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Abstract

We report dielectric relaxation behavior in blends of sodium montmorillonite particles (MM) with a series of polymers (i.e., polyisoprene
(PI), poly(propylene glycol) (PPG), and poly(butylene oxide) (PBO)). These polymers are known to exhibit the dielectric normal mode due
to the fluctuation of the end-to-end vector as well as the segmental mode due to local, segmental fluctuations. The data indicate that all blend
systems exhibit an additional relaxation process at a temperature region below the glass transition temperature, T, of the pure polymer com-
ponent. The intensity of the new relaxation process increases with the content of MM and hence the relaxation process can be assigned to the
segmental motion of the chains intercalated in the interlayers of MM. On the other hand, the relaxation time of the normal mode reflecting the
fluctuation of the end-to-end vector is the same as the neat polymers but the intensity of the relaxation process increases due to enhancement of

the internal electric field by MM.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the 1960s it has been known that various water-
soluble polymers can intercalate into the interlayers, or van
der Waals galleries, of crystalline aluminosilicates (i.e., clay)
[1]. In the past decade, it was found that intercalation of
hydrophobic polymers also occurs in mixtures of clays and
molten polymers [2—5], and has been investigated extensively
in industries for reinforcement of polymer/clay composites
[6,7]. Among various clays, montmorillonite (MM) typically
exhibits intercalation by organic compounds. For example,
non-polar polymers such as polystyrene and polysiloxane
can be accommodated between the interlayers of MM. Chain
dynamics of polymers confined in the gallery spaces of clays
has been studied by various methods including nuclear
magnetic resonance (NMR) [8,9], dielectric relaxation
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spectroscopy (DRS) [10], rheology [11,12], gas permeation
[13], and computer simulation [14]. Anastasiadis et al. [10]
reported the dielectric relaxation in clay/polysiloxane systems
and found that the polymer chains located in the galleries
move faster than the bulk, pure polymer. The results were
explained in terms of the effects of confinement of the chains
in narrow spaces [15—17]. The structure of the suspensions of
organically modified MM in toluene and acetone was investi-
gated by Vaia et al. [18]. They found that when the content of
the MM is low (5 wt%), the MM crystal is dispersed in a form
of the monolayer or stacks of several layers.

The aim of this paper is to study the effect of intercalation
on the local and global motions of polymer chains in polymer/
MM systems with relatively low content of MM. To date
many studies have focused on polymer/MM nanocomposites
that have used montmorillonite in which the sodium ions
on the surface of the gallery spaces are replaced by organo-
ammonium counterions. This type of modification allows
for ease of intercalation by hydrophobic organic molecules
such as polymers. However, it has also been reported that poly-
mers (i.e., poly(ethylene oxide)) can also intercalate unmodi-
fied sodium MM [19—21]. Lin et al. [19] have reported that
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poly(propylene oxide) bearing amine groups at the chain ends
can intercalate the gallery spacing of unmodified sodium MM.
Yoshimoto et al. [21] have also reported the intercalation of
unmodified sodium MM by polymer chains. Moreover, it has
also been shown that unmodified sodium MM can be easily
intercalated by low molecular weight organic compounds to
form nanocomposites [22]. We have chosen cis-polyisoprene
(PD), poly(propylene glycol) (PPG), and poly(butylene oxide)
(PBO) as the polymer components in our composite systems.
Although it is unlikely that these polymers can lead to com-
pletely exfoliated nanocomposites, it is likely that they form
significantly intercalated systems as demonstrated in the liter-
ature. All of these polymers posses type-A dipoles aligned par-
allel to the chain contour as well as type-B dipoles aligned
perpendicular to the chain contour [23,24]. As is well known,
polymers having type-A dipoles exhibit the dielectric normal
mode relaxation, which reflects the fluctuation of the end-to-
end vector, but those having type-B dipoles exhibit the dielec-
tric segmental mode relaxation, which reflects local motions
[23]. The dielectric relaxation behavior of bulk PI [23,25—
27], PPG [28—30], and PBO [31] has been reported by several
scientists. The objective of the present study is to examine how
the normal and segmental modes of these polymer chains are
affected by the presence of MM particles.

