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ABSTRACT 1. INTRODUCTION 

Electron spin resonance and dc electrical studies on 

polyvinyl chlor ide-black carbon composi tes are 

reported. The percolat ion threshold of conductivity 

occurs at about 5 % phr black carbon. The resonance line 

shape and position rules out the contribution of high 

spin bipolarons to the dc conductivity of these 

composites while the excellent agreement between the 

dependence of ESR and dc conductivi ty on black carbon 

loading indicates that the dc conductivity of polyvinyl 

chloride/black carbon composi tes is due to polarons. 

This conclusion is supported by the temperature 

dependence of the resonance line width, which reveals 

that the dynamics of electronic spins is consistent with 

the predictions of the Variable Range Hopping 

description. 

Var ious conduct ing compos i tes based have been 

prepared /1 -10/ in order to combine the high electrical 

conductivi ty of various fillers such as polyani i ine /10/ , 

polypyrrole / l l / , black carbon /13-17/ , and metall ic 

particles with the outs tanding mechanica l features of 

polymers . The conduct ion process of finely dispersed 

conduct ing particles in insulating matr ices has been 

explained by the hopping of e lect rons /10-17/ , within 

the so-called Variable Range Hopp ing ( V R H ) /18/ 

descript ion. The predicted tempera ture dependence of 

the dc conductivity, within the V R H description, is 

def ined by: 

σ = σ 0 e x p - (1) 

K e y w o r d s : Electron spin resonance, polyvinyl 

chloride-black carbon composi te , Percolation threshold, 

Variable range hopping, polarons. 

where σ is the sample conduct iv i ty at a given 

temperature , σ 0 is usually treated as a fi t t ing parameter , 

T 0 is a characteristic temperature and b is a constant 

related to the dimensionali ty (n) o f the conduct ion 

process through: 
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b = -
n +1 

(2) 

The characteristic temperature T 0 depends on the 

density of states at the Fermi level Ν(εΡ ) and on the 

localization length L|0 C /18/ 

16 

KhN{s,)Li 
(3) 

•he 

where KB is the Boltzmann constant. 

Composi tes consisting of conducting particles 

dispersed within polymeric matrices exhibit a sudden 

drop in the electrical resistance or resistivity p, as the 

concentration of the conducting component is increased. 

This behaviour has been accurately described by the 

percolation theory /19/: 

P = 

Po X < X, ο 

(4) 
Po(x~ xoY x > x o 

where p0 is the resistivity of pristine PVC. 

There is a profound relationship between ESR and 

charge transport in conducting composites based on 

polymeric matrices. ESR consists in the resonant 

absorption of the energy by an ensemble of uncoupled 

electronic spins placed in external magnetic field from 

the magnetic component of an electromagnetic field 

(usually microwaves). The resonance line position is 

defined by /20-22/: 

hv = gßHAMs (5) 

where h is the Planck constant, ν is the microwave field 

frequency, β is the electronic Bohr magneton, Η is the 

external magnetic field, and ΔΜ5 expresses the change 

in the orientation of the electronic spins, due to the 

resonant absorption. The theoretical value of the 

gyromagnetic ratio g for a free electron (including 

relativistic corrections) is g=2.0023. The g factor is 

sensitive to the interactions of the uncoupled electronic 

spins with local electric and magnetic fields and 

depends on the effective value of the spin. The 

resonance line position gives important information 

regarding the charge transport. A resonance line located 

close to g=2.002 reflects reduced interactions with the 

local electric field (crystalline), the quenching of the 

angular momentum, and a charge carrier with S = l / 2 

/20-22/. The g value contains important indications 

concerning the nature of the quasiparticle responsible 

for the charge transport. ESR spectra may be used to 

investigate the role of polarons and bipolarons in the 

charge transport /23-28/. The bipolaron is a pair of two 

electrons /23, 27/; the high spin bipolaron is a pair of 

electrons with parallel spins characterized by an 

effective spin S = l . The resonance spectrum of high spin 

bipolarons is located at g«4.00 (the actual resonance 

field of the bipolaron is half of the resonance field for a 

free uncoupled electronic spin) 120-221. The low spin 

bipolaron consists of two electrons, with opposite spins. 

