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A B S T R A C T

Non-covalent functionalization of Multi Wall Carbon Nanotubes (MWCNTs) could provide a solution for pre-
serving their electronic structure facilitating the nanocomposite process preparation. Functionalization of
MWCNTs by π-stacking interaction between nanofiller and a pyrene derivative has been explored. The rheo-
logical properties of filled epoxy resins highlight very interesting benefits from this kind of functionalization.
Besides its peculiar capability for preventing agglomeration in the nanofiller dispersion step, it also efficiently
contributes to a decrease in the viscosity of the nanocomposites; hence contrasting one of the most relevant
drawback related to the manufacturing processes of the nanocomposites at MWCNTs loading rates beyond the
Electrical Percolation Threshold (EPT). Because no damage of MWCNTs occurs, sp2 hybridization of carbon
atoms is preserved together with the π-electron delocalization typical of polynuclear aromatic rings.
Consequently, no deterioration in the electrical properties are detected; the measured EPT values are typical of
nanocomposites containing embedded unfunctionalized MWCNTs (lower than 0.28 wt%), whereas for the
electrical conductivity beyond the EPT, an enhancement is observed.

1. Introduction

Carbon nanotubes (CNTs) based composites represent a novel class
of materials suitable for replacing many existing materials in several
engineering fields due to their superior thermal, mechanical and elec-
trical properties [1]. Furthermore, the dispersion of a small amount of
CNTs in polymer composites improves the fracture interfacial rigidity
and can stop micro-cracks evolution [2]. However, the development of
such added-value polymer-based composites with specific functional-
ities and performance tailored to fulfill industrial requirements still
presents several critical issues. In particular, carbon nanotubes dis-
persed in polymeric matrix usually tend to form aggregates, thus re-
ducing reproducibility and performance in the expected properties.
Another crucial parameter, which affects the efficiency of load transfer
in such carbon-based polymer composites is the lack of a good inter-
facial adhesion between nanofiller and polymer [3,4]. Since the outer
wall of pristine CNTs, as most of the other carbonaceous particles, is a
chemically highly inert structure, one of the most promising solution to
this drawback is certainly the application of methods for modifying the
surface of nanoparticles. The chemical modifiers of particles have to be

able to prevent agglomeration during dispersion processes, simulta-
neously preserving the electronic properties of the nanofillers and thus
extending their potential applications. Hence, the degree of functiona-
lization, as well as the nature of the functionalization, are key para-
meters to optimize the process of nanocomposite preparation in order
to open the road towards real extended nanotechnology applications.

Therefore, a such topic is very actively discussed in current nano-
composite literature and several effective methods including covalent
or non-covalent modification, biomolecule and metal ion binding, have
been proposed to functionalize CNTs surfaces [5–8]. The covalent
modifications, as well as the insertion of ionic groups on the surface of
CNTs, produces hybridized sp3 carbon, resulting in the loss of electrical
conductivity of the nanofillers [9–11]. Instead, non-covalent mod-
ifications do not alter the electronic characteristics of the nanofiller.
Song et al. proposed this last approach to disperse non-oxidized gra-
phene flakes with non-covalent functionalization of 1-pyrenebutyric
acid in nanocomposites able to manifest outstanding thermal con-
ductivity (∼1.53W/mK) and improved mechanical properties
(∼1.03 GPa) [12]. Georgakilas et al. [13] have reported the study of
non-covalent functionalization of graphene (G) and graphene oxide
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(GO) for energy materials, biosensing, catalytic, and biomedical ap-
plications in a recent review. The review ends with a look at challenges
and future prospects of non-covalently modified graphene and gra-
phene oxide. The non-covalent functionalization involving mainly π–π
interactions, van der Waals forces, hydrogen bonding, ionic interac-
tions, or electron–donor acceptor complexes represents the strategic
way to control the properties and improve the performance of G and GO
in potential advanced applications [13]. In this paper, we report a non-
covalent functionalization of Multi Wall Carbon Nanotubes (MWCNTs)
by π–π stacking interactions with 1-pyrenebutyric acid in order to
preserve the sp2 hybridization of carbon atoms. The functionalized
MWCNTs have been employed as filler in epoxy resins. The results
highlight that 1-pyrenebutyric acid is useful to improve the dispersion
without altering the electrical conductivity of the nanocomposites with
respect to resins filled with unfunctionalized MWCNTs. The fluores-
cence analysis has highlighted strong interactions between the func-
tional group 1-pyrenebutyric acid (1-PBA) and the surface of the em-
ployed nanotube. In fact, the interaction realized through interactions
of type π–π stacking is capable to resist even after treatments of func-
tionalized MWCNTs in boiling decaline as evidenced by the absence of
1-PBA in the remaining soluble fraction. The π–π interaction results in a
significant preservation of electrical properties of the nanotubes, which
favorable affect the electrical conductivity, and the value of electrical
percolation threshold (EPT) of the formulated nanocomposites. In ad-
dition, the study of the rheological properties evidences a very relevant
interest in this kind of functionalization. It is able to reduce the visc-
osity of the nanocomposites during the preparation steps of the na-
nocharged formulations. It is well known, in fact, that the increase in
the viscosity of the nanocharged fluid formulations, due to the em-
bedded nanofiller, represents one of the most limiting criticalities from
an industrial point of view. The results here discussed highlight a very
efficient lubricant effect of functionalized MWCNTs, which, depending
on the nanofiller concentration, may result in a decrease in the viscosity
even at values lower than that of the unfilled formulation.

