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Abstract

Relaxation dynamics of single-walled carbon nanotube (SWNT)/polyisoprene (PI) nanocomposites were examined by dielectric relaxation
spectroscopy (DRS) and dynamic mechanical spectroscopy (DMS) over a wide range of frequency and temperature. Both functionalized
(SWNT-f) and pristine (SWNT-p) nanotubes were used and their effect on dynamics compared. Functionalized (PISF) nanocomposites were
characterized by an increase in the time scale of the normal mode process as a consequence of the strong surface interactions between the poly-
mer matrix and the nanotubes. The exact opposite is seen in pristine (PISP) nanocomposites where a decrease in the time scale of the normal
mode relaxation is observed and attributed to weaker surface interactions and the effect of confinement on dynamics. The segmental process in
PISF or PISP is not affected by the presence of nanotubes. The temperature dependence of the average relaxation time for normal and segmental
modes is of the Vogel—Fulcher—Tammann (VFT) type. A good agreement is observed in the time scale of processes measured by DRS and DMS
in PISF nanocomposites. In PISP nanocomposites, however, the time scales obtained from DRS and DMS measurements are not in consistently
good agreement and an explanation is offered in terms of confinement.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Single-walled carbon nanotube (SWNT) based polymer
nanocomposites are of considerable current interest to scien-
tists and engineers because of their unique physical and me-
chanical properties that are not attainable with conventional
composites [1,2]. As a class of materials, carbon nanotube
polymer nanocomposites are young [3] and the interested
reader is referred to a recent comprehensive review of the
most significant accomplishment in the field [4].

Enhancement of properties upon the addition of nanofillers
depends on the processing method (melt mixing, solvent-based
blending, in situ polymerization, etc.), good dispersion of
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nanofillers and optimum interactions between the nanofillers
and the polymer matrix [5—9]. Good compatibility between
the nanofillers and the polymer matrix is important [10,11].
SWNTs are fiber-like nanofillers with high aspect ratio
(~1000), strong conductance and large interfacial area that
is conducive to good dispersion in the polymer matrix. Cova-
lent or non-covalent attachment of functional groups to
SWNTs has been utilized to (1) improve compatibility and dis-
persion of SWNTs in the polymer matrix, and (2) enhance in-
terfacial interactions between the filler and the matrix [12,13].
For example, Tour et al. [14] investigated mechanical proper-
ties of SWNT/polystyrene nanocomposites and showed that
the small strain oscillatory behavior is strongly influenced
by dispersion of functionalized nanofillers.

The presence of dispersed nanotubes raises the question of
confinement and its effect on dynamics. Previous studies of
dynamics in confined spaces have focused largely on thin films
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or nanopores and have yielded controversial results with re-
gard to the effect of confinement on the time scale of normal
and segmental mode relaxation. Here we report on how dis-
persed SWNTs affect molecular motion of polymer matrix
chains in electric and mechanical fields and what role surface
functionalization and loading play. We focus on dynamics be-
cause one must understand molecular motions in nanocompo-
sites in order to realize the macroscopic properties of these
materials from molecular concepts. When placed in an electric
field, polymer nanocomposites are polarized by translational
and/or orientational motions of ions, interfacial charges and
dipoles. Those polarization mechanisms have different time
scales, making dielectric spectroscopy, with its unmatched fre-
quency window, a particularly attractive technique for the
study of nanocomposite dynamics.

The combined use of dielectric relaxation spectroscopy
(DRS) and dynamic mechanical spectroscopy (DMS) to probe
the dynamics of SWNT/polymer nanocomposites has not been
systematically explored before this study. Our principal objec-
tive is to explore the effect of surface functionalization and
loading on the dielectric and rheological behavior of pristine
(PISP) and functionalized (PISF) nanocomposites.

