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Effects of multiwall carbon nanotube (MWCNT) addition on the electrical
conductivities, optical transparencies and fluorescence emissions of poly(vinyl
acetate-co-butyl acrylate) (P(VAc-co-BuA))/MWCNT composite films were
studied. Optical transmission, fluorescence emission and two point probe
resistivity techniques were used to determine the variations of the optical,
fluorescence and electrical properties of the composites, respectively. Transmitted
photon intensity (/,), fluorescence emission intensity (/) and surface resistivity
(ps) of the composite films were monitored as a function of MWCNT mass
fraction (M) at room temperature. All these measured quantities of the
composites were decreased by increasing the content of MWCNT in the compos-
ite. The conductivity and the optical results were attributed to the classical and
site percolation theories, respectively. The fluorescence results, however, pos-
sessed both the site and classical percolation theories at low and high MWCNT
content regions, respectively.

Keywords: poly(vinyl acetate-co-butyl acrylate); multiwalled carbon nanotube;
percolation; critical exponents; conductivity; fluorescence

1. Introduction

Poly(vinyl acetate) (PVAc) is a non-crystalline, amorphous thermoplastic polymer. The
PVAc is generally fabricated via mixing process with certain polymeric materials in order
to reinforce the structural properties [1,2]. PVAc-based composites are widely used in
adhesive, paper, emulsifier, paint and textile industries due to its high-bond reinforced,
film-like, nonflammable and odorless characteristics [2]. Furthermore, because of their
high dielectric constant values and high dielectric strengths, the PVAc could be used as a
good gate insulator for organic film transistors [3]. P(VAc-co-BuA) is one of the most
important industrial latexes, widely utilized in water-based architectural (exterior or
interior) coatings, and adhesives market, is the vinyl acetate (VAc)/butyl acrylate (BuA)
emulsion copolymer [4,5] with a BuA composition of 15-30%, since they have higher
mechanical and water resistance properties than the homopolymers of both monomers.
After the carbon nanotubes (CNTs) discovered by lijima, polymer/CNT composite
studies were first reported by Ajayan et al. [6]. CNTs and polymer-composites having
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CNTs are used in various industrial applications such as flat panel screens, electron
microscope guns, gas discharge tubes, microwave amplifiers, fuel cells, batteries, hydrogen
storing media, nanoprobes, sensors and body-parts of aircrafts and spacecrafts [7]. It has
been well known that some CNTs are stronger than steel and lighter than aluminum and
more conductive than copper [7]. Studies on polymer/CNT composites have been of
interest at last decade. There are two main types of CNT known as single (SWCNT) and
multiwalled (MWCNT). Thermoplastic polymers are usually used as an insulating
material because of their low electrical conductivity properties (210~'>Sm™"). By doping
the conducting fillers such as carbon black (CB) and CNT into polymer matrix forms
highly conductive polymer composites. The electrical resistivities of polymer/MWCNT
composites may vary between 10'® and several ohms. The electrical resistivities of
polymer/CNT composites are strongly dependent on the volume or mass fractions of the
doped CNTs. At low volume or mass fractions, the resistivity remains very close to the
resistivity of the pure polymer. However, by addition of some CNTs, above a critical
concentration (known as percolation threshold) insulating polymers become conductive
composites. If CNTs in the polymer matrix form a conducting network, the conductivity
of composite dramatically increases. This phenomenon is called as percolation and can be
well explained by percolation theory [8]. Percolation threshold can be usually determined
by monitoring of resistivity variations in composites. Electrical percolation thresholds for
some MWCNT and SWCNT polymer-composites were reported as ranging from 0.0021 to
15wt% [9]. It has been shown that the electrical, mechanical, and thermal properties of
polymer/CNT composites can be improved by addition of CNTs [9-11].

