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a b s t r a c t

Polyaniline (PANI) fibers were synthesized in presence of detonantion nanodiamond (DND)
particles by precipitation polymerization technique. Morphological, electrical and mechan-
ical characterizations of the obtained PANI/DND nanocomposited have been performed by
different either standard or advanced atomic force microscopy (AFM) based techniques.
Morphological characterization by tapping mode AFM supplied information about the
structure of fibers and ribbons forming the PANI/DND network. An AFM based technique
that takes advantage of an experimental configuration specifically devised for the purpose
was used to assess the electrical properties of the fibers, in particular to verify their con-
ductivity. Finally, mechanical characterization was carried out synergically using two dif-
ferent and recently proposed AFM based techniques, one based on AFM tapping mode and
the other requiring AFM contact mode, which probed the nanocomposited nature of PANI/
DND fiber sample down to different depths.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric micro- and nano-fibers, nanorods and nano-
tubes have been proposed for a wide number of applica-
tions, e.g., humidity, temperature and gas sensing [1,2],
drug release [3], or electroactive actuators [4–6]. To im-
prove the performances of the devices, polymers filled
with nanomaterials (e.g., carbon nanotubes) have been
studied in order to obtain structures with enhanced
mechanical and/or electrical properties [7–12]. Among
other conductive polymers, much attention has been
drawn to polyaniline (PANI) [13]. Mechanical, electrical
and functional properties of PANI films and fibers, either
of the bare polymer or of PANI-based nanocomposites,
have been investigated [4–6,9–11,14–24]. Nevertheless,
when dealing with nanocomposite PANI fibers, as well as
with other nanocomposite polymeric structures, such
properties have to be characterized through different
length scales, from those of the whole structures – gener-
ally meso- or micro-scales – down to those of the nanom-
aterials forming the composites. In particular, the
investigation of samples properties at nanoscale requires
techniques capable of probing the surface with nanometri-
cal lateral resolution. Due to its capability of probing the
sample using a tip with radius of few nanometers placed
in close vicinity of the sample surface, atomic force micros-
copy (AFM) [25] has been proposed as a tool to develop
several techniques for mapping different physical proper-
ties simultaneously to the morphological reconstruction
with nanometrical lateral resolution. More specifically, as
a consequence of the deflection of the cantilever, the
AFM tip exerts a force on the sample surface. The latter is

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.eurpolymj.2013.02.003&domain=pdf
http://dx.doi.org/10.1016/j.eurpolymj.2013.02.003
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locally deformed, which allows one to evaluate the
mechanical properties of the volume of the sample imme-
diately under the tip. In addition, using tips and cantilevers
coated with conductive ultra-thin films and conductive
substrates, a voltage can be applied between the tip and
the sample and the corresponding electric current can be
recorded. This allows one to characterize the electrical
properties of the sample.

In this work, we report the morphological, electrical and
mechanical characterization of nanocomposite fibers ob-
tained by chemical polymerization of PANI in presence of
detonation nanodiamond (DND) particles. Such character-
izations have been performed using different AFM-based
techniques. Morphological characterization has been car-
ried out in standard AFM semi-contact mode. Electrical
characterization has been performed taking advantage of
AFM-based experimental setup modified for the purpose.
Finally, mechanical characterization of the PANI/DND fi-
bers has been performed synergically using two different
techniques, namely torsional harmonic AFM (TH-AFM)
[26,27] and contact resonance AFM (CR-AFM) [28,29],
which are a tapping mode and contact mode based tech-
nique, respectively.
2. Samples description

PANI/DND fibers were prepared by precipitation poly-
merization of aniline monomer in presence of DND parti-
cles in aqueous solution. An anionic surfactant, i.e.,
sodium dodecyl sulfate (SDS), was used to facilitate the
DND dispersion in the reaction environment. Ammonium
persulfate was used as radical initiator following the reac-
tion protocol described elsewhere [30]. For AFM character-
izations, PANI/DND fibers networks were collected on
monocrystalline Si substrates. A complete characterization
of the obtained PANI/DND fibers has been performed using
optical microscopy, both transmission and scanning elec-
tron microscopy (TEM and SEM, respectively), Raman spec-
troscopy, reflection high energy electron diffraction
(RHEED), X-ray diffraction (XRD), and thermo gravimetric
analysis (TGA), which can be found elsewhere [30]. The
polymerization resulted in the formation of a tightly wo-
ven network of nanocomposite fibers. Structural character-
ization suggested that DND particles, which behave as
‘‘seeds’’ for the growth of PANI in form of fibers instead
of films, are included in the inner of the fibers. Moreover,
RHEED and XRD characterizations suggest that both DND
particles and PANI chains have preferred orientations, the
last ones being orderly arranged in the direction perpen-
dicular to the fiber axis [30].
3. Techniques