The effective spin of this bipolaron is zero and hence no 

ESR spectrum is recorded 1201. 

ESR spectroscopy may be used to test for the 

presence of high conductivity (metallic) islands /26, 28-

31/. If the size of the conducting island Is larger or 

comparable to the skin depth, δ the electromagnetic 

wave will be distorted within the conducting particle, 

resulting in a typical resonance line shape, known as 

Dysonian /21, 22/. The relation between skin depth, dc 

conductivity σ of the composite, and microwave 

frequency ω (in CGS) is: 

δ = 
^2πσμω 

(6) 

where μ is the magnetic susceptibility of the material. 

For X band ESR measurements the microwave 

frequency is about 9 GHz. The value of δ is of the order 

of 10'5 m. Conducting grains with the linear dimension 

larger than δ will be responsible for Dysonian like 

resonance lines, characterized by a ratio between the 

amplitude of the positive and negative lobes higher than 

2.7 1221. 

The peak-to-peak resonance line width, HPP, reflects 

the result of the competition between spin spin and spin 

lattice interactions 120-221, 

//,,,. cc 
T,s τ ' SI 

(7) 
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where T s s is the spin-spin relaxation time and TS L is the 

spin lattice relaxation time. 

The resonance line intensity is proportional to the 

number of electrons that experience a spin flip, due to 

the resonant absorption of energy. It is dependent on the 

number of electronic spins. The concentration of 

uncoupled electronic spins C, at a given temperature is 

proportional to the double integral of the resonance line, 

DI: 

C = KmD1 (8) 

where KM is a constant at a given constant temperature. 

The present contribution aims at a better 

understanding of the intimate relations between the 

electrical and ESR features of polyvinyl chloride-black 

carbon (PVCBC) composites. This system has been 

considered for several reasons: The polymeric matrix is 

linear, characterized by a low degree of crystallinity, 

and a high concentration of entanglements. Polyvinyl 

chloride has a high melting temperature and accordingly 

a wide range of temperature over which the temperature 

dependence of the conductivity is expected to be 

positive. Both polyvinyl chloride and black carbon 

represent cost efficient solutions to conducting 

composites. 

2. E X P E R I M E N T A L M E T H O D S 

Polyvinyl chlor ide-black carbon composites have 

been obtained by mixing appropriate amounts of black 

carbon powder (Termax N 9 9 0 from Cancarb) with the 

diameters in the range 240 nm to 320 nm and atactic 

polyvinyl chloride with a crystallinity degree lower than 

10%, a molecular weight of about 100,000, a glass 

transition temperature of about 95°C and a melting 

temperature of about 190°C. The components were 

milled together on a two-roller mixer at about 180°C, 

for about 60 minutes. The roller gap was 0.5 mm. 

Before milling the components were dried at 85°C, 

under vacuum, for 24 h. The physical properties of 

polyvinylchloride-black carbon blends (PVCBC), 

specified by various amounts of black carbon (0, 2,4, 6, 

8, 10, 13 and 15 phr of black carbon in Ρ VC) have been 

investigated by ESR spectroscopy. The ESR spectra 

Science and Engineering of Composite Materials 

have been recorded using a JES-ME-3X spectrometer, 

operating in X band, equipped with a JES-VT-3X 

variable temperature accessory. The magnetic field 

intensity has been measured using a N M R gaussmeter. 

Dc conductivity measurements have been made at room 

temperature, by using a Keithley 6517 electrometer and 

a Keithley 8009 resistivity test fixture. 

3. E X P E R I M E N T A L R E S U L T S 

The ESR spectrum of PVCBC blends is a narrow 

single line located close to the free electron g value 

(g=2.0023), with a slight asymmetry (see Figure 1A). 

