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Alternating current (ag and direct current(dc) conductivities have been measured in
polymer-nanotube composite thin films. This was carried out for a range of concentrations of
multiwall nanotubes in two polymer hosts, polyphenylenevinyleneo-2,5-dioctyloxy-
p-phenylenevinylene(PmPV\) and polyvinylalcohol(PVA). In all cases the dc conductivitypc

was ohmic in the voltage range studied. In general the ac conductivity displayed two distinct
regions, a frequency independent region of magnitagdeat low frequency and a frequency
dependent region at higher frequency. Bot. and o followed a percolation scaling law of the
form oo (p—pe)t with p,=0.055% by mass and=t1.36. This extrapolates to a conductivity of

1x 10" S/m for 100% nanotube content. Such a low value reflects the presence of a thick polymer
coating, resulting in poor electrical connection between tubes. This leads to the suggestion that
charge transport is controlled by fluctuation induced tunneling. In the high frequency regime the
conductivity increases with frequency according to an approximate power law with exponent
s~0.92, indicative of hopping transport. The onset of this frequency independent conductivity scales
with mass fraction for the PmPV composite due to the variation of correlation length with nanotube
content. This behavior is discussed in terms of a biased random walk in three dimensions. In
addition ac universality is demonstrated by the construction of a mastercurv00® American
Institute of Physics.[DOI: 10.1063/1.1506397

I. INTRODUCTION traditional organic electronic devices such as light emitting
diodes>® Additionally the possibility of producing highly
Over the last 10 yr carbon nanotubdsave generated conductive thin films suggests nanotubes may be useful as
much interest, partly due to their electronic properties. Singlgyassive components such as electromagnetic interference
walled nanotubes have been shown, both theoretically anghielding materials or antistatic coatings.
experimentally, to display either semiconducting or metallic  In recent years blends of conducting materials in insulat-
properties, depending on how they are rolled’up.com-  ing hosts have been extensively studied because of their im-
parison multiwalled nanotubé®WNTs) have a more com- portance in both basic and applied scieficeMost of this
plex structure, but are expected to be good conductors agork has focused on polymer hosts such as @oéthyl
their large external diameter suggests the existence of a vepjethacrylatg or polyvinylalcohol (PVA) filled with materi-
small band gap for the semiconducting variety. While nanoals such as carbon black, carbon fibers, and conductive poly-
tube purity and processability have been a problem in theners such as polyaniline. In these systems electronic conduc-
past, these issues have recently been addressed with sofigty can be increased by up to 10 orders of magnitude with
success:* Self-purifying polymer nanotube composite solu- relatively low filler concentrations. This is significant as it
tions can now be routinely made, allowing thin films to be allows the retention of the intrinsic matrix properties such as
fabricated using traditional techniques such as spin coatingflexibility. The lowest filler concentration needed for macro-
This has allowed the characterization of the electronic propscopic conductivity increasg.e., formation of an electrical
erties of the composite films themselves and the study opathway through the samplis described by the percolation
their potential as field injection and charge transport layers inhreshold, which has been observed to be as low as 0.035%
by volume for some polymer blend®.For economic rea-
3Author to whom correspondence should be addressed; electronic maifONs, the achievement of extremely low percolation thresh-
colemaj@tcd.ie olds is important and has been a driving force behind much
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of this research. To this end, it has been shown both experBix aluminum top finger contacts were then evaporated onto
mentally and theoretically that percolation thresholds dethe films yielding six sandwich structure devices with an
crease significantly as the aspect ratio of the filler particlesictive area of 5 mi It should be noted that while sample
increases?! Thus fibril shaped filler particles such as conduc-preparation conditions were identical for both PmPV and
tive polymers have been an attractive choice in recent year®VA samples, morphological differences are expected due to
This fact suggests that carbon nanotubes, with their highhe different nature of host polymer and solvent. Average
conductivity and high aspect ratio, are ideal candidates ailm thicknesses for PmPV and PVA devices were 83 and 80
conductive fillers in percolative systems. nm, respectively, as determined by Dektak surface profilom-
In this work we have studied the electrical properties ofetry. Contact was made to the electrodes using pressure
two composite systems formed from a conjugated polymeprobes and conductive silver paint. Devices were tested un-
poly(m-phenylenevinyleneo-2,5-dioctyloxyp-phenylenevi-  der a dynamic vacuum of-10 2mbar. dc measurements
nylene (PmPV) and a nonconjugated polymer PVA, both were made using a Keithley Model 2400 sourcemeter. ac
filled with various concentrationsof multiwalled nanotubes measurements were made using a Zahner IM6e impedance
in the range 0.037%p<4.3% by mass. We have measured spectrometer over a frequency range 10 Hz-1 MHz with ap-
the dc conductivity of these composites as a function oflied alternating voltage of 50 mV. For both ac and dc testing
nanotube content, allowing us to determine the percolatioffior all samples, measurements were made on all six devices
thresholdp, and the conductivity exponehtThe increase in  and subsequently averaged.
conductivity is discussed in relation to the fluctuation in-
duce_d_ tunneling model. Flr_1ally we have measured the oM RESULTS AND DISCUSSION
ductivity of these composites as a function of frequency.
These data are discussed in terms of hopping conductivity iA. dc and frequency independent ac conductivity