There are plenty of studies about conducting PVAc composites in the literature. Wang
et al. [12] produced conducting PVAc-nanocomposite fibers with functionalized MWNTs
which were produced by oxidation technique and unfunctionalized MWNTs by using
electrospinning method. They measured conductivity of a single nanofiber by two-probe
method. They found that increasing the mass fraction of MWNT also increases the
conductivity showing a percolative behavior, and the percolation threshold was obtained
around 0.5wt%. The effect of clay as a secondary filler on emulsion-based and solution-
based CB-PVAc composite films were investigated by Miriyala et al. [13], where the
percolation threshold of emulsion-based composite films were found to be lower than the
solution-based PVAc films. Furthermore, the addition of 0.2wt% clay in composite
structure leads to decrease in the electrical percolation threshold and increase in the
storage modulus. Grunlan et al. performed a large amount of studies about the electrical
and thermal conductivities of the PVAc composites [14-19].

Recently, film formation from PVAc latex particles [20-22], electrical and optical
percolation properties of polystyrene/ MWCNT composites [23] were studied by our
group. In this current work, the effect of MWCNT addition in insulating PVAc matrix
was investigated. Variations in electrical, optical, and fluorescence properties of P(VAc-
co-BuA)/MWCNT composite films were measured by using two-probe surface resistivity,
photon transmission, and fluorescence emission measurement techniques. The electrical,
optical, and fluorescence percolation thresholds were determined. The classical and site
percolation theories were used to calculate the critical exponents for the surface resistivity
and for other two data sets, respectively. Percolation models and critical exponents for
fluorescence emission data were found to be in accord with the optical and electrical data
at low and high MWCNT content regions, respectively.
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2. Experimental
2.1. Preparation of the P(VAc-co-BuA) latex particles and the composite samples

VAc and BuA (85:15wt%) were used to synthesize the waterborne P(VAc-co-BuA) latex
particles by emulsion polymerization technique [24]. The average particle size and glass
transition temperature of the PVAc latices were found to be 245.5nm and 31.3°C,
respectively. In the rest of this article, the term PVAc will be used instead of the term
P(VAc-co-BuA) in order to simplify the reading.

MWCNT (Aldrich 659258) with outer diameter of 110-170 nm and length of 5-9 um
was used to prepare the composites. Purity of the MWCNT is reported as minimum as
90% and it was used without any further purification process. Poly(vinyl pyrrolidone)
(PVP40, Sigma-Aldrich) was used as dispersion agent of MWCNTs in the water. Physical
association of polymers with CNT surfaces was shown to enhance the dispersion of CNT
in both water and organic solvents [25,26]. One of the suggested mechanisms is
“wrapping” [26], which is believed to rely on specific interactions between a given
polymer and the tubes. For example, the reversible association of SWNT with linear
polymers, PVP and polystyrene sulfonate, in water was identified as being thermody-
namically driven by the elimination of a hydrophobic interface between the tubes and the
aqueous medium [26]. Among the widely used polymers for this purpose PVP has been
identified as one the best of wrapping functionalization of tubes and already used to
disperse or stabilize CNTs in aqueous environment [27].

Firstly, PVAc (4% w/v) — water dispersion with pyranine(P) (8-hydroxypyrene-1,3,
6-trisulfonic acid trisodium salt, Fluka 56360) (2 x 107*M) as a fluorescence probe was
stirred by a magnetic stirrer for 24 h. Since, the van der Waals forces between MWCNTs
prevent homogeneous distribution of the nanotubes in water then, PVP was added to
dispersion with a concentration of 5mgmL~" to separate the MWCNTs from each other.
This dispersion was splitted into 15 different containers. The PVAc/MWCNT dispersions
with 14 different MWCNT content were prepared in these containers by varying the
MWCNT concentrations and stirring them for 12h. A pure (non MWCNT content)
dispersion was also prepared. Mass fractions of PVAc/MWCNT dispersions were
calculated as

