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ABSTRACT: The equations needed to correctly interpret both AC and DC conductivity
results of single wall carbon nanotube (SWNT) polymer composites and the scaling of
these results onto a single master curve are presented. Brief discussions on the fac-
tors that determine the critical volume fraction (¢.) and the percolation exponent ()
are also given. The results for a series of SWNT-polyimide composites are presented
and the parameters obtained from fitting these results are discussed. The critical vol-
ume fraction for electrical percolation of the present composite was about 0.0005.
Results obtained from previous work on SWNT (MWNT)-polymer composites and
other percolation systems and the modeling (interpretation) of these results are also
discussed and compared. ©2005 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 43:

3273-3287, 2005
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INTRODUCTION

Future aerospace vehicles will require a signifi-
cant reduction of mass, size of components, and
power requirements, accompanied by an increase
in the intelligence of these components. Single
wall carbon nanotubes (SWNTs) are attractive
for these applications because of their extraordi-
nary combination of thermal, electrical, dielec-
tric, and mechanical properties. Utilization of
this suite of properties will enable radical design
concepts of future vehicles based on multifunc-
tional structural materials.

While a number of studies have reported suc-
cessful mechanical reinforcement using SWNTs,
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few have attempted to take advantage of the
sensing and actuating capabilities enhanced by
SWNTs to achieve intrinsic multifunctionality in
the nanocomposite. Recent results have shown
that the electroactive response of a polymer can
be enhanced by incorporating a small quantity
of SWNTSs, thereby improving its sensing capa-
bilities.! Increasing the concentration of SWNTs
enabled the polymer composites to be activated,
in response to an applied electric field. This aug-
mentation of the sensing and actuating capabil-
ities of the polymer is directly related to the
modified electrical and dielectric properties of
SWNT polymer composite. Varying the SWNT
concentration and orientation allow for tuning of
the electrical, dielectric, and mechanical proper-
ties of the nanocomposites over a broad range.
This tunable multifunctionality, in combination
with the structural reinforcement of the nano-
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composites, will enable the design of crucial
intelligent and durable components for a variety
of future aerospace vehicles.

This study focuses on understanding the electri-
cal and dielectric properties of such composites
within the framework of percolation theory. The
intent of this work is to improve our ability to
understand and design better composites incorpo-
rating SWNTs and to evaluate the utility of electri-
cal measurements for use in nondestructive evalu-
ation of such composites. The objective of the work
presented here is to demonstrate the advantage of
systematic incorporation of carbon nanotubes in
structural nanocomposites to afford intrinsic mul-
tifunctionality. The scope of the work limits the
definition of multifunctionality to structural mate-
rials capable of both sensing and actuating.

A Dbrief review of percolation theory as it
relates to this work is presented to clarify some
inconsistencies in the literature in the applica-
tion of percolation theory. Of particular interest
are (1) the factors determining the critical vol-
ume fraction (¢.), (2) the equations currently
used to interpret both AC and DC conductivity
(dielectric constant) results in percolation sys-
tems, and (3) how to scale such results onto a
universal curve using only percolation equa-
tions. This section concludes with an outline of
the current theoretical situation regarding the
percolation exponent ¢, which is necessary be-
cause of some inconsistencies in the literature in
the application of percolation theory. The next
section describes the experimental procedures,
and the one following it reports the current
experimental results (AC and DC) and provides
some discussion of the percolation parameters
(¢¢, s, and ¢). This is followed by an extended
discussion, together with some other DC experi-
mental results and percolation parameters ob-
served. In the last section, AC conductivity and
dielectric results and the scaling of such results
are discussed.

CRITICAL VOLUME FRACTION AND
PERCOLATION EQUATIONS

The AC and DC conductivity of an extraordinar-
ily large range of metal-insulator composites, as
a function of volume fraction and frequency, can
be described by the three standard percolation
equations.?® Alternatively, it has been shown
that one may use the single equation,*”’ given
later, that incorporates the three standard per-

colation equations as special cases. The critical
volume fraction (¢.), at which the conducting
inclusions first form a spanning cluster, has been
observed to range from about 0.0005 (this study)
to 0.56%%71% for very different microstructures.
The only common features in all these percolation
systems are that the conducting component is
randomly distributed and that intergranular re-
sistances are present randomly between the con-
ducting grains or regions.

For the case of randomly placed touching
spheres on all 3D Bravais lattices, ¢, is found to
be 0.16 in refs. 6, 8, 9, and references therein. The
same value of ¢, is also found for completely ran-
dom packing of conducting and insulating
spheres of equal sizes as well as for randomly
packed conducting and insulating similarly sized
inclusions, even when the inclusions are far from
spherical (graphite like flakes) and the conductiv-
ity is anisotropic.* Note that even in composites
with anisotropic conductivity, ¢. is isotropic, as
has been shown previously.* For cases where the
insulating component tends to partially wet or
coat the conducting grains,'® ¢. can be higher
than 0.16. This is also true, in principle, the insu-
lating grains are much smaller than, and coat,
the conducting grains. When the radius of the
conducting grains (R.) is much smaller than the
radius of the insulating ones (R;), ¢. ranging
between 0.012 and 0.065 (for R;/R. = 8-80) has
been observed.'? In the extreme case of Ri/R.
= 100 (ferrite powder on expanded polyurethane
spheres), ¢, is 0.005.'2 This class of systems can
be referred to as cellular systems.'?