2. Experimental section

2.1. Materials

2.1.1. Functionalization of multi wall carbon nanotubes with 1-
pyrenebutyric acid

Multi wall carbon nanotubes, labeled in this work with the acronym
CNT, have been produced via the Catalytic Carbon Vapor Deposition
(CCVD) process and were obtained from Nanocyl S.A. CNTs which exit
the reactor are then purified to greater than 95% carbon to produce the
3100 grade employed for this work. 1-Pyrenebutyric acid, labeled in the
following with the acronym PY, was provided by Sigma-Aldrich.

The π– π stacking interaction between the PY and the un-
functionalized nanofiller CNT was obtained mixing in the reaction flask
the 1-pyrenebutyric acid (≈0,100 g) and the nanofiller (≈1 g) in the
CH2Cl2 dry (50ml) (see Scheme 1). The blend was stirred for 2 h at
room temperature. The product was filtered, washed with CH2Cl2
(30ml) and dried overnight in vacuum. The product obtained, named
CNT-PY, was ≈1.080 g.

2.2. Nanocomposite preparation

The functionalized carbon nanotubes CNT-PY were dispersed into
the epoxy matrix to manufacture nanofilled composites. The epoxy
matrix was prepared by mixing the epoxy precursor, tetra-
glycidylmethylenedianiline (TGMDA) (epoxy equivalent weight
117–133 g/eq), with the epoxy reactive monomer 1–4 butane-
dioldiglycidyl ether (BDE) that acts as a reactive diluent allowing to
reduce the moisture content and to facilitate the dispersion step of
nanofiller [14–21]. This mixture is labeled TB. The epoxy mixture TB
was obtained by mixing TGMDA with BDE monomer at a concentration
of 80%:20% (by wt) epoxide to flexibilizer. The curing agent 4,4′-dia-
minodiphenyl sulfone (DDS) was added at stoichiometric concentration
with respect to all the epoxy rings (TGMDA and BDE), this mixture is
named TBD in the following. Epoxy blend and DDS were mixed at
120 °C and the MWCNTs functionalized with 1-pyrenebutyric acid were
added and incorporated into the matrix at loading concentrations of
0.05%, 0.1%, 0.32%, 0.5%, 0.64% and 1% by weight by using a ul-
trasonication for 20min (Hielscher model UP200S-24 KHz high power
ultrasonic probe). All the mixtures were cured by two-stage curing
cycles: a first isothermal stage is carried out at the lower temperature of
125 °C for 1 h and then a second isothermal stage at higher tempera-
tures up to 200 °C for 3 h.

2.3. Methods

High-Resolution Transmission Electron Microscopy (HRTEM) char-
acterization was performed on a Jeol 2010 LaBa6 microscope operating
at 200 kV. MWCNTs were dispersed (in ethanol) by ultrasonic waves for
30min. The obtained suspension was dropped on a copper grid (holey
carbon).

Raman spectra were collected at room temperature with a Micro
Raman spectrometer Renishaw inVia operating with a 514 nm laser
source.

Infrared spectra were obtained in absorbance by using a FTIR-
Bruker Vertex 70 spectrophotometer with a resolution of 4 cm−1 (32
scans collected).

Field Emission Scanning Electron Microscope (FESEM) images of
the epoxy composites filled with functionalized CNTs were obtained
using SEM (mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen,
Germany). All the samples were placed on a carbon tab previously stuck
to an aluminum stub (Agar Scientific, Stansted, UK) and were covered
with a 250 Å-thick gold film using a sputter coater (Agar mod. 108 A).
Nanofilled sample sections were cut from solid samples by a sledge
microtome. These slices were etched before the observation by SEM.
The etching reagent was prepared according to a previous reported
procedure [14,17,20,21].

Fluorescence spectra were recorded by a Varian Cary Eclipse spec-
trophotometer using chloroform as solvent.

Thermogravimetric analysis (TGA) was carried out in air using a
Mettler TGA/SDTA 851 thermal analyzer. The temperature range was
25–1000 °C at a heating rate of 10 °C min−1. The weight loss was re-
corded as a function of the temperature.

