated Polymers, and

the Nanocomposites

Sample Tg,DSC (�C) Tg,DMA (�C) Td,onset (
�C)

P 32 35 173
PH 155 164 224
PH/3MMT 162 164 210
PH/MMT/1NH 163 – 231
PH/MMT/3NH 168 171 234
PH/MMT/5NH 160 – 228
PH/MMT/1SB 162 – 281
PH/MMT/3SB 158 152 285
PH/MMT/5SB 154 162 267

Glass transition temperatures determined by means of
MDSC, Tg,DSC, and from the temperature at maximum of
loss modulus G0, Tg,DMA. Degradation temperature,
Td,onset, as determined by TGA.
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surface of the nanocomposites decompose, the
organo-MMT content increases and the clay forms a
‘‘protection layer.’’ Therefore, PH/organo-MMT
nanocomposites can exhibit better thermal stability
than the protonated polymer, PH.

Due to the fact that untreated MMT favored interca-
lation of the nanoplates (see next section on X-ray scat-
tering results), it could be argued that after the early
stages of thermal decomposition the stacked silicate
layers could hold accumulated heat, acting as a heat
source to accelerate the decomposition process, in con-
junction with the heat flow supplied by the external
heat source, as suggested by Zhao et al.16 Moreover,
the clay itself can also catalyze the degradation of
polymer matrix. Thus, the clay may have two compet-
ing roles regarding the thermal stability of nanocom-
posites: (i) a barrier effect, which should improve the
thermal stability and (ii) a catalytic effect on the degra-
dation of the polymer matrix, which should decrease
the thermal stability. We suggest that the neat MMT
catalyzed the degradation of the PH matrix.

Table III also reports the glass transition tempera-
ture Tg for the materials as determined by MDSC
and confirmed by dynamic mechanical analysis
(DMA). The neat polymer showed a Tg of 32�C.
Strikingly, the protonated polymer exhibited a Tg of

155�C, an increase of over 120�C relative to the neat
polymer. However, incorporation of the nanoclay up
to 3 wt % further increased the Tg, some 10 to 15�C.
The influence of nanoclay concentration on Tg is
shown in Figure 4. Moreover, comparison of the Tg

values of the nanocomposites with 3 wt % of clay
with and without surfactants suggests that the use
of ammonia induces an additional increase of Tg of
� 6�C (see Table III).
At relatively low concentrations of organo-MMT

the nanometric secondary particles are easily exfoli-
ated and uniformly dispersed in the polymer matrix,
so that the exfoliation effect is relatively strong. In
this case, the chemical interaction and the nanometer
effect play key roles in obstructing the motion of
polymer segments resulting in a significant increase
in Tg.

2 It is assumed that ion-dipole interactions
might be the driving force for the immobilization of
the organic polymer chains lying flat on the layered
silicate. Therefore, a cationic surfactant can induce
interaction with the nanoplates thus stiffening the
molecular chains, slowing the molecular dynamics
and therefore increasing Tg.
However, we note that the sulfobetaine group in

the surfactant C12SB is an internal salt (i.e., its inter-
nal charges are neutralized), thus its interactions
must be weaker than a cationic surfactant. Therefore,
we suggest that C12SB tends to act as a plasticizer
for the polymer matrix and thus it induced a
decrease in Tg. This observation is in agreement
with results reported by Ke and Yongping,17 who
conducted thermal analysis on intercalated PET/o-
MMT nanocomposites. Those authors reported a
reduction of Tg in the composite compared to the
neat polymer matrix, which they attributed to the
plasticizing effect of o-MMT. Moreover, Fan et al.
showed that the glass transition involves the freez-
ing of large-scale molecular motion without a
change in structure. Indeed, they showed that Tg is
always lowered when adding modified MMTs.18

Figure 5 shows MDSC heating scans exhibiting
the influence of nanoclay concentration on Tg when
using sulfobetaine as surfactant. The results show a
slight reduction of Tg with concentration. Further-
more, at 5 wt % the transition became broader.
The glass transition temperatures were further

verified by means of DMA. Figure 6 shows a plot of
mechanical damping Tan d (¼G00/G0) (where G0 is
the storage shear modulus and G00 the viscous shear
modulus) as a function of temperature for (a)
PDMAEMA, (b) PDMAEMAH, (c) PH/MMT/C12SB
3 wt %, (d) PH/MMT/C12SB 5 wt %, (e) PH/MMT
3 wt %, and (f) PH/MMT/C14NHþ

