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ABSTRACT: Percolation phenomena in bionanocompo-
sites composed of the bioplastic polylactide and surface
decorated supramolecular multiwalled carbon nanotubes
(MWCNTs) are investigated. MWCNTs with three distinct
surface chemistries—a native surface, a hydroxyl function-
alized surface, and a short hydrocarbon functionalized
surface—are prepared and studied. Two experimental
methods are used to determine percolation thresholds;
melt rheology provides a measure of the mechanical per-
colation threshold and electrical impedance spectroscopy
provides values of the electrical percolation threshold.
The MWCNT-loading level required to obtain mechanical
percolation is systematically found to be lower than the
loading level needed to achieve electrical percolation.
Hydroxylated MWCNTs have the highest percolation
thresholds of 1.8 (mechanical) and 6.7 wt % (electrical),
which is attributed to aggregation caused by hydrogen

bonding. Alkane-grafted MWCNTs have lower percola-
tion thresholds of 0.76 (mechanical) and 2.8 wt % (electri-
cal). However, untreated MWCNTs have the lowest
thresholds of 0.16 (mechanical) and 1.5 wt % (electrical).
The reduced percolation threshold observed upon conver-
sion of the hydroxylated surface to the alkylated surface
is attributed to morphological differences—functionaliza-
tion disrupts hydrogen bonding and leads to better nano-
tube dispersion. The combination of higher inherent
conductivity and more favorable nanotube-polylactide
interactions implies that unmodified MWCNTs are pre-
ferred to produce electrically conductive bionanocompo-
sites. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 122: 2563–
2572, 2011
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INTRODUCTION

Percolation phenomena are well known across a
broad range of scientific fields. Examples include
formal mathematical treatment in theoretical
physics,1 fluid transport in geophysics,2 and various
applications in materials science and engineering.3

The percolation phenomenon may be described as a
discontinuous or near discontinuous change in some
measured property at a critical loading fraction (the
percolation threshold) of a second phase.

Polymer composites with many types of fillers ex-
hibit various percolation phenomena.4 The critical
volume fraction depends on aspect ratio, flexibility,
and polydispersity of filler, the dispersion and align-

ment of filler in the matrix, and attractive or repul-
sive forces between filler particles and the polymer.5

Electrical percolation also depends on the dielectric
constant of the matrix material. Alignment of high-
aspect-ratio particles results in an increase of the
critical volume fraction due to reduced network con-
nectivity.6 Interactions between the filler and the
polymer affect mechanical and electrical percolation
differently. Fillers can influence the local viscosity at
a distance on the order of the polymer molecular ra-
dius (tens of nm) from the surface of the particles.
Electrical conductivity depends on much smaller
atomic length scales than mechanical reinforcement.
Although the exact mechanisms for electron trans-
port in polymer composites are not fully understood,
it is estimated that electrons cannot tunnel farther
than 0.1 nm.5 Both particle–polymer interactions and
interparticle forces have important effects on me-
chanical load transfer.7,8 Carbon nanotubes (CNTs)
are particularly well suited for the comparison of
mechanical and electrical percolation because of
their high aspect ratio, modulus, and conductivity;
however, other conductive fillers have been
studied.9,10

CNTs have been targeted for polymer composite
applications since their discovery almost two deca-
des ago.11 Composite modulus improvements of up
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to 1 TPa per volume percent loading have been
shown as well as severalfold increases in strength.12

Because of their unique mechanical,13 electrical and
chemical properties,14 applications for polymer-CNT
nanocomposites range from aeronautics, sensors,
and drug delivery15 to field emission and photovol-
taic devices.16,17

Aggregation is still a major roadblock to the com-
mercialization of CNT-polymer composites. Strat-
egies for dispersion of nanoparticles include applica-
tion of mechanical work (sonication or high shear
mixing), chemical techniques (ionic or covalent sur-
face modification), and combinations of the two.18,19

Chemical modification gives the advantage of con-
trol over the interactions between the polymer ma-
trix and the nanoparticle surface.20 Effective load
transfer to the CNTs requires not only a large sur-
face area but also a strong adhesion force between
the tubes and the matrix.21,22 Chemical modification
of the sidewalls often results in decreased CNT
strength and electrical conductivity due to disrup-
tion of the p bonding structure.23,24 Mechanical work
can also damage CNTs, resulting in carbon debris
and lower aspect ratio tubes.25 Solution-based proc-
essing is convenient for aggregate breakup via soni-
cation, while extrusion enables high-shear melt mix-
ing.26 Several novel approaches have also been
described such as layer-by-layer assembly and self-
assembly.21,27 The literature thus demonstrates that
preparation methodology has a large effect on nano-
composite properties.