While much work has focused on spherical
inclusions, other particle shapes have also been
studied. For nearly spherical particles, such as
carbon black, in a polymer, ¢.s well below 0.16
have been observed, indicating that the spatial
distribution of the nearly spherical carbon par-
ticles is not truly random, for which case one
would expect a ¢, of 0.16. It could be that the
carbon is concentrated in 3D streaks or that the
fine carbon particles coat and remain associated
with the larger insulating polymer grains during
preparation, thus giving rise to a cellular system
as discussed earlier. Sintered materials, which
start from roughly equal sized grains, tend to
have a closed (nonpermeable) porosity when the
porosity is about 0.03.® Therefore, if the conduct-
ing material is in the pores, ¢. would be about
0.03. As is discussed by Balberg,'* low structure
particles (e.g., spheres), which have a low sur-
face to volume ratio, lead to higher ¢.s than
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high structure particles (e.g., a mace head),
which form percolation networks at lower ¢’s.
For highly nonspherical particles such as sticks
(fibers or bundles) or discs, ¢. can be very low.
Currently, the most accurate theoretical ap-
proach for this class of system is based on the
excluded volume concept.'®!® A recent review of
the application of the excluded volume approach
to highly nonspherical carbon particles in poly-
mer matrices is given by Celzard et al.!”

For the randomly oriented SWNT—polyimide
composite studied here, the degree of dispersion
of the SWNTs is not known a priori. If the
SWNTs are aggregated into bundles, one will
have effective particles with a lower aspect ratio
than individually dispersed SWNTs. We can,
however, calculate upper and lower bounds for
¢., using the equations for high aspect ratio
sticks in 3D, as given in refs. 16 and 17. For
example, if we assume an aspect ratio (length/
diameter) of 20 (e.g., L = 3 ym and D = 150 nm),
we find a ¢, of about 0.05. If, on the other hand,
we assume L/D = 2000 (e.g., L = 3 ym and D
= 1.5 nm; a single SWNT), ¢, is calculated to
be about 0.0005, which is consistent with the
experimental observations described later. This
analysis is complicated by the fact that SWNT
bundles contain an unknown number of tubes,
which may result in the bundles being longer
than 3 um and having diameters greater that
1.5 nm but exhibiting a similar aspect ratio. In
this case, the appropriate value of L/D is ambig-
uous, which leads to difficulty in predicting ¢,
based on excluded volume theory alone. Calcula-
tions, based on the excluded volume theory in
ref. 18, show that a 2.1 nm diameter bundle,
consisting of 7 tubes, should have ¢. = 0.0007,
while a 3.5 nm bundle, consisting of 19 SWNTs,
should have ¢, = 0.0012. Further complications
arise from the occurrence of single tubes bridg-
ing between adjacent bundles, which forms
interbundle electrical contacts. This is an exam-
ple of a highly structured “furry caterpillar”
inclusion. It should also be noted that ¢, dimin-
ishes as the size distribution of percolating
objects broadens.'®?° Further discussion of the
observed ¢, value of 0.0005 is given later.

For AC conductivity experiments discussed
here, the composite conductivity (¢,,) is the sum
of the real and imaginary conductivities, which
is given by 0, = omr + i0m;. The conductivity of
the SWNT is given by ¢, = 0. + ig. or simply
0. = 0. if ideal conductivity is assumed. For the
insulating polymer o; = oj + ig; where oy

= wepei, Which may be approximated as o; = iwégge;,
(& is the real part of the dielectric constant of
the insulating component) if ideal lossless dielec-
tric behavior is assumed for the polymer. In
practice, a;, incorporates both the very small DC
conductivity o;, and the dielectric polarization
loss term wepe;;. In all the reported AC percola-
tion experiments, 6., >> wege;, Or o (the imagi-
nary part of the conductivity) for the conducting
component and oy << wepg; (Where g; is the
imaginary part of the dielectric constant of the
insulating component). Because of this, ideal
behavior for both the conductor and insulator is
usually assumed.

In a recent series of studies,
shown that the equation,

45712 it has been

(1 - ¢)(a;”° — o) (01" + Acll®) + p(a¥/* — a1/")
x (ot/" +Aclh) (1)

with A = (1 — ¢.)/¢p. and s and ¢ as exponents,
best describes experimental results for percolation
systems, especially the second order terms.”?°
Above ¢, oy is the first order (larger in magni-
tude) and o,,; is the second order (lower magni-
tude) term. Below ¢, omi (wegeir) >> o, for the
frequencies used in most experiments, and the
reverse is true. Note that the frequency depend-
ence in this equation is determined solely by the
dispersive properties of the components. When s
=t = 1, the equation is equivalent to the Brug-
geman symmetric media equation.®® Equation 1
yields the two limits:

o —ooiom =i () d<a @
loi| — 0:0om = 0 (M)t ¢>¢. (3)

These equations are the normalized standard
percolation results®® and characterize the expo-
nents s and ¢. When wegg;, >> 0;, so that o; can
be replaced by weps;,, eq 2 becomes

Emr = Eir (((b:ﬁ_cd))>s ¢ < ¢, (4)

This predicts a divergent &, as ¢ approaches
$e.2% In reality, for ¢ > ¢, &mr shows a fre-
quency dependent peak as a function of ¢ where
émr 1S the second order term for ¢ > ¢.."192°
Recent measurements,'? with ¢ < ¢., fitted to
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eq 4 have shown that s depends on the fre-
quency at which the measurements were made
and differs significantly from the s obtained
from the DC measurements.