Rheological oscillatory tests, on uncured samples in the liquid state,
were carried out using a Physica MCR 301 (Anton Paar) rotational
rheometer equipped with a parallel plate geometry (50 mm diameter,
1 mm gap). The ternary TGMDA-BDE-DDS mixture (named TBD in the
following), two dispersions of the multiwalled carbon nanotubes 3100
(Nanocyl) in the TBD matrix (named TBD+0.1%CNT and TBD
+0.25%CNT) and two dispersions of the functionalized MWCNTs with
1-pyrenebutyric acid (named TBD+0.09%CNT-PY and TBD
+0.225%CNT-PY) were analyzed. In the case of the dispersions of the
CNT-PY in the TBD matrix, the contribution of the functional groups
has been subtracted, then the weight concentrations refer exclusively to
the multiwalled carbon nanotubes.

Strain sweep tests, at the frequency of 1 rad/s, were performed inScheme 1. Preparation of the functionalized carbon nanotubes CNT-PY.
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order to determine the linear viscoelastic region. Frequency sweep test
at 50 °C and 75 °C were performed, within the linear viscoelasticity
region, varying the angular frequency from 10−2 to 102 rad/s.

The electrical characterization of the nanocomposites was per-
formed on disk shaped specimens of about 2mm of thickness and
50mm of diameter. In order to reduce possible surface roughness and to
ensure an ohmic contact with the measuring electrodes, the samples
were coated by using a silver paint with a thickness of about 50 μm and
a surface resistivity of 0.001Ω∙cm. The measurement system, remotely
controlled by the software LABVIEW®, is composed by a suitable
shielded cell with temperature control, a multimeter Keithley 6517A
with function of voltage generator (max±1000 V) and voltmeter
(max ± 200 V) and an ammeter HP34401A (min current 0.1 μA) for
samples above the EPT. For those below the percolation threshold the
system is composed only by a multimeter Keithley 6517A with function
of voltage generator (max±1000 V) and pico-ammeter (min current
0.1 fA).

3. Results and discussion

3.1. Characterization of pristine (CNT) and functionalized multi wall
carbon nanotubes (CNT-PY)

3.1.1. Morphological and spectroscopic analysis of pristine multi wall
carbon nanotubes (CNT)

HRTEM images of CNT are shown in Fig. 1.
HRTEM analysis provides the geometrical parameters shown in

Table 1.
Raman and FTIR spectra collected for pristine CNT nanofiller are

shown in Fig. 2. Raman spectrum (see Fig. 2a) exhibits two strong
bands, the D mode (1350 cm−1) and the tangential stretching G mode
(1586 cm−1) in the investigated spectral range. The D-band at
∼1350 cm−1 is identified with defects present in the carbon aromatic
structure.

The D-band is a double-resonance Raman mode affected by defects
in the graphene structure of the wall. This band can be used for material
characterization to probe and monitor structural modifications of the
nanotube sidewalls that come from the introduction of defects and the
attachment of different functional groups. The G-band consists of two
components that are generally distinguishable in the spectrum of single
wall carbon nanotubes with a peak at 1590 cm−1 (G+) and another at
about 1570 cm−1 (G−). The G+ feature is associated with carbon atom
vibrations along the nanotube axis (LO phonon mode). The G− feature,
in contrast, is associated with vibrations of carbon atoms along the
circumferential direction of the SWCNTs. In our spectrum, we observe a
single peak for the G-band because the G+ - G− splitting in MWCNTs is
both small in intensity and smeared out by the effect of the diameter
distribution within the individual MWCNTs, and the ensemble of
MWCNTs. The G-band feature only exhibits a weakly asymmetric

characteristic lineshape, with a peak appearing close to the graphite
frequency (1582 cm−1).

The intensity and characteristics of this band give information on
the order of graphitic layers in the carbon nanostructured forms. In
particular, a high ratio R of intensities of the D and G bands (R= ID/IG)
indicates a high quantity of structural defects. The R-value of our
MWCNTs is 1.19.

This small value highlights that an amount of defects (and therefore
chemical species or functional groups are attached to the walls of
MWCNTs) are always present also on MWCNTs which are commercia-
lized as unfunctionalized nanoparticles. To obtain information on the
nature of the functional groups attached to the wall of MWCNTs, the
sample has been analyzed by FTIR investigation.

FTIR studies have been performed in the range 400–4000 cm−1 for
the identification of the functional groups attached on the surface of the
MWCNTs. FTIR spectroscopy has been used extensively in the structural
determination of functional groups bonded to carbon based nanofillers.
Fig. 2b shows the FTIR spectrum of the pristine CNT.

As observed in the spectrum, together with expected signals (i.e. C-C
stretch at 1640 cm−1 and 1543 cm−1, due to skeletal vibrations from
unoxidized domains) other peaks are present. In particular, the spec-
trum shows the presence of oxygenated functional groups (mainly hy-
droxyl and epoxide), whose concentration is not negligible. The pre-
sence of different type of oxygen functionalities was confirmed by the
bands at 3460 cm−1 (O-H stretching vibrations), at 1220 cm−1 (C-OH

Fig. 1. High resolution transmission electron microscope (HRTEM) images of pristine CNT.