2. Experimental
2.1. Materials

1,4-cis-Polyisoprene homopolymer (M, =26,900 g/mol;
M, /M, = 1.07) was synthesized in the laboratory of Professor
Jimmy Mays at the University of Tennessee and was used as
polymer matrix in all nanocomposites. AP grade SWNTs (di-
ameter x length: 1.2—1.5 nm x 2—5 pm, bundles, purity of
70%) were obtained from Carbolex and used without further
purification. Chemicals used for functionalization of SWNTs
were purchased from Sigma—Aldrich.

2.2. Functionalization of SWNTs

An aniline derivative was used to covalently attach func-
tional groups on the nanotube walls. SWNTSs were first mixed
with a surfactant (1,2-dichlorobenzene) and sonicated for
10 min. Aniline derivative (2-methylthio-aniline) in acetoni-
trile was added to the SWNT solution while purging with ni-
trogen. Next, isopentyl nitrite was added to the solution. The
homogenized solution was maintained in a screw-capped bot-
tle and stirred continuously for 16 h at constant temperature
(60 °C). During functionalization, the diazonium species
were covalently bonded to SWNT side walls (Scheme 1)
[15]. The excess nitrogen evolved in the early stage of reaction
was removed by slightly opening the cap every hour in order
to prevent the build-up of pressure inside the bottle. When the
reaction was over, the solution was diluted with dimethylfor-
mamide (DMF) and filtered through a nylon membrane
(0.45 um). The collected solid was washed with DMF until
the filtrate became colorless. DMF was removed by washing
with ether and drying in a vacuum oven overnight. The codes

>xONO

ODCB / acetonitrile

SWNT +
K

NH,

R = SCH,

Scheme 1. Functionalization of SWNT with aniline derivative through
covalent bonding of diazonium species onto SWNT sidewalls.

used throughout the text for functionalized and pristine nano-
tubes are SWNT-f and SWNT-p, respectively.

2.3. Preparation of nanocomposites

Nanocomposites were prepared by mixing desired amounts
of polyisoprene (PI) and SWNTs in toluene at room tempera-
ture. Then, thus obtained PI/SWNT suspensions were soni-
cated for 1 h at the amplitude of 50% and frequency of 1
using homogenizer (Model UP50H, Hielscher Inc.) and then
dried in a vacuum oven at room temperature to remove the re-
sidual solvent. Sonication was continued while the solvent was
being removed in order to improve the dispersion by prevent-
ing the precipitation of nanofillers. Identical dispersion meth-
odology was applied to both PISP and PISF, thus affording
a quantitative comparison of their dynamics. We reiterate
that the codes used throughout the text for nanocomposites
with functionalized and pristine nanotubes are PISF and
PISP, respectively. A summary of sample descriptions and
codes is given in Table 1.

2.4. Techniques

Dielectric measurements were performed on a Novocontrol
o high-resolution dielectric analyzer (3 mHz—10 MHz) and
a Hewlett—Packard 4291B RF impedance analyzer (1 MHz—
1.8 GHz). Both instruments are interfaced to computers and
equipped with heating/cooling controls, including Novocon-
trol’s Novocool system custom-modified for measurements
at low and high frequency. Dynamic mechanical measure-
ments were conducted using a Rheometrics Scientific’s (now
TA Inc.) Advanced Rheometric Expansion System (ARES)

Table 1

Sample description and codes

Description M., M, /M, Code Weight of
(gmol™ D) carbon

nanotubes (%)

cis-1,4-Polyisoprene 26,900 1.07 PI

Pristine single-walled SWNT-p
carbon nanotubes
Functionalized single-walled SWNT-f
carbon nanotubes
Composites: PI + SWNT-p PISP Varies
Composites: PI + SWNT-f PISF Varies
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rheometer in the frequency range from 0.01 rad/s to 100 rad/s
and temperatures between 223 K and 323 K. A parallel plate
(diameter: 8 mm) configuration was employed with a typical
gap between the plates of ca. 1.0—1.5 mm. Strain values
were selected in the linear viscoelastic range and verified by
strain sweeps. Thermogravimetric analysis (TGA) was per-
formed on a TA instrument model TGA—DTA 2960 under ni-
trogen. Samples were heated from room temperature to 800 °C
at a scan rate of 10 °C/min.