In the present study, multiwalled carbon nano-
tubes (MWCNTs) are combined with polylactide
(PLA) to produce novel electrically conductive nano-
composites having a biodegradable matrix. PLA is a
renewable, biodegradable polymer commercially
produced by catalytic polymerization of lactide
monomers derived from renewable resources.28

Researchers have incorporated many types of fillers
into PLA in the recent years in attempts to improve
the heat distortion temperature, gas barrier, crystalli-
zation kinetics, and mechanical properties.29–32 Per-
colation properties of PLA composites have been
investigated for layered silicate fillers33 as well as
CNTs.34,35 Other rigid fillers such as cellulose nano-
whiskers have been shown to percolate in other
polymeric matrices.27,36,37 Rheological and electrical
spectroscopy studies have also been used as meas-
ures of enhanced dispersion in CNT nanocompo-
sites.7,38 Nanoparticle functionalization, which
results in enhanced dispersion, can change the filler
conductivity and insulate conductors from each
other, further complicating the percolation pic-
ture.9,39 Because of the complication of altered con-
ductivity, complementary measurements of the me-
chanical percolation threshold can provide insight
into nanocomposite structure. Finally, preparation

techniques must be carefully controlled, because the
degree of dispersion and alignment achieved influ-
ences the percolation threshold drastically.8,40

Supramolecular MWCNTs with three different
surface chemistries (pristine, oxygenated, and
alkane-grafted) are compared as nanofillers for pro-
ducing PLA-based bionanocomposites. Electrical im-
pedance spectroscopy and rheological measurements
are used to determine and compare the electrical
and mechanical percolation thresholds. The resulting
supramolecular bionanocomposites possess the
novel feature of combining electrical conductivity
with a degradable matrix; such functionality pro-
vides great potential for the development of limited
lifetime electronics, electrically active biomedical
implants, and other novel devices.

MATERIALS AND METHODS

Chloroform, methanol, dodecylamine (DDA), N,N-
dimethylformamide (DMF), and thionyl chloride
from Sigma Aldrich were reagent grade and used as
received. Multiwalled carbon nanotubes functional-
ized with hydroxyl groups (MWCNT-OH) and
unfunctionalized MWCNT were obtained from
CheapTubes.com. MWCNT-OH were 20–30 nm in
diameter and 10–30 lm in length, as reported by the
manufacturer. These dimensions correspond to as-
pect ratios varying from 333 to 1500. The MWCNT-
OH were reported by the manufacturer as having
1.6 wt % OH functionality (0.011 mol fraction), sur-
face area > 110 m2/g, and electrical conductivity >
100 S/cm. Before oxidation, the unfunctionalized
MWCNT are identical to the MWCNT-OH. PLA
2000D grade (extrusion/thermoforming, MFI 4–8 g/
10 min) was obtained from NatureWorks LLC and
precrystallized at 80�C under vacuum for at least 14
h before use.
MWCNT-DDA were prepared using the acyl chlo-

ride reaction described in the literature.41,42

MWCNT-OH were refluxed in thionyl chloride (3.33
mg/mL) with a small amount of DMF (1 mL per 30
mL thionyl chloride). After centrifuging 10 min at
8600 � g and washing with chloroform, the
MWCNT were added to melted DDA at a 10-fold
stoichiometric excess relative to atomic carbon. The
MWCNT were stirred in DDA 24 h, then diluted
with chloroform, and centrifuged to remove
unreacted DDA. The resulting MWCNT-DDA were
washed repeatedly based on thermogravimetric
analysis (TGA) measurements that indicated a fixed
mass of grafted functionality (three times).
A solution blending technique was used to pre-

pare all composites described in this work. A 10 wt
% solution of PLA in chloroform was stirred over-
night to ensure complete dissolution. Separately, 1
wt % suspensions (� 15 mg/mL) of MWCNT,
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MWCNT-OH, and MWCNT-DDA in chloroform
were prepared using thoroughly dried carbon sam-
ples. The carbon suspensions were sonicated for 24
h and then added in appropriate ratios to the PLA
solution to target dry compositions of 1, 4, 7, and 12
wt % (MWCNT and MWCNT-OH) and 0.5, 1, 2, 4,
7, and 12 wt % (MWCNT-DDA). Hereafter, compos-
ite samples are designated with a prefix denoting
the nominal weight percent loading level and a suf-
fix denoting the surface treatment (0.5MWCNT-PLA,
12MWCNT-DDA-PLA, etc). Solution-phase compo-
sites were stirred on magnetic stir plates for 48 h
and then precipitated into 10-fold excess methanol
as a means of preventing nanoparticle aggregation.
Precipitate was collected, dried overnight, and fur-
ther dried under vacuum (25 in Hg) at 60�C for at
least 24 h.