In the crossover region, where ¢ =~ ¢, and which
lies between ¢ — (/5 )V or (wege/o )V < ¢
and < ¢ + (6¢/60)V™ or (wege /o )V, eq 1 gives

Gm%af/(”t)a‘z/(s*t) or (wgogi)t/(s+t) ai/(sH) (5)

which is in agreement with the theory given by
Clerc et al.? and Bergman and Stroud.? Note that
in the crossover region, no disagreement between
eq 1 and the standard percolation equations has
been observed experimentally, either in the first or
second order.” Also note that eq 5 shows that in the
crossover region, the conductivity o, is propor-
tional to !/t and the dielectric constant &g,
(note that ¢,, = o /weo, em is the dielectric con-
stant of the composite) is proportional to w®/¢+?),
These are the predicted and observed dispersion
slopes, in slopes of log o, against w, at higher
frequencies for percolation systems close to ¢..°
Equation 1 can be used to fit experimental AC
results, as a function of ¢ and w for all ¢ and o,
unlike eqs 2, 3, and 5 that only apply in restricted
regions of ¢ and w.

It is often possible to scale these types of
experimental results onto a single master curve,
as shown by refs. 5, 12, and references therein.
The correct functions for two phase percolation
systems, based on those given in refs. 2 and 3
and outlined in refs. 5 and 12, are as follows:

o = (¢ = ¢) Fw) p<d (6a)

_ ¢ — ¢c !

Om — O¢ F+(x+) ¢ > (]5C (Gb)
1- (:bc

where o, can come from either theoretical cal-

culations or experimental results. The scaling

functions F.(x.) depend on the scaling parame-

ters as follows:

v =2 :_W<M>SH (7a)

We— Oc b

%y = W W& <¢ - ¢c>s+t (7b)

N W+ Oc 1- d)c

This shows that w.. = (0J/e0e)((p — PN —
$))* ™, from which it can be seen that w,, should
be proportional to om(¢, w = 0)T%,

The aforementioned expressions for w.. as-
sume a purely real ¢, (6.,; = 0) and purely imagi-
nary o; (65 = weer). To ensure that curves
drawn for F'. fall on top of each other for differ-
ent ¢, the normalization employed in this study
differs somewhat from the one used in refs. 2
and 3.

The predictions for the slopes of the scaling
functions ReF', which is what is obtained from
scaling o, above ¢., from standard percolation
theory®® and those obtained from eq 1,%'? are
the same. Specifically, they are zero when w/w,.
and w/w._ < 1 and #/(s+t) for w/w., and w/w._
> 1. In the previously defined crossover region,
which now corresponds to w/w.. and w/w._ ~1,
the plots exhibit curvature.

Scaling similar to that described earlier has
also been observed in amorphous and other dis-
ordered systems, which are essentially one com-
ponent media. As will be discussed later, this
phenomenon can be interpreted in terms of a
combination of percolation theory and hopping
conductivity. The critical frequency w., in this
case depends on the nature and distribution of
the hopping conductivity sites in the disordered
material. These theories have also been incor-
rectly used to scale and model carbon nanotube—
polymer systems, which are definitely two com-
ponent percolation systems.

The universal value of exponent ¢ (¢,,), which
is usually observed in computer simulations and
for “ideal” systems, is 2.0.>® Kogut and Straley®!
showed in computer simulations that if the low
conductance bonds in the percolation network,
or the intergranular conductances of the con-
ducting component in a continuum system, have
a very wide distribution, then ¢ can be larger
than ¢,,. This distribution can be due to a large
range of effective geometrical resistivity factors
in a continuous homogeneous conducting phase,
such as those that occur in the Swiss Cheese
(Random Void (RV)) model and the Inverse
Swiss Cheese (Inverse Random Void (IRV))
model.???3 In the Swiss Cheese model, a range
of very thin and highly resistive threads of con-
ductor (cheese), between the large overlapping
voids (air), give rise to a wide distribution in the
conductances between the more extended or
bulky regions of conductor. These models give
values for ¢ in the range 2.0-2.5. An extension
to the RV model allowing still higher (appa-
rently unlimited) values of ¢ is given by Bal-
berg.?#?® The Links, Blobs, and Nodes model®%
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gives an upper limit of 2.35. Note that all of the
aforementioned models assume a homogeneous
(nongranular) conducting phase.

A model for granular conducting systems that
gives rise to t > t,, was proposed by Bal-
berg.?*?% This model is based on the dominant
resistances in the current carrying Links and
Blobs (now consisting of a granular conductor)
being due to a large range of interparticle tun-
neling contacts, often through the polymer com-
ponent. Chiteme et al.?® proposed that the ¢
values, considerably higher than 3 that were
observed by several studies*'? are due to a combi-
nation of strictly geometrical effects (such as the
highly resistive thin necks in the Swiss Cheese
model®>?2) and tunneling effects described in a
model given in refs. 24 and 25. Unfortunately, no
quantitative theoretical model for this situation
has yet been attempted.