4 3 wt %. In
dynamic mechanical temperature scans the glass
transition temperature is not uniquely defined but is
dependent of the frequency applied and it is also
conventionally determined by either the onset in the

Figure 4 Modulated DSC heating scans of neat and pro-
tonated polymers and their layered silicate nanocompo-
sites. (a) PDMAEMA, (b) PDMAEMAH, (c) PH/MMT 3
wt %, (d) PH/MMT/C12SB 3 wt %, and (e) PH/MMT/
C14NHþ

4 3 wt %. Reversible heat flow obtained from sec-
ond heating scan. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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storage modulus G0 (Tg, G0), the temperature at maxi-
mum in the loss modulus G00 (Tg, G00), or the tempera-
ture at maximum in Tan d (Tg, Tand). The Tg values
follow the order Tg,DSC ¼ Tg, G0 < Tg, G00 < Tg, Tand.

19

Table III lists the Tg values determined by DMA
using the criteria of G00. The results of Figure 6
shows that the temperature at Tan dmax for the poly-
mer precursor PDMAEMA is � 50�C whereas for
the protonated polymer PDMAEMAH is � 170�C,
an increase of about 120�C, in agreement with the
MDSC results (see Fig. 4). It is also noteworthy that
the nanocomposite with the ammonia-treated clay
exhibits the highest temperature at Tan dmax of all
the series, in accordance with the above reported
MDSC measurements. This behavior should be a
consequence of the intercalated morphology found
for PH/MMT/C14NHþ

4 3 wt % in contrast to the
exfoliated one in case of PH/MMT/C12SB 3 wt %,
as will be discussed below. The results also show
that the maximum values of Tan d for the proto-
nated polymer, the SB-treated MMT and the neat
MMT nanocomposites are smaller than for the pre-
cursor polymer indicating that there is less dissipa-
tion of energy in those materials. However, the
ammonia-treated MMT showed the highest Tan d
values indicating the largest dissipation of energy
among all the nanocomposites.

The increase in Tg upon addition of nanoclay sug-
gests that there is some reduction in the mobility of
the polymer chains. The origin of this hindered mo-
bility could be twofold: first, it is suggested that the
silicate layers interact with the polymer matrix
through the ionic group. The interactions of the
intercalated polymer chains with the host species
would greatly reduce their rotational and transla-
tional mobility. The situation is similar to that in a
reticulated polymer, where restrictions on its mobil-
ity increase the glass transition temperature (Tg).

1 A
similar increase is anticipated to occur in a nano-
composite due to the increase of the energy thresh-
old needed for the transition. It should be borne in
mind that the increase in Tg is an important prop-
erty of these materials that enables them to be
employed at higher temperatures compared with the
original polymer and thus extends their field of
application.1 Second, the molecular segment motion
of the polymer out of the galleries of clay may be
somewhat confined by the intercalated and exfoli-
ated silicate layers, as suggested by Guo et al.20

Figure 6 also shows that the samples with higher
concentration of organo-MMT exhibited a slight
reduction in Tg. This may be due to increased aggre-
gation of organo-MMT in the composites as will be
shown by the X-ray scattering results reported in
next section.

Figure 5 Modulated DSC heating scans of PDMAEMH
layered silicate nanocomposites using sulfobetaine surfac-
tant (PH/MMT/C12SB). Nanoclay concentration of (a) 1,
(b) 3, and (c) 5 wt %. Reversible heat flow obtained from
second heating scan. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 6 Mechanical damping Tan d ( ¼ G00/G0) as a
function of temperature for (a) PDMAEMA, (b) PDMAE-
MAH, (c) PH/MMT/C12SB 3 wt %, (d) PH/MMT/C12SB 5
wt %, (e) PH/MMT 3 wt %, and (f) PH/MMT/C14NHþ

4 3
wt %. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Nanostructure via MAXS