N o resonance spectrum has been noticed at g=4.00. 

Pristine polyvinyl chloride presents no ESR spectrum 

while the black carbon gives a very intense line with the 

above-mentioned features but with a higher asymmetry. 

Within the experimental limits (±0.0005) , the position 

of the resonance spectrum is not modif ied by the black 

carbon content. 

ΑΧ Θ 

/ ^ ^ ^ ^ 'MIN 

M̂AX 

1 Isl 

3280 3300 3320 3340 3360 

MAGNETIC FIELD ( ΙΟ"4 T) 

Fig. 1: A. ESR spectrum at polyvinyl chloride black 

carbon composite (4% phr black carbon), at 

room temperature. 

B. A typical Dysonian resonance line 

The resonance line parameters are sensitive to the 

concentration of black carbon introduced within the 

polymer (see Figures 2A-2C). From Figure 2A it is 

noticed that the amplitude of the resonance line, I, is 

enhanced as the black carbon content is increased. The 
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Fig. 2: A. The dependence of the resonance line 

intensity on the black carbon loading in 

PVCBC composites. 

B. The dependence of the resonance line width 

on the amount of black carbon dispersed into 

PVC. 

C. The dependence of S on the black carbon 

loading. 

dependence of the resonance line width (peak to peak, 

Hpp), on the black carbon content is almost linear (see 

Figure 2B). The concentration of free radicals at a given 

temperature is proportional to the double integral of the 

ESR spectrum, S. The characteristics of the actual ESR 

spectrum allow the use of a simplified expression for 

the estimation of S /20-22/: 

S = KIHpp/mA (9) 

where Κ is the resonance lineshape factor, estimated 

using the slope method, m is the mass of the sample, 

and A represents the spectrometer 's gain. As shown in 

Figure 2C, the concentration of uncoupled electronic 

spins is raised as the amount of black carbon dispersed 

within the polymer is increased. 

The dependence of the dc resistivity (volume) on the 

concentration of black carbon is represented in Figure 3. 

The expected rapid drop of the resistance as the 

concentration of black carbon is increased expresses a 

percolation-like transition from insulator to a 

conducting composite. 

The temperature dependence of the resonance line 

4 8 12 

CARBON BLACK (PHR) 

Fig. 3: A. The dependence of the electrical 

resistance on black carbon concentration. 

B. The dependence of the logarithm of 

electrical resistance on black carbon 

concentration. The line represents the best fit 

obtained within the percolation approach (Eq. 

3). 

width for samples with various black carbon loadings is 

shown in Figures 4A-4E. As the sample temperature is 

decreased, HPP increases, due to the reduction in the 

jump probability of electrons. The temperature 

dependence of HPP accurately obeys a VRH like 

dependence, in the temperature range 190 K-275 K. The 

dependence of the characteristic temperature T 0 and of 

the dimensionality of the conduction process (which is 

equal to l / ( b + l ) ) is exhibited in Figure 4. 

In Figure 5 the temperature dependence of the 

double integral of the resonance spectrum, for different 

black carbon loadings, is shown. It is observed that S 

obeys an Arrhenius like temperature dependence in the 

temperature range 190 Κ to 275 K. The dependence of 

the estimated activation energies on the black carbon 

loading is represented in Figure 6A. As may be noticed 

from Figure 6B, there is a direct relation between the 

static spin susceptibility and the electrical conductivity. 

DISCUSSION 

The position of the resonance line rules out the 

contribution of the high spin bipolarons to charge 

transport in PVCBC composites. The reduced 
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TEMPERATURE (Κ) 

Fig. 4: The temperature dependence of the resonance 

line width for various PVCBC composites: 

A. 2 Phr black carbon 

B. 4 Phr black carbon 

C. 6 Phr black carbon 

D. 8 Phr black carbon 

E. 10 Phr black carbon 
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Fig. 6: The temperature dependence of S for various 

P V C B C composites: 

A. 2 Phr black carbon 

B. 4 Phr black carbon 

C. 6 Phr black carbon 

D. 8 Phr black carbon 

E. 10 Phr black carbon 

2 4 6 

BLACK CARBON (PHR) 

Fig. 5: The dependence of the characteristic 

temperature and of the b parameter on the 

black carbon content. 

asymmetry of the resonance line, is observed by 

comparing the resonance spectrum of a typical PVCBC 

blend with a Dysonian like resonance line (see Figures 

IA and IB). This supports the mesoscopic structure of 

conducting domains. 