MMWCNT
M = (1
MMWCNT + MpyAc

where, mpyac and mywent are the masses of the PVAc and MWCNT in the dispersions,
respectively. Mass fractions of the composites were obtained by using Equation (1); 0, 0.5,
1.0, 1.3, 1.6, 1.9, 2.2, 2.7, 3.2, 4.0, 5.0, 7.0, 10, 13 and 18 wt%, respectively. Composite
films were prepared from PVAc/MWCNT dispersions by placing same number of drops
by using a micropipette on 2.5 x 3.0cm? glass plates and allowing the water to evaporate
at room temperature. It was observed that, the dried pure PVAc (non-MWCNT content)
composite film was optically transparent due to low glass transition temperature (7y)
values of the latex, i.e., the film formation process was completed at room temperature.
Figure 1 shows a cartoon representation of the film cross-section with distribution of latex-
particle boundaries before and after the film formation processes is completed. Glass
plates of the samples were weighed before and after the composite film casting to calculate
the film thicknesses. The average film thickness was determined as 21.5 um.
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Figure 1. The cartoon representation of the film cross-section before and after the film formation.

2.2. Optical transmission, fluorescence emission and resistivity measurements of the
composites

UVV spectrophotometer (Lambda 2S of Perkin—Elmer, USA) was used to monitor the
variation of optical transparency of the composite films. Since the absorbance region of
the pyranine molecule was 300—430 nm, the transmittances of the composite films were
detected at 470nm wavelength. Transmission measurements were performed at six
different positions on the film surface in order to lower the error. Thus, the average value
of transmitted light intensity (/;;) was obtained. Another glass plate was used as a standard
for all the UVV experiments. All the photon transmission measurements were carried out
at room temperature.

The variation of fluorescence emission of the composite films was measured by using
Varian Carry Eclipse Fluorescence Spectrophotometer. Excitation and emission wave-
lengths were used as 370 and 507 nm, respectively. The emission wavelength at maximum
intensity of pyranine is 510 nm, which varies up to 5-10 nm depending on the structure of
the polymer molecules. The fluorescence emission measurements were performed at six
different positions on the film surface in order to lower the error level, and the average
value of the fluorescence emission intensity (/;) at the maximum was obtained.

The electrical resistivities of the PVAc/MWCNT composite films were measured by
alternating polarity method with a Keithley Model 6517A electrometer which employs the
ASTM D-257 measurement standard, and a test fixture which was reconstructed as three
times minimized version of Keithley Model 8009 resistivity test fixture. The composite
films were placed in the text fixture which have disk-shaped electrodes, then their surface
resistivities, ps (Ohm/square or Ohm) were measured under 10-100 V DC potential with
alternating polarities for every 15-s period. All the surface resistivities of the composite
films were determined for four different orientations and measurements were repeated
many times in order to lower the error in the surface resistivity measurements. The average
values obtained from the proper measurements were used to plot the graphics. A photo of
the miniaturized text fixture and the experimental setup are shown in Figure 2.
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Figure 2. The photo of the miniaturized text fixture and the experimental setup.

3. Results and discussion
3.1. Electrical percolation of MWCNTs

The average values of the surface resistivities, p; of PVAc/MWCNT composite films
versus mass fractions of MWCNT, M were measured and observed that the surface
resistivities (ps) of the composite films do not change much below 1.0 wt% (M < 1.0 wt%).
However, ps values of the composite films dramatically decrease from 10'' Ohm/square to
10* Ohm/square in the band-gap of M =1.0-4.0wt%. This behavior indicates that the
electrical percolation occurs at low levels of M. The surface conductivity values were
calculated from the following equation.
o=1/ps 2
The obtained results using Equation (2) are presented in Figure 3, where it can be seen
that, the surface conductivity, o starts to increase at the M,=1.0wt% by addition of
MWCNT into the insulating PVAc matrix. This sudden increase can be interpreted by
consisting of connected conductive paths of MWCNTs in the composite film. Thus, at this
critical point the insulating system starts to transform to a more conductive state, which
indicates that the percolation threshold of the surface conductivity (M,) is 1.0 wt%. The
classical percolation theory can be used with the following equation above the critical
point (M > M) for the composite structure [8]:

o =0o(M — M), 3)