Table 1
Details of CNT.

Subject Parameter Value

CNT Length (m) 100×10−9
÷1× 10−6

Diameter (nm) 9÷19
Number of walls (/) 4÷11
Walls separation (nm) [0.35]

Fig. 2. Raman spectrum (a) and FTIR spectrum (b) of pristine CNT.
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stretching vibrations), and at 1024 cm−1 (C-O stretching vibrations). It
is worth noting that the value of the O-H stretching vibrations and the
profile of this band is typical of non-hydrogen-bonded or “free” hy-
droxyl group in the solid phase. This last observation highlights that the
-OH groups are in small amount and spaced. This spatial position is able
to hinder intermolecular hydrogen bonding between carbon nanotubes.
This can strongly contribute to have a better distribution with negli-
gible aggregates in the polymeric matrix as shown in the next para-
graph.

3.1.2. Morphological and spectroscopic analysis: comparison between
functionalized (CNT-PY) and unfunctionalized carbon nanotubes (CNT)

FESEM images of unfunctionalized CNTs (on the left side) and
functionalized CNT-PY (on the right side) are shown at the same
magnification in Fig. 3.

HRTEM images of unfunctionalized CNT (on the left side) and
functionalized CNT-PY (on the right side) are shown in Fig. 4.

The comparison between functionalized CNT-PY and un-
functionalized CNT performed both by FESEM and HRTEM highlights a
better separation of the functionalized CNT-PY with respect to the un-
functionalized CNT.

3.1.3. Fluorescence and FTIR spectra
Fluorescence spectrum of 1-pyrenebutyric acid in chloroform mea-

sured under an excitation wavelength of 298 nm at room temperature is
shown in Fig. 5 (see black spectrum a), where, for comparison, the
fluorescence spectrum the soluble fraction in boiling decaline is also
shown (see blue spectrum b). The spectrum of 1-pyrenebutyric acid
shows the typical band at the maximum wavelength of 475 nm which
disappears in the blue spectrum b corresponding to the fraction ex-
tracted by boiling decaline. This is a clear evidence of the strong in-
teraction between MWCNTs and the 1-pyrenebutyric acid. In fact, the
extraction with boiling decaline does not contain pyrene in the soluble
fraction.

The strong interaction between pyrene and CNTs has already re-
ported by other authors. Zhang et al. through spectroscopic evidence
and molecular simulation investigation evidenced the stronger π–π
stacking interaction between the nanotubes and pyrene molecules over

Fig. 3. FESEM images of unfunctionalized CNT (on the left side) and functionalized CNT-PY (on the right side).

Fig. 4. HRTEM images of unfunctionalized CNT (A) and functionalized CNT-PY (B and C).

Fig. 5. Fluorescence spectra of 1-pyrenebutyric acid (see black spectrum a) and
the soluble fraction in boiling decaline (see blue spectrum b). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 6. FTIR spectra of the functionalized CNT-PY and unfunctionalized CNT.
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pyrene dimers, which leads to the formation of pyrene-carbon nanotube
complexes [22].

FTIR spectrum of the functionalized CNT-PY is shown in Fig. 6,
which also shows the spectrum of the unfunctionalized sample CNT for
comparison.

The spectrum of the functionalized CNT-PY shows the bands as-
signed to C-C stretching vibrations of pyrene butyric acid in the broad
region of 1200-800 cm−1. The wideness of this band is due to the
overlapping of C-C stretching vibrations with signals due to bending
vibrations of CH2 groups (ω CH2 and τ CH2). Furthermore, the C-C ring
stretch signals between 1600 and 1460 cm−1 seem to be more intense
than those of the unfunctionalized CNT and very week signals appear in
the range between 3100 and 3000 cm−1 corresponding to C-H aromatic
stretching. These results confirm the success of the performed functio-
nalization.

3.1.4. Thermogravimetric characterization
Thermogravimetric curves in air for pristine CNT and functionalized

CNT-PY are shown in Fig. 7. It is worth to note that pristine CNT na-
notubes are stable up to about 520 °C and at this temperature the
functionalized CNT-PY show a weight loss of approximately 10 wt%.
This weight loss, exactly corresponding to the amount of functional
groups attached to carbon nanotubes, quantified at 10 wt%, is attribu-
table to the degradation of the pyrene moieties.

3.2. Characterization of epoxy composites

3.2.1. Rheological properties
The complex viscosity values for the liquid dispersions containing

the unfunctionalized (CNT) and the functionalized (CNT-PY) multi wall
carbon nanotubes in the TBD uncured matrix are shown in Figs. 8 and
9, at the temperatures of 50 and 75 °C respectively. In the following, the
slight difference that is reported for the carbon nanotube concentration
between the TBD-CNT and the TBD-CNT-PY dispersions is related to the
fact that the contribution of the functional groups has been subtracted
in the dispersions including the CNT-PY nanotubes, as mentioned in the
experimental section.