As noticed in Figure 2A, the resonance line intensity 

increases almost linearly as the black carbon loading is 

enhanced. Figure 2B reflects the broadening of the 

resonance line width as the concentration of black 

carbon is increased. This result may arise from the 

enhancement of dipolar interactions. By increasing the 

concentration of black carbon, the distance among the 

conducting particles is depressed and hence the dipolar 

interaction is enhanced. This result indicates that the 

distance between particles is sufficiently large to neglect 

the narrowing effect of exchange interaction. The 

dependence of S on black carbon content shown in 

Figure 2C reflects the increase of uncoupled electronic 

spin as the concentration of black carbon is increased. 

As expected, this dependence is almost linear. 

Figure 3 reflects the decay of the sample resistance 

as the black carbon loading is increased. It reflects the 

percolation of the dc conductivity and is rather well 

described by equation (3). The best fit was obtained for 

x 0
p=2.2±0.4 and c=6.3±0.5. 

As the sample temperature is raised, HPP is 

decreased. This behavior, for different samples 

containing various concentration of black carbon, is 

represented in Figures 4A - 4 E . The decrease of the 

resonance HP P as the temperature is raised reflects the 

thermal induced enhancement of the j u m p frequency of 
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electrons. These motions will average out the local 
magnetic field inhomogeneities, resulting in a 
narrowing of the resonance line. Hence, the temperature 
dependence of the resonance line width should be 
connected to the temperature dependence of the 
conductivity, as both processes are affected by the 
electronic jumps. To verify this hypothesis, a VRH like 
dependence of HPP on temperature has been tested. 

Η , ψ = / / ; , , e x p ^ ^ j (10) 

where H°pp has been considered a fitting parameter. As 

it is observed from Figures 4A-4E, the expression (10) 
describes accurately the temperature dependence of Η1Ψ 

in the range 190 Κ to 270 K. The values of the 
characteristic temperature and of the parameter b, 
corresponding to the best fit of experimental data at 
different concentration of black carbon, are represented 
in Figure 4. It is observed that the characteristic 
temperature is depressed as the black carbon content is 
increased indicating an increase of the localization 
length. The value of the constant b suggests a dominant 
two-dimensional hopping of electrons (see Figure 4). 

The temperature dependence of S, for different black 
carbon loadings, is shown in Figures 5A-5E. It is 
noticed that in the temperature range 190 Κ to 270 K, 
the temperature dependence of S is rather well described 
by an Arrhenius like dependence: 

S = S 0 e x p - - ^ - (11) 

where EA is the activation energy. 
The dependence of the activation energy 

(corresponding to the best fit using the expression (11)) 
on the black carbon loading is shown in Figure 7. It is 
observed that the activation energy is increased as the 
content in black carbon is raised. 

4. CONCLUSIONS 

The electron spin resonance investigations on 
PVCBC composites ruled out the presence of both low 
spin and high spin bipolarons. It is concluded that the 
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Fig. 7: The dependence of the activation energy on 
black carbon content. 

quasiparticle responsible for the charge transport is the 
polaron, and that the charge transport occurs through a 
two-dimensional variable range hopping of electrons. 
The temperature dependence of the resonance line width 
is correlated to the electronic hopping and revealed that 
the characteristic temperature is decreased as the black 
carbon concentration is increased, suggesting an 
increase in the localization length as the black carbon 
content is raised. The correlation between dc electrical 
data and ESR data is discussed. 
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