Figure 7 shows the MAXS patterns of the (a) neat
and (b) protonated polymer; whereas the corre-
sponding azimuthally averaged intensity scans are
shown in Figure 7(c). Isotropic rings are observed in
Figures 7(a,b) suggesting that there is no preferential
molecular orientation. Moreover, isotropic scattering

was always found for the series of nanocomposites
investigated.
PDMAEMA exhibits two well-defined amorphous

halos located at 2y ¼ 7.3� and 17.4�. In addition, a
weak maximum can be seen at 2y ¼ 10.9�. The peaks
are assigned in Figure 7(c) in accord with the litera-
ture found for other poly(n-alkylmethacrylates).21–24

The diffraction curve of PDMAEMA resembles those
observed for other amorphous (atactic) poly(metha-
crylates), especially in the case of long side chain
groups such as a-poly(n-butylmethacrylate) (a-
PBMA) and poly(n-hexylmethacrylate) (a-PHMA).21

In the poly(methacrylate) series, peak I is usually
associated to the mean van der Walls distance of not
chemically bound atoms, with a corresponding
‘‘Bragg’’ spacing of dI ¼ 0.5 nm. In case of
PDMAEMA, we find dI ¼ 0.51 nm. However, the
presence of peak III at small scattering angles has
been related to intersegmental connectivity of the
side-chains. The structural model proposed for
poly(n-alkylmethacrylates) consists in local layers of
main chain segments parallel to each other and sepa-
rated by layers of side chains.21 In this scenario,
peak III would arise as a consequence of the coher-
ence length between side-chain domains. We find
dIII ¼ 1.21 nm for PDMAEMA, in good agreement
with the values reported for a-PBMA and a-PHMA
(dIII ¼ 1.2–1.4 nm).21–24 Finally, the weak maxima
observed in the diffraction pattern of PDMAEMA at
2y ¼ 10.9� (d ¼ 0.81 nm) [see Fig. 7(c)] coincides in
position and intensity with peak II of long side-chain
poly(alkylmethacrylates) (dII ¼ 0.80 nm). This peak
has been associated to an intrasegmental distance
between side chains.
The diffraction curve of the protonated polymer

[trace ii in Fig. 7(c)] mainly differs from that of the
pristine material in a shift of peak III towards
smaller scattering angles. The ‘‘Bragg’’ spacings for
peaks I and III (peak II is here difficult to resolve)
are now: dI ¼ 0.54 nm and dIII ¼ 1.43 nm. Hence, a
significant increase of the dIII spacing is observed
upon protonation. Previous published work in
poly(n-alkylmethacrylates) show that dIII increases
with increasing side-chain length, due to the fact
that the coherent length between side-chain layers
increases. In this case, the increase of dIII for the pro-
tonated material could be associated to the larger
size of the side-group.
Figure 8 shows MAXS patterns of PH/MMT/

C14NHþ
4 nanocomposites containing (a) 1 and (b) 3

wt % nanoclay. As stated above, the patterns exhibit
concentric rings indicating the absence of preferred
molecular orientation in the nanocomposites. It can
be seen that the nanocomposite containing 1 wt %
nanoclay [Fig. 8(a)] shows only amorphous halos,
which correspond to the polymer matrix. The loss of
periodic spatial registry of the clay nanolayers

Figure 7 MAXS patterns of (a) PDMAEMA and (b) pro-
tonated PDMAEMA (PDMAEMAH). (c) Azimuthally aver-
aged intensity traces of (i) PDMAEMA and (ii)
PDMAEMAH. CuKa radiation. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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suggests that the nanoclay is exfoliated in the poly-
mer matrix. However, the nanocomposite containing
3 wt % nanoclay [Fig. 8(b)] shows crystalline reflec-
tions in addition to the polymer matrix amorphous
halos. The internal crystalline reflections are associ-
ated to the spatial registry of the nanoplates whereas
the outer crystalline reflection corresponds to the
internal crystalline structure of MMT.