2. Experimental section
2.1. Materials

Pure sodium montmorillonite (MM) (commercial name:
Kunipia-F) was supplied by Kunimine Industries Co. (Tokyo,
Japan), and has the structure Na,,3Sig(Al;¢;3Mg5/3)O20(OH)4.
cis-Polyisoprene (PI) was synthesized by anionic polymeriza-
tion in heptane with sec-butyllithium. The average molecular
weight (M,,) and the polydispersity (M, /M,) were determined
by gel permeation chromatography (Tosoh LS-8000, Tokyo,
Japan) equipped with a light scattering detector and were
found to be 14,900 and 1.08, respectively. Poly(propylene
glycol) (PPG) with M, =2900 and M,,/M,, = 1.1 was obtained
from Wako Chemicals Inc. (Tokyo, Japan). According to
Hayakawa and Adachi [28], the PPG has a bifurcated structure
(i.e., the direction of the type-A dipoles is inverted at the
center of the molecules). Poly(butylene oxide) (PBO) was syn-
thesized by polymerization of butylene oxide in tetrahydrofu-
ran (THF) with potassium hydride [31]. The PBO was
fractionated by using THF and methanol, and the fraction
with M, =4500 and M,/M,=1.21 was employed. PI and
MM were mixed in hexane solutions and the hexane was re-
moved under vacuum. Due to the low viscosity of the PPG
and PBO, the MM/PPG and MM/PBO blends were prepared
by direct mixing.

2.2. Dielectric relaxation spectroscopy
Dielectric measurements were carried out on an RLC

Digibridge (Quadtech 1693, Maynard, USA) in the frequency
range of 10 Hz and 2 MHz and over a temperature range from

80 to 400 K. A guarded capacitance cell was used for the
measurements on viscous liquids and has been previously
reported [27].

3. Results and discussion
3.1. MM/PI system

Fig. 1(A—B) shows the temperature dependence of ¢ and
¢” at 0.1, 1, and 10 kHz, respectively. Three loss maxima
can be seen in Fig. 1B and the corresponding dispersions of
¢" are shown in Fig. 1A. These relaxation processes are termed
as o, o, and o’ from the high temperature side. The ¢’ curves
of MM/PI(10/90) and PI are compared at 1 kHz in Fig. 2. The
high and low temperature ¢’ peaks of pure PI are assigned to
the normal mode (a,) and segmental mode (), respectively
[23]. Since these peak temperatures agree with the loss peak
temperatures for pure PI, o, and oy processes are assigned to
the normal mode and segmental mode, respectively. However,
the intensities of o, and oy processes are much higher than
those of the pure PI, which will be addressed later.

The o process observed in the composite occurs at
approximately 190 K, which is below the glass transition tem-
perature, T,, of pure PI (200 K), and is not seen in pure PI.
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Fig. 1. Temperature dependence of ¢ (A) and ¢’ (B) for MM/PI(10/90).
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Fig. 2. Temperature dependence of ¢’ for MM/PI(10/90) compared to pure PL

In order to assign the mechanism of this relaxation process, the
relaxation behavior of MM/PI with different MM content,
namely MM/PI(5/95), was examined. By examining Cole—
Cole plots, it was found that the relaxation strength Ae for
the o’ process is proportional to the content of MM, which in-
dicates that the o’ process is due to motions of the PI adsorbed
to the MM. The shorter relaxation time for the o process
compared to the segmental mode of pure PI can be explained
in terms of the effect of confinement as reported by Anastasia-
dis et al. [10]. The o will be discussed in further detail later.

Fig. 3(A—C) shows the frequency dependence of ¢’ for the
o, o, and o, processes, respectively. From the Cole—Cole
plots, the relaxation strengths Ae were determined. The Ae’s
for the ay', o, and o, processes of the MM/PI(10/90) sample
were 0.22, 0.33, and 1.6, respectively, and those of the MM/
PI(5/95) sample were 0.085, 0.24, 0.70, respectively. The error
in the determination of Ae was approximately +30%. From
these data, it is apparent that the relaxation strengths for the
o, and o, processes are approximately proportional to the
content of the clay.

Fig. 4 shows Arrhenius plots for the loss maximum fre-
quencies, f,, for the o, o, and a, processes of MM/PI(10/
90) and MM/PI(5/95). The o and o, processes are shown to
exhibit the Vogel—Fulcher type behavior [32,33], indicating
a cooperative relaxation behavior; however, the Arrhenius
plot for the o process is linear and results in an activation
energy of 50.1 kJ mol . The plots for the systems containing
5% and 10% clay coincide well, indicating that the relaxation
times for all processes are independent of the content of MM.