The rheological results evidence that both the TBD+0.1%CNT and
the TBD+0.09%CNT-PY dispersions are characterized by a Newtonian
behavior in the whole frequency range analyzed; the inclusion of a low
content of carbon nanotubes does not modify, in fact, the Newtonian
behavior of the pure TBD epoxy matrix (Figs. 8a and 9a). However, it is
of considerable interest to observe that, if on one hand, the addition of

0.1 wt% of unfunctionalized multi wall carbon nanotubes in the TBD
matrix determines a significant increase in the viscosity of the TBD
epoxy uncured matrix (as usual observed in CNT nanocomposites
[16,23–33]), on the other hand, the inclusion of 0.09 wt% CNT-PY
functionalized carbon nanotubes decreases the complex viscosity of the
TBD uncured matrix.

As the CNT loading increases, the Newtonian plateau is not ob-
served at low frequencies for both the TBD+0.25%CNT and the TBD
+0.225%CNT-PY dispersions, as shown in Figs. 8b and 9b at the
temperatures of 50 and 75 °C respectively. Indeed, a shear thinning
behaviour in complex viscosity is detectable at the temperature of 50 °C
(Fig. 8b) and it becomes even more significant at the temperature of
75 °C (Fig. 9b). The presence of a shear thinning in the complex visc-
osity of the uncured dispersions can be attributed to the formation of an
interconnected network in the nanocomposite [16,23–33]. The critical
CNT concentration required to obtain the network is generally labelled
the rheological percolation threshold. The rheological results clearly
indicate that both the TBD+0.25%CNT and the TBD+0.225%CNT-PY
dispersions are above the percolation threshold, with the percolation
rheological threshold decreasing with increasing the temperature, in
agreement with literature results [25,27,29,31,33].

In particular, the inclusion of 0.25 wt% of the unfunctionalized CNT
in the TBD determines a strong increase in the viscosity of the TBD
epoxy matrix both at T = 50 and 75 °C so that, at low frequencies, the
η* values of the TBD+0.25%CNT dispersion are about two orders of
magnitude greater than the corresponding viscosity values of the pure
TBD liquid matrix. Conversely, when the functionalized nanotubes
CNT-PY are added to the TBD matrix, the TBD+0.225%CNT-PY dis-
persion shows viscosity values similar (at lower frequencies) or even
lower (at higher frequencies) than the viscosity of the TBD epoxy matrix
at the temperature of 50 °C (Fig. 8b). Finally, at T = 75 °C and lower
frequencies, a significant decrease of the viscosity of the TBD
+0.25%CNT dispersion is obtained with the use of the functionalized
CNT-PY nanotubes (Fig. 9b) in the TBD matrix.

The storage modulus values, G′, measured at the temperature of
75 °C for both the TBD+0.25%CNT and the TBD+0.225%CNT-PY
dispersions are reported in Fig. 10a.

In literature, it has been reported that the inclusion of the nano-
fillers gradually modifies the terminal liquid-like behavior of the pure
matrix (i.e. G′ scaling about as ω2) so that the transition from liquid-like
to solid-like behaviour, due to the formation of an interconnected
network in the nanocomposite, can occur in the case of thermoplastic
[23–27,29,32,33] matrices as well as in case of epoxy and polyester
matrices [16,28,30,31].

In Fig. 10a the storage modulus results at T = 75 °C show that the
inclusion of 0.25 wt% CNT in the TBD epoxy matrix produces a plateau
in G′ at low frequencies indicative of a clear solid-like behaviour. The
TBD+0.25%CNT liquid dispersion is, therefore, well above the perco-
lation threshold. In the case of the TBD+0.225%CNT-PY dispersion,
the dependence of G′ on the frequency weakens, scaling about as ω0.5,
suggesting that also this sample is above the percolation threshold.

The rheological percolation threshold can be observed more clearly
in the van Gurp-Palmen plot [34] where the phase angle (δ) is plotted
versus the absolute value of the complex modulus, |G*|, as suggested in
literature [25,33,35]. In Fig. 10b the van Gurp-Palmen plots for the
TBD Newtonian uncured matrix as well as for the TBD+0.25%CNT and
the TBD+0.225%CNT-PY dispersions are reported. At low complex
moduli, the TBD matrix shows the flow behaviour of a viscous fluid
since the curve approaches a phase angle of 90°; conversely a significant
decrease of the phase angle at low complex moduli can be detected in
the case of the two CNT dispersions. Indeed, both the dispersions
clearly resemble the behaviour of an elastic solid, whose corresponding
equilibrium modulus can be determined extrapolating the curves to a
phase angle of 0°. The van Gurp-Palmen plot, then, confirms that both
the TBD+0.25%CNT and the TBD+0.225%CNT-PY dispersions are
above the rheological percolation threshold.