The azimuthally integrated intensity traces of the
nanocomposites containing 1 wt % and 3 wt % of
MMT are shown in Figures 9(a,b), respectively. The
diffraction curves of the protonated matrix (PDMAE-
MAH) and the neat MMT material are also included
in Figure 9(a) for the sake of comparison. The Bragg
spacings associated to the main peaks are included
in Figure 9 for the sake of clarity. A strong peak at
2y ¼ 7.1� characterizes the gallery spacing of MMT
(1.24 nm), while the maximum at 2y ¼ 14.2� corre-
sponds to the gallery spacing second order reflection
(0.62 nm). The peak at 2y ¼ 19.7� (0.45 nm) is associ-
ated to the internal crystal structure of the clay. The
diffraction curves of the nanocomposites with 1 wt
% of nanoclay are very similar for the two surfac-
tants employed: two broad amorphous halos charac-
terize the polymer matrix while a small peak at low

scattering angles can be associated to the MMT gal-
lery spacing (2.2 nm). The larger interlayer spacing
with respect to neat MMT suggests the incorporation
of polymer chains between clay plates. However, the
weak intensity of these low-angle maxima (in case of
ammonia surfactant the peak is only discernible as a
shoulder) suggests that the majority of the nanoclay
is dispersed in the polymer matrix and only a lim-
ited amount is forming part of an intercalated

Figure 9 Azimuthally integrated MAXS intensity traces
of the PDMAEMAH/MMT nanocomposites containing:
(a) 1 wt % of MMT treated with ammonia or sulfobetaine
surfactant). Intensity traces for the polymer matrix
(PDMAEMAH) and the nanoclay (MMT) are also included
for comparison. (b) 3 wt % of MMT, ammonia-treated
MMT or sulfobetaine-treated MMT. Curves are shifted for
the sake of clarity. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 8 MAXS patterns of PH/MMT/C14NHþ
4 nano-

composites containing (a) 1 and (b) 3 wt % nanoclay.
CuKa radiation.
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morphology. Such structure is preserved for larger
amounts of MMT up to 3% only in case that the sul-
fobetaine-based surfactant is employed [see Fig.
9(b)]. In contrast, the nanocomposite with 3 wt % of
MMT treated with ammonia exhibits a marked inter-
calated character. Indeed, the peak associated with
the gallery spacing of the nanoclay is here clearly
defined in the diffraction curve and even exhibits a
second order maximum. A similar diffraction curve
is found for the nanocomposite prepared without
surfactant [see Fig. 9(b)]. It should be noted that the
clay gallery spacing is larger for the ammonia-
treated clay than for the nanocomposite without sur-
factant. In addition, for both materials, the relative
intensity of the amorphous halo located at 2y ¼ 6.2�

with respect to the one at higher diffraction angle
diminishes. As mentioned before, the amorphous
halo at low diffraction angle has been associated to
the coherence length between side-chain domains.
Intercalation of the polymer material between the
nanoclay plates would necessarily perturb the perio-

dicity of these domains, of the order of 1 nm. There-
fore, the intensity of the associated amorphous halo
would decrease.
As suggested by the results presented above,

increasing the concentration of nanoclay (neat and
surfactant treated) further enhances polymer interca-
lation. Figure 10 shows the MAXS diffraction pattern
(and corresponding azimuthally averaged intensity
trace) of a nanocomposite containing 5 wt % MMT.
The 001 reflection (2y ¼ 3.98�) corresponding to the
gallery periodicity is greatly enhanced and even its
second order 002 is clearly appreciated at 2y ¼ 7.91�.
The d-spacing correspond to 2.22 nm and 1.17 nm,
respectively.
In summary, the sulfobetaine surfactant is found

to promote exfoliation of the clay layered structure,
in agreement with recent transmission electron mi-
croscopy observations.14 This is also the case when
low concentrations of ammonia treated clays are
incorporated in the polymer matrix. However, for
larger clay concentrations (>3 wt %), an intercalated
nanostructure is predominant, regardless of the type
of surfactant used. It is noteworthy that intercalated
morphologies exhibited higher Tg values than exfoli-
ated ones (see on Table III the Tg values of PH/
3MMT and PH/MMT/3NH, intercalated structures,
with respect to PH/MMT/3SB, exfoliated morphol-
ogy), in agreement with our previous contention
that intercalated polymer chains would exhibit
hindered mobility.