3. Results and discussion
3.1. UV spectroscopy and thermal analysis

Characterization of functionalized SWNTs by UV-—vis
spectroscopy shows a notable effect of functionalization on
the absorption spectra, resulting in a surface modification evi-
denced by comparison of Fig. 1a and b. The absence of the van
Hove band structure in the spectrum (Fig. 1b) is indicative of
covalent modification [16].

Pristine and functionalized single-walled nanotubes were
first tested by thermogravimetric analysis (TGA). The TGA
traces show the onset of weight loss at higher temperature
for functionalized than pristine SWNTs (Fig. 2a). The im-
proved thermal stability and increased weight loss of PISF
nanocomposites (Fig. 2b) may be associated with the en-
hanced interactions between the PI and the organically modi-
fied SWNT sidewalls.

3.2. Dielectric relaxation spectroscopy

Dielectric relaxation spectroscopy (DRS) was performed on
a series of nanocomposites containing pristine and functional-
ized SWNTs at various loadings (%). DRS studies of neat PI
are well documented in the literature [17—20] and will not
be reviewed here. Suffice it to say that neat PI shows three re-
laxation processes, termed oy, o and B, in the order of increas-
ing frequency at constant temperature. The normal mode
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Fig. 1. Absorption spectra of (a) pristine SWNTs and (b) functionalized
SWNTs.
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Fig. 2. TGA thermograms of (a) pristine and functionalized SWNTs, and (b)
PISP and PISF nanocomposites at 1% loading. Scans were run at 10 °C/min
under nitrogen.

process (o) results from the relaxation of the persistent cu-
mulative dipole moment along the length of type A chains.
The time scale and the length scale of the normal mode pro-
cess vary with molecular weight [19]. We use in this paper
the term ‘normal mode’ to describe the global motion of
chains but acknowledge Watanabe’s use of a fundamentally
more correct term ‘eigenmodes’ for the relaxation of mathe-
matically well-defined modes [21]. The segmental (&) process
is independent of molecular weight [22]. The local () process
is not explicitly addressed in this study.

We begin by examining how the addition of SWNTs affects
the PI dynamics. Fig. 3 shows dielectric loss in the frequency
domain for PISP (Fig. 3a) and PISF (Fig. 3b) nanocomposites,
respectively. Recall that the sample codes are listed in Table 1.
Segmental and normal mode processes in the neat PI, shown
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Fig. 3. Dielectric loss in the frequency domain at 7= 253 K for (a) PISP and
(b) PISF nanocomposites with SWNT loading as a parameter.

=20+

as reference, are clearly visible in the frequency window of
Fig. 3a and b and are marked as o and oy, respectively. PI
has two kinds of dipoles, type A and type B. Type A dipoles
are parallel to the chain contour and are relaxed by the motion
of entire chain via the normal mode process. Type B dipoles
are perpendicular to the chain backbone and are relaxed by
segmental motions (the alpha process) [19,23].

As seen in Fig. 3a, the incorporation of pristine single-
walled nanotubes (SWNT-p) leads to an increase in the inten-
sity of dielectric loss over the entire frequency window by as
much as four orders of magnitude at 2% loading. The normal
mode process (o) in PISP nanocomposites is largely masked
by conductivity but remains visible as a shoulder, marked by
an arrow in Fig. 3a. A careful examination of the spectra re-
veals that the time scale of the ay process decreases, i.e., shifts
to higher frequency, with increasing SWNT-p loading. But
despite the strong presence of conductivity, a physically

meaningful deconvolution of the loss spectra is possible and
the thus obtained values of the average relaxation time are
reported later in the text.

