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ABSTRACT: Novel aquocyanophthalocyaninatocobalt(III) (Phthalcon 11) nanocrystals were used as intrinsically
conducting fillers in cross-linked epoxy composites. The prepared conductive composites had a percolation threshold
æc between 0.9 and 9 vol %. Theæc appeared to be strongly dependent on layer thickness. Modeling showed that
when the layer thickness was sufficiently large theæc could be as low as 0.55 vol %. The occurrence of such a
low and variableæc was explained by the presence of a percolating Phthalcon 11 fractal particle network.
Quantitative fractal analysis of these networks indicates that these networks were formed by diffusion-limited
cluster-cluster aggregation of the small primary Phthalcon 11 fractal aggregates, which were already present in
the Phthalcon 11 powder itself. Moreover, it was found thatæc andσv also strongly depended on the choice of
the cross-linker used and on the chosen processing conditions for making the epoxy molecular network, such as
cross-linking temperature and gel time. Rheological experiments were done, and models were proposed to explain
these unexpected phenomena. The results presented here suggest that also in other thermoset matrices containing
other (non)conductive nanoparticles the above-mentioned factors may have a major impact on the final particle
distribution in the matrix and therefore on the final material properties of these composites.

Introduction

Conductive polymer composites are, in general, made by the
incorporation of conductive fillers into an insulating polymer
matrix. The commercial application of these composites, at
present, is rather limited because relatively large amounts of
filler are needed to increase the level of conductivity of the
polymer matrix.1,2 It is widely accepted that the conductivity
of these conductive polymer composites is based on the presence
of a continuous network of (touching) filler particles throughout
the matrix. Generally, above a critical filler fraction, the dc
volume conductivityσv of the polymer composites changes
drastically when the filler amount is further increased. This
critical filler fractionæc is known as the percolation threshold.3

Many theories were developed to understand such a drastic
transition.4-6 The majority of this literature consists of statistical
percolation models, which predict aæc at about 15-17 vol %
for randomly distributed nonoverlapping hard spheres.7,8 In
conducting polymer composites such aæc was sometimes found.
However, many researchers managed to achieve much lower
ones,2,9-15 and evenæc values as low as 10-2 vol % were
reported.10,11,14,15In principle, the use of such a low filler amount
will be very attractive in practice because it hardly influences
the mechanical and processing properties of the polymer matrix
itself and even may lead to transparent conductive polymeric

materials. Unfortunately, the factors which account for such a
low æc are complicated and partly unknown. It has been reported
that the properties of the fillers, such as size, aspect ratio, and
surface properties, the properties1,2 of the matrix including
viscosity and crystallinity,1,2 the interfacial energy between the
particles and the matrix,11,12,19and the quality of the nanoparticle
dispersion may influence the percolation threshold.1,2,11 How-
ever, currently only a few models exist which take into account
some of these factors and by which some of the experimental
results found could be explained.3,8,16-19

The morphology of the composite after processing is also
important.1,2,11,19,20This morphology may be a very complex
arrangement of particle aggregates and networks with different
size and shape distributions. In some cases these aggregates/
networks exhibit a self-similarity when the scale of observation
is changed (fractal network structures).11,14,15,21Another problem
is that the networks may be distributed in an inhomogeneous
way through the matrix.22

Fractal network geometry is closely related to percolation
theory and, at present, is sometimes used to quantify the particle
network morphological features of conducting polymer com-
posites.14,15,23 Fractal geometry was initially developed by
Mandelbrot,24 and at present, the theory of fractal structures is
extensively employed in many branches of physics, chemistry,
and mechanics.25,26 This theory makes it possible to quantita-
tively describe the structure of various disordered particle
aggregates via their fractal parameters. It also helps to explain
the occurrence of an extremely low percolation thresholdæc

for some conductive polymer composites.11,14,15

Almost all publications on conductive polymer composites
containing (semi) conductive fillers are focusing on thermo-
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plastic polymer matrices.1,2 It has been shown that the nano-
crystals of aquocyanophthalocyaninatocobalt(III) (Phthalcon 11)
can be used as a semiconductive additive in a broad range of
thermoplastic polymer matrices.13,28 All these materials are
characterized by a very lowæc.13,28 We here describe the use
of Phthalcon 11 as semiconductive filler in cross-linked epoxy
polymer matrices. Thermosets with (semi)conductive nanopar-
ticles are of practical interest, for instance, in static dissipative
flooring, (semi)conductive adhesives, and thin transparent
electrodes. In this article the focus is on cross-linked epoxy as
matrix. It has been shown earlier that a semiconductive
homogeneous thin Phthalcon 11/epoxy layer can be made with
a low percolation threshold.22 This low percolation threshold
was explained by the formation of a fractal particle network
because of the large surface tension difference between particle
and matrix.22 We here describe that also other factors may have
a large influence on theæc and σv of cross-linked Phthalcon
11/epoxy materials. Special attention will be given to the fractal
characteristics of the Phthalcon 11 particle network and the way
these networks are formed, to the dependence of theσv andæc

and the particle network morphology on the chosenMw of the
cross-linker used, on the role of the solvent present, on the
processing conditions used, and on the layer thickness obtained.
Several models will be proposed to explain these unexpected
results. The impact of our findings on other cross-linked polymer
composites containing nanoparticles will also be discussed.