Fig. 7. Thermogravimetric curves of CNT and CNT-PY.
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Summarizing, the rheological study has shown that the complex
viscosity of the nanocomposite at 0.09 wt% loading of the CNT-PY
nanotubes falls below that of the neat uncured TBD epoxy matrix. In
literature, a decrease in the viscosity of the matrix has been reported for
low contents of multi-walled carbon nanotubes in polystyrene [36] and
nylon [37]. It can be assumed that the CNT-PY nanotubes act as a
plasticizer at the low concentrations, so that the particle-particle in-
teraction was not established within the matrix. Increasing the carbon
nanotube content above the rheological percolation threshold, the
viscosity of the CNT-PY dispersion increases above that of the neat TBD
matrix. However, thanks to the use of the functionalized CNT-PY na-
notubes, the increase in viscosity of the dispersion including the
amount of 0.225w% CNT-PY was very moderate, thus allowing to limit
one of the major drawbacks of the use of carbon nanotubes in the
processing of epoxy nanocomposites.

3.2.2. Morphological investigation of the carbon-based epoxy
nanocomposites

A special attention is paid in literature to the preparation of

nanocomposites with non-aggregated nanoparticles because dispersion
of nanofillers is a key problem in nanotechnology industrialization
[38]. In this paper, the dispersion of unfunctionalized and functiona-
lized CNTs in the polymeric matrix was analysed by SEM investigation
on etched samples. Fig. 11a–b show SEM images of the fracture surface
of the epoxy-based composites filled with 1 wt% loading of CNT and
CNT-PY in two different zones. The etching procedure allows a clear
observation of the nanofiller distribution. The functionalized carbon
nanotubes (CNT-PY) appear well dispersed in the polymeric matrix,
although the amount of MWCNTs is quite high (1 wt% of CNT-PY).

Unfunctionalized CNTs tend to form bundles, or networks of na-
notubes more easily with respect to CNT-PY.

A very interesting aspect highlighted by the comparison in mor-
phological features of these two kinds of nanocomposites is related to
the interaction between nanotubes and matrix. The morphological
analysis shows that, although the etching procedure was exactly the
same for both typologies of samples, unfunctionalized CNTs clearly
appear to be less bound to the resin matrix. A comparison between the
SEM images of the two different nanocomposites (fig. 11a and b)

Fig. 8. Complex viscosity (η*) vs frequency (ω) at T = 50 °C for: a) the TBD epoxy matrix, the TBD+0.1%CNT and the TBD+0.09%CNT-PY liquid dispersions; b) the
TBD epoxy matrix, the TBD+0.25%CNT and the TBD+0.225%CNT-PY liquid dispersions.

Fig. 9. Complex viscosity (η*) vs frequency (ω) at T = 75 °C for: a) the TBD epoxy matrix, the TBD+0.1%CNT and the TBD+0.09%CNT-PY liquid dispersions; b) the
TBD epoxy matrix, the TBD+0.25%CNT and the TBD+0.225%CNT-PY liquid dispersions.
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highlights that, compared to Pyrene functionalized CNTs, the un-
functionalized CNTs tend to assume a less tortuous conformation. It
looks like that unfunctionalized CNTs, less bonded to the epoxy matrix,
are free to assume the most energetically favourable conformation. This
relevant result could be due to the π–π stacking interactions between
conjugated molecules and the graphitic sidewall of CNTs before the
curing process of the nanocomposite. Compounds with the pyrene
moiety could be adsorbed irreversibly onto the surface of CNTs through
π–π interactions as it was already found in literature for similar com-
pounds (N-succinimidyl-1-pyrenebutanoate) onto the surface of
SWCNTs [39,40].

Furthermore, the 1-Pyrenebutyric acid, strongly bonded to the

nanotube walls, is able to form strong interactions with the hosting
matrix also for the presence of –COOH groups which are responsible of
hydrogen bonding interactions with the –OH groups of the hosting
epoxy resin. In addition, the aromatic rings of the epoxy precursor
TGMDA and those of the hardener agent (DDS) in the epoxy formula-
tion are also expected, for their chemical nature, to form attractive
interactions between the hosting matrix and 1-pyrenebutyric acid of the
functionalized nanofiller.

3.2.3. Electrical characterization
In such composites, the electrical properties are related to the

morphology of the network formed by electrically conductive filler

Fig. 10. Viscoelastic measurements at T = 75 °C of the TBD+0.25%CNT, the TBD+0.225%CNT-PY liquid dispersions and the TBD. a) Storage modulus (G′) vs
frequency (ω) for the TBD+0.25%CNT and the TBD+0.225%CNT-PY liquid dispersions; b) Van Gurp Palmen plot.