EXPERIMENTAL

A batch of purified HiPco SWNT was purchased
from Carbon Nanotechnologies (Houston, TX).
TEM and AFM microscopy along with Raman
spectroscopy in radial breathing modes of HiPco
SWNT revealed a diameter of ~0.9-1.2 nm and
a length of individual tubes of ~3 um.??3% An aro-
matic polyimide, (-CN) APB/ODPA, was selected
as a polymer matrix, and the chemical structure
has been shown in ref. 31. The (-CN)APB/ODPA
was prepared from 2,6-bis(3-aminophenoxy) ben-
zonitrile ((f-CN)APB) and 4,4'-oxidiphthalic anhy-
dride (ODPA) in N,N-dimethylacetamide (DMAc)
via a poly(amic acid) solution.

A dilute SWNT solution, typically about
0.05 wt % in DMAc, was prepared by homogeniz-
ing for 10 min (750 rpm with a 6 mm diameter
rotor homogenizer) and sonicating for an hour at
47 kHz. The sonicated SWNT solution was used
as a solvent for the poly(amic acid) synthesis
with the diamine and dianhydride. The entire
reaction was carried out with stirring in a nitro-
gen-purged flask immersed in a 40 kHz ultra-
sonic bath until the solution viscosity increased
and stabilized. Sonication was ceased and stir-
ring was continued for several hours to form a
SWNT-poly(amic acid) solution.

A series of SWNT—polyimide composite films
were prepared with a SWNT concentration of 0,
0.02, 0.035, 0.075, 0.1, 0.2, 0.5, 1.0, 2.0, and
5.0 wt %. The SWNT-poly(amic acid) solution
prepared was cast onto a glass plate and dried

in a dry air-flowing chamber. Subsequently, the
dried tack-free film was thermally imidized in a
nitrogen-circulating oven to obtain a solvent-free
freestanding SWNT—polyimide film.

As the films prepared were 50-70 um thick,
this suggests that the films cross sections had
the equivalent of about 20 nanotubes, laid end
to end. Therefore, one can justify analyzing the
transverse results in terms of 3D percolation
theory. If a film is less than 10 conducting par-
ticles thick in their elongated direction, one can-
not be confident that it is a 3D system in a per-
colation sense.

Good electrical contact to the composites was
ensured by first sputtering a thin (20 nm) coating
of gold over the selected area and then painting
this area with silver paste, into which copper
wires were embedded. The DC conductivities were
measured using a Keithley 917 Electrometer in
the V/I mode, and the AC properties were mea-
sured using a Novocontrol Broadband Dielectric
Spectrometer. Scanning electron microscopy (SEM)
images of the cryogenically fractured surfaces were
taken with a Hitachi S-5200 field emission SEM
(FE-SEM).

RESULTS

The DC results will be discussed first because
for the best and most reliable results, the crit-
ical volume fraction ¢, must be determined by
DC resistivity measurements using either eq 1
or eqs 2 and 3, with a common ¢, and eliminat-
ing any experimental points that lie in the
crossover region. If AC measurements are used,
there can be effects due to the dielectric conduc-
tivity (weger). (In ref. 10, it was shown that the
result for ¢. was the same, within experimental
error, from DC measurements and from an
examination of the superconducting intergranu-
lar tunneling results.) In the present study, the
transverse DC conductivity measurements (per-
pendicular to the plane of the film) were fitted
using eq 1 as shown in Figure 1. The results of
this fit are ¢, = 0.000500, s = 0.797 * 1.012,
t = 277 = 0.24, ¢; = 107'925*%13 S/em, and
oo = 109 =025 S/em. The results below ¢,
including the value for s (the error in the parame-
ters s is larger than the corresponding s value),
were not very reliable, as there were only a few
points, the measurements were made near the
limits of the Keithley 617, and the dominant
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Figure 1. DC experimental conductivity results and the fit obtained using eq 1, plot-
ted as the log of the transverse conductivity against the volume fraction of SWNTs.

resistivity of the polyimide might vary. Note that
in the aforementioned fitting, the value of ¢, was
fixed at 0.0005 (which gave the least error when
¢. was varied from 0.00047 to 0.00053) while the
other parameters were left free. Using eq 3
and the samples with ¢ from 0.00075 to 0.05
(there are no points in the crossover region), the
fitted parameters are ¢, = 0.000506 = 0.000045,
t =2.22 * 0.10, and ¢, = 105" * %%% S/cm.

It was not possible to make resistivity mea-
surements below ¢, in the longitudinal direction
(along the plane of the film), as the resistivity
was too high. The longitudinal results, shown
in Figure 2, are fitted using eq 3 with the follow-
ing parameters ¢. = 0.000555, ¢t = 2.21, and o,
= 10" S/em (the 0.00075 point was inconsistent
and is not incorporated). From these results, it
can be observed that ¢. is reasonably similar in
both directions, demonstrating that the conduc-
tivity of the SWNT component of the composite
was not very different in the transverse and lon-
gitudinal directions, which suggests uniform dis-
persion of SWNTs throughout the matrix. Note
that previously published data on SWNT “bucky”
paper®? gives a o, in the range 10°-10° S/cm,
which is in reasonable agreement with the above
results, especially considering that all results
have to be extrapolated from a low ¢ value to 1.