Experimental Section

A. Materials. Phthalcon 11 (Scheme 1) was synthesized in high
purity and yield using a two-step reaction, as was described
before.13,22,28The Phthalcon 11 powder obtained is highly crystal-
line, and the primary particle size of Phthalcon 11 as used here is
about 150 nm in length and width and about 40 nm in thickness.
The unit cell of this compound is monoclinicP21 with lattice
parametersâ ) 102.59°, a ) 7.308 Å,b ) 24.89 Å, andc ) 7.149
Å.13 Phthalcon 11 has the proposed molecular and crystal structure
of (Scheme 1). This structure was confirmed by FT-IR, proton,
13C solid and liquid NMR, pyrolysis combustion mass spectrometry,
neutron, electron, and X-ray diffraction, XPS, and labeling of the
specific groups in the molecule (D2O and 13CN).28 When these
molecules are arranged according to Scheme 1b, the crystals are
semiconductive without specific doping.27,28The powder dc volume
conductivity determined under pressure at room temperature is about
10-4 S/cm, and the intrinsic conductivity of the crystalsσ0 ) 0.02
S/cm.27 Phthalcon 11 has an excellent stability in air, in moisture,
and in contact with a broad range of solvents.28 Phthalcon 11
decomposes at a temperature above 330°C before melting, and it
has attractive health, safety, and environmental properties.28 The
diglycidyl ether of bisphenol A used (Epikote 828, Scheme 2) was
a product of Resolution Nederland BV. The bifunctional primary
amine cross-linkers used, Jeffamine D230, D400, and D2000, have
a Mw of 230, 400, and 4000, respectively (Scheme 2). They were
purchased from Huntsman.m-Cresol (pA) was purchased from
Merck. All of these compounds were used as received.

B. Epoxy Composite Preparation.For the cross-linked Phthal-
con 11/epoxy composites a preparation method was used, which
led to a homogeneous material even when the layer thickness was
as low as 10µm.22 First, the dried Phthalcon 11 powder was
dispersed inm-cresol. To this dispersion Epikote 828 and Jeffamine
cross-linker were added (NH2/epoxy) 0.5; this ratio is the molar
ratio of the NH2 and epoxy groups present in the prepolymer
formulation before cure). This mixture was magnetically stirred,
ultrasonically degassed, and casted on a polycarbonate substrate
with a square applicator. Generally, the layer was cross-linked at
100 °C for 4 h and postcured at 120°C for 24 h under vacuum.
Cross-linked Phthalcon 11/epoxy layers with a thickness between
9 and 200µm were made containing Phthalcon 11 concentrations
between 0 and 20 wt %. This weight percentage is based on the
total composite composition after cross-linking. The vol % was
calculated by taking into account the densities of Phthalcon 1113,28

and cross-linked epoxy of respectively 1.65 and 1.00 g/cm3. The
thickness of the cross-linked layers was determined using a digital
tip micrometer. Sufficient colloidal stability was always obtained
for this composite component mixture in order to avoid phase
separation before or during cross-linking.22 A more detailed
description how these materials were made is given in ref 22.

A few thin layers were made without usingm-cresol for
comparison reasons as follows: Phthalcon 11 was dispersed directly
into the Jeffamine cross-linker used. The dried Phthalcon 11 powder
was dispersed in the Jeffamine cross-linker using magnetic stirring
at 40-60 °C. Then it was ultrasonically dispersed at room
temperature for 1 h. Then Epikote 828 was added under mechanical
stirring by maintaining the (NH2/epoxy) 0.5; this ratio is the molar
ratio of the NH2 and epoxy groups present in the prepolymer
formulation before cure), and the mixture was ultrasonically
degassed. From this dispersion a cross-linked layer was made
following the procedure described above. The results of these
coatings are shown in Figure 10 (σv noncontact technique).

C. Morphology Characterization, Rheology, and Conductivity
Measurements.The distribution of the particles in the composites
was studied by microscopy. Optical microscopic (OM) analysis was
carried out with a Carl Zeiss LM Axioplan microscope (Germany)
using the transmitted light bright field technique. Electron micro-
scopic analysis was performed with a JEOL 2000FX transmission
electron microscope (TEM) using thin cross-sectional cuts of the
cured Phthalcon 11/epoxy composites of about 150 nm thick. These
were prepared by cryogenic slicing.