Morphological characterization of PANI/DND fibers has
been performed in AFM semi-contact mode using our
AFM apparatus (Solver, NT-MDT, Russia) equipped with
Si cantilevers (NSG10, NT-MDT, Russia).
3.1. Electrical characterization

To verify the conductivity of PANI/DND fibers, their
electrical characterization has been performed equipping
the aforementioned AFM apparatus with contact mode Si
cantilevers coated with conductive Pt ultra-thin films
(CSG10/Pt, NT-MDT, Russia). The experimental setup is in-
spired to that for scanning spreading resistance micros-
copy [31–33]. In the latter, a dc voltage is applied
between the (conductive) tip and the (conductive) sample
substrate and the dc electric current is detected that flows
through the sample in the direction normal to its surface.
Conversely, in our experimental setup an electrode was
realized at one end of the fiber network [30]. Thus, apply-
ing a dc voltage between the tip and the electrode, the dc
electric current It�e flowing from the tip to the electrode
is detected. Therefore, when the tip is in contact with the
fiber surface, It�e is the current flowing along the main axis
of the fiber. Finally, maps of It�e can be acquired simulta-
neously to the morphological reconstruction, which reflect
the conductivity of the nanocomposite fiber [30].

3.2. Mechanical characterization

For TH-AFM, the AFM apparatus (Dimension Icon, Bru-
ker Inc.) was equipped with a T-shaped cantilever with
out-of-axis tip (HMX10, Bruker Inc.), with first free flexural
resonance in air f 0

1 ¼ 54:2 kHz and first free torsional reso-
nance in air t0

1 ¼ 964 kHz. The sample is imaged in stan-
dard tapping mode at f 0

1 . The surface of compliant
samples is thus periodically indented by the tip with peri-
od T ¼ 1=f 0

1 . Therefore, during each cycle a complete
approaching (loading) and retracting (unloading) force–
distance curve could be obtained. The periodicity of the
signal would suggest collecting the spectrum and analyz-
ing it by inverse Fourier transform, which nevertheless is
prevented by the presence of the higher flexural modes
of the cantilever that distort the spectrum. To circumvent
such limitation, the cantilever torsional signal can be used
[26,27]. Indeed, the out-of-axis tip excites the periodic tor-
sion (with period T) of the cantilever that is enhanced by
its shape [26,27]. The torsional signal can be reconstructed
by inverse Fourier transform of its spectrum, as it contains
several harmonics of f 0

1 unaltered by the torsional reso-
nance, t0

1 being about 20 times higher that f 0
1 . Therefore,

after proper analysis, force–distance and thus force–inden-
tation curves are obtained from the torsional signal
[26,27]. By fitting the initial portion of the unloading
force–distance curve using the Derjaguin–Muller–Toporov
(DTM) model, the sample indentation modulus M = E/
(1 � m2) can be evaluated, where E and m are the Young’s
modulus and the Poisson ratio of the sample, respectively.
In addition, other mechanical parameters can be deduced
that depend on both the tip/cantilever and the sample, like
the maximum force exerted on the sample (Fmax), the tip–
sample adhesion (Fadh) and the energy dissipated during
one loading–unloading cycle (Ediss). Taking advantage of
high speed data acquisition, such parameters can be eval-
uated at each point of the scanned area and thus mapped
simultaneously to the morphological reconstruction.
Quantitative mapping of the sample mechanical properties
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has been performed after calibration of the technique
using the procedure indicated by the manufacturer and
adopting a blend of polystyrene (PS) and low density poly-
ethylene (LDPE) with known mechanical properties (PS/
LDPE by Bruker Inc.) as the reference sample. In particular,
the PS/LDPE sample is characterized by well distinguish-
able areas associated to the PS and LDPE polymeric phase,
respectively. Thus, the tip is calibrated assuming
MPS = 1.6 GPa for the PS phase. Such a value is that reported
by the manufacturer and was not verified by independent
techniques. The LDPE phase is used as a control reference
material, its indentation modulus being given by the man-
ufacturer as high as MLDPE = 100 MPa. Really, monitoring
MLDPE on several measurements performed in our labora-
tory over a one year’s time, we obtained MLDPE = 100 ± 24 -
MPa. No trends in the measured MLDPE were observed so
that fluctuations in its value should be attributed solely
to random errors and not to systematic factors such as
aging of the sample, although according to the producer
variation of PS/LDPE mechanical properties over the time
is ‘only approximately known’. Assuming the same uncer-
tainty for MPS and MLDPE, it can be evaluated as high as 12%.
In addition, we should also note that the indentation mod-
ulus measured on the PS phase randomly varies, mainly
due to fluctuations in the tip–sample contact area pro-
duced by the surface roughness. Nevertheless, due to the
high number of sampled points (generally 256 � 256
points over a few square microns), values of MPS are gener-
ally normally distributed around a very well defined peak
value with a standard deviation that, for the measure-
ments reported in this work, is as high as 14%.