A very different picture emerges from the DRS spectra of
PISF nanocomposites, shown in Fig. 3b. The increase in loss
intensity with increasing SWNT-f loading is much less pro-
nounced here and the normal mode process remains clearly
visible at lower loadings. Moreover, we observe an increase
in the time scale of the normal mode process in nanocompo-
sites with 0.37 wt% SWNT-f, indicating a decrease in chain
mobility. PISF nanocomposites are characterized by better dis-
persion of SWNT-f in the PI matrix and stronger interactions
between these two components due to enhanced compatibility
[24—26]. Those interactions, in turn, promote the elongation
of PI chains on or near the nanotube surface. The resulting in-
crease in the time scale of the normal mode process is reflected
in the shift of the DRS spectra to lower frequency.

Several studies of relaxation near interface have reported
a similar effect of matrix—reinforcement interactions on the
time scale of the normal mode process. Examples include
computational and experimental studies of glass formers in
thin films and in porous media. Aoyagi et al. [27] performed
a molecular dynamics simulation of polymer melts confined
between two solid walls and reported an increase in the normal
mode relaxation time with increasing strength of polymer—
wall interactions and decreasing distance between the walls.
Swenson et al. [28] studied dielectric response of poly(propyl-
ene glycol) (PPG) confined to a single molecular layer be-
tween clay platelets. They observed a slower normal mode
process and ascribed it to surface interactions rather than con-
finement. Schonhals and Stauga [29] reported a slow down of
the whole chain motion of PPG in silanized nanoporous glass
and attributed the observed shift to lower frequency to the hy-
drogen bonding interactions between PPG and hydroxyl
groups on the glass surface. Interestingly, this effect is dramat-
ically reduced when a non-chemically treated glass is used.
Common to all those reports is the finding that the attractive
interactions between the filler surface and the polymer matrix
affect the static and dynamic behavior of polymer chains. A
direct consequence of adsorption of polymers onto the confin-
ing surface is an increase in the time scale of the normal mode
process.

The time scale of the segmental process in PISP and PISF
nanocomposites is not affected by the addition of nanotubes.

3.2.1. Dielectric modulus formalism

When conductivity dominates the dielectric spectra and
masks various relaxation processes, which is particularly com-
mon at lower frequencies, the use of the dielectric modulus
formalism is often preferred to the permittivity formalism. In
such cases, data are expressed in terms of the dielectric mod-
ulus, M*(w), defined as the inverse of complex permittivity
[23]:

M () = M'(0) + M (0) = —— = (1)
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The modulus and permittivity formalisms contain informa-
tion from the same measurement but differ in the manner in
which the underlying dielectric phenomena are suppressed
or accentuated. Dielectric modulus spectrum is typically
shifted to higher frequency with respect to the permittivity
spectrum by a factor related to the ratio of high- and low-
frequency limiting permittivity. For the Debye process, the
average relaxation times obtained from the modulus (1) and
permittivity (7.) formalisms are related according to 7y =
(6w /€0)Te.

The modulus spectra of nanocomposites offer an added
insight into their dynamics because high conductivity makes
identification of relaxation processes in the permittivity spec-
tra difficult, though not impossible. Let us examine Fig. 4a,
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Fig. 4. Dielectric loss modulus in the frequency domain at 7=253 K for (a)
PISP and (b) PISF nanocomposite with SWNT loading as a parameter.

which contains dielectric modulus spectra of neat PI and
several PISP nanocomposites with different SWNT-p load-
ing. Neat PI is again shown as reference and normal and
segmental relaxations are clearly visible. At 0.37% loading,
we observe an increase in the loss modulus intensity and
a flattening of the normal mode spectrum over a broad fre-
quency range. With further increase in SWNT-p loading,
a broad peak gradually forms, shifts to higher frequency
and encroaches on the segmental process, while at the same
time another peak emerges at lower frequency. At still higher
loading, two relaxation processes become clearly visible in
the frequency domain. The dielectric modulus spectra for
PISF nanocomposites (Fig. 4b), however, show no such pat-
tern and are very similar to the loss permittivity spectra of
Fig. 3b.