the form of a biased random walk. Scaling was applied to g4, 4 composite samples, both dc and ac conductivity
construct a master curve suggesting universal ac conductivity, aasurements  were carried out. All dc current—voltage

in these materials. (I-V) characteristics were ohmic in the voltage range studied
(—=0.15-0.15 V) and the conductivitiespc were calculated
Il EXPERIMENTAL PROCEDURE from thg §!ope of the 1-V curves. The real part of the ac
conductivities(as calculated from the real part of the admit-
The polymers used in this study were PmPV, which wagance for selected nanotube concentrations are presented in
synthesized here in Trinity College Dublfrand PVA which  Fig. 1(a) as a function of angular frequenayfor both PmPV
was purchased from Aldrich and used as supplied. The muland PVA composites. The frequency dependent conductivity
tiwalled carbon nanotubes were produced in Trinity by thefor the PmPV composites can be more clearly seen in Fig.
Kraetschmer arc discharge metfdtf and used without fur- ~ 1(b). Two cases must be distinguished: those with low nano-
ther treatment. Composite solutions were prepared by addingibe mass fractioiip<0.037% and those with higher mass
this Kraetschmer generated powder to 20 g/l solutions ofraction. In the former case conductivity is frequency depen-
PmPYV and PVA in their respective solvents, toluene and waedent in the frequency range studied with a slope of unity on
ter. These were then sonicated with a high power sonic ti@ log—log scale. This is in good agreement with the expres-
for 1 min and then subsequently in a low power sonic battsion o= ws"¢(, valid for dielectric materials where is the
for 1 h. The solutions were then allowed to stand undisturbe@onductivity, e” is the imaginary part of the dielectric con-
for 24 h to let any non-nanotube impurities sediment outstant, is the angular frequency, anrg is the vacuum per-
Decantation then yielded composite solutions free from gramittivity. The higher mass fraction curves are characterized
phitic impurities as described by Coleman ef‘4Electron by a frequency independent conductivity up to a critical
paramagnetic resonance was then used to show that onfsequencyw,, followed by a region of increasing conductiv-
polymer and MWNTSs remained in solution after settling andity. This frequency independent conductivity is indicative of
decantatior?:* Various lower mass fraction solutions were nonzero dc conductivity, i.e., nondielectric behavior. This
prepared by blending these composite solutions with pureecond region will be discussed later in the article.
polymer solutions in the required ratios. Thermogravimetric ~ Shown in Fig. 2a) are the dc conductivitypc and the
analysis was used to calculate the nanotube concentration frequency independent ac conductivity, as a function of
each composite solutichThis technique also established nanotube mass fractiop for both PmPV and higher mass
that the PmPV decanted solution held significantly morefraction (nondielectri¢ PVA composites. In general, good
nanotube materigl~7.5 times than PVA. agreement is observed between the dc and ac data with the
The substrates used wereX 22X 1 mm glass squares conductivities of both composite types appearing to fall on
which had been thoroughly cleaned by a process of sonicahe same curve. As the mass fraction is increased, the con-
tion in decon 90, rinsing in de-ionized water, sonication inductivity increases from approximately 1#S/m for the
acetone followed by boiling in isopropanol. Substrates werénost material to over I S/m for the 4.3% PmPV sample,
dried by blowing compressed air across them. Aluminunmwith most of the increase occurring below0.5%. Extrapo-
bottom electrodes were evaporated onto these substrates dation to p=100% using the scaling law described below
der high vacuum conditioné~5x 10 ® mbar). Films were gives an approximate conductivity of 18S/m, which is 6
spin coated onto these contacts using a Convac 1001 sporders of magnitude lower than the conductivity expected for
coater and subsequently dried in a vacuum oven at 40 °Gx mat of multiwalled nanotubés.This discrepancy may be
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FIG. 1. (a) Frequency dependent conductivity for some of the samples stud-
ied in this work. Filled symbols represent PmPV based composites while
unfilled symbols represent PVA based compositiesFrequency dependent
conductivity results for three of the PmPV composites. The shift to fre-
quency dependent conductivity can clearly be seen aboveafifs. In the
interest of clarity these data have been normalized tasthealue and two