The σv of the composite layers was generally measured using
the standard four-probe technique (ASTM D 991) using conductive
silver paint to ensure good contact between the sample surface and
the electrodes. A Keithley 237 source was used to provide the
constant current, and a Keithley 6517A high resistance voltmeter
was used to measure the voltage. The thin layers made from the
Phthalcon 11 dispersion in Jeffamine always had an insulating top
layer, and therefore theσv could not be measured with the four-
probe technique described above. To measure theσv in the presence
of an insulating surface layer, a noncontacting electrostatic method,
which was present in the Laboratory of Oce´ Technologies B.V.,
The Netherlands, was used. Both methods were used in accordance
with the procedures and instructions described in ASTM D991 and
Keithley “Low Level Conductivity Measurements”. With our four-
probe unitσv g 10-11 S/cm could be measured for our samples,
while with our noncontacting unitσv g 10-8 S/cm could be

Scheme 1. Molecular Structure (a) and Crystal Structure (b) of
Aquocyanophthalocyaninatocobalt(III) (Phthalcon 11)

Scheme 2. Chemical Structures of the Prepolymer Components
Used To Make the Cross-Linked Epoxy Materials
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measured for our samples. Both values are well above the
conductivity of the pure epoxy(σv ) 10-16-10-17 S/cm).11

The isolating surface layer was measured using 3-D morphologi-
cal analysis with the confocal laser scanning microscope in the
transition mode (Carl Zeiss LSM 510, Germany).

Rheological measurements were done using an AR1000 rheom-
eter with 12 mm plate-plate geometry. The surface tension
measurements were done with a digital tensiometer (KRU¨ SS K10t,
Germany) using the Wilhelmy plate method. The surface tension
values obtained for the Jeffamine cross-linkers were within the fault
of measurement equal (33.4( 0.4 mN/m). The surface tension
values for the Jeffamine/Epikote 828 and Jeffamine/Epikote 828/
m-cresol mixtures were both equal to those mixtures containing
Jeffamine D230 described before.22

Results and Discussion

A. Low Percolation Threshold and Particle Network
Analysis. Phthalcon 11 is a patented novel organic compound
developed inside Shell.13 Its molecular and crystal structure is
shown in Scheme 1. The relation between the Phthalcon 11
amount used and the volume conductivityσv of the cross-linked
epoxy composite is shown in Figure 1. By extrapolating the
curve presented here to aσv of 10-16 S/cm (the conductivity of
the pure epoxy matrix11), the percolation thresholdæc appeared
to be 1.6 wt % or 0.9 vol % (layer thickness 150µm; see also
below), which is much lower than the theoretical value of∼16
vol %.7,8

In the inset of Figure 1 logσv is plotted as a linear function
of log(æ - æc). This suggests that a percolation type of scaling
relation exists betweenæ andσv:8,22,29

wherec, æc, and t are respectively a constant, the percolation
threshold, and the conductivity exponent. We foundt ) 2.1.
This is in good agreement with the theoretical value (t ) 2.0)
predicted for 3D percolating systems.29,30

The conductivity of these composites can be explained by
the presence of Phthalcon 11 particle networks through the
insulating polymer matrix (Figure 2). These particle networks
could be observed using OM, confocal laser scanning micros-
copy (CLSM), and TEM although the size of the primary
particles are well below the resolution limit of the first two
optical techniques. The structure of these Phthalcon 11 particle
networks was studied with OM and TEM at Phthalcon 11

concentrations just aboveæc using as fractal analysis method
the method of tiling.22,25,26

The counted number of tilesN in the OM pictures was plotted
on a logarithmic scale vs the sizea of these tiles (Figure 3). In
this figure it is shown that the number of tiles scales with the
tile sizes according to

In this equation the exponentdf represents the fractal dimension
of the aggregates.31 In Figure 3 two linear regions are observed,
which intersect around 20µm. The slope of the line below 10
µm corresponds to a fractal dimensiondf ) 1.75. When the tile
size is larger than 30µm, d ) 1.97 is observed, which is close
to the Euclidean dimension (D ) 2). This indicates that at
dimensions above 30µm the particle network is no longer
fractal. We also investigated the fractal structure on a smaller
dimension by means of TEM analysis (Figure 4a).

These images were also analyzed with the same tiling method
described above (Figure 4b). In this figure the curve fitted
through these points also consists of two linear regions. If the
size of the tiling units is below 450 nm,df ) 1.41. Above 450
nm, df ) 1.78, in good agreement withdf ) 1.75 as obtained
from the OM images of the same cross-linked composite (size
of tiling units below 10µm). This suggests that the Phthalcon
11 particle networks after cross-linking contain two fractal
aggregate structures and that the larger ones are formed from
small primary aggregates (df ) 1.41) during processing.

Figure 1. σν of cross-linked Phthalcon 11/Epikote 828/Jeffamine 230D
composites vs the Phthalcon 11 vol %æ (method 2). The inset shows
the linear relationship between logσν and log(æ - æc) (t ) 2.1). Layer
thickness 150µm.

Figure 2. Phthalcon 11 (1.8 vol %) particle network in cross-linked
Epikote 828/Jeffamine D230 (OM). For details see Figure 1.

Figure 3. Double-logarithmic plot of the number of tiling units
covering Phthalcon 11 vs the length scale of the tiling units using the
OM data presented in Figure 2.

N(a) ∝ a-df (2)

σv ) c(æ - æc)
t (1)
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Direct analysis of the Phthalcon 11 powder itself using TEM
confirmed this. TEM analysis of the Phthalcon 11 powder indeed
showed that the powder consists of small particle aggregates
and not of separated primary particles itself (Figure 5). It is
likely that these small fractal primary particle aggregates are
also present in the prepolymer mixture before cross-linking.