As both the ¢ values obtained using eq 3 are
not much greater than 2, using the arguments

given at the end of the previous section, it can
be concluded that the range of inter SWNT
resistivities (the bundles must contact along the
percolation path at one or more SWNTs) is not
large or that a percolation path through inter
SWNT contacts, with a fairly constant resistiv-
ities, is the dominant one.

The measured ¢ value does not indicate
whether the SWNT bundles are coated with a poly-
mer layer or not. However, it does indicate that, if
it exists, the thickness of any coating layer
between the SWNTs or the bundles is very uni-
form, as a wide range of coating thicknesses (tun-
neling barriers) should lead to a higher ¢ value.
In actual fact, this polymer showed good wetting
on the surface of SWNT according to energy loss
spectroscopy29 because the interaction was rein-
forced by donor—acceptor charge transfer interac-
tion.?! This good adhesion provides a uniform dis-
persion, but may prevent direct SWNT-SWNT
(carbon—carbon) contacts. This may explain the
good dispersion and low percolation thresholds,
but relatively low conductivity above ¢. and the
low extrapolated value at ¢ = 1. Energy filtered
transmission electron microscopy (EFTEM) obser-
vations® show a uniform polymer layer coating
on a 2-nm thick coated SWNT, which indicated
that the layer is as thin as 5 A, yielding moder-
ately low and reasonably uniform resistance tun-
nel barriers.
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Figure 2. DC experimental conductivity results and the fit obtained using eq 3,
plotted as the log of the longitudinal conductivity against log (¢ — ¢¢).

Unfortunately, other than the results in refs. 5
and 12, there are few DC measurements of s. As
ref. 12 clearly shows, from dielectric measure-
ments using eq 2, the value of s decreases with
the increasing frequency. This frequency depend-
ence has not been previously observed and no
theory exists that addresses this problem. There-
fore all that can be said of the currently observed
s value is that it is a “typical” experimental value
as seen in refs. in 5, 12 and the references therein,
and lies close to the universal value of 0.87.

It is very difficult to explain the observed ¢.,
as the exact morphology of the SWNT bundles is
not known. High-resolution scanning electron
micrographs shown in Figure 3(a) revealed that
SWNTs dispersed in the polymer matrix uniformly
through the film thickness in 3D on a nanometer
scale. Figure 3(b) shows exposed SWNTs on the
fracture surface at high magnification, which
clearly shows flexible SWNTs running out of the
polymer matrix, with multiple branches still em-
bedded in the matrix. All of the visible SWNTs are
seen to have high aspect ratios. Physical entan-
glements of the SWNTs were also often seen.
Therefore, it can be safely assumed that the com-
posite is macroscopically uniform with conducting
inclusions (SWNT bundles) randomly, but homo-
geneously, distributed in 3D. There are several
factors influencing the percolation threshold ¢k,
which might include some or all of the following:

1. The high aspect ratio of inclusions [Fig. 3(b)],
the SWNTs, and SWNT bundles in the
present system gives rise to a ¢, value,
which can be easily understood by the
excluded volume model. Unfortunately, the
mean size and distribution of the aspect
ratios of the experimentally observed bun-
dles are not known. A L/D of 2000 is neces-
sary to give the observed threshold of
0.0005 (correct for a single SWNT). How-
ever, as a bundle of only 19 SWNTs gives a
¢ of 0.00117, other factors must be contrib-
uting to the low ¢..

2. Because of the different lengths of the

SWNTs and the irregular packing of the
nanotubes, the bundles have an irregular
surface that gives a higher structure factor
than a smooth stick. These high structure
SWNT bundles were shown in Figure 3,
with multiple branches and entanglements
with neighboring tubes. Higher structure
factors lead to lower ¢, values.

3. SWNT bundles are small inclusions with a

very high surface area, which can reach
2000 m?%g. For the same volume fraction,
small inclusions must lie close together
and have a larger amount of surface area in
close proximity than larger particles. This
leads to a greater probability of conductive
tunneling between the bundles. This “size”
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Figure 3. HRSEM of 0.5 wt % SWNT/polyimide composite (fracture surface) (a)
cross section view of the composite film and (b) higher magnification of (a).

effect, which is probably only important
where the conducting particles have 2 or 3
dimensions below 10 nm, is not taken into
account in classical percolation theory, and
will lead to a lower measured ¢..

4. The SWNT bundles and especially isolated
SWNTs or SWNTs protruding from the
bundles are very flexible as seen in Figure
3(b), which limits the applicability of rigid
stick excluded volume fraction models.
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Figure 4. Log of the real AC conductivity (o) plotted against the log of the fre-
quency, for various ¢ values, the symbols for which are given in the figure.

More importantly, if there are physical
entanglements and small attractive forces
that hold contacting neighboring SWNTs
together, then ¢, will be markedly lowered.
These contacts can be either between the
isolated SWNTs or the SWNTSs protruding
from the bundle surfaces or combinations
of these, and the contacts can be with or
without a tunneling barrier.

While (1) appears to be the major factor, it is
not by itself sufficient, and therefore some or all
of the other three factors are also playing a role
in determining the observed ¢, of 0.0005.