of the curves shifted by 10%.
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partly due to the fact that as the film thicknégss80 nm) is
much _Iess than the length of the nanotul_b@gth F_Vl__z FIG. 2. (a) dc and frequency independent ac conductivity for all samples
um, diameter~15-20 nm, they are constrained to lie in the sugied in this work. Note that conductivity increases by approximately 7
plain of the film, resulting in a larger effective film thickness. orders of magnitude up to 4.3% nanotube loading led#ILogarithmic plot
However this explanation cannot explain a discrepancy of of conductivity.vs redu;ed mass fractiqn. The solid line is a fit of the dc data
orders of magnitude. Alternatively, previous studies have?® € percolation scaling latq. (1)] giving pc=0.055% and +1.36. ()
LT . .. _Plot of the log of conductivity againgt *. The solid line is a fit of the dc
shown that individual nanotubes in PmPV based compositegata to Eq. &). This type of plot is indicative of fluctuation induced tun-
tend to be coated by a thick polymer lay&t’ This layer is  neling.
thought to form in the solution phase and is responsible for
the solubility of nanotubes in composite solutions. This is
expected to result in poor electrical contact between indicreases sharply as conductive paths begin to form. The ex-
vidual nanotubes, resulting in lower effective conductivity. ponentt is expected to depend on sample dimensionality
This is because the highest resistance sections in the electiith calculated values af~1.33 andt~2.0 in two and three
cal pathway, manifested by the internanotube connectionglimensions, respectively. It should be noted however that
dominate the macroscopic conductivity. The second explandhese values vary depending on the authors and the type of
tion seems more likely as further measurements of conducimulation used. Both ac and dc conductivities for each host
tivity in the plane of the film(not shown were observed to polymer have been plotted logarithmically and are shown in
be only marginally higher than these measurements perpeffrig. 2. The solid line is a fit of E¢(1) to the dc data for both
dicular to the plane of the film. It should be pointed out thatcomposites and give.=0.055-0.01% by mass(p.
in plane conductivity measurements could only be carried=0.029+0.01% by volumgandt=1.36+0.13. This fit was
out for high conductivity samples due to limited detectionfound by incrementally varying. until the best linear fit to
sensitivity. the equation was found. As might be expected the percola-
According to classical percolation theory the conductiv-tion threshold falls in the middle of the mass fraction range
ity of composite materials as conductive filler content is in-between the dielectric like composie=0.037%, PVA and
creased can be described by a scaling law of the form the p=0.074%, PVA composite which exhibits a frequency
¢ independent conductivity at low frequencies. This extremely
o (P~ Pe) @ low percolation threshold compares with values for fibular
wherep, is the percolation threshol§ This equation is valid filler particles found in the literature of 0.035% by volume
whenp>p, and (p—p,.) is small. As the mass fraction in- for polyaniline—polyvinylalcohol composit€sto 1.1% by
creases beyond the percolation threshold the conductivity involume for polymer—carbon black compositést also com-
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pares well with previous values found for polymer—nanotubecontribute a significant component of the ac conductivity
composites of 8% by mass for low purity MWNT—-polymer which would not appear in the dc conductivity, again result-
composite¥’ and 1.1% by mass for low purity single walled ing in oac> opc.

