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ABSTRACT:

Electron spin resonance investigations on styrene–polyisoprene–polystyrene block copolymer loaded with various amounts of multiwalled carbon nanotubes
are reported. The temperature dependence of resonance line parameters in the range
290–425 K was analyzed. It was proved that the main resonance line represents a
bottleneck of localized and delocalized electrons residing on carbon nanotubes. The
temperature dependence of the g-factor and double integral of resonance spectra conﬁrmed this interpretation. The temperature dependence of the resonance linewidth of
composites containing various concentrations of nanotubes was explained by the therC 2005 Wiley Periodicals, Inc.
mally activated narrowing of the resonance spectra. V
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INTRODUCTION
Electron spin resonance (ESR) spectroscopy has
been used to assess the quality of carbon nanotube, CNT.1 Not-annealed CNT exhibits three
ESR lines;1–18 a wide line located at g values
>2.0023 assigned to catalyst residues and two
lines located close to g ¼ 2.0023 assigned to paramagnetic impurities and electrons delocalized
over the conducting domains of CNTs.2–18 The
annealing process reduces markedly the intensity of the wide line7 (due to catalyst residues).
However, few ESR studies2 were done on CNTs
dispersed in polymeric matrixes.
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The outstanding properties of CNTs19–21 such
as huge mechanical strength, high electric conductivity, excellent thermal conductivity, and
huge aspect ratio fuelled much research on composite materials obtained by dispersing nanotubes into different polymeric matrixes. Light
materials with tailored electrical and thermal
conductivity, enhanced mechanical properties,
and improved thermal stability have been reported.21 A better knowledge of the interaction
between CNTs and the polymeric matrix and in
particular, an accurate understanding of the
role and properties of the interface between
CNT and macromolecular chain is mandatory to
further improve the physical properties of these
composites. This paper concentrates on the ESR
spectra of CNTs dispersed within a polymeric
matrix, aiming for a better understanding of
the interactions between nanotubes and polymeric chains.

ELECTRON SPIN RESONANCE

EXPERIMENTAL
Multiwalled carbon nanotubes (CNTs) were obtained by chemical vapor deposition, at 950 8C in a
tube furnace, using CH4 as carbon source, hydrogen as gas carrier, and Fe deposited on MgO as
catalyst. The as-grown nanotubes were puriﬁed
by acidic (HCl) treatment. Nevertheless, this process did not completely remove the iron catalyst
(located either in the tips of nanotubes or coated by
amorphous carbon). About 85% of nanotubes had a
diameter of 3 mm and a length of 8 lm. Composite
materials were obtained by dispersing various
amounts of multiwalled carbon nanotubes within a
styrene–polyisoprene–polystyrene block copolymer
(SIS, from Aldrich). The block copolymer was dissolved in toluene. The CNT was introduced in the
dilute solution of SIS in toluene (about 2% wt.) and
the as-obtained mixture was sonicated for few days
at room temperature and low sonication power
density (maximum power 0.1 Watts/m3) was used
to prevent polymer degradation. After homogenization, the solution was poured onto microscope slides and the solvent was evaporated at
about 80 8C for 24 h. Composites containing 0.25%,
1.0%, 2.5%, 5.0%, and 7.0% CNT in SIS (SIS–CNT)
were obtained and investigated by ESR spectroscopy.
The ESR spectra were recorded by a Bruker
spectrometer (EMX) operating in X-band (9 GHz)
and equipped with a temperature accessory. The
dependence of resonance line parameters on the
concentration of CNT dispersed in the polymeric
matrix and the temperature dependence of resonance line parameters in the temperature 300–
425 K are reported below.