Melt rheology

Nanocomposite samples were prepared for rheologi-
cal testing using a previously developed protocol.43–
45 Composite samples were dissolved in chloroform
at a concentration of 3 wt %. Tris(nonyl phenyl)
phosphine solution was added at a level of 0.5 wt %
(relative to composite mass) as a melt stabilizer.
Composite solutions were stirred for 24 h and cast
onto glass plates. Once the solvent was evaporated,
films were vacuum dried for 48 h at 80�C, 25 in Hg.
Films were then cut up and vacuum/compression
molded into circular discs (2 mm thick � 8 mm di-
ameter) and crystallized at 110�C for 3 h. Rheologi-
cal measurements were made in the melt at 175�C
using a Rheometrics ARES-LS rheometer with 8-mm
parallel plate fixtures. Strain sweeps were performed
to determine the limits of linear viscoelasticity; all
subsequent testing was performed within the linear
region.

Electrical impedance spectroscopy

Electrical impedance spectra were collected using a
Gamry PCI4/300 potentiostat. About 8-mm silver/
silver chloride electrodes (In Vivo Metric, Healds-
burg, CA) were fixed to either side of a 3 mm � 12
mm � 45 mm compression-molded test bar, pre-
pared freshly from the solution-blended film sam-
ples described earlier, using colloidal silver paste
(Electron Microscopy Sciences, Hatfield, PA). The
paste was allowed to dry for at least 4 h to ensure
repeatability through complete evaporation of the
solvent carrier. Frequency was varied from 10�2 Hz
to 105 Hz using a 100-mV root-mean-squared ampli-
tude perturbation. Specific admittance (Csp) curves
were calculated according to eq. (1) using the im-
pedance modulus (|Z|) and the sample and elec-

trode geometry; l ¼ 0.3 cm is sample thickness and r
¼ 0.4 cm is electrode radius.

Csp ¼ l

Zj jpr2 (1)

Optical microscopy

Thin-film samples of the 1MWCNT, 2MWCNT-OH,
and 2MWCNT-DDA compression-molded bars from
impedance spectroscopy tests were prepared for op-
tical microscopy. Samples of 13 6 1 mg were melted
onto glass slides on a hot plate. Coverslips were
pressed into the melted polymer to form disks about
1.5 cm in diameter and about 60 lm in thickness.
They were cooled rapidly to room temperature and
examined at 10� and 40� magnification.

RESULTS AND DISCUSSION

A TEM image of MWCNT-OH is shown in Figure 1.
The CNT have an entangled network structure, and
the inset shows the graphitic structure of the tube
walls. The thermal stability of the materials and the
amount of functionalization achieved is detailed in
Ref. 32. It was found that the MWCNT-DDA have
0.7 mol % DDA groups per mol carbon. This is
equivalent to 3 groups/nm2 when using the manu-
facturer-reported surface area value of 110 m2/g.

Figure 1 TEM image of MWCNT-OH. Inset: close-up
view of graphitic sidewalls.
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Melt rheology

The melt stability of the materials is demonstrated in
Figure 2(a), which shows that over an hour of test-
ing at 175�C the viscosity decreases by only 12%.
This is consistent with previous studies.45 A similar
decrease is evident in the loss modulus, G", which
dominates the viscoelastic response at the testing
temperature. The decreases in viscosity and modulus
are projected to be smaller in the composites due to
the increased thermal stability of CNT-polymer com-
posites.46 Accordingly, all samples were tested
within one hour of heating to 175�C.