where o is the surface conductivity (Siemens/square), M is the volume or mass fraction of
MWCNT, M, is the percolation threshold value, B, is the critical exponent for the surface
conductivity, and o, is a scaling factor that may be comparable to the effective
conductivity of pure MWCNT film [28,29]. B, was calculated from the slope of the curve
in Figure 4 which was drawn from the logarithms of the surface conductivity data treated
with Equation (3), and found to be as 2.1. The critical exponents calculated theoretically
for 3D network systems were found to be in between 1.6 and 2.0, and experimentally
produced B, values vary from 1.3 to 3.1 [30]. Here, the produced B,=2.1 value is well
agreed with the theoretical and the experimental results in the literature.
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Figure 3. The surface conductivities, o of PVAc/MWCNT composite films versus mass fractions of
MWCNT, M.
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Figure 4. The log-log plot of o versus M — M. The slope of the straight line produces the electrical
critical exponent, S, as 2.1.

On the other hand, in an experimental study performed by Choi et al. [1], volume
resistivities of PVAc/MWCNT composites were found to be 3.7 x 10", 2.0 x 10",
and 3.44 x 10’ Qcm for the MWCNT concentrations of 0, 0.1, and 0.5wt%,
respectively. Francis et al. [17] showed that the electrical percolation occurs in the range
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from 0 to 2 vol% for SWCNT/PVAc composite systems. As a result of electrical
conductivity measurements which are done in a similar composite system, the volume
conductivity was raised to 107" Sem™' by the addition of 0.04 wt% SWCNT, and the
critical exponent was found as =1.9 [18]. Conductivity measurements for the composites
of monodisperse and polydisperse latex and CB particles performed by Grunlan et al. [19]
showed that the percolation point was around 2 vol% CB concentration [19]. In the same
study, the critical exponent values for the samples which were dried at different
temperatures were calculated in the intervals of 1.4£0.4-2.2+0.8 and 1.7+0.4-2.6+0.4,
respectively. Our results are well agreed with the data of similar systems in the literature.

3.2. Optical percolation of MWCNTs

Transparency variations of the composite films versus mass fractions (M) of MWCNT
were monitored by transmitted light intensity, /;, from the films. It was observed that 7,
sharply decreases as MWCNT content increases in the composite system, and there is
almost no light transmission from the films above the mass fraction of 7.0 wt%
(M >7.0wt%). The decrease in the [, can be explained by the distribution of MWCNTs
among the homogeneously dispersed PVAc chains, i.e., two medium with different
refractive indices are randomly formed in the composite system. The scattering centers in
the composite film are increased as M is increased, thus, more light is scattered and, as a
result, the optical transmission of the film is decreased.

The behavior of I, versus M predicts that the composite system owns a percolative
structure having a percolation threshold at 0.5wt% MWOCNT content. Previous
experimental studies by others have shown that the rheological percolation threshold
was lower than the electrical percolation threshold in some conductive polymeric
composites. Du et al. [31] determined the electrical and rheological percolation thresholds
for PMMA/SWCNT composite system as m., =0.39 and m.; =0.12%, respectively.
Furthermore, they found that the critical exponents for the electrical and rheological
measurements as B,=2.3 and Bg =0.7, respectively. Another experimental study
performed by using electrical, viscosity, and modulus measurement techniques on PET/
MWCNT composite system, in where the percolation thresholds and the critical exponents
were found to be as m,.,=0.009, m.,=0.006, m.;=0.005 and B.,=2.2, B.,=1.3,
Be.c = 1.5, respectively [32].

Here, the produced optical transmission data can be treated by employing the site
percolation theory, where sites in a lattice are either filled or empty. Extended simulations
and theoretical works have shown that the percolation probability is given as

Poo(p) o (p = po)F. 4)

If we assume that M is identical to lattice occupation probability, p, then the
percolation threshold value, p. will be equivalent to M,,. One can arrange the percolation
equation (Equation (4)) for the optical data as follows:

Isc(M) = IO(M - Mop)ﬁOPa (5)

where the percolation probability, P.(p) is assumed to be proportional to the scattered
light intensity [I,.=1,—I,. Here, M represents the lattice occupation probability of
MWCNTs in the PVAc matrix and M, is its critical threshold value. Here, I, is the
incident light intensity. As M is increased, the scattered light intensity, /. increases due to
the concentration fluctuations. Figure 5 shows the variation of I versus mass fraction of
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Figure 5. The scattered light intensity, I, versus MWCNT mass fraction, M.