RESULTS AND DISCUSSIONS
The ESR spectra of SIS–CNT composites are
reminiscent to the ESR spectra of CNTs.2–18 The
resonance spectrum of SIS–CNT composites consists of three lines. The ﬁrst line is located at low
magnetic ﬁeld (corresponding to a g-factor of
about 4). This weak line, which originates from
catalyst residues (actually isolated high spin
Fe3þ ions) is not shown as it is not related to
the goals of this study. For all range of CNT concentrations and temperatures reported in this
article, the resonance spectrum of SIS–CNTs is
dominated by a strong and symmetric line
located (see Fig. 1) at about g ¼ 2.06 and characterized by a resonance linewidth of the order of
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102 G (1G ¼ 104 T). Such parameters are typical
for the ESR spectrum of strongly interacting
localized and itinerant electrons, in the bottleneck regime. The itinerant electrons are delocalized over the conducting domains of annealed
CNTs.2,7 The symmetry of the resonance line
reﬂects a good dispersion of nanotubes within
composites and indicates that SIS–CNT composites are characterized by a low electrical conductivity. Conducting nanoparticles are responsible
for an asymmetric resonance line shape (Dysonian2,11,17) because of the damping of the microwave ﬁeld inside the particle. A faint narrow line
(shown in the inset of Fig. 1) is superimposed on
the intense line. Hence, its parameters (line position, width, and amplitude) cannot be accurately
estimated. The weak line was tentatively assigned
to paramagnetic impurities (such as graphite).
In Figure 2 it is shown the temperature
dependence of the g-factor for SIS–CNT composites. For an uncoupled electronic spin (s ¼ 1/2)
the g-factor is
hv ¼ gbHRES

ð1Þ

where h is the Planck’s constant, b is the Bohr
magneton of the electron, t is the frequency of
the microwave ﬁeld (kept constant during the
recording of the spectrum), and HRES is the value
of the external magnetic ﬁeld at which the resonance is observed (resonance ﬁeld). The theoretical value for the g-factor of the free electron is gth
¼ 2.0023.2,11,17 The observed shift of the g-factor
comes from several contributions. The ﬁrst one
represents the spin-orbit coupling.2,11–17 The second one reﬂects the effect of the crystalline ﬁeld
on the resonance line position.22 The resonance
spectra of SIS–CNT composites are a convolution
over all resonances corresponding to different orientations of CNTs relative to the external magnetic ﬁeld. However, the observed shift of the gfactor from gth is larger than the g-factor shift
predicted for the spin-orbit coupling of carbon
atoms.22 The third contribution expresses the
fact that the resonance spectrum is due to both
localized and delocalized electrons. These electrons are strongly interacting and the system is
in the so-called bottleneck state, when one type
of electrons governs the relaxation mechanism.18
As it is observed from Figure 2, the g-factor
increases as the temperature is increased. Such
dependence suggests that the intense resonance
line showed in Figure 1 is due to the competition
between two interacting electron species. One
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Figure 1. ESR spectra of CNT–SIS composites (containing 7 wt % CNT), at various
temperatures. The inset shows a magniﬁed region of the spectrum that contains the
faint line, as recorded at 350 K. The amplitude of this line increases slowly as the
temperature is increased.

species is located within the conducting domains
of nanotubes, characterized by g1 and a temperature-independent susceptibility. The second is
a localized electron (paramagnetic) characterized by g2. A simple Curie-like dependence describes accurately the temperature dependence
of the susceptibility (v2) of localized electrons. In
the bottleneck regime, the g factor of the observed resonance line is18

g1 v1 þ g2 v2 g1 v1 þ g2 KT2
g¼
¼
ð2Þ
v1 þ v2
v1 þ KT2
where K2 is the Curie constant (v2 ¼ K2/T). The
increase of the g-factor as the temperature was
increased from 100 K to 300 K has been reported
in electron-beam irradiated carbon nanotubes and
assigned to the exchange interaction between
localized and delocalized electrons.18 The line
shown in Figure 2 represents the best ﬁt obtained
by using the expression (2) for SIS loaded with 5%
CNTs. For this ﬁt the g-factor of the CNTs was
supposed to be equal to g1 ¼ 2.012, according to
literature data.22 The best ﬁt of the temperature
dependence of the g-factor obtained by using
the expression (2) was consistent with g2 ¼ 2.14
6 0.02. This value corresponds to the g-factor of

isolated Fe3þ ions27 and reveals the effect of catalyst residues on the electronic properties of nanotubes. The Pauli susceptibility has been estimated
at about 5  108 emu/g, in agreement with pre-

Figure 2. The temperature dependence of the g factor SIS–CNT composites for different loadings with
CNT. The line represents the best ﬁt of the temperature dependence of the g-factor for the composite containing 5% CNT.