nanotube—polymer composit&s.This value is, however, Given that each nanotube is probably coated with poly-
rather low compared with percolation thresholds calculatedgner which acts as a potential barrier to internanotube hop-
by Munson—McGee for cylindrical conductors in a insulating ping, it is likely that electrical conductivity in this system is
matrix. In this study statistical analysis was used to show thalimited by tunneling between conductive regiofisano-

a percolation threshold in the region of 1%—-5% is expectedubes. This behavior is described by the fluctuation induced
for a system of conductive fillers of aspect ratio between 5@unneling modeéf which takes into account tunneling
and 130(consistent with the nanotubes used in this spddly through potential barriers of varying height due to local tem-
However, it should be pointed out that the value presentegerature fluctuations, predicting a conductivity described by

here-may be artificially rgducgd by individ_ual nanotubes opcrex — T, /(T+Ty)], )
shorting through the thin film in the sandwiched structure
configuration. where T is the temperaturek is Boltzmans constant];

While the low value ot=1.36 suggests charge transport =WAe*/8k and To=2T/mwy, with x=(2mV,/h?)*?
through a two dimensional object this seems unlikely as the =4Vo/ew, m ande the electron charge and mas4, the
charge must flow through the film and not along any surfacdotential barrier heighty the internanotube gap width, aAd
or interface. Values of in the region of 1.3 have, in fact, the area of capacitance formed at the junction. It can easily
been observed in a number of bulk systems. These includee seen that for constant temperature this equation can be
t=1.33 and t=1.42 in separate polyaniline-PMMA Written in the fornt®
network$*?® and t=1.3 in polyethelene—carbon black  |neooc—w. (33

composite$* One possible explanation for this is that the _ )
charge must flow solely through the conductive network!f We assume that the nanotube content in the polymer host is
which itself may be a fractal object of fractal dimension in Nomogenous, the composite conductivity at a given tempera-

the region of 2. An alternative suggestion has been made b€ can be described by the bet‘f};’ior of a single tunnel junc-
Reghuet al. in a study of percolation in polyaniline—PMMA 10N where the gap width isrep~ = due to spatial consid-
networks?? They observed the critical exponert1.99 at 10 erations. This suggests the dc conductivity should follow the
K indicating transport in three dimensions. However on re_followmg rule

turn to room temperature the exponent decreaseek1033. Inopex —p~ 2. (3b)

This was suggested to arise from thermally induced hoppin

transport between disconnectaat weakly connectedparts . . . . —
P et y &ap ig. 2(b) are shown on a semilogarithmic scale verpus”.

. . : F
of the network. Th|sllatter description seems plausible andl'he expected linear relationship is observed, with the solid
supports the suggestion that the nanotubes are separated bp{ a

thick polymer barrier. Alternatively it is possible thatan be ne as a fit t_o the dc conductlvny C!at_a. This plot fl_thher
. . . supports the idea that the current is limited by potential bar-

reduced below the three-dimensional value by the reduction .
. ) y riers between nanotubes due to the polymer coating. Tem-
in the number of “dead arms” present, as would be expected .