MWCNT, M where the scattered light intensity increases rapidly, even though the
MWCNT content was 0.5wt% at the beginning which shows the percolation threshold
value is in between 0 and 0.5 wt%. Since M — M, — M for the extremely low M, values,
then Equation (5) can be written as

Isc(M) = IOMﬂOP (6)

The variation of log I/1, versus log M is given in Figure 6. The critical exponent, B,,
was calculated as 0.40 from the slope of the straight line in Figure 6, using Equation (6).
The obtained value of B,,=0.40 is not far from the theoretical site percolation value of
0.42 [8]. The difference can be originated from the conditions of sample preparation and
the experimental techniques that we have used.

3.3. Fluorescence results of percolative MWCNTs

A typical fluorescence emission spectra of pyranine from the composite films for various
MWCNT content are presented in Figure 7, where it is seen that as MWCN content is
increased, fluorescence intensity decreases. The maxima of the emission intensity (/p)
versus mass fractions (M) of the samples are shown in Figure 8, where it can be seen that
the emission intensities of pyranine show a rapid decrease for further addition of
MWCNTs in the composite films. This behavior indicates that the percolation threshold
My is around 0-0.5wt% for the fluorescence emission intensity measurements.
Nevertheless, it seems that the emission intensity does not effectively change above
10wt%, and the percolation occurs in the band gap of 0—-10wt%. As the MWCNT
concentration is increased, the number of the scattering centers in the film also increases.
As a result, the number of the photons which penetrate into the film and encounter the
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1026 E. Arda et al.

fluorescence intensity, /5 (a.u.)

12 16 20
MWCNT Mass Fraction, M (wt%)

Figure 8. The fluorescence emission intensity, Iy versus MWCNT mass fraction, M.

pyranine molecules dramatically decreases, which causes a decrease in the fluorescence
emission intensity, Ip.

The fluorescence emission data in Figure 8 can be treated by the percolation theory.
If one assumes that M is identical to lattice occupation probability, p, then the percolation
threshold value, p. will be equivalent to My, then Equation (4) could be arranged as

1
EZ(M—Mﬂ)’gﬂ (N

Since (M — M) — M for low My then Equation (7) becomes as follows

1 — AgPn

e M (8)
by assuming the percolation probability P..(p) is inversely proportional to the fluorescence
emission intensity. The variation of log(1/ly) — log(M) is presented in Figure 9 where two
different percolation regions can be detected. The critical exponents, By was calculated and
found to be as 0.35 and 2.0 from the slopes of the straight lines in Figure 9, according to
Equation (8). The produced Bq value for low MWCNT content region provides the site
percolation value of 0.35. However, at high MWCNT content region S value (2.0) is quite
compatible with the electrical critical exponent 8, =2.1, and also with its theoretical value
which is equal to 2. These results can be explained by assuming that the pyranine
molecules concentrate around the MWCNTs during the preparation of the composite film.
As a result, the photons penetrating into the film encounter with the MWCNTs several
times and interact with the pyranine molecules and excite them to emit the fluorescence
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Figure 9. The log—log plot of 1/I versus M. The slopes of the straight lines produce the fluorescence
critical exponents, By as 0.35 and 2.0 for the low and high MWCNT concentration regions,
respectively.

light at 507 nm. At low MWCNT content, pyranine simply probes the scattering sites in
the composite film, however at high MWCNT concentration, pyranine now traces the
conducting network. In other words, the pyranine molecules trace the MWCNT sites and
produces the similar critical exponents in two regions. In the low MWCNT concentration
region, Iy starts to decrease by following the increase in the number of scattering centers in
the structure, showing a similar intensity behavior to that of the optical /. data. In the high
MWCNT region, the formation of the conductive paths from MWCNTSs, which are
covered by the pyranine molecules improves the surface conductivity by carrying out
information about the fluorescence response of the film structure.