For CR-AFM, the AFM apparatus (Solver, NT-MDT, Rus-
sia) has been equipped with Si cantilevers (CSG10, NT-
MDT, Russia). The back of the sample is coupled to a piezo-
electric transducer that excites out-of-plane vibration of
the sample surface at ultrasonic frequencies [34,35]. This
produces the modulation of the indentation depth and
the presence of an oscillating component in the cantilever
deflection signal. Cantilever flexural resonances depend on
the tip–sample contact mechanics. In particular, the canti-
lever can be modeled as a uniform beam with rectangular
cross section parallel to the sample surface, as sketched in
L

L1

βα

Fig. 1. Sketch of the model assumed for the analysis of CR-AFM results.
The cantilever is supposed to be parallel to the sample surface, while the
tip–sample contact is modeled as the parallel between the normalized
contact stiffness a and the normalized damping coefficient b.

MMMM
Fig. 1. The contact between the tip and a viscoelastic sam-
ple can be modeled as the parallel between a spring
(namely, the normalized contact stiffness a) and a dashpot
(namely, the normalized contact damping coefficient b)
[28]. These two parameters determine the frequency re-
sponse of the system and the spectrum of the cantilever
deflection signal can be acquired and analyzed to evaluate
the viscoelastic properties of the sample. a and b can be de-
duced from the values of the cantilever contact resonance
frequencies fn’s and the corresponding Q-factor Qn’s
[28,29]. The mechanical response of viscoelastic materials
can be described by the complex modulus Ms ¼ M0

s þ iM00
s ,

where M0 and M00 are the sample storage and loss modulus,
respectively. After determining a and b for the investigated
sample (as and bs) and a reference (aref and bref), M0

s and M00
s

can be evaluated as M0
s ¼ M0

ref as=arefð Þ3=2 and
M00

s ¼ M00
ref fsbs=frefbrefð Þ3=2, where: fs and fref are the contact

frequencies measured on the sample and the reference,
respectively; M0

ref and M00
ref are the storage and loss moduli

of the reference sample, respectively; finally, the exponent
3/2 derives from assuming a spherical apex of the AFM tip
[28,29]. In this work, quantitative mechanical measure-
ments have been obtained after calibration using a LDPE
and a polycarbonate (PC) thick samples (supplied by Good-
fellow) as two references, according to the procedure de-
scribed by Stan and Price [36]. In particular, we have
already reported the indentation modulus values of such
samples measured by standard nanoindentation, which
we used for the calibration of AFM-based nanoindentation
[37,38]. In addition, we measured the indentation modulus
of such samples also by TH-AFM obtaining
MLDPE = 330 ± 97 MPa and MPC = 1.2 ± 0.2 GPa. While the
value for LDPE is coherent with both standard and AFM-
based nanoindentation ones, that for PC is significantly
lower than those retrieved by nanoindentation techniques.
Really, the comparison of the results retrieved using the
three techniques reveals that the measured MLDPE/MPC ra-
tio increases with the decreasing of the penetration depth
[39]. As the penetration depth typical of CR-AFM is more
similar to that of TH-AFM than those of standard or AFM-
based nanoindentations, the values of MLDPE and MPC mea-
sured by TH-AFM have been used as the reference values
for M0 in CR-AFM. Conversely, no calibration values were
available for M00 and thus the measured values of M00 will
be given as the ratio with those retrieved on one of the
references.
4. Results and discussion

4.1. Morphological characterization

PANI/DND sample consists of a dense network of fibers
and ribbons. Fig. 2 reports an optical image of the sample,
acquired in dark field observation mode, showing typical
fibers and ribbons with width of a few microns and length
of some hundreds of microns. A more detailed character-
ization of the morphology of PANI/DND fibers has been
carried out by AFM. Fig. 3a shows that fibers and ribbons
observed by optical microscopy actually consist of bundles
of fibrils, either parallel or twisted. A detail of a fiber



Fig. 2. Optical image of the PANI/DND sample, acquired in dark field
observation mode.
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(Fig. 3b) and one of its cross sections (Fig. 3b) reveal that
the fibrils have a roughly circular section with diameter
of a few hundreds of nanometers. These are bundled in rib-
bons with height approximately equal to the fibril diame-
ter and width of a few microns, which is bound to be
induced by the presence of the substrate.
c

Fig. 3. (a) AFM image of PANI/DND sample, showing that fibers and
ribbons forming the network consist of bundles of fibrils. (b) Detail of a
PANI/DND fiber and (c) cross section profile in correspondence of the
white segment in (b).