- perature dependent studies are currently underway to further
for a thin film sample. investigate these results

While the data for the dc conductivity for all samples '

agrees well with Eq(1), the ac data at low mass fraction .
diverges from the dc data and is approximately 1 order of- Frequency dependent ac conductivity
magnitude higher for the 0.074% mass fraction PVA sample.  Figure 1 has already been discussed in terms of the fre-
It is well known for hopping conduction that the dc conduc- quency independent conductivity observed at low frequency.
tivity is limited by the maximum of the range of activation Now we will turn to the frequency dependent conductivity
energie® as a carrier hops through the sample. In contrastcomponent observed at higher frequencies. This strong dis-
ac conduction is limited by the highest barrier experienced apersion of conductivity is in fact one of the most character-
the carrier travels for one half period of the field. It is pos-istic properties of electrical conduction in disordered
sible for low mass fraction, just above the percolation threshsolids?’ Typically, as discussed previously, a frequency in-
old, that ac transport in a small fraction of the network isdependent region is observed at low frequencies switching,
more favorable than dc conduction through the entire incipi-at a characteristic frequeney,, to a region of conductivity
ent network as large energy barriers can be avoided. Thigicreasing approximately as the power of the frequency. This
may result incac>opc. As the mass fraction is increased, can be expressed as a power law
the number of internanotube connections increases and many s
conductive paths become available. In this situation, substan- (®)*®™ “)
tial numbers of carriers traveling through the entire network  This behavior can clearly be seen in Fig. 1 but is most
follow paths which avoid the larger barriers and the dc con-obvious for the PVA composites. In all materialgy was
ductivity approaches the ac conductivity. Alternatively atmeasured as the frequency at which the ac conductivity
mass fractions just above the percolation threshold, relativelyeached 110% of, i.e.,o(wg) = 1.10. For the PVA based
large networks may exist which are not connected to theomposites the exponeatwvas measured as the slope of the
main network linking the electrodes. These networks coulchigh frequency region in Fig. 1. In the PVA based composites

%1 Fig. 2(c), both the dc and ac conductivity data presented in
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TABLE I. Summary of the numerical values measured in this work, column In all network systems described by percolation theory, a
1 gives mass fraction, columns 2 and 3 give dc and frequency independet 4 acteristic length scale known as the correlation leggth
conductivity, respectively. Shown in column 4 is the critical frequency while be defined. Thi lati | th b iated with
the frequency dependent conductivity expongig given in column 4 for can _e enned. IS correla 'o_n eng can be assc_)ma € W'_
the PVA composites only. the distance between connections in the system, i.e., the dis-

tance between junctions or nod@</?®when an alternating

P(%) oc(S/m) ao(S/m) wo (rad/s) s voltage is applied to a material, the charge carriers scan a
PmPV distance that scales with the period of the perturbing wave.
4.30 1.3%10°° 1.18x10°° 5.63x 10° — Thus if a carrier travels a distanceat a frequencyw,, it
2.15 5.8X 10:2 4.88¢ 10:2 3.01x 182 - follows that the mean distance traveled at frequencies
ézgj iﬁ: 18,6 iiiﬁ 18,6 g:g?; 105 B smaller thatw, wi_II be larger thané and vice versa. In our
0.27 1.18¢10°° 9.42¢ 107 1.99¢ 10° _ case at frequencies lower than, we would expect carriers
0.00 3.6%107 13 — — — to have to tunnel through at least one nanotube—nanotube
PVA barrier (becausef is associated with the distance between
0.590 8251077 9.68<1077  176<10° 093 these harriepswhile for frequencies greater tham,, some
0.295 3.3 10 4.01x 10 6.56x 10° 0.91 : o
0.148 578108 2.46¢10°7 2 63x 10¢ 091 carriers would be expected to trave] Wlthln single _nanotubes.
0.074 8.6 1078 2411077 9.68x 10° 0.94 Thus we would expect a conductivity approaching the dc
0.037 2.3x10 1 — — — value at low frequencies with higher conductivity at higher
0.00 6.95¢10°* — — — frequencies as is observed experimentally. The transition fre-