That these primary fractal aggregates were indeed very small
in fractal size was confirmed using OM. In the Phthalcon 11/
m-cresol/Epikote 828/Jeffamine D230 mixtures used to make
these layers no particle aggregates/agglomerate structures were
detected under the optical microscope. Hence, the process of
Phthalcon 11 particle network formation during the cross-linking
of the epoxy prepolymer mainly determines the fractal dimen-
sion of this network after processing. Thedf value of 1.75-
1.78 found here is close todf value reported for diffusion-limited
cluster-cluster aggregation.32-36 This suggests that the Phthal-

con 11 particle network is formed by diffusion-limited cluster-
cluster aggregation (DLA).

The low æc found for our cross-linked Phthalcon 11/epoxy
composites can be explained by the fractal nature of our primary
particle and secondary particle aggregates. It is well-known that
both can lower considerably theæc of conductive nanofiller
polymer matrix composites.11,14,15,19,21This can be understood
as follows. The percolating network can be considered as a
network build ofN spherical building blocks or blobs with radii
R inside a composite volumeV. The volume percentage of these
blobsp can be calculated as follows:

It has to be pointed out that for our cross-linked composite
materialspc and notæc is the variable that needs to be used to
explain the position of 16 vol % of the percolation threshold
determined with the percolation theory. As observed in the OM
and TEM studies, the blobs are not inert but have fractal
structure itself partly due to DLA type of particle network
formation. As a consequence, the actual volume percentage of
Phthalcon 11 at the critical filler fractionæc can be described
by

In eq 4a is the radius of the Phthalcon 11 primary aggregate,
and the polymer matrix is assumed to be infinite in size in all
the three dimensions. Hence,æc is much lower thanpc in relation
4 and much 1ower than 16 vol %.

The low æc shown in Figure 1 was explained before by the
strong specific interactions between the surface groups of the
Phthalcon 11 particles and the groups present in the dispersing
medium and by the strong interactions between the particles
itself.22 These interactions can be quantified using the effective
Hamaker constant of particle and matrix component(s), which
can be related directly to the interfacial energy between them.

Figure 4. (a) TEM image of the material shown in Figure 2; sample thickness 150 nm (same material as in Figure 2. (b) Double-logarithmic plot
of the number of tiling units covering Phthalcon 11 vs the length scale of the tiling units using the data of (a).

Figure 5. Phthalcon 11 primary fractal aggregate (Phthalcon 11
powder; TEM). This powder was used as filler in the cross-linked epoxy
composites presented here.

p ≡ 4
3

πR3N/V × 100% (3)

æc ) (a/R)3-dfpc (4)
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Hence, the large interfacial energy, as is the case in Figure 1,
explains also why these fractal networks are formed at such a
low concentration and why theæc value is below 1 vol % in
these materials.22

B. Influence of the Layer Thickness onæc and σv of Cross-
Linked Phthalcon 11/Epoxy Composites.For conductive
polymer composites made from thermoplastic polymers the
thickness of the polymer layer is generally large, and no
significant influence of layer thickness on the conductive
properties is expected. However, in cross-linked polymer layers,
the thickness may be much smaller than the other two
dimensions. This may influence the fractal particle network
structure formation and therefore theæc andσv of the composite.
However, to our knowledge, such an effect was never reported
before for polymer nanocomposites. That this influence of layer
thickness may exist can be deduced from the model presented
above due to a transition of a 3-D into a 2-D particle network
structure. Especially when the dimensions of the fractal ag-
gregates from which the final fractal network is formed are large
a dependency ofσv with layer thickness may be observed.

Such an influence of layer thickness may have a major effect
on the use of conductive polymer nanocomposites in practice,
and therefore we studied these effects in more detail using cross-
linked Phthalcon 11/epoxy composites made with variable
thickness and Phthalcon 11 concentration. For all these layers
σv was determined. For a layer thickness between 9 and 150
µm æc values between 9 and 0.9 vol % were found. The results
are shown in Figure 6a. These data show that for most of the
Phthalcon 11 concentrations used theσv depends strongly on
the thickness of the matrix. The thinner the layer, the lowerσv

is. Furthermore, alsoæc clearly increases with decreasing layer
thicknessH. To explain this phenomenon, expression 5 for the
relationship betweenæc andH has been derived (see Appendix).

In this expression,C is a constant andν3 is the correlation length
exponent in a 3D system (ν3 ≈ 0.88).29,37 To test the validity
of eq 5, we have plotted in Figure 6b theæc as a function of
(H/2R)-1/ν3 (by extrapolation of the data of Figure 7a). Equation
5 appears to be in reasonable agreement with the data points
presented in Figure 6b. Only the percolation threshold of the
thinnest film (∼9 µm) deviates from the solid line. That this
particular thin layer deviates can easily be understood because
9 µm is just below the typical size of a DLA aggregate (2R ∼
10 µm). Hence, we can conclude that the observed increase in
æc and the decrease inσv with a decrease inH are due to the
fact that the system transfers from a 3D into a 2D system. When
H becomes sufficiently large, theæc becomes independent of
H (H f ∞) and equal to the intercept on they-axis. Using in
eq 5 the valuesR ) 5 µm anddf ) 1.75 (previous section), the
value calculated for the bulk isæc ) 0.55 vol %. This is slightly
lower than the value determined for the 150µm thick layer of
Figure 1, which is in line with the presented data in Figure 6.