3.2. MM/PPG system

Fig. 5(A—D) shows the temperature dependence of ¢ and
" for MM/PPG(10/90) and MM/PPG(20/80). Three loss (&)
peaks are observed as in the case for the MM/PI system.
Fig. 6 compares the temperature dependence of ¢’ for MM/
PPG(10/90) with that of pure PPG. The two peaks seen in
pure PPG have been assigned to the normal mode, o,, and
the local segmental mode, o, in the order of decreasing
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Fig. 3. Frequency dependence of ¢’ for MM/PI(10/90) in the (A) o relaxation
region, (B) oy relaxation region, and (C) o, relaxation region.

temperature [28]. In the &’ curve of MM/PPG(10/90), the
loss peaks at the highest temperature and that of the middle
temperature occur at the same temperatures as those for pure
PPG and therefore can be assigned to the o, and o processes,
respectively. The ¢” peak at the lowest temperature, termed o/,
is not seen in the pure PPG and occurs below the T, of PPG
(200 K). Comparing the &¢” curves of MM/PPG(10/90) and
MM/PPG(20/80), we see that the temperatures of the loss
maxima are independent of the MM content. The intensity
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Fig. 4. Arrhenius plots for the o, o, and a’ processes for MM/PI composites

of 10 and 5 wt.% clay content.

of the a process for MM/PPG(20/80) is about two times
higher than that of MM/PPG(10/90), indicating that the o/
process is due to the relaxation process associated with
motions of PPG chains confined in the gallery spaces of the

MM. On the other hand the

intensities of o, and o do not

change much with an increase in the MM content. However,
in Fig. 6 it can be seen that the ¢’ of the MM/PPG(10/90)
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Fig. 6. Temperature dependence of ¢’ for MM/PPG(10/90) compared to pure

PPG.

blend is much higher than that of pure PPG, which is similar

to that observed for the MM/PI system.

The frequency dependence of ¢” in the o relaxation region
of MM/PPG(20/80) blend is shown in Fig. 7, which shows
a single relaxation peak. As the temperature is increased, there
is a shift in the peak maximum to higher frequencies. Fig. 8
shows the corresponding Arrhenius plot for the o process,
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Fig. 5. Dielectric constant, ¢, and loss, ¢’, for the MM/PPG composite systems: (A) ¢ of MM/PPG(10/90), (B) ¢” of MM/PPG(10/90), (C) ¢ of MM/PPG(20/80)

and (D) ¢ of MM/PPG(20/80).
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Fig. 8. Arrhenius plot for the o' process for the MM/PPG(20/80) composite.

which conforms to a straight line, and has an activation energy
of 56 kJ mol~'. As observed for the MM/PI system, the mech-
anism of molecular motions for the o process is different
from the segmental mode of bulk polymers which conforms
to the Vogel—Fulcher equation [32,33].

Fig. 9(A—B) shows the frequency dependence of ¢’ in the
region of the (a) o, and (b) o, processes. The shape of the loss
curves is similar to those of pure PPG but the intensities are
several times higher than pure PPG. From Cole—Cole plots,
seen as insets in Figs. 7 and 9, the relaxation strengths for
all three processes were determined to be 2.8 £0.3 (ay),
12.0 £ 3 (o), and 3.0 =1 (o).

3.3. MM/PBO system

Fig. 10 shows the temperature dependence of ¢ and ¢&” for
MM/PBO(10/90). As observed for MM/PI and MM/PPG
systems, three loss peaks can be seen in the plots of ¢’ ver-
sus temperature. Fig. 11 compares the &’ curves of MM/
PBO(10/90) and pure PBO. The peak at the highest tempera-
ture and the middle temperature can be assigned to the normal
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Fig. 9. Frequency dependence of ¢” for MM/PPG(20/80) in the region of the
(A) o4 and (B) o, relaxation processes. Inset indicates the Cole—Cole plots
at (A) 220.4 K and (B) 231.7 K.