The longitudinal and transverse conductivity
results showed that these composites are reason-
ably isotropic in both the directions. The slightly
lower conductivity in the transverse direction is
possibly due to the thin resin rich layer on both
sides of the film. Note that this good dispersion
was achieved by donor—acceptor interaction
between electron withdrawing functional groups
(nitrile) of the aromatic polyimide matrix and the
extended sp? hybrid orbitals of the SWNT sur-
faces. This interaction was verified by an upshift
of the tangential mode peak of the SWNTs in
Raman scattering and a downshift of nitrile
group of the polyimide in FTIR spectra.’!

The log of the AC conductivity, as a function
of the log of the frequency, is shown in Figure 4.

For samples just above ¢., the conductivity is
initially constant and then starts to increase at
higher frequencies (about 3.5 kHz for the
0.00075 sample). The available frequencies are
not high enough for the slopes of the curves to
be linear and approach a constant slope as is
often observed. A slope of ¢/(s + ¢), about 0.75, is
predicted by percolation theory (eq 5), but not
always observed.'? Below ¢., the slopes of the
conductivity curves are roughly linear with a
slope in the range of 0.9-1.0, which is commonly
observed for a wide range of highly resistive
materials but not well understood.?® The clear
difference in the dispersion curves above and
below ¢. allows one to distinguish between con-
ducting samples and dielectric samples. There-
fore, Figure 4 shows that the percolation thresh-
old lies between 0.00035 and 0.00075, consistent
with the DC results.

Plots of the log of the dielectric constant
against the log of the frequency are given in
Figure 5. At fixed frequencies, the dielectric con-
stant increases slowly with ¢ (more noticeable
at lower frequencies) up to ¢. (eq 4) and then
more rapidly at and above ¢. There is no dis-
persion for low ¢ samples, but a small negative
slope for the samples just below ¢., as predicted
by percolation theory (eq 5), can be seen on an
expanded scale. This dispersion can be much
more clearly seen in the experimental results
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Figure 5. Log of the real AC dielectric constant (¢y,,) plotted against the log of the
frequency, for various ¢ values, the symbols for which are given in the figure.

given in refs. 5 and 12. Dielectric properties with
¢ above 0.002 could not be measured reliably
because of the high conductivity of the samples.
These results also indicate that the percolation
threshold lies between 0.00035 and 0.00075.

A Cole—Cole plot (imaginary impedance
against real impedance) for the ¢ = 0.002 sam-
ple is given in Figure 6. The characteristic, or
peak, frequency f, for each arc is given by o,/
2nwoémr for the material or component giving
rise to the arc. For low ¢ (below 0.00075) sam-
ples, there are no arcs, while for the 0.00075
sample, the arc is not complete as o, is too low.
The 0.001 and 0.005 samples gave the usual
depressed semicircular arc with a ¢, or peak
frequency, of 37.5 kHz and 274 kHz, respec-
tively, indicating a homogeneous material. The
slight double hump structure (hump peaks at
37.5 and 274 kHz) for the impedance arc of the
0.002 sample might indicate that it is slightly
inhomogeneous. Therefore, impedance measure-
ments may monitor homogeneity in this type of
material but only over a very limited range of
composition, because of the limited frequency
range of currently available instrumentation.

Figure 7 shows a plot of log &, against ¢,
which clearly illustrates that the dielectric con-
stant continues to increase through and beyond
¢.. Dielectric measurements cannot be made on
conducting samples at very low frequencies,
hence the restricted frequency range. Note that

the variation of ¢, with frequency (at high ¢) is
consistent with both eq 1 and previous experi-
ments.'®?° The increase in ¢y, with increasing ¢
below ¢., predicted by eqs 1 and 4, can easily be
observed if the results are plotted on a different
scale. It is likely that the high dielectric con-
stant comes from very small distances between
some conducting clusters. However, these capa-
citances are shorted by other contacting clusters,
which form a DC continuous network.

DISCUSSION

DC Results

In previous work®* 3% on the DC conductivity of

SWNT-polymer and MWNT—polymer composites,
the DC conductivity results above ¢. were ana-
lyzed using the version of eq 3, found in refs. 2
and 3. These analyses, however, do not allow for
the correct identification of ¢., because of the
unspecified arbitrary constant. Also no measure-
ments of the conductivity were made below ¢,
which meant that the exponent s could not even
be estimated and, as previously stated, unam-
biguous values of ¢, require fitting using eq 1 or
eqs 2 and 3, with a common ¢.. However, as the
transition is extremely sharp in all these experi-
ments, the values of ¢. are probably reliable.
The parameters obtained in the present experi-
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Figure 6. Plot of the imaginary impedance against the real impedance (Cole—Cole

plot) for the ¢ = 0.002 sample.

ments and refs. 34-36 are summarized in Table 1.
Note that only in the present work is the conduc-
tivity measured in two nonequivalent directions

and those measured refs. 34-36 were made only
in one direction. Also note that the films in ref. 34
are only 80 nm thick and the nanotubes or bun-

£ mi
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Figure 7. Logofthe AC dielectric constant (&, below ¢ and &,,; above ¢.) plotted against
the log of the frequency, for various ¢ values, the symbols for which are given in the Figure.
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Table 1. Parameters Obtained in the Present Experiments and Refs. 34-36