Equation 5 can also be used to calculate the ratioa/R (a/R )
0.064). UsingR ) 5 µm and this ratio,a becomes 0.3µm. This
is within the fault of measurement equal to the size of the
primary aggregate (2a ) 0.45 µm) as was independently
deduced in the previous chapter, and these results nicely confirm
our proposed model.

When æ is aboveæc, the σv values are initially strongly
dependent on the thickness of the layer until ultimately theσv

values levels off to a plateau value of about 1× 10-7 S/cm
(Figure 6a). This plateau seems to be independent of the layer
thickness. Why this is so is being studied at this moment in

more detail. Below it will be shown that this plateau value is
influenced strongly by the molecular weight of the cross-linker
used.

All the σv data were measured on the top of the layers using
a four-probe measuring method that means the current was
flowing alongside the top layer. When two probe measuring
methods are used that measure the current through the layer
thickness, we expect that the influence of layer thickness onσv

and æc will be opposite: the thinner the layer, the lower the
percolation threshold and the larger the volume conductivity,
and eq 5 has to be modified to forecast this relation quantita-
tively.

To our knowledge, no experimental information on the
influence of layer thickness onæc andσv in polymer nanocom-
posites has been published. An interesting review article of V.
I. Roldighin and Vysotskii on percolation properties of thin-
metal-filled polymer films using micron-sized fillers was
published in 2000.38 They compared two layers with different
thickness and reported a loweræc for the thinner one. However,
the use of much larger micron-sized metal particles (average

æc ∝ C + (H/2R)-1/ν3 (5)

Figure 6. Phthalcon 11/epoxy layers cross-linked with Jeffamine D230.
(a) The relation between theσv and the concentration of Phthalcon 11
(æ) for different layer thicknesses (H). Theσv was measured using the
for probe method described in the Experimental Section. (b) The relation
between the percolation thresholdæc and the layer thickness (H) for
the materials presented in (a).

Macromolecules, Vol. 39, No. 18, 2006 Cross-Linked Epoxy Composites6119

CDV



size 8 µm), by which it is unlikely that (fractal?) particle
networks are formed by Brownian movement via DLA during
processing, and the limited amount of experimental detail make
a detailed comparison with our results impossible.

The dependency of theσv on the direction of measurement
in thin nanoparticle polymer layers may have a major impact
on the usefulness of these layers in practice.

C. Influence of the Mw of the Cross-Linker Used on the
Fractal Particle Network Structure and on the log σv-æ
Relation. The formation of a continuous particle network
structure of Phthalcon 11 particles in the cross-linked polymer
is, apart from layer thickness, also influenced by the initial

dispersion quality of particle aggregates in the composite
component mixture before cross-linking.22 The influence of the
interfacial tension onæc is expected to be also large when
Jeffamine D230 is used as cross-linker because of the large
interfacial energy between particles and matrix components for
these prepolymer mixtures.11,22To see whether other factors may
play also a role, Jeffamine cross-linkers with a very similar
molecular structure and surface tension but with a different
molecular weightMw, viz. 230, 400, and 2000, were used for
cross-linking the Phthalcon 11/m-cresol/Epikote 828 prepolymer
under the same processing conditions. As is shown in Figure
7, theσv value of the layers cross-linked by Jeffamine D230
reached a plateau of around 10-7 S/cm, while for those cross-
linked by Jeffamine D400 and Jeffamine D2000, the values of
the plateau were only about 10-9 and 10-10 S/cm, respectively.
These data also suggest that theæc increases with the increase
in Mw of the cross-linker although neither the surface energy
of the cross-linker itself nor the surface energy of the total
component mixture was influenced by theMw variation in
Jeffamine (see Experimental Section). As is shown in Figure
8, the optical microscopic images of the Phthalcon 11 fractal
particle network structures after processing are also distinctively
dependent on the Jeffamine used. The cross-linked layer made
with Jeffamine D230 has a particle network of highly ramified
fractal aggregates, while in the layer made with Jeffamine D400
or Jeffamine D2000, the fractal aggregates are getting much
coarser and denser, which suggests a larger correlation length
(ê).

From a structure-property relation point of view, theσv may
be related to the fractal morphology of a fractal particle network
inside the polymer matrix. In general, for a specific system,
the particle network may be described as stacked fractal

Figure 7. Relation between theσv and the concentration of Phthalcon
11 (æ). The epoxy composites were cross-linked with different
Jeffamine cross-linkers. Processing temperature 100°C. Layer thickness
= 150-200 nm.