mode (o) and segmental mode (o), respectively [31]. Again,
this behavior is very similar to that observed for the MM/PI
and MM/PPG blend systems and the loss peaks are labeled
as o, o, and o from the high temperature side. The small
shoulder seen on the low temperature side of the segmental
mode is the o process and occurs below the T, of pure
PBO (193 K). This behavior is very similar to the MM/PI
and MM/PPG systems. As also observed for the MM/PI and
MM/PPG systems, the intensities of o, and o processes are
higher than those of pure PBO. For the sake of comparison,
the ¢’ curves for MM/PI(10/90) and MM/PPG(10/90) are
also plotted in Fig. 11. It is can be seen that the o relaxations
of the three systems are located in the same temperature
region. The peak temperatures of the o, relaxation at 1 kHz
are 198 =1, 190 £3, and 188 £3 K for the MM/PI, MM/
PPG, and MM/PBO systems, respectively. These temperatures
are approximately 30 K below the o relaxation temperatures
of the pure polymer samples. This indicates that the segmental
motions are accelerated by intercalation as pointed out above.
It is also seen that the intensities of the ¢’ of the three systems
are quite different, reflecting the dipole moments of PI, PPG,
and PBO. This ensures that the o relaxation is not due to the
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MM particles since the contents of the MM compared here are
the same.

Fig. 12(A—B) shows the frequency dependence of ¢” in (a)
the region of the o process and (b) in the region of the

0.20 . . . . .
v
A
v
v
0.15 v ® 186
0193
Ve v 201
v
vV
% 0104 o v"Vv,
o Vv
o~ 00 v
00050000 v
o 00 000g,, "0 Oooo v'vvva'
[ ]
0.05 ®ee, 00 o
® 000s0 222 ce ®
¢
[ ]
0.00 : : : : .
10! 107 10° 10* 10° 10° 107
Frequency (Hz)
1.0 : : : : .
B
0.8 0%0o
o o v'v o ® 201
°© v Yoy Y 0210
0.6 ° v' Yy v v 222
'vzvvvvo vv v v v 232
w Vivy Q v
- vy 8Vvv vv o
0.4 o v v
le) v
o Yy Vo
°® %5 Vv Yo
0.2 .... Ooo v'Vvv
®0000 o %000 0o v
[ X X'} O 00
®0 000ee0 ooooogg
0.0 + : : : : .
10 10? 10° 10* 10° 100 10

Frequency (Hz)

Fig. 12. Frequency dependence of ¢’ for MM/PBO(10/90) in (A) the region of
the o process and (B) the region covering the o to o, relaxation processes.

overlapping of o to o, region. In Fig. 12A, we see that the
o process exhibits a broad relaxation spectrum. Comparing
the broadness of the o’ loss peaks among the three MM/poly-
mer systems, we conclude that the distribution of relaxation
times for the segmental motions of polymers confined in nar-
row van der Waals galleries depends strongly on the structure
and size of the monomeric units.

3.4. Relaxation mechanism of intercalated chains

In the above sections it has been found that all three blend
systems examined exhibit the o’ process just below the T, of
the corresponding bulk polymers. This suggests that the o/
process generally occurs irrespective of the chemical structure
and intermolecular interactions of the polymers. Anastasiadis
et al. [10] reported the dielectric relaxation in clay/polyme-
thylphenylsiloxane systems with the polymer concentration
ranging from 15 to 30 wt%, where the clays were hectorite
and montmorillonite modified with dimethyldioctadecyl
ammonium. Due to the low content of the polymer, it was
assumed that a majority of the polymer chains were inter-
calated. It was reported that the segmental relaxation time of
the polysiloxane confined in the clay galleries was much
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shorter than for the bulk, pure polymer and also that the tem-
perature dependence was weaker [10]. The shortened relaxa-
tion times of the confined chains were compared to that of
simple molecules confined in pores of materials such as zeo-
lites [15—17] and explained as a decrease in the cooperative
nature of the segmental motions. The a processes observed
in the present study show very similar results.