An interpretation of the dielectric spectra in terms of mor-
phology is of interest. In PISP nanocomposites, pristine nano-
tubes form bundles or aggregates held together by van der
Waals attractive forces. Colloidal dispersions lead to the for-
mation of clusters of aggregates that grow with increasing in-
organic content into a cluster network due to the interparticle
interactions [30—32]. SWNT-p is largely incompatible with PI
and generates agglomerates without limited polymer media-
tion. PI chains confined within the agglomerates will assume
a non-elongated conformation due to weak interactions with
SWNT-p, resulting in a reduced effective length scale and
a faster response to the applied electric field. Floudas et al.
[33] studied the normal mode processes in cis-PI confined to
nanoporous glass. They reported faster relaxation in untreated
pores and attributed it to the weak interactions and confine-
ment of PI chains. But in the trimethylsilyl treated pores
they observed slower relaxation because of the strong interac-
tions between the chemically modified glass surfaces and PI.
The shift of relaxation peak to higher frequency with increas-
ing SWNT-p loading also suggests that the number density of
confined PI chains increases due to the larger network of
SWNT-p agglomerates.

Dielectric loss modulus in the frequency domain with tem-
perature as a variable is shown in Fig. 5a and b, for PISP (1%)
and PISF (1%), respectively. It is immediately evident from
Fig. 5a that an increase in temperature has a very well-defined
and reproducible effect on the spectra of PISP nanocompo-
sites. Fig. 5a clearly illustrates the systematic shift of a broad
peak to higher frequency with increasing temperature and a si-
multaneous emergence of an additional peak in the lower fre-
quency region. The broad peak represents the normal mode
process while the lower-intensity, low-frequency peak is due
to the Maxwell—Wagner—Sillars (MWS) polarization caused
by the charge accumulation along the SWNT/PI interface.
These two processes are also visible in the dielectric modulus
spectra of PISF nanocomposites, shown in Fig. 5b, but with
a dramatically different result. Here, the intensity of the
MWS polarization far exceeds that of the normal mode
process. A better dispersion of SWNT-f in the nanocompo-
sites gives rise to a larger interfacial area, which, in turn,
leads to a higher degree of charge accumulation along
the interface.
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Fig. 5. Dielectric loss modulus in the frequency domain with temperature as
a variable for (a) PISP and (b) PISF nanocomposite at 1% loading.

3.2.2. Temperature dependence of average characteristic
time

We note that in the remainder of the text we define the
average relaxation time for the segmental and normal mode
process in PISP and PISF nanocomposites as the reciprocal
angular frequency at maximum loss in the dielectric permittiv-
ity spectra. A deconvoluted dielectric spectrum for PISP (1%)
is shown in Fig. 6. Notwithstanding the conductivity contribu-
tion, three processes are visible and the spectrum is conducive
to a physically meaningful deconvolution. In the order of in-
creasing frequency we observe the MWS polarization, the nor-
mal mode process and the segmental process. The values of
T™Mws, Tn and 74 were obtained from the fits to the well-known
Havriliak—Negami (HN) functional form. The temperature de-
pendence of the average relaxation time for the normal (7y)
and segmental (7;) mode process is plotted in Fig. 7a and b,
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Fig. 6. Dielectric loss in the frequency domain for PISP (1%) at T =253 K.
The spectrum was deconvoluted into three separate relaxation modes
(MWS, normal and segmental).