Figure 8. Optical microscopic images of the morphology of Phthalcon 11 particle networks in epoxy composites cross-linked with different
Jeffamine cross-linkers: (a) Jeffamine D230, (b) Jeffamine D400, and (c) Jeffamine D2000. Layer thickness= 200 nm.
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aggregates, and the average size of these building blocks may
be the correlation lengthê, which is related to theæ anddf for
æ > æc:29,39-41

In (6), a is according to the theory the radius of a primary
particle from which the fractal network is built. We assume
that for our systemsa is the radius of our small primary
Phthalcon 11 aggregate.

For a fractal particle network placed between two electrodes
the σv of the whole composite can be related to the fractal
network structure according to (7):

S is the contacting area of andl the distance between the
electrodes,P is the number of conducting paths,Rp is the
resistance of a single conducting path,Rf is the resistance of
one particle aggregate plus the resistance between two contacting
particle aggregates, andx is a constant with a value between 0
and 0.4. Equation 7 was easily deduced from the results of
established theories.42

In this equation it is assumed that theσv of the polymer
composite close toæc is related to the fractal morphology of
the particle network through the parameterê. That meansσv

close toæc decreases when the correlation length increases. From
the data presented in Figure 7 it may be concluded that the
correlation length of the particle network increases when the
molecular weight of the Jeffamine cross-linker used is enlarged.
This was also suggested by the OM pictures (Figure 8). That
the correlation length was larger was confirmed by analyzing
the fractal network of the Phthalcon 11/epoxy layers cross-linked
with Jeffamine 400 using the OM pictures and the approach
described above of these materials (Jeffamine D400:ê ≈ 30
µm; df ) 1.61; Jeffamine D230:ê ≈ 20 µm; df ) 1.75). For
these Jeffamine D400-cured materials we found that the layer
thickness also influences the relation between logσv andæ (see
also above). These amazing differences could not be explained
by published information. For both materials these Phthalcon
11 particle networks are formed during processing. Hence, the
influence of the different Jeffamine cross-linkers on processing
conditions was studied in more detail below.

D. Influence of the Processing Conditions Used on the
Fractal Particle Network Structure and on the log σv-æ
Relation. Before processing, the primary Phthalcon 11 particle
aggregates are well dispersed in the component mixture, and
the dispersion is stable under the experimental conditions
chosen. Moreover, the viscosity and surface energy of these
component mixtures are independent of the type of Jeffamine
cross-linker used. During cross-linking these dispersions lose
their colloidal stability due to the increased interfacial energy
between the particles and the partly cross-linked matrix com-
ponents and due to the evaporation ofm-cresol. At the moment
that the polymer matrix reaches its gel point, the viscosity of
the system becomes so high that the (submicron) particle
aggregates can hardly move any more. Hence, Phthalcon 11
particle network formation must occur before gelation.

Figure 9 shows the change in viscosity during cross-linking
of the materials containing different Jeffamine cross-linkers.
Taking the moment when the tangent of the loss angle (tanδ)
reaches 1 as the gel point, the gel points of these three coatings
are 263, 325, and 610 s for respectively Jeffamine D230, D400,
and D2000. The observed retardation of the gel point with

increasingMw of the cross-linker may be explained by a
reduction in the concentration of amino and epoxy functional
groups, which results in slower cross-linking rate. Consequently,
by using a higherMw cross-linker, the primary particle ag-
gregates have more time to form larger secondary fractal
aggregates with larger correlation lengths and smallerdf (see
eq 6), resulting in lowerσv at a certainæ. These phenomena
may also explain the variations observed inæc.

Other factors may also play a role in this process such as the
influence of the evaporation ofm-cresol and the catalytic effect
of m-cresol on the cross-linking reaction. That the presence of
m-cresol enhances the cross-linking reaction was observed in
rheological experiments during cure at 100°C using two similar
Phthalcon 11/Epikote 828/Jeffamine D230 formulations. One
of these also containsm-cresol and the other one not. In this
last formulation Phthalcon 11 was dispersed directly in Jeffam-
ine D230, and a gel point for this mixture of 2039 s was found,
which is about a factor of 6 slower than for the other formulation
containingm-cresol. The much earlier occurrence of the gel
point in the presence ofm-cresol can be explained by the weak
acidity ofm-cresol, which is known to act as a proton-donating
catalyst in the primary amine-epoxy cross-linking reaction.43

That indeed the influence ofm-cresol already was large at the
beginning of cure was also observed when formulations with
and withoutm-cresol were studied at room temperature. Only
for the mixtures withm-cresol non-Newtonian behavior and
shear thinning were observed. This indicates a strong complex-
ation of m-cresol with the epoxy and amino group as was
proposed earlier for amine/epoxy/m-cresol mixtures.43

In the thin cross-linked Phthalcon 11/Jeffamine 230D/Epikote
828 layers made in the absence ofm-cresol (method 1) fractal
particle networks were also observed with OM. However, the
σv of these layers could only be determined by using a
noncontacting conductivity measuring method (Figure 10)
because a thin insulating top layer was always formed,22 as was
confirmed by confocal scanning laser microscopy (see Experi-
mental Section). Apparently, the larger Phthalcon 11 fractal
aggregates present before cross-linking and the larger gel time
stimulate sedimentation of the particle network during cross-
linking.22