20 nA

0 nA

-20 nA
0 nm 

700 nm 

Fig. 4. Image of two PANI/DND fibers with superimposed the corre-
sponding electrical characterization. In the insets, the It�e maps are
reported obtained applying Vt�e = +2 V (upper inset) or Vt�e = �2 V (lower
inset).
4.2. Electrical characterization

Fig. 4 reports the topographical image of PANI/DND fi-
bers with superimposed two electric current maps (the
two cyan insets). It�e has been acquired by applying a
tip-electrode voltage Vt�e = +2 V (upper inset) or Vt�e = -
�2 V (lower inset): as expected, the sign of It�e reverses
correspondingly. A rough estimation of the electrical resis-
tance Rf of PANI/DND fibers can be carried out considering
that for Vt�e = +2 V the measured current is approximately
It�e = 20 nA and thus Rf = 100 MX. To evaluate the electri-
cal conductivity r of the PANI/DND nanocomposite from
the measurement of Rf, we simulated the electric current
flow into the fiber when a dc voltage is applied between
the realized electrode and the AFM tip, using a commercial
finite element analysis (FEA) software (Comsol Multiphys-
ics). Fig. 5a and b show the three dimensional and the side
view, respectively, of the streamline of the electric current
density along the fiber. The latter is approximated as a
beam with square cross section (1 lm � 1 lm) and
r = 103 S m�1. The electrode (r = 107 S m�1) is placed in
correspondence of the first section of the fiber. The second
electrode (r = 107 S m�1), constituted by the conductive
AFM tip, is a square with side of 10 nm placed on the upper
surface of the fiber. Fig. 5c and d report the electric current
density map in correspondence of the sections marked
with 1 and 2 in Fig. 5b, respectively. Very near the tip
(Fig. 5c) the current density is not uniform, the difference
between its maximum and minimum values being the
95% of the maximum value. Nevertheless, at a distance
from the tip larger than about 1 lm, the current density
becomes almost uniform along the fiber and constant in
the cross section. As an example, in Fig. 5d the difference
between its maximum and minimum values is only the
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a

b

c

d

e

t

Fig. 5. Three dimensional (a) and side view (b) of the simulated fiber: a direct voltage is applied between the electrode (e) and the AFM tip (t) and the
streamline of the electric current density is shown. (c) Current density map in correspondence of the section marked with 1 in (b) where the full range of the
color bar is the 95% of the current density maximum value. (d) Current density map in correspondence of the section marked with 2 in (b) where the full
range of the color bar is the 0.0002% of the current density maximum value.
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0.0002% of the maximum value. As suggested by the FEA
simulation, the fiber can be modeled as cylindric conductor
with uniform section S, length l and overall resistance R. As
a consequence, r of the PANI/DND nanocomposite can be
estimated as r = l(RS)�1 thus giving values ranging from
tens to hundreds of S m�1, the high variability being re-
lated to the uncertainty in the fiber length and section.
Being in the range of those reported for PANI fibers [16],
such values suggest that the presence of DND particles
does not affect the conductivity of the nanocomposite fi-
bers. Note that in absence of DND and maintained all the
other experimental conditions fixed, aniline monomer
polymerization did not result in fibers formation, prevent-
ing the definitive assessment of DND effect on the electri-
cal conductivity of the nanocomposite.