For oscillatory testing, the strain values were
selected based on the results of the strain sweeps
shown in Figure 2(b). For all but the highest fre-
quency, the moduli are constant over the range from
0.5 to 5% strain. At the lowest strains, modulus val-
ues are scattered due to operating at the lower end
of the dynamic range of the torque transducer.
Appropriate strains are selected to be large enough
to provide sufficient transducer signal but small
enough to remain in the linear regime. Plots of stor-
age modulus (G0) as a function of frequency (x) are
shown in Figure 3 for the various surface-treated
nanotubes at different loading levels. Slopes of the
G0(x) and G"(x) (not shown) logarithmic plots for
unfilled PLA are 2 and 1, as expected in the terminal
regime.47 For all bionanocomposites, the storage
modulus becomes independent of frequency at
higher loading levels, indicating a transition to solid-
like behavior. This transition is less dramatic for the
MWCNT-OH. For the highest weight loading,
13MWCNT-OH, the storage modulus is an order of
magnitude lower than that of the 13MWCNT and
13MWCNT-DDA.

Complex viscosities are plotted versus frequency
in Figure 4. Because the MWCNTs are curved and

tangled into a weblike structure, it is anticipated that
the full length of the tubes does not necessarily par-
ticipate in the stress transfer. Rather, there is some
characteristic persistence length associated with the
specific level of dispersion achieved and it is this
persistence length that affects the modulus and vis-
cosity of the melt. The Maron–Pierce equation has
been used to describe the viscosity of suspensions47:

gr ¼
g
g0

¼ 1

1� /=A½ �2 (2)

where g0 is the viscosity of the suspending fluid, g
is the viscosity of the suspension, / is the volume
fraction of particles, and A is a fitting parameter that
has empirically been found to be close to the maxi-
mum packing fraction of the suspended particles.
Volume fractions were determined using a density
of 1.9 g/cm3 for the MWCNT, this density was cal-
culated based on average tube dimensions. Higher
aspect ratio fillers have lower values for A. The vis-
cosity data at an intermediate value, 1 Hz, are
applied to eq. (2), and the values for A are given in
Table I. Figure 5 shows the linear plot of g�1=2

r at 1
Hz versus MWCNT volume fraction and the fits
from which A values were derived. Although there
is a lot of scatter in the data (R2 values for the linear
fits are 0.76, 0.95, and 0.88 for MWCNT, MWCNT-
OH, and MWCNT-DDA, respectively), it is clear that
the viscosity of the melts is higher at lower loading
levels for the MWCNT-DDA composites than for the
MWCNT-OH composites. Positive deviation from
linearity at the highest volume fractions in MWCNT
and MWCNT-DDA composites leads to less negative
slopes and higher A values, likely due to polydisper-
sity in particle size.47 The lowest A for MWCNT-
DDA indicates a higher effective aspect ratio in these

Figure 2 (a) Time sweep test at 1 Hz for TNPP-stabilized pure PLA at 175�C. (b) Strain sweeps at different frequencies
for 2MWCNT-PLA demonstrating limits of linear viscoelasticity in the bionanocomposites.
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composites. Evidence of enhanced dispersion based
on crystallization kinetics was found for DDA-func-
tionalized carbon in earlier work.32 It is unclear how
the surface functionality affects specific interactions
between the polymer chains and the nanotube sur-

face; however, because the effects of dispersion and
surface interaction cannot be easily decoupled.
To pinpoint the mechanical percolation more pre-

cisely, G0 at 1 Hz is plotted versus weight loading in
Figure 6. A mechanical percolation model analogous
to that commonly used for electrical percolation is
employed to interpret the data.36,48

Figure 3 Storage modulus for (top) MWCNT composites
(middle) MWCNT-OH composites and (bottom) MWCNT-
DDA composites from melt rheology. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4 Complex viscosity versus frequency for all com-
posites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Gc ¼
ð1� 2wþ wwÞGpGf þ ð1� wÞwG2

f

ð1� wÞGf þ ðw� wÞGp
;

w ¼ Gf
w� wc

1� wc

� �t
ð3Þ

In eq. (3), Gc is the shear modulus of the compos-
ite, Gf is the shear modulus of the pure filler mate-
rial, Gp is the modulus of the pure polymer, w is the
filler weight fraction, and wc is the critical weight
fraction for percolation. The exponent t is a universal
network scaling parameter found by deGennes to
have a theoretical value of 1.8 for networks when
network-dangling ends are included.49 Shear storage
modulus values for MWCNT have been found by
theory and experiment to be on the order of 100
GPa, but it has also been shown that, due to the
curved structure of MWCNT maintained in compo-
sites, the effective value is reduced by several orders
of magnitude.50 The value best describing the data
in Figure 6 was 0.2 GPa. Critical weight-loading val-
ues are also found in Table I; the masses correspond
to volume fractions of 0.001 (MWCNT), 0.012