The time at which gelation occurs can be altered also by
changing the cross-linking temperature. This was studied in more
detail for cross-linked Jeffamine D230 layers made from
Phthalcon 11 dispersions inm-cresol (method 2). At processing
temperatures below 70°C Phthalcon 11 particle networks were

ê ∝ aæ1/(df-3) (6)

σv ) P
Rp

l
S

∝ a1+x

Rf
ê-(2+x) (7)

Figure 9. Viscosity evolvement of 1.8 vol % Phthalcon 11/epoxy/
Jeffamine/m-cresol mixtures during processing at 100°C. The amount
of m-cresol present in the prepolymer mixture before cure is the same.
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found, but also an insulating top layer was formed. Rheological
experiments showed that below this temperature the gel point
increased above 2000 s. This is close to the value found for
layers made withoutm-cresol at 100°C (see above). In these
layers always sedimentation was observed. At cross-linking
temperatures above 120°C no longer networks were formed,
and theσv of the layers could not be measured any more.
Rheological experiments showed that gelation occurred below
60 s. Apparently that is too short to finish Phthalcon particle
network formation before the gel point.

Hence, the chosen processing conditions have also a major
influence on the logσv-æ and on the presence of a Phthalcon
particle network after cross-linking. A complex relation exists
between the processing method followed and the chosen
components in the mixtures before processing. Rheological
experiments confirm that the time available before the gel point
of the polymer matrix is reached has been an important
parameter in determining the presence of a particle network and
insulating top layer in these materials.

E. Impact of Our Findings on Structure-Property Rela-
tions of Other Nanoparticle/Cross-Linked Polymer Matrices.
As has been shown above, the morphology and the logσv-æ
relation of thin cross-linked Phthalcon 11/epoxy layers are, apart
from differences in interfacial energy between particles and
matrix, also strongly influenced by small changes in the choice
of prepolymer components used, the distribution of the nano-
particles in the dispersions before and during cross-linking, the
processing temperature chosen for cross-linking, and the layer
thickness. In our opinion this is not only important when
Phthalcon 11 is used as nanofiller in combination with epoxy
prepolymer and cross-linker. The models presented above to
explain these results strongly suggest that these factors will have
also a major impact on the particle morphology and the log
σv-æ relation of other (semi)conductive nanoparticle thermoset
polymer matrix combinations. Apart from the particle dispersion
quality and interfacial energy differences, most of the other
factors mentioned above are neglected in publications on
polymer thermoset materials containing (semi)conductive
nanoparticles.1,2,9-12 The data presented in this article show that
this is likely to be incorrect especially when the amount of
nanofiller present is well below 16 vol % and the layer thickness
is small.

Quite often small amounts of nonconductive nanoparticles
are used in thin cross-linked polymer matrices to enhance one
or more properties such as modulus, impact resistance, scratch
resistance, and gloss.1,44 To realize an optimal enhancement of
these material properties by the addition of these nanoparticles,
the nanoparticles have to be dispersed well in advance through
the polymer matrix. These nanoparticles have often a surface
tension much larger than the components of the matrix itself.
The results presented above as well as the results published
before on Phthalcon 11 cross-linked epoxy thin layers22 suggest
that in these materials large particle aggregates and particle
networks are likely to be present after cross-linking and that
the ultimate particle morphology may depend in a similar way
on interfacial energy differences between the particles and matrix
components, layer thickness, processing conditions, and chosen
matrix components as was found for the Phthalcon 11/epoxy
materials described in this article. Publications about the
thermoset composites containing nonconductive nanofillers
generally neglect (part of) these aspects by explaining the
relation between amount and type of filler used and the material
properties realized for these composites.44,45 This may also
explain part of the contradictory results published by different
groups and the lack of reproducibility often encountered when
experiments are done to broaden the scope of a successful
specific cross-linked nanoparticle polymer composite.

When thermoplastic polymers are used as matrix, the
processing methods for preparing these composites are very
different from those used for making thermoset thin layers, and
we expect that the results reported above may not be applicable
for those nanocomposites.

Conclusions
Phthalcon 11 crystals were used as nanosized semiconductive

fillers in amine cross-linked epoxy materials. Theæc of these
materials may be below 1.0 vol %. Thisæc is much lower than
the value derived from the statistical percolation approach, and
the occurrence of such a lowæc can be attributed to the
formation of fractal particle networks from fractal particle
aggregates. These fractal networks are likely to be formed by
diffusion-limited cluster-cluster aggregation (DLA). Both OM
and TEM pictures were used to determine the fractal morphol-
ogy of the particle networks.

The æc andσv of the composites were found to be strongly
dependent on the layer thickness. Values ofæc between 9 vol
% (thickness 9µm) and 0.9 vol % (thickness 150µm) were
found. Modeling of the results showed that for bulk materials
the æc can be as low as 0.55 vol %. This dependence can be
quantitatively explained by a particle packing transition from
3-D to 2-D when the thickness of the composite decreases to a
value comparable to the correlation length of the fractal particle
networks.