quency would then be expected to be that where carriers scan
an average distance of order of the correlation length. There-
. fore it seems reasonable to associatewith .
wo occurs between approximately X@0° and 3 At low frequencies(or long time scalésthe carriers
X 10%rad/s, withs ranging between 0.91 and 0.94. It has travel long distances through the long range Euclid@em-
been showf? that an approximate power law of this form fracta) structure of the network. In the absence of an applied
with 0.8<s<<1.0 is characteristic of hopping in a disordered electric field these carriers undertake random walks and so
material where hopping charge carriers are subject to Spa&can a mean distance along the networkLoef72 or L
tially randomly varying energy barriers. This agrees welle =12 \where 7 is the walk time andw is the associated
with the fluctuation induced tunneling model where the(angula} frequency. Connoet al*® have used this idea to
nanotube—nanotube barriers vary due to local random temsyplain the behavior o, as a function of filler concentra-
perature fluctuations. tion (in this case carbon blagky looking at the relationship
This is not quite as easy to see for the PmPV compositegetween the applied frequency and the distance scanned by a
as the conductivity only begins to become frequency depenrandom walker on a fractal object for different filler concen-
dent at frequencies in the rangex20° to 6x 10°rad/s. AS  trations. Their method seems slightly implausible for two
this is close to the maximum experimental frequency, thgeasons. First, they modified the equation7"2 to describe
exponential region was not observed for the PmPV compos; random walk on a fractal object, i.4.% 7Y%, where § is
ites, but they are expected to behave similarly to the PVAne fractal dimension of a random walker on the fractal ob-
based materials. However the critical frequemgycould be ject. The problem here is that this length describes the aver-
measured, albeit within a significant error margin, and inage straight line spatial distance traveled from the starting
general was observed to increase with increasing mass fragyin to the finishing point on the random walk. The distance
tion. The results fow, ands (PVA only) are given in Table  gcanned by the charge carrier, however, is not this distance
I, while wg is plotted against the reduced mass fractipn  p;t the distance traveled on the trail of the random #alk
~Pe) for both composites in Fig. 3. which, as described earlier, is given hy:7*2. Second, on
application of a small voltage we would expect the random
nature of the walk to be compromised, with the walk becom-
8 ing biased. At high applied voltages the trajectory will be-
PmPV come completely nonrandom with= 7 or Lxw ™! for a sys-
= PVA tem where charge carrier scattering applies.
6 We suggest that charge carriers undergo a biased random
walk along the conducting network with the relevant dis-
41| - d tancel being that traveled through the network. In the two
extreme cases,x w2 for a completely random walkin-
finitesimally small electric fieldand Lxw ™! for a com-
0.01 0.1 1 10 pletely nonrandom trajectory, under the influence of a strong
p-p (%) electric figld. It should be pointed_ out that .vvhilex.w*.l
¢ only applies for systems with carrier scattering, this is ex-
o _ ~ pected to be the case for nanotubes interacting strongly with
FIG. 3. Gragh of the critical frequenay, against reduced mass fraction. their environment, in this case the polymer coating. Thus, in
Note that while for the PVA based compositeg depends only weakly on . —a. -
frequency, for the PmPV based composite it scales as a power law as pré€neral we can considerw ™~ with 0.5<a<1. Conversely
dicted by Eq.(7). the frequency required for a carrier to travel, on average, a

Log @, (rad/s)
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0

distancel in one half period is given bwo L Y2 for trans-

o
port within the network. Therefore the parametedescribes o 1000
the level of bias imposed on the walk by the application of > 100 . 0.074%
an external field. If this is the case, at the high frequency 2 LT e
limit of this behavior the carrier scans the correlation length 5 10 o 0.59%%
at a frequencyw, given by g
O 1 S eemnnHIDNIY
wgoc g*l/a. (5) i*%
. . 2 0.1
It should be pointed out that electrical transport proper- = 0.001 0.1 10 1000

ties based on biased random walks have been modeled
previously?® While this work suggested an exponential rela-
tionship between distance and frequency, this result wa
strongly influenced by the presence of loops in the fractaE
system modeled. This resulted in significant carrier waiting
times, leading to reduced transport properties in the presence