(MWCNT-OH), and 0.008 (MWCNT-DDA). To make
a reasonable fit with the MWCNT-OH data, a perco-
lation exponent of 2.6 had to be used. The other two
curves use a value of 1.8, as theory predicts. The
higher exponent found for MWCNT-OH is an indi-
cation that less of the MWCNT-OH mass contributes
to the mechanical percolation due to aggregation of
the tubes. Interestingly, it appears that although the
MWCNT-DDA has a lower A value and therefore
longer persistence length, this does not necessarily
translate to lower weight loading for percolation.
Other factors such as interactions of the polymer
chains with the surface of the MWCNT can contrib-
ute, and it may be that the DDA chains on the sur-
face of the tubes act as a surfactant, keeping viscos-
ity, and modulus values lower even though
dispersion is improved. Previous work32 shows that
Tg is unchanged in these composites, as measured
by both differential scanning calorimetry and me-
chanical spectroscopy, likely due to competing
effects of plasticization and chain confinement on
the nanosurface.

TABLE I
Summary of Mechanical and Electrical Percolation Parameters Determined for All

Filler Types

Filler type

Modulus properties
@ w ¼ 1 Hz

Conductivity properties
@ w ¼ 0.01 Hz

A wc t Cf (S/cm) wc t

MWCNT 0.087 0.0015 1.8 80 0.015 2.3
MWCNT-OH 0.099 0.018 2.6 2 0.067 2.3
MWCNT-DDA 0.077 0.012 1.8 0.5 0.028 2.3

Figure 5 Linear fits to the Maron–Pierce equation for sus-
pension viscosity.

Figure 6 Storage modulus at 1 Hz versus weight loading
for all composites. Fitted curves represent eq. (3). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Electrical impedance spectroscopy

Specific admittance data are plotted versus fre-
quency in Figure 7. In the case of MWCNT-OH, an
additional weight loading was prepared and tested
(17MWCNT-OH) because of the high-critical weight
fraction needed to obtain percolation for these
hydroxylated surfaces. In the case of MWCNT, 1.5

and 3 wt % samples were prepared and tested to
provide additional data near the percolation thresh-
old; this enables a more precise determination of the
exact threshold. The data for nonconductive samples
coincides almost exactly with the pure PLA data,
whereas conducting samples have a specific admit-
tance independent of frequency. Samples just begin-
ning to percolate show a transition from frequency-
independent conductivity at low frequencies to non-
conductive behavior at higher frequencies.
Figure 8 shows the low-frequency limit admittance

(DC conductivity) versus weight loading for
MWCNT, MWCNT-OH, and MWCNT-DDA. Perco-
lation thresholds were determined by fitting the data
in Figure 8 to eq. (4)51,52

Csp ¼ Cf
w� wc

1� wc

� �t
(4)

where Cf is the pure filler conductivity, w is the
composite weight loading, wc is the critical weight
fraction, and t is the critical exponent. Fitting param-
eters are listed in Table I. Pure filler conductivities
were estimated to be 80 S/cm for MWCNT, 2 S/cm
for MWCNT-OH, and 0.5 S/cm for MWCNT-DDA.
The MWCNT value agrees well with the manufac-
turer-reported value; however, surface functionaliza-
tion significantly reduced the conductivity. This is
likely due to disruption of the p bonding during
covalent modification as well as insulation from the
presence of the encapsulating grafted organic moi-
ety. The percolation exponent for all three materials
was determined to be close to the theoretical value
of 2 for a three-dimensional lattice. Critical weight
fractions were found to be 0.015 for MWCNT, 0.028

Figure 7 Electrical impedance spectroscopy data for all
composites.

Figure 8 DC conductivity from low frequency impedance
data versus weight fraction carbon in PLA composites.
Lines are fits to the data based on eq. (4).
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for MWCNT-DDA, and 0.067 for MWCNT-OH.
These weight loadings correspond to volume frac-
tions of 0.0099, 0.0190, and 0.0450, respectively. The
MWCNT-DDA form a conducting network at a
value slightly higher than that of the MWCNT but
the MWCNT-OH require much more material; they
are much less effective in achieving both electrical
and mechanic percolation. In all cases, the electrical
percolation thresholds are higher than those found
for the mechanical percolation. This result is
expected, because electrons cannot hop very far in
the insulating polymer, that is, the tubes must be
extremely close to allow electron transport.
MWCNTs before functionalization have the best per-
colation properties, MWCNT-DDA perform almost
as well, while the MWCNT-OH is far less effective.