Polymer Dispersion P t s o, (S/ecm) o; (S/ecm)
Polyimide Shear 0.0005 (T) 2.77  0.797 8.9 x 10! 6.3 x 1077
(present study) Sonication 0.000506 (T) 2.22 - 3.2 x 10° -
In-situ polymerization 0.000555 (L) 2.21 - 5.1 x 10* -
PVA (ref. 34) Sonication spin casting 0.00029 1.36 - 2 x 107 ~1012
Epoxy (ref. 35) Shear phase separation 0.000025 1.2 - 2 x 10° ~107H
Epoxy (ref. 36) Shear in-situ polymerization  0.003 1.44 - 7 x 1074 ~1071¢

dles lengths are certainly larger than 80 nm.
Therefore, the films do not contain sufficient ran-
domly oriented nanotubes in the transverse direc-
tion, which is also the direction of measurement, to
be a valid 3D percolation system. The reason
why no samples with PmPV (poly(m-phenylene-
vinylene-co-2,5-dioctyloxyp-phenylenevinylene)) as
the polymer were studied below the percolation
threshold could be that a few of the single bun-
dles or fibers were sufficiently long and oriented
so as to provide a short circuit between the elec-
trodes. Note that only the results with PVA (poly
(vinyl alcohol)) as the polymer are quoted for
ref. 34 in Table 1.

The ¢. value range is as follows: 0.000025
(high shear stirring and phase separation®),
0.00029 (sonication and spin coating®?), 0.0005
(in situ polymerization under sonication and shear
(present study)), and 0.003 (high shear mixing dur-
ing polymerization®®). Note that all of the above
o8, except the last, are in the range to be expected
for a composite made up entirely of only single (i.e.
nonbundled) SWNTs and MWNTs, only if excluded
volume theory is used. As all of the SWNTs and
MWNTs occur in bundles, with far lower L/D
ratios, all the lower of ¢, must also, in part, be
due to some or all of the factors discussed in the
previous section.

The values of ¢ obtained from refs. 34-36 are
all below the universal value of ¢,, and there-
fore not compatible with any of the theories
given earlier. Although 3D ¢ values of less than
2 have been previously observed (for instance
one of the seven systems studied in ref. 12), no
definitive explanation exists. The reasons ad-
vanced for low values of ¢ in 3D include nonstat-
istical (nonrandom) distribution of bundles or
clusters (e.g., phase separation in ref. 35), as
well as changes in the proportion of dead ends
along the percolation path. As in true 2D sys-
tems, the universal values of s and ¢ are the
same and lie between 1.2 and 1.36, and there is
also the possibility that within the 3D system,

there is a 2D system that (partially) controls the
conductivity.?” In this case, it is likely that the
percolation parameters measured in two none-
quivalent directions should be different. This is
more likely to be in the s and ¢ values, as ¢,
value must be the same in all directions, except
for a 3D-layered system with electrically iso-
lated 2D layers. (Only if the occasional contact
exists between the layers, ¢. is then isotropic.)
Unfortunately, measurements in two directions
were not performed in refs. 34-36. Note that in
the clearly defined, but virtually impossible to
achieve, geometry®® for the Bruggeman Symmet-
ric Media, Maxwell’s equations rigorously give a ¢
of one in 3D. Also note that if the films or other
samples studied are less than 10 times, the long-
est dimension of the conducting particles thick-
ens, in the direction of the current, and the sam-
ple cannot be assumed to be a true or standard
percolation system. Therefore, in ref. 34, even if
the percolation equations can model the data, one
cannot expect to get understandable percolation
parameters. One last point to note is that, if the
values of ¢ are less than 2.0, the models discussed
earlier are not immediately applicable. However,
it is probably safe to assume that if the range of
inter nanotube bundle resistivities is not too
large, or according to the mechanisms proposed
by Kogut and Straley?' and Balberg,?*?® the ob-
served values of ¢ should be higher.

The values of o, obtained from the extrapola-
tion of the plots of g = oc((¢p — P) /(1 — ¢P.))
(eq 3), are listed in Table 1. The extrapolated
values listed in refs. 34-36, which used the
equation oy, = Co(¢p — ¢o), ¢ > ¢, where C is
an arbitrary constant, are also included. Note
that in these particular cases as (1 — ¢.) is very
close to 1, no corrections have to be made to
their o, values. The results seem to fall into two
categories, the present work and that of ref. 35
giving a o, lying in the range 2.0-89 S/cm and
the results from refs. 34 and 36 lying in the
range 0.2 x 107* — 7 x 10~* S/cm.
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AC Results and Scaling

At low frequencies, there is a very strong simi-
larity between the plots of log o, against log
frequency as given in Figure 4 and similar plots
in refs. 34-36. After an examination of refs. 5,
12, 34, and 36, it is immediately apparent that,
if the present measurements could have been
made at higher frequencies, the present results
would not only have had the upturn at o, but
also have had a straight line region at higher
frequencies. Therefore, the present results are
not really suitable to illustrate scaling, but sub-
sequent measurements on these systems have
shown such behavior at temperatures above
50 °C.>8