The logσv-æ also depends strongly on the cross-linker used
to make the molecular networks. This is caused not only by
the influence of the cross-linker on the interfacial energy
between particles and matrix as was shown before22 but also
by the molecular weight of the diamine Jeffamine cross-linker
used. These cross-linkers had the same surface tension, but the
use of them led to a different Phthalcon 11 particle fractal
network structure in the cured epoxy matrix. It was shown using
rheological experiments that these differences could be explained
by a change in cross-linking rate and gel time.

Also, the processing temperature used for making these
Phthalcon 11/amine cross-linked epoxy layers had a major effect
on the particle morphology of the cured layers and on the log
σ-æ relation of these layers.

Figure 10. Volume conductivity of epoxy/Phthalcon 11 composite thin
layers made by method 1 and method 2 measured by both four-probe
and noncontact conductivity measurements. In method 1 Phthalcon 11
powder was dispersed directly in Jeffamine D230. In method 2
Phthalcon 11 powder was dispersed first inm-cresol (see Experimental
Section).
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Our results also suggest that, in general, for cross-linked
polymer matrices containing other conductive or nonconductive
nanoparticles large differences in material properties and mor-
phologies of the cured materials may occur when the above-
described modifications are introduced during the preparation
of these materials. These effects were often neglected in studies
on these materials.
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Appendix

In this Appendix it is discussed how the conductive properties
of a layer might be influenced by the layer thickness. Consider
a layer with a thicknessH and a surface areaL2. The layer
contains small conducting primary particles; each fractal particle
has a radiusa. These particles are converted into larger
aggregates with a well-defined radiusRvia a DLA mechanism,
which may depend on the layer thickness. The layer contains
N such aggregates. We assume that the aggregates are purely
randomly distributed throughout the layer and the volume
conductivity of the layer is determined on the surface of the
layer. Furthermore, only the case that the layer is thicker than
or close to the aggregate dimensions,H g R, is considered. As
a consequence, the cluster structures can be described with
percolation models on a length scaleê > R and with a DLA
model forê < R. The effective volume percentage of aggregates
p is given by

The aggregates are regarded as spheres with a radiusR. In DLA
the small particles form larger fractal aggregates, which can be
characterized by a fractal dimensiondf (df < 3). Therefore, the
actual volume percentage of conducting particlesæ is related
to p via

As already mentioned, the network of aggregates can be
modeled with the help of percolation theory. The percolation
variable that characterizes the problem isp. For H f ∞ a full
system spanning network is formed above a threshold valuepc,
which has a value around 15-17 vol % for impermeable
spheres.8

The question that should be answered is, when does a layer
conduct at all? Note that conduction parallel to the layer surface
is meant. For an infinite system the answer is clear:p g pc. In
finite systems this inequality no longer holds: the percolation
thresholdp′c will become a function of theH.

To find p′c, we first subdivide the layer in “blobs” having a
diameterH. Such blob is either conducting or nonconducting,
which depends on the way that the aggregates are connected
inside the blob. Let the number of conducting blobs beM. The
percentage of the area covered by conducting blobsq can be
defined as

Note thatq is in fact the state variable for a 2D percolation
problem. It is the probability that clusters of aggregates in this
blob percolate. WhenH f ∞, a full spanning network of
conducting blobs can only be achieved forq g qc (for
nonoverlapping circlesqc ≈ 45%).8 The main task is now to
relate the variableq with the experimental parametersa, æ, and
H via the variablep. Further, we define a second variableΠ,
which is the probability that a blob of sizeH is conducting,
e.g., the probability that a blob contains a spanning network of
conducting particles, 0e Π e 100%. We have to remark that
q ) κΠZ, whereκ is a geometrical factor with a value close to
unity. The variableΠ obeys the following expression:29

whereν3 andλ are the correlation length exponent of 3D system
(ν3 ∼ 0.88) and the typical size of the basic element (in our
caseλ ) 2R), respectively. An important property ofΠ is that
it is a monotonously increasing function ofx ≡ (p - pc)(H/
λ)1/ν3.

The film will conduct current when it contains a spanning
network of conducting blobs. This will be the case whenΠ
exceeds a critical valueΠc. The percolation pointΠ ) Πc

corresponds with a unique value ofx ) xc

Therefore, the percolation threshold of a layer with a thickness
H obeys the following universal relationship

When the layer thickness equals the aggregate diameter (H )
2R), p′c ) ηqc, whereη is a geometrical factor of order unity.
This enables us to estimate the value ofxc as

By combination of the eqs 2 and 6, we can calculate the
percolation threshold of a layer with thicknessH in terms of
real volume percentages:

When a standard percolation process determines the structure
of the aggregate network, we will observeæc ∝ C + (H/2R)-1/ν3

(C is constant), and the data should converge to significant
nonzero value equal to the bulk value, (a/R)3-dfpc.

In the cross-linked Phthalcon 11/epoxy layers studied here,
two fractal dimensions were observed at different scales of
observation in the particle networks. Only one of these aggregate
structures is comparable in size to the layer thickness. The other
one is so small in respect to the layer thickness that is can be
neglected in this model approach.
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