ELECTRON SPIN RESONANCE

Figure 3. The dependence of the g factor of SIS–
CNT composites on the amount of CNT dispersed
within the polymeric matrix, at 300 K.

vious ESR data on CNTs.22 We suppose that in
the investigated system there is a complex
exchange interaction between the itinerant electrons localized on CNTs and the localized electrons located on both catalyst residues (isolated
Fe ions) and other paramagnetic centers (actually
radicals and/or graphite). The modiﬁcation of the
weight of the contribution of paramagnetic defects
to the temperature dependence of the g-factor of
nanotubes as their concentration is increased
reﬂects the effect of the interaction between nanotubes and macromolecular chains. Three possible
processes may be invoked; the ﬁrst is represented
by a very weak mechanical fracture of nanotubes
in polymeric matrixes. The second one reﬂects the
production of non-paramagnetic defects due to the
stress felt by nanotube from the polymeric
matrix.18 Such non-paramagnetic defects may
modify the density of states and the Fermi level.18
Thermally activated collisions between CNTs may
also explain the increase of the g-factor as the
sample temperature is increased. CNTs collisions
may either distort the structure of CNT affecting
the energy levels and the electronic populations or
even produce paramagnetic molecules if the CNTs
are fractured. Mechanical generation of free radicals in CNTs has been reported.23 The sample
with the highest amount of nanotubes shows a different behavior resulting from a more complex
competition between localized and delocalized
electrons. The gradual increase of the DC conductivity as the concentration of CNT dispersed in
SIS is increased may also affect the dependence of
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the g-factor on temperature for the highest CNT
concentration (through the Elliot mechanism11).
The relatively scattered dependence of the g-factor
on temperature may result from the convolution
of the previously mentioned processes. The particular shape of the g-factor dependence on the temperature for the sample containing 7% CNT indicates that the interactions between localized
defects are greatly enhanced; accordingly the temperature dependence of localized spins is changed
from a simple Curie dependence into a Curie–
Weiss-like dependence.
In Figure 3 it is depicted the dependence of the
g-factor on the concentration of nanotubes. The
experimental data are rather scattered. A weak
tendency of the g-factor to decrease as the concentration of nanotubes is increased may be
observed. This may result either from stronger
exchange interactions between catalyst residues
or from the increase of the DC conductivity of the
composite, through Elliott mechanism.11
The temperature dependence of the resonance
linewidth, HPP, is shown in Figure 4. The resonance linewidth is governed by the relaxation of
electronic spins. Two main types of processes govern the resonance linewidth, namely the spin–
spin interaction and the spin–lattice interactions.
The intensiﬁcation of exchange interactions and
of the electronic jump frequencies averages the
inhomogeneities of the local magnetic ﬁelds, narrowing the resonance line. In metallic systems,
the Elliott mechanism11 provides an intimate
relationship between the resonance linewidth,

Figure 4. The temperature dependence of the resonance linewidth of CNT–SIS composites for different
loadings with CNT.
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Figure 5. The dependence of the resonance linewidth (right axis, triangles) and of
the double integral of the resonance spectrum (left axis, ﬁlled circles) of SIS–CNT on
the amount of CNT dispersed within the polymeric matrix at 300 K.