This is likely due to hydrogen bonding, which
causes the MWCNT-OH to aggregate and interact
less favorably with the PLA matrix. Interestingly,
the electrical and mechanical percolation thresholds
are fairly close for the MWCNT-DDA, which may
have important implications when improvements in
both properties are design targets. Theoretical vol-
ume fractions for percolation of randomly oriented,
high-aspect-ratio, rigid rods are reported to be on
the order of the inverse of the aspect ratio: /c ! D/L
for L/D � 1.5,6,53 The manufacturer-reported aspect
ratio for the MWCNT ranges from 333 to 1500,
which corresponds to a theoretical critical volume
fraction of 0.001–0.002. Comparing the critical perco-
lation thresholds found here for the curved, flexible
MWCNT, effective aspect ratios of the nanotube

Figure 9 Optical micrographs of lower weight loading composites at two magnifications. Images were taken near the
same spot for each magnification and white balance was adjusted to give equal contrast for each sample. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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networks are determined to be 101, 52, and 22 for
MWCNT, MWCNT-DDA, and MWCNT-OH,
respectively.

The alkylated MWCNT exhibit lower percolation
thresholds than the hydroxylated tubes from which
they are derived; however, the weight fraction for
percolation does not drop below that of the
untreated tubes. To understand this phenomenon,
microscopy images showing the morphology of
1MWCNT, 2MWCNT-OH, and 1MWCNT-DDA
composites are shown in Figure 9. All three types of
tubes appear reasonably well distributed, but the
MWCNT composites have significantly larger aggre-
gates than either MWCNT-OH or MWCNT-DDA.
There also appears to be a larger visible fraction of
carbon in the MWCNT sample; this is likely due to
limits of detection at only 400� magnification. For
the MWCNT-DDA, even at the higher magnification,
no really large aggregates are visible. There instead
appears to be a darker background in the image,
indicating that nanotubes are better dispersed, and
the clusters are not individually resolvable. Signs of
poor dispersion were also seen in cast films of the
three composites. The MWCNT had a rough texture
with islands visible in the film, whereas both the
MWCNT-OH and MWCNT-DDA composite films
appeared more uniform and smooth to the touch.

The low percolation of the MWCNT composites
can be explained through classical dispersion and
distribution arguments. It is possible that large-scale
aggregates of tubes can percolate at a lower volume
fraction than well distributed—but isolated—smaller
aggregates. This is drawn schematically in Figure 10.
The first case has larger, less dense aggregates that
can connect from one end of the material to the
other. The second has smaller aggregates that are
more compact, and no connectivity is exhibited.
Because of hydrogen bonding, the MWCNT-OH
likely form tighter, denser aggregates. The DDA

functionalization disrupts this aggregation leading to
larger, less dense aggregates.

CONCLUSIONS

Three different types of MWCNT were shown to
have differing percolation thresholds when solution
blended with PLA to form novel supramolecular
conductive bionanocomposites. Mechanical percola-
tion thresholds were lower than electrical thresholds
for all types of MWCNT; however, the two thresh-
olds were closest in value for MWCNT-DDA. The
MWCNT-OH had significantly higher thresholds
than the other two fillers; poor dispersion due to
hydrogen bonding is likely responsible for the
higher threshold. The MWCNTs have the lowest
critical weight fraction for both types of percolation;
this is likely due in part to the higher material
strength and conductivity for the undisrupted p-
bonding structure of the unfunctionalized surface
and also to the looser structure of aggregates.
The relationship between electrical and mechanical

properties in polymer composites is complex, and
interfacial properties have an effect on both disper-
sion and electrical or mechanical load transfer
throughout these two-phase materials. Both surface
functionalities result in less conductive materials
overall, but threshold loading is lower when aggre-
gate morphology is looser and more entangled, as it
appears to be for untreated or alkylated surfaces.
This picture is further complicated for mechanical
properties, because the grafted functionality may
lower the polymer viscosity, while larger aggregates
may introduce defects that lower composite impact
resistance. There is an inherent tradeoff between
nanotube electrical and mechanical properties and
the desired composite morphology. Clearly, the
intended application must be carefully considered
when deciding upon a property window enabled by

Figure 10 Schematic representation of equal-mass systems for (left) looser, percolated aggregates and (right) tighter, iso-
lated aggregates.
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choosing a surface functionality in electrically con-
ductive supramolecular bionancomposites.
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