Fig. 11. a. SEM images of epoxy-based composites filled with 1.0 wt% loading of unfunctionalized CNT. b. SEM images of epoxy-based composites filled with 1.0 wt
% loading of CNT-PY.
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particles sufficiently close to allow, in the limit of a certain cut-off
distance, the electrical conduction via tunneling effect, since an in-
evitable thick insulating polymer layer wraps around the outer shells of
CNTs limiting the direct contact [41]. In particular, for low values of
filler amount, the percolation network is not formed and the composite
exhibits an electrical conductivity of the order of pS/m, typical of in-
sulating materials. Otherwise, as soon as the filler concentration ex-
ceeds a critical value (i.e. ϕc, electrical percolation threshold, EPT), the
conductivity increases sharply (by several orders of magnitude) fol-
lowing the classical power law:

σ= σ0(ϕ-ϕc)t (1)

where ϭ0 is the intrinsic conductivity of the filler and t is a critical
exponent depending on the dimensionality of the percolating structure.
Fig. 12 shows the DC volume conductivity (i.e. ϭ), measured at room
temperature, as a function of the filler concentration (wt %) for the two
types of MWCNTs considered in this study (unfunctionalized CNT and
functionalized CNT-PY). In Fig. 12, the amount of filler (wt%) has been
calculated subtracting the weight of the pyrene part bound to the na-
notubes. Using this calculation methodology, the weight percentage on
the x axis refer exclusively to the multi wall carbon nanotubes amount.
Therefore, since in the functionalized CNT-PY, the contribution of the
functional groups has been subtracted, in Fig. 12 the data are reported
with a slight misalignment between the concentrations of the two fil-
lers.

More in details, as concerns the EPT, the experimental character-
ization doesn't reveal remarkable difference achieved with the two fil-
lers (i.e. pristine and functionalized MWCNTs) since for both the re-
spective values fall in the similar restricted range, i.e. [0.1–0.32] wt%
and [0.1–0.28] wt%, at least for the analyzed concentrations. Several
experimental and theoretical studies have been focused on the identi-
fication of the critical factors which affect the EPT. Based on excluded
volume theory [42] and numerical simulations [43,44] strong correla-
tions were identified between EPT and aspect ratio (AR) of fillers. In
particular, it has been observed that the electrical percolation threshold
decreases with increasing the aspect ratio in agreement with the fol-
lowing expression:

∝EPT
AR
1

(2)

In light of this predicted trend, the estimated similar EPTs values for
the two composites suggest similar ARs for the considered fillers, i.e.
the proposed non-covalent functionalization of MWCNTs seems to
preserve the carbon nanotubes structure. Moreover, Fig. 12 shows that
an appreciable improvement for the electrical conductivity of the
composites reinforced with functionalized CNT-PY with respect the
pristine CNT case for each filler concentration above the EPT is ob-
served. In fact, higher conductivity values are achieved with lower

amount of conductive filler. As for example, if the ϭ of the composites
reinforced with 0.5 wt% of pristine CNT and 0.45 wt% of functionalized
CNT-PY are compared, values of 0.015 S/m against 0.109 S/m are re-
ported in Fig. 12, showing an increment of an order of magnitude of the
electrical property with a decrement of 10% of the conductive filler
amount. It means that the proposed functionalization leads to reduce
the amount of conductive filler that is required to reach a specific
electrical property in the post-percolation. Finally, the characteristic
parameters of the percolation law can be estimated from the curves
(insets of Fig. 12), reporting the log-log plots of the experimental
conductivity vs. filler concentration. In particular, the value for the
critical exponent t can be obtained as the slope of the linear fit. The
estimated values, i.e. 2.3 and 2.1 for pristine and functionalized
MWCNTs reinforced composites respectively, are found to agree for
both with universal values indicative of a three-dimensional organiza-
tion of the percolating structure typically obtained with a one-dimen-
sional filler type. It is worth noting that the same CNTs employed in this
work have been covalently functionalized with -COOH groups [9] and
-NH2 groups [11]. The electrical conductivity has been evaluated for
epoxy-based nanocomposites containing both unfunctionalized and
functionalized carbon nanotubes. Furthermore, the authors of Ref. [11]
have also studied the effect of unfunctionalized Double Wall Carbon
Nanotubes (DWCNTs) and DWCNTs functionalized with -NH2 groups
on the electrical properties of the formulated nanocomposites.