for PISP and PISF, respectively. We note that normal and seg-
mental relaxations in all nanocomposites exhibit the Vogel—
Fulcher—Tammann (VFT) temperature dependence, but that
is where the similarities in the normal mode relaxation in
PISP and PISF end. An increase in nanotube loading has the
exact opposite effect on the time scale of the normal mode
process in PISP and PISF nanocomposites. As seen in
Fig. 7a, the time scale of the normal mode process in PISP de-
creases with increasing loading as the role of confined PI
chains becomes more significant with increasing agglomera-
tion of SWNT-p. In PISF, however, the time scale of the nor-
mal mode process increases with increasing SWNT-f loading
(Fig. 7b). We attribute this phenomenon to increased interac-
tions between SWNT-f and the matrix that leads to the elonga-
tion of PI chains along the nanotubes and a concomitant
decrease in their mobility. Interestingly, however, the chain
mobility appears to level off at about 2% loading and does
not decrease beyond that value. As the number density of
SWNT-f increases, the average interaction energy decreases
and we actually observe a reverse trend in dynamics. The seg-
mental process in PISP and PISF does not show notable devi-
ation from the neat PI suggesting limited effect of nanotubes
on segmental motions.

3.2.3. Conductivity

We begin this section by pointing out that the frequency de-
pendence of conductivity can be expressed by a sum of the dc
component and the frequency power law terms according to
[34,35]:

7(0) = gu+ AW’ 2)

where o4, is dc conductivity, A; is temperature dependent pa-
rameter in ith frequency domain and s, is the frequency expo-
nent in ith frequency domain. The exponent s is obtained by
fitting Eq. (2) for each frequency domain. For our samples,
exponent s lies between 0.1 and 1.0 throughout the entire
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Fig. 7. Temperature dependence of the average relaxation time for the normal
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(Wt%) as a parameter for (a) PISP and (b) PISF.

frequency range. Fig. 8 illustrates conductivity in the fre-
quency domain with temperature as a variable. It is evident
that the conductivity spectra are characterized by frequency
independent dc (ionic) region at low-frequency and a fre-
quency dependent region — above some critical (f;) frequency
[36—38]. We stress that conductivity in the frequency depen-
dent region does not necessarily follow only one straight
line and that is accounted for by the inclusion of more than
one power term under the summation sign in Eq. (2). Fig. 8
also shows how the dc conductivity domain becomes progres-
sively smaller with decreasing temperature and vanishes at
about 273 K [39,40]. Conversely, the transition frequency
(fp shifts to higher frequency with increasing temperature.
Ishii et al. reported that the exponent s was typically greater
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asd © 263K

* 253K
-16 T T T T T T
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Fig. 8. Conductivity in the frequency domain for PISF (0.37%) nanocomposite
with temperature as a variable.

than 1 at lower frequencies and less than 1 at higher frequen-
cies [41]. In our PISP nanocomposite, s varies between 0.1 and
0.6 at higher frequencies and increases to about 1.0 at lower
frequency. But in the case of PISF nanocomposite, s remains
constant at approximately 1.0 over the entire frequency range,
independent of SWNT-f loading.

Fig. 9 illustrates the effect of SWNT-p (Fig. 9a) and
SWNT-f loading (Fig. 9b) on conductivity at T =253 K. It is
readily seen that conductivity increases with increasing load-
ing in all nanocomposites. But a much more pronounced
increase in conductivity with loading is observed in PISP
nanocomposites, as seen in Fig. 9a, due to the build-up of
an electrical charge pathway through the network of agglom-
erated SWNT-p in the PI matrix [42,43]. A less pronounced in-
crease in conductivity with increasing loading in PISF, seen in
Fig. 9b, points out to the role of covalent functionalization in
reducing the electrical conductivity of isolated nanotubes be-
cause the initial sp> hybridized electronic state of SWNT is
converted to the more resistive sp> configuration due to the
ligand attachment on the side walls [44].

The temperature dependence of dc conductivity is Arrhe-
nius-like and given by

E
O4c = 0 EXpP <_kT> (3)

where o is dc conductivity, g, is a constant, E is an activation
energy and k is the Boltzmann constant. The temperature de-
pendence of dc conductivity in PISP and PISF is plotted in
Fig. 11a and b, respectively. The value of dc conductivity
was obtained by extrapolation of the frequency independent
region to w—0. As shown in Fig. 10a, dc conductivity in-
creases with increasing SWNT-p loading and the activation en-
ergy calculated from Eq. (3) decreases from 0.414 eV at 0.37%
to 0.255eV at 2% loading. Analogous trend, although at
a much smaller scale, is seen in PISF (Fig. 10b).
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Fig. 9. Conductivity in the frequency domain with SWNT (wt%) as a parameter
for (a) PISP and (b) PISF nanocomposites.