the g-factor, and the electronic relaxation processes (connected to the electrical conductivity).29
As it is observed in Figure 4, the resonance linewidth decreases as the temperature is increased,
due to the enhancement of the segmental jump
frequency. This ampliﬁes the collisions between
nanotubes, leads to a better averaging of the resonance line, and ﬁnally results in a narrowed resonance line.24 The temperature dependence of
the resonance linewidth (in the range 290–370 K)
is accurately described by an Arrhenius-like
behavior
ð0Þ

HPP ¼ HPP exp 

EA
KB T

ð3Þ

0
where HPP
is a constant (ﬁtting parameter), EA is
the activation energy, and KB the Boltzmann constant. The best ﬁts were characterized by high
correlation coefﬁcients (over 0.98) and activation
energies of the order of 3.5 6 0.1 KJ/mol. The
activation energy showed no dependence on
CNTs concentration. The deviations noticed
above 370 K are triggered by the glass transition
of the polystyrene phase (which is about 370
K26), which is responsible for a rapid increase of
styrene segmental motions.25,26 The dependence
of the resonance linewidth on the CNT loading at
300 K is shown in Figure 5 (right axis). It is
observed that the resonance linewidth decreases
as the CNTs concentration is increased. This conﬁrms the proposed mechanism for resonance

linewidth based on thermally activated collisions.
By increasing the nanotube concentration the
collision frequency is increased and hence the
resonance linewidth is narrowed.
The double integral of the resonance line, S,
has been calculated according to24
S¼

2
kIHPP
mA

ð4Þ

where k is the resonance line shape parameter, I
is the amplitude of the resonance spectrum, HPP
is the peak-to-peak linewidth, m is the mass of
the sample (composite), and A is the spectrometer’s gain. Taking into account that S is proportional to the susceptibility, the temperature independence of S conﬁrms that the intense resonance line originate from the severe interaction
of the electrons delocalized over the conducting
domains of CNTs with localized electrons (most
of them belonging to isolated Fe3þ ions). The
Pauli metallic susceptibility of delocalized electrons is almost temperature-independent,2,13,17,24
while the susceptibility of localized electrons
obeys a Curie-like dependence. As it is observed
from Figure 6, a weak temperature dependence
of the spin susceptibility was observed for the
samples with a low content of CNT. Figure 6
revealed that as the concentration of CNT is
increased the weight of the paramagnetic contribution is increased and the temperature dependence of S is enhanced. This result is consistent

ELECTRON SPIN RESONANCE
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Figure 6. The temperature dependence of the double integral of the resonance line
of SIS–CNT composites for different loadings with CNT.

with the spin bottleneck process, used to explain
the g-factor dependence on temperature. Some
paramagnetic defects (such as Fe3þ ions and
graphite) are introduced within the composite by
CNTs. However, the dispersion of nanotubes into
polymeric matrixes may also generate localized
electrons (paramagnetic defects). The concentration of paramagnetic defects increases as the concentration of nanotube is increased (see Fig. 5,
right axis). Hence, these defects are localized
either within CNTs (Fe3þ ions or local defects) or
at the CNTs–polymer interface. The extremely
low concentration of these defects and the strong
interactions between localized and delocalized
electrons prevented us from decoupling these
contributions.

CONCLUSIONS
ESR investigations on SIS–CNT composites were
reported. An intense symmetrical spectrum with
a linewidth of the order of 102 G was noticed at
about g ¼ 2.06 and assigned to strongly interacting localized and itinerant electrons (delocalized
over the conducting domains of CNTs) in the bottleneck regime. The temperature dependence of
the g-factor, of the resonance linewidth, and of
the double integral of the resonance spectrum
provided compelling evidence for this interpretation. The temperature dependence of the double
integral of ESR spectra of CNT suggested that

both localized and delocalized electrons reside on
CNTs or on the CNT–macromolecular chain
interface. The temperature dependence of the
resonance linewidth revealed that the thermally
induced narrowing of the resonance spectra is
largely due to CNTs collisions. These collisions
may be responsible for the formation of localized
paramagnetic defects.
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