of a field. This situation is not expected to exist in a systemy,ee dimensions=0.9, givinga=0.76, well within our cri-
of rigid cylindrical 'co_nducting inclusions. Thus E) iS  tgria for a. However in two dimensions/=4/3, giving
expected to be valid in our system. a=1.13. Asa has been defined as being between 0.5 and 1
In any network system the correlation length decreaseg,is suggests that in this system charge transport must be
as the mass fraction of_f|ller particles is increased. This Cafhrough a three dimensional structure. This strongly supports
be expressed as a scaling law of the form the suggestion that the low value of the conductivity expo-
“(h—p.)" " nent t=1.36 reported earlier is due to tunneling between
§(P—Pc) " (6) : e .
nanotubes and not the dimensionality of the system. Addi-

where the exponenthas the value=4/3 in two dimensions  tionally, a=0.76 confirms that the path traveled by the carrier
and»~0.9 in three dimension$:**Thus by combining Egs. in our system is partially biased.

IG. 4. Master curve showing the ac conductivity for selected PVA com-
osites. The solid line is a fit to the extended pair approximation model.

(5) and(6) and assuming, = w,, the critical frequency can As discussed previously, Connet al. assumed that the
be expressed as distance scanned by the carriers scaletl@s'/’. Using Eq.
i i _ vé
wo (p—pe)*'a. @ (6) they obtained an equation of the form (p—p.)”°. As

v and & are known, with values of 0.@n three dimensions

This critical frequency for both PVA and PmPV compos- and 3.5% respectively, this gives an exponent relatingto
ites is plotted againgtp—p.) in Fig. 3. From this graph itis ( p—p,) of 3.1. This contrasts with their experimentally de-
clear that the PVA based composites behave quite differentljermined value of 1.5. This was explained by assuming a
from their PmPV based counterparts. For the PVA samplescaling relation of the fornw ;< wg 2. However if one applies
the critical frequency varies little with mass fraction. Con-the biased random walk theory to this daa,0.9/1.5=0.6 is
versely the PmPV based materials display power law behawbtained, suggesting a weakly biased random walk. This ex-
ior as predicted by Eq.7). As the critical frequency is con- planation is preferable for reasons stated earlier and as it
trolled by the microscopic structure it is probable that theincorporates Occams razor by removing the need to assume a
PVA based materials have different local morphology to thescaling relation betweem, and .
PmPV based samples. This may indicate differences between Finally it has been known for over 40 yr that universality
the nanotube dispersal properties of the two host polymersf ac conduction is common in many disordered
The critical frequency is related to the correlation length,materials?®>?”-*!1This is manifested by the ability to plot the
which in turn can be associated with the distance betweeac conductivity data from a range of experiments on the
connections in the system. In this case these distances agame plot by the appropriate scaling of conductivity and fre-
likely to be linked to the length scale over which the nano-quency. In general the conductivity and frequency scaling
tubes themselves are connected. A higher critical frequencfactors are taken as, andw,, respectively. Shown in Fig. 4
in the case of the PmPV based composites would suggegs the ac conductivity data for the PVA samples scaled using
shorter distances between nanotube connections. This effetfe o, and w, values given in Table I. These data do in fact
could easily be caused by a higher level of nanotube aggreexhibit universal behavior, with all data sets falling on the
gation in this host compared with PVA. This is in contrast tosame master curve. It has been reported that the extended
the data in Fig. 2 which showed only minimal differences inpair approximation mod&*? can describe this type of data
dc behavior for the two types of composites. As the total dausing the equation
current flow would be expected to be less sensitive to aggre- B s
gation effects than ac current flow this result is not surpris- @)/ 70=11k(@/wo)", ®)
ing. This shows that the frequency dependent ac propertiesherek has been added to take into account our rather arbi-
are more sensitive to local structural differences than ddrary criterion for measuringy. The solid line in Fig. 4 is a
properties. fit to the master curve using Ed8) with k=0.175 and

The exponent relating the critical frequency to the re-s=0.92 in accord with the values sfobtained from Eq(4).
duced mass fraction was measured from Fig. 3 to be 1.1&oo0d agreement is observed between fit and data at low to
+0.15. By comparison with Eq7), this means 1.18v/a. In mid frequencies. However, at high frequencies the data begin
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