For all analyzed nanocomposites, the covalent functionalization
determines a decrease in the electrical properties: a) for the DWCNTs
based-epoxy composites, the -NH2 groups, covalently bonded to the
wall of nanotubes, determines an increase in the EPT value and, in
addition, a decrease in the electrical conductivity value beyond the
EPT; b) for MWCNTs based-epoxy composites, the same functional
group determines a strong increase in EPT, as expected by the con-
statation that, in the analyzed range of “Filler content”, no plateau is
reached in the specific conductivity [11]. Very similar results were
obtained with -COOH groups covalently bonded to MWCNTs [9]. Ma
et al. also studied the effects of silane functionalization of multi-wall
carbon nanotubes (CNTs) on properties of CNT/epoxy nanocomposites.
They found that grafting silane molecules onto the CNT surface im-
proved the dispersion of CNTs in epoxy along with much enhanced
mechanical and thermal properties, but the electrical conductivity de-
creased due to the wrapping of CNTs with non-conductive silane mo-
lecules [10].

In conclusion, the effect of the covalent functionalization, which
determines the formation of defects in the wall of CNTs due to the
change in the hybridization state of part of carbon atoms (from sp2 to
sp3) causes a deterioration in the electrical properties of the nano-
composites. The reason of a such deterioration can be due to different
factors: the extent of the loss in the π electrons delocalization, and/or
different morphological rearrangements of CNTs in the polymeric ma-
trix, and/or the presence of an insulating skin around the CNTs [9]. It is
most likely that within certain ranges of defect percentage (due to the
functional groups attached to the wall of CNTs), the electrical proper-
ties are mainly dominated by the presence of the insulating skin around
the nanotubes [9]. The non-covalent functionalization performed and
discussed in this paper is able to overcome the above drawbacks as
highlighted by the preservation of the electrical performance.

4. Conclusion

The functionalization of MWCNTs by π-stacking interactions be-
tween nanofiller and a pyrene derivative has been explored. A pre-
liminary morphological and thermogravimetric characterization of
both pristine and functionalized nanofiller has been carried out in order
to highlight any significant differences. Functionalized and un-
functionalized MWCNTs have been dispersed in an epoxy-based matrix
and the effect of the functionalization on rheological, morphological
and electrical properties has been evaluated. Rheological properties

Fig. 12. DC volume conductivity of the nanocomposites versus filler weight
percentage. The inset shows the log-log plot of the electrical conductivity as a
function of (ϕ-ϕc) with a linear fit for composites reinforced with pristine CNT
(on the left) and functionalized CNT-PY (on the right).
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highlighted a very interesting benefit of this type of functionalization;
beside preventing agglomeration during the filler dispersion, this
functionalization may efficiently contribute to decrease the viscosity of
the nanocomposites; contrasting a very relevant drawback typical of
nanocomposites loaded with MWCNT even at a concentration beyond
the electrical percolation threshold (EPT). Because no damage of
MWCNTs occurs, sp2 hybridization of carbon atoms is preserved to-
gether with the π-electron delocalization of aromatic rings. As a con-
sequence, no decrease in the performance of the electrical properties of
the formulated nanocomposites is detected. Furthermore, an improve-
ment in the electrical properties is found with respect to typical cova-
lent functionalizations and no increase in the EPT value and decrease in
the electrical conductivity are observed with respect to the un-
functionalized MWCNTs. The benefit of methods of functionalization of
CNTs based on non-covalent interaction without destroying the in-
trinsic sp2-hybridized structure of the nanotube sidewall, so that the
original electronic structure and properties of CNTs can be preserved,
has been already reported in literature by other authors in many fields
of the science and of the nanotechnologies. Nanomed et al. studied this
kind of functionalization and its application in nanomedicine [45].
Chen et al. reported the noncovalent sidewall functionalization of
single-walled carbon nanotubes (SWCNTs) for protein immobilization
[39] noting that it is imperative to functionalize the sidewalls of SWNTs
in noncovalent ways to preserve the sp2 nanotube structure and thus
their electronic characteristics [39]. The equilibrium tube-molecule
distance, adsorption energy, and charge transfer have also been studied
using calculation models by Zhao et al. [46]. Their results highlighted
that noncovalent functionalization of carbon nanotubes by aromatic
molecules is an efficient way to control the electronic properties of
carbon nanotubes [46].

In this paper, this kind of functionalization has been employed to
develop multifunctional structural nanocomposites evidencing also
another relevant benefit, which consists in the possibility to contrast the
increase in viscosity values due to the nanoparticles embedded in the
formulations. This result is not trivial for many industrial applications,
where the increase in the viscosity of nanofilled formulations prohibits
their use and hence does not allow to exploit the advantages of the
nanocomposites in real applications. As an instance, in aeronautics or
automotive fields the manufacturing process of Carbon Fiber
Reinforced Composites (CFRCs), such as liquid injection technologies
(infusion, RTM) etc. requires the control of the viscosity. The in-
corporation of CNTs in the resin determines an increase of the viscosity,
which in turn can negatively affect the impregnation of the CFs [14].
The possibility to hinder the increase in the viscosity due to the pre-
sence of the nanofiller without compromising the electrical con-
ductivity of the resin impregnating the CFs constitutes a significant step
forward in the process of fulfilling industrial requirements for the
manufacturing of structural multifunctional composites.
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