In the present study, sodium MM (not modified by organic
compounds) was used. The similarity in the dielectric relaxa-
tion behavior of the materials in this study and those studied by
Anastasiadis et al. [10] indicates that the organo-modification
of the MM is not the origin of the faster relaxation time of
the o processes. In light of these results it is necessary to clar-
ify how segmental motions occur in a confined geometry.
Several authors have proposed models to describe the local
motions of polymer chains [34—41], including the crankshaft
[34,35,40,41], or three-bond motions [38,39]. The crankshaft-
like motion is accompanied by the internal rotation around two
bonds; hence the activation energy is twice that of the barrier
height for internal rotation. It is expected that in a narrow gal-
lery, relatively small crankshaft-like motions, or three-bond
motions, are the dominant mechanism of local conformation
changes. The PPG chains contain both C—C and C—O bonds,
with barrier heights for internal rotation determined by molec-
ular dynamics [42] to be 22 and 46 kImol ' (an average
of 32 kJmol™"), respectively. The activation energy for the
smallest crankshaft of (T—G); conformation—where T and
G indicate the frans and gauche conformations, respec-
tively—can be formed with either two C—C bonds or two
C—O bonds. Therefore the activation energy is expected to
be intermediate of 44 and 92 kJ mol~'. The activation energy
for a three-bond jump cannot be calculated easily, but
as pointed out by Boyer [43] it is similar to that for the
crankshaft-like motion. As described above, the activation
energy for the oy process of the MM/PPG(20/80) blend is
56 kJ mol ', which is slightly less than twice the average of
the barrier height for the two bonds. In PI the four carbon
atoms C1—C2=C3—C4 are on the same plane and form a vir-
tual bond; hence the conformational changes occur through
the internal rotation around the C—C bond connecting the
C4 and C1 of a neighboring monomer unit and has a barrier
height of ca. 26.8 kI mol~'. The observed activation energy
for the o for the MM/PI(10/90) system is ca. 51 kJ mol ™!,
which is approximately twice the barrier height for this rota-
tion, thus lending credit to the assigned mechanism proposed
in this study and by Anastasiadis et al. [10].

One of our interests was to clarify the behavior of the nor-
mal mode relaxation of intercalated polymer chains. In the two
dimensional spaces, the chain segments cannot cross each
other and therefore it is expected that the dynamics slows
down. It is expected that the normal mode relaxation of inter-
calated chains obeys the repetition mechanism [44] rather than
the Rouse model [45]; however, the present polymer samples
have a molecular weight lower than the characteristic molec-
ular weight [46]. However, such a behavior has not been
detected here. It is likely that the normal mode of the interca-
lated chains occurs at a high temperature and low frequency,

where the dielectric loss due to DC conduction overwhelms
the signal of the dipolar relaxation.

3.5. The o, and o processes

The dielectric loss peaks for the a,, and o processes in all
MM/polymer systems were observed at the same tempera-
tures/frequencies as those for the pure polymers. Therefore,
the o, and o processes can be assigned to the normal and
segmental mode relaxations of the chains located outside the
MM particles. The higher intensities of &” for the composites
compared to the pure polymers are puzzling. We speculate that
the enhancement of the intensity is due to enhancement of the
internal field. However, at the present stage no information is
available on the electric properties of MM. This problem is an
issue to be studied in the future.

4. Conclusions

We have studied the dielectric behavior for composites of
sodium montmorillonite (MM) with a series of polymers
(i.e., polyisoprene (PI), poly(propylene glycol) (PPG), and
poly(butylene oxide) (PBO)). For all the systems, three relax-
ation processes are observed and termed o, o, and o from
the high temperature side. The temperature dependence curves
of the dielectric loss factor, ¢’, indicate that the ¢’ peaks for
the o, and o processes are located at temperatures where
the normal mode and the local segmental mode are observed
for the corresponding pure polymers. Thus the o, and o
processes have been assigned to motions of polymer chains
located outside the MM particles. However, the relaxation
strengths for the o, and o processes are much higher than
those for the pure polymers due to enhancement of the internal
field by the presence of the MM. The o' process is observed
only in the composites and occurs below the T, of the corre-
sponding pure polymer. Since the relaxation strength for the
o process has been shown to be approximately proportional
to the content of MM, this process has been attributed to seg-
mental motions of the intercalated polymer chains. The faster
mobility for the o process can be explained in terms of the
effect or confinement in the narrow galleries of the MM.
The Arrhenius plot for the o’ process is linear and the activa-
tion energies for the o process of MM/PI(10/90) and MM/
PPG(20/80) are 51 and 56 kJ mol ", respectively, which are
about twice the barrier height for internal rotation around
the skeletal bonds. This indicates segmental motions without
the effect of entanglement. The normal mode of the interca-
lated chains is not observed since it occurs at high temperature
and low frequency, where the dielectric loss due to DC
conduction overwhelms the signal of the dipolar relaxation.
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