3.3. Dynamic mechanical spectroscopy

In this section, we describe the rheology of nanocomposites
as studied by dynamic mechanical spectroscopy (DMS). Strain
amplitude was determined to be within the linear viscoelastic
region by dynamic strain sweeps. Master curves were gener-
ated from the time—temperature superposition of isothermal
frequency sweeps using the horizontal (frequency) shift factor
ar, with respect to the reference temperature. The results for
PISP and PISF nanocomposites are shown in Fig. 12a and b,
respectively. The difference in the DMS response of PISP
(Fig. 11a) and PISF (Fig. 11b) is notable. The master curves
in Fig. 11a show that the addition of SWNT-p causes a small
increase in the plateau modulus but has little effect on the
slope of the storage modulus (G') in the low-frequency region.
Only at the SWNT-p loading of 5% we observe a weak
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Fig. 10. dc Conductivity as a function of reciprocal temperature with SWNT
(Wt%) as a parameter for (a) PISP and (b) PISF nanocomposites.

shoulder in the terminal zone — a sign of pseudo solid-like be-
havior [45]. Pristine nanotubes do not contribute significantly
to the reinforcement of nanocomposites due to their weak
interactions with PI chains and a poor dispersion within
the matrix. A very different result was obtained for PISF
nanocomposites, as seen in Fig. 11b. An increase in SWNT-f
loading triggers a considerable increase in G’ in the terminal
zone. In PISF nanocomposites, the low-frequency value of
G’ increases while its slope decreases with increasing loading.
Neat PI displays liquid-like characteristics of a Newtonian
fluid with near terminal behavior (G’ ~ wz) [46]. With in-
creasing SWNT-f loading, we observe a sharp decrease in
the w dependence of G’ in the terminal region. At 5% loading
G’ approaches a low-frequency plateau indicative of the
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Fig. 11. Time—temperature superposed dynamic storage modulus G’ for (a)
PISP and (b) PISF with SWNT (wt%) as a parameter at To = 253 K.

pseudo solid-like viscoelastic response [47]. Uchida and
Kumar [48] reported improved mechanical properties when
nanotubes were fully exfoliated in the matrix and showed
that composites containing bundles did not possess enhanced
strength. A molecular simulation study by Liab and Li [49]
of carbon nanotube (CNT)—polystyrene composites shows
that the enhancement of mechanical properties depends on
the fiber—matrix interfacial shear stress resulting from the in-
timate contact between the CNTs and the polymer matrix. The
functionalization of SWNTs affects the interactions between
the polymer matrix and the nanotubes by inducing a better dis-
persion and, ultimately, by imparting enhanced mechanical
properties to nanocomposites. An additional indicator of better
dispersion of nanotubes in the composite is the higher value of
G’ or a lower slope in the terminal zone observed in the DMS
spectra [4].
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Fig. 12. Temperature dependence of the relaxation time for the normal mode
process with SWNT loading as a parameter in (a) PISP and (b) PISF. Filled
and open symbols represent DRS and DMS measurements, respectively.
DRS segmental mode (cross) is shown for reference.

The terminal relaxation time calculated from the DMS data
(11), using the relationship 7, = 7o/Gy, is compared with the
DRS result (7,) in Fig. 13a and b. Zero-shear viscosity (ng)
was obtained from the data by averaging the low shear rate
values of 1. The plateau modulus (Gy) was determined by tak-
ing the value of the onset of transition from segmental to ter-
minal mode [50,51]. The time scale of the terminal relaxation
in PISP decreases with increasing loading, as seen in Fig. 12a.
But despite analogous trends, the values calculated from DRS
and DMS data for PISP nanocomposites are not in consistently
good agreement at all loadings. For example, at SWNT-p load-
ing of 0.37%, the DMS and DRS results coincide. With in-
creasing loading, however, the difference between 7 and 7,
becomes larger, due to the poor dispersion of SWNT-p in



7354 H. Lee et al. | Polymer 48 (2007) 7345—7355

log G'(dyne/cm?)
[=.%

log G"(dyne/cm?)