Viscoelastic properties

The rheological behavior of the materials was inves-
tigated in the LVE regime. Applying strain sweeps
at controlled frequency of 1 rad/s, we determined
that the nanocomposites are linearly viscoelastic up
to strains of � 10%.
The dynamic moduli within the LVE regime were

characterized by frequency sweeps carried out in a
range of temperatures from 70 to 190�C for the neat
polymer, and between 150 and 230�C for the proto-
nated polymer and the nanocomposites. Logarithmic
plots of G0(x) and G00(x) taken at temperature
T were superimposed on those for temperature Tref

by a translation of the empirical shift factors log aT
along the frequency axis. No shifts along the modu-
lus axis were required. Time-temperature reduction
such as this can be expressed by25

G#ðx;TÞ ¼ G#ðx � aT;TrefÞ (1)

where the symbol (#) stands for either one prime (0)
or two primes (00). In this study, we chose a reference
temperature, Tref of 170

�C.
The results showed that the neat polymer and

the nanocomposites obeyed the time-temperature

Figure 10 (a) MAXS pattern of PH/MMT nanocomposite
containing 5 wt % nanoclay. (b) Azimuthally integrated
MAXS intensity traces of PH/MMT (trace i) and that cor-
responding to MMT (trace ii). Curves are shifted for the
sake of clarity. CuKa radiation. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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superposition principle (TTS). To emphasize the
spectacular change in the thermal properties
between the precursor polymer and the nanocompo-
sites, Figure 11 shows, as an example, the master
curves covering 15 decades in frequency of (a)
PDMAEMA and (b) the nanocomposite containing 3
wt % sulfobetaine, PH/MMT/C12SB. The results
show that the precursor PDMAEMA exhibits the
rubber-like regime (G0 > G00), extending over seven
decades in frequency. Increasing the frequency there
is the transition regime (G0–G00) followed by the
glass-like regime (G0 > G00). The relatively low glass

transition temperature of this material indicates that
at room temperature it behaves as a soft sticky rub-
ber. It can be seen that the nanocomposite PH/
MMT/C12SB also exhibits the rubber-like, transition
and glass-like regimes. However, the main differ-
ence is that the master curve is shifted by about
seven decades to much shorter frequencies (i.e.,
much longer relaxation times). This result is consist-
ent with the significantly higher glass transition tem-
perature exhibited by the nanocomposites.
Figure 12 shows dynamic shear moduli master

curves as a function of strain rate for the nanocom-
posites containing 3 wt % nanoclay: (a) MMT, (b)
PH/MMT/C14NHþ

4 , and (c) PH/MMT/C12SB. The
results show that the dynamic moduli in the rubber-
like regime are the highest for the untreated MMT
[Fig. 12(a)] and the lowest for the SB-treated MMT
[Fig. 12(c)]. These results are consistent with the
nanostructure exhibited by these nanocomposites
[see Fig. 9(b)]. The nanocomposite prepared with
untreated MMT shows an intercalated morphology
with the smallest layer spacing of the three nano-
composites. However, the SB-treated MMT exhibits
the largest gallery spacing, and mostly exfoliated
morphology. In other words, the molecular chains in
the PH/MMT nanocomposite are more confined
than the other two nanocomposites thus slowing
down the macromolecular dynamics and giving rise
to the higher rubber-like modulus.

CONCLUSIONS

Protonated N,N-dimethylaminoethylmethacrylate
(PDMAEMAH)/organo-MMT nanocomposites have
been prepared by solution casting technique. The
protonated polymer exhibited an increase in glass
transition temperature Tg of over 120�C relative to
the neat polymer probably due to ionic interactions.
Addition of nanoclay further increased Tg. The con-
centration as well as the type of surfactant used to
treat the MMT influenced the nanostructure. Lower
concentration and sulfobetaine surfactant favored
exfoliation whereas ammonia and untreated MMT
favored intercalation of the nanoplates. The modifi-
cation of the polymer chain dynamics afforded by
the state of confinement between the nanoplates
slowed down the macromolecular dynamics as evi-
denced by changes in the rheological rubber-like
modulus.
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Figure 11 Shear moduli master curves as a function of
strain rate of (a) PDMAEMA and (b) PH/MMT/C12SB 3
wt %. Storage G0 (filled symbols) and viscous G00 (open
symbols) dynamic shear moduli. Tref ¼ 170�C. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 12 Shear moduli master curves as a function of
strain rate of nanocomposites containing 3 wt % nanoclay.
(a) MMT, (b) PH/MMT/C14NHþ

4 , and (c) PH/MMT/
C12SB. Storage G0 (filled symbols) and viscous G00 (open
symbols) dynamic shear moduli. Tref ¼ 170�C. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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