The results in refs. 34 and 36, for ¢ > ¢, are
scaled onto a single “master curve” by dividing
by the DC or low frequency conductivity and
then sliding the resultant curves along the log
(a(w)/a(0)) = 0 axis, by a factor (1/w.), until they
coincided. A criterion that is often used is that
at w/w,, (o(w)/a(0)) should equal 1.1. Similar
scaling onto a master curve has been done in
refs. 5, 12, and references therein. The equation,
for the conductivity as a function of frequency,
used to interpret the results in ref. 34 is ¢(w) =
gg l.e. (olw = 0) + ko, (w/w.)’, but was devel-
oped for homogeneous one- and two-phase sys-
tems and does not strictly apply to percolation
systems, with a distinct conducting and insulat-
ing phase. This model is called the extended
pair approximation, where % is an arbitrary con-
stant and the s is not related to the percolation
exponent in eqs 1 and 2. In ref. 36, the mathe-
matically equivalent equation to the one above
for o(w) = 0. i.e. (6(w = 0)) + A(w)’, which is the
universal dielectric response equation,®® was
used, but it is obviously the same as the pre-
vious one, with somewhat different definitions of
the parameters, with A again being an arbitrary
constant. Ref. 39 shows how universal AC con-
duction equations can model the temperature
dependence of nominally homogeneous systems
like glasses, melts, doped polymers, amorphous
films, and polycrystalline diamond. The only two-
phase system discussed in ref. 39 was the poly-
crystalline diamond, which has a grain boundary
phase. Therefore, this equation also does not
strictly apply to percolation systems. Hunt*’
describes this phenomenon in terms of percola-
tion theory and hopping conductivity. The critical
frequency (w.,) is in this case dependent on the
nature and distribution of the hopping conductiv-

ity sites in the disordered material. In refs. 5, 12
and the references therein, the experimental
results were scaled onto a master curve and the
curve modeled using either eq 5 (see also ref. 2
and 3) to analyze the slope of the straight line
region only or the entire curve using eq 1.5'2
Note that in ref. 41, it was shown that a single
carbon black-polyethylene system could be scaled
onto a master curve when the temperature (i.e.
oi/o.) was varied, as is to be expected from an
examination of eqs 6 and 7.

In both the equations in the previous para-
graph, a crucial parameter is w.(wq), the angular
frequency, which indicates where the conductiv-
ity results deviate from zero slope, and is propor-
tional to (¢ — ¢.)* or (p — p.)*. (Here p is the prob-
ability of a particular site being occupied by a con-
ductor and p. the critical probability.) This is
shown to be the case by means of plots of w,
against p — p. in refs. 33 and 35. This is of course
related to the DC conductivity of their systems,
and so these results give w.(wy) values, which are
linear functions of the DC conductivity. There is
no contradiction between this dependence and
the percolation approach, as eq 7 shows that
w(we,) should also be proportional to o,,. These
relationships have also been tested for a number
of systems in refs. 5, 12, 41, and the references
therein.

As data, which shows a significant enough
increase in the conductivity at high frequencies,
were not obtained in this work, scaled data
for a carbon black-talc system were fitted and
used in the following argument. Figures 8(a) and
(b) show that both the equations given in the
above two paragraphs, which do not include the
concept of a percolation threshold, and eqgs 1, 6,
and 7 can be fitted to scaled data plots of the log of
the normalized conductivity against normalized
frequency. These curves are very similar and by a
suitable choice of parameters can be made to
agree with the data at the lowest and highest fre-
quencies.

CONCLUSIONS

One conclusion that can be made from the series
of studies®*6:11:122040 j5 that while the experi-
mental results nearly always agree with the pre-
dictions of eqs 1-5 and can be scaled onto a
master curve, as expected from eqs 1, 6, and 7,
the exponents s and ¢ as well as the experimen-
tal w. values are not always self consistent or
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Figure 8. (a) Log—log plot of the scaled AC conductivity vs. scaled frequency for the car-
bon black-tale system for samples ¢ = 0.01291 (OJ), ¢ = 0.01343 (A), ¢ = 0.01351 (&), and
¢ = 0.01334 (+). The solid line is a best fit to eq 1, with a free range parameter: s” = 0.48
+ 0.04 and ¢ = 2.26 * 0.20, which gives a t/(s” + t) = 0.82. The fit of the DC data to the phe-
nomenological equation gave the parameters: ¢, = 0.0131 = 0.0006, s = 0.90 = 0.20, and
t = 2.26 * 0.11, which gave #/(s + t) = 0.72. When these parameters are used, the theoreti-
cal fit is not at all satisfactory. When s’ = 0.43 = 0.03, the exponent from dielectric mea-
surements (eq 4) at 1 kHz is used, /(s + t) = 0.84 and the fit (dashed line) is obviously bet-
ter as this value is much closer to the best fit parameters. However, there is the noticeable
deviation at high frequency. (b)log—log plot of the scaled AC conductivity vs. scaled fre-
quency for the carbon black-talc system for samples ¢ = 0.01291 (), ¢ = 0.01343 (A), ¢
= 0.01351 (¢), and ¢ = 0.01334 (+). The solid line is a best fit to the universal equation:

o 0:0) — 1+ k(2)", with the parameters: k = 0.145 = 0.004 and x = 0.880 + 0.003.
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even very well understood. It would appear that
the same is true for nanotube—polymer systems,
which have the lowest ¢. values of any system.
It can only be hoped that our understanding of
the factors determining s and t, and to a lesser
extent ¢., improves by employing appropriate
equations in further studies of well-dispersed
nanotube—polymer and other systems.
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