Fig. 13. G'—G" plot for neat PI and PISF (5%).

the PI matrix. An explanation of the discrepancy between DRS
and DMS results is rationalized as follows. PI in PISP nano-
composites is present partly as bulk phase and partly as con-
fined phase between the SWNT-p agglomerates. DRS
measurement is sensitive to both phases, resulting in the ob-
served shift in the relaxation spectrum to higher frequency,
i.e., faster relaxation. DMS measurements, on the other
hand, capture a macroscopic response of the nanocomposite
and that may account for the observed discrepancy.

In PISF nanocomposites, however, the increase in the time
scale of terminal relaxation with increasing SWNT-f loading is
consistent with the DRS results, as seen in Fig. 12b. The uni-
form dispersion of carbon nanotubes, aided by functionaliza-
tion, is conducive to yielding a similar length scale and time
scale of PI dynamics as measured by DRS and DMS.

A G'—G" plot for neat PI and PISF (5%) in the temperature
range from 223 K to 263 K is presented in Fig. 13. In that tem-
perature range, both samples are thermorheologically simple
and the modulus shift factor by (vertical shifting) is not re-
quired for time—temperature superposition [52]. A lower G’
of PISF (5%) in the intermediate temperature range is the con-
sequence of a more viscous nature of PISF (5%) compared to
PL. However, a higher G'/G” ratio in PI does not imply that the
storage modulus (G’) of PI is higher than that of PISF (5%) in
this temperature range. At the low temperature end of the plot,
the PISF (5%) nanocomposite loading has a higher storage
modulus, suggesting that better reinforcement is facilitated
by the PI matrix.

4. Conclusions

We have completed an investigation of dynamics of
single-walled carbon nanotube (SWNT)/polyisoprene (PI)
nanocomposites by a combined use of dielectric relaxation
spectroscopy (DRS) and dynamic mechanical spectroscopy
(DMS). Surface treatment of nanotubes is important to
dynamics as evidenced by the difference in the normal mode

relaxation in nanocomposites with pristine (PISP) and func-
tionalized (PISF) SWNTs. Reproducibility and reliability of
results were established through careful sample preparation
and verified through repeated measurements.

PISF nanocomposites are characterized by strong interfa-
cial interactions that increase the time scale of the normal
mode process and increase the storage modulus in the terminal
zone but slow down the increase in conductivity. An increase
in SWNT-f loading triggers a considerable increase in G’ and
at 5% loading we observe a low-frequency plateau indicative
of the pseudo solid-like viscoelastic response. We also note ex-
cellent agreement in the average relaxation time for the normal
mode process calculated from DRS and DMS data and that is
due to good dispersion of SWNT-f in the polymer matrix.

PISP nanocomposites show the opposite trend and we ob-
serve a faster normal mode process with increasing SWNT-p
loading. A scenario was advanced whereby the PI chains
in PISP nanocomposites are partitioned between bulk and
confined domains. The observed decrease in the time scale
of normal mode relaxation is envisioned as a consequence of
the strong effect on dynamics of the PI chains that are confined
within the SWNT-p agglomerates. PISP nanocomposites are
characterized by a difference in the average relaxation time
for the normal mode process as measured by DRS and
DMS, and this discrepancy is attributed to the fact that the
DRS spectra are affected by the presence of the confined PI
phase whereas the DMS measurement captures the bulk re-
sponse. Finally, pristine nanotubes do not contribute signifi-
cantly to the storage modulus in the terminal zone due to
their weak connectivity with PI and a poorer dispersion within
the matrix.
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