The differences between the electrical, optical and fluorescence percolation processes
and the behaviors of the composite systems are represented in Figure 10. In Figure 10(a),
for the pure PVAc film, the conductivity is extremely low, and the optical transmission and
the fluorescence emission are quite high for this film. Figure 10(b) represents the optical,
electrical, and fluorescence behaviors for the films with low MWCNT. While the optical
transmittance is decreased due to the existence of MWCNTs (existence of different
refractive mediums), the scattered light intensity increases. Since the photons start to be
scattered from the film surface, the penetration of the photons and their interaction with
the pyranine molecules are obstructed. Thus, the fluorescence emission intensity also starts
to decrease. As far as the electrical conductivity is concern, immediately above the critical
point (M > M) up to M =4wt% content, tunneling and/or hopping of electrons played
the important role in conductivity. The tunneling distance allowed for electron hopping
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Figure 10. A cartoon representation of electrical, optical and fluorescence percolation processes
depending on the MWCNT concentration.

has been reported between 5 and 30 nm [31,33-35]. However, above 4 wt%, interconnected
network starts to form and MWCNT network is completed at the saturation level of CNTs
above 10 wt%. In this picture, optical and fluorescence exponents are similar by obeying
site  percolation model. In the composites which have high enough MWCNT
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concentrations the electrical conduction starts as shown in Figure 10(c). At this
concentration level, some conductive paths start to form, resulting the increase in
conductivity. Here, pyranine molecules probe the conductivity path. The optical
transmittance and the fluorescence emission continue to decrease due to increase in the
number of MWCNTs acting as scattering centers in the film. Above the electrical
percolation threshold, the composite system becomes as in Figure 10(d). The MWCNTs
starts to form many conductive paths and as a result, the electrical conductivity sharply
increases. However, the composite film scatters high number of photons due to increase in
the heterogeneity level of the film. Thus, the optical transmittance and fluorescence
emission levels become quite low due to obstruction of penetrating photons into the
composite film. The produced data from these three different monitoring techniques are
compared in Figure 11. Even though the percolation thresholds are quite different, the
saturation points are almost the same for three measurement systems (~10wt%).

4. Conclusion

This study has shown that the insulator-conductor transition takes place by the addition of
a small amount of MWCNT to the composite system. Surface resistivity (ps) of
the composite films dramatically decrease from 10" to 10* Ohm/square in the band-gap of
M =1.0-4.0wt%. The insulator system starts to transform to a more conductive state by
consisting of conductive paths of MWCNTSs between the electrodes. The size of MWCNTs
and electron hopping and/or tunneling effects play important roles in the early percolation
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behavior of the films. Nano/micro-size of MWCNT plays a fundamental role for the
scattering of light from the composite film. In other words, inclusion of very small
amount of CNT scatters light dramatically. As a result, the optical transparency shows a
very low percolation threshold. The fluorescence emission intensity, Iy decreases as
MWCNT concentration is increased, i.e., scattering centers in the film are increased as the
mass fraction, M is increased. Thus, the number of the photons which ‘encounter’
with pyranine molecules decreases in parallel with the number of photons penetrating into
the film.

In the current work, the conductivity, optical and fluorescence percolation thresholds
and the critical exponents were determined and found to be as M,=1.0wt%,
Mo, =0-0.5wt%, My=0-0.5wt% and B,=2.1, B,,=0.40, By=0.35 and 2.0, respec-
tively. The critical exponent values of electrical and fluorescence percolations were found
to be higher than that of optical percolation at high MWCNT region, where the
characteristics in fluorescence and electrical curves have similar behaviors and similar
critical exponents as contrary to the optical data. This prediction can be used to roughly
follow the conductivity of such composite films by using fluorescence data. On the other
hand at low MWCNT region fluorescence percolation imitates optical percolation
producing the similar critical exponents.
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