4.3. Mechanical characterization

Fig. 6a shows the morphology of a typical PANI/DND fi-
ber while Fig. 6b reports the corresponding quantitative
map of indentation modulus obtained by TH-AFM. Fig. 6c
shows the statistics of the indentation modulus values of
the PANI/DND fiber retrieved by 6b. Note that the values
of the indentation modulus of the bright regions in
Fig. 6b corresponding to the stiff substrate are fictitious,
exceeding the calibration range. Apparently, indentation
modulus of PANI/DND fiber is found as high as
Mf = 1.0 ± 0.5 GPa. Really, the histogram in Fig. 6c can be
interpreted as the convolution of two Gaussian distribu-
tions centered in 0.5 GPa (with standard deviation
0.24 GPa) and 1.2 GPa (with standard deviation 0.4 GPa),
respectively. The former value, associated to the step
slopes of the fiber, is due to the reduction of the tip–sample
contact area and therefore should not be considered as
real. Thus, the mean value of the indentation modulus of
the PANI/DND fiber is 1.2 GPa. Ten analogous measure-
ments have been performed on different fibers or different
locations of the same fibers and fiber indentation modulus
values have been obtained in the range 1.1–1.8 GPa. Such
values are significatively lower than those we measured
on pure PANI thin films by AFM nanoindentation [40],
although they are in the range of those reported in litera-
ture [9,10,15,16]. Really, due to their geometry, elastic
modulus of PANI/DND fibers is expected to be anisotropic.
Literature values of elastic modulus of PANI fibers are gen-
erally measured by tensile tests and thus refer to the elas-
tic modulus in the direction of the main axis of the fiber.
Actually, indentation modulus values reported in this work
are measured perpendicularly to the fibers main axis.
Moreover, one should consider that TH-AFM indentation
depth into the sample is limited to few nanometers. Thus,
such a technique probes a volume of the sample very near
to the surface, where deviations of the mechanical proper-
ties from those of the bulk material can occur [39]. Since
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c

Fig. 6. Morphology (a) and corresponding quantitative indentation
modulus map (b) of a typical PANI/DND fiber, obtained by TH-AFM. (c)
Statistics of the indentation modulus values reported in (b) in correspon-
dence of the PANI/DND fiber.
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DND indentation modulus is about three orders of magni-
tude higher than that of PANI, it should increase the elastic
modulus of the nanocomposite. So, the previous consider-
ation suggests that DND particles are located in the inner
of the fiber well below its surface, in agreement with the
results of the structural characterization [30].

To confirm TH-AFM results, we performed CR-AFM
imaging of the PANI/DND nanocomposite fibers. Fig. 7a
and b show the map of the third contact resonance fre-
quency and the corresponding Q-factor, respectively, ac-
quired on an isolated PANI/DND fiber. As expected,
values of both f3 and Q3 in correspondence of the fiber
are lower than those in correspondence of the Si substrate.
Fig. 7c and d report the statistics of f3 and Q3 in correspon-
dence of the fiber, respectively. From the mean values of f3

and Q3, those of a and b are obtained for the PANI/DND fi-
ber. Using the values of a measured on the LDPE and PC
reference samples, M0

f ¼ 2:6 GPa is obtained for the fiber.
Being CR-AFM far more time consuming than TH-AFM
(which increases the required tip–sample contact time
and consequently the possibility of modification of the
tip shape during a single image acquisition) and consider-
ing the high variability of the measured values of f and Q on
the same fiber, only one fiber has been characterized by
such a technique. Note that TH-AFM and CR-AFM are per-
formed on different fibers, and thus a certain variability in
the elastic modulus is expected. Also, the statistics re-
ported in Fig. 6c and in Fig. 7c and d reveal a significant
variability in the elastic modulus values measured on the
same fiber, due to both real inhomogeneity in the mechan-
ical properties and apparent variations due to artifacts in-
duced by changes in the sample morphology that are
reflected into variation in the tip–sample contact radius
[39]. In addition, it should be allowed for possible imper-
fections of the surface of the LDPE and PC references used
for CR-AFM that would produce a not homogeneity of their
surface mechanical properties at macro- or meso-scale,
which would affect the uncertainty in the reference values
for calibration. It should be noted that the comparison be-
tween data obtained with the two methods is possible as
the indentation modulus of the reference samples used
for calibration of CR-AFM has been previously determined
using TH-AFM. Nevertheless, the uncertainty in the inden-
tation modulus of the PANI/DND fiber determined using
CR-AFM is increased by that in the values of the indenta-
tion moduli of the LDPE and PC samples used as references
for CR-AFM and measured by TH-AFM. As a final remark,
due to the calibration procedure we followed, all the values
of indentation modulus can be considered as obtained ‘for
comparison’ with the modulus of the PS polymeric phase of
the PS/LDPE reference sample used for TH-AFM. Neverthe-
less, the higher value of indentation modulus measured by
CR-AFM with respect to that by TH-AFM can be rational-
ized considering that the static load continuously applied
by CR-AFM was 3–4 times higher than the peak load ap-
plied by TH-AFM. Thus, the latter technique probes a smal-
ler volume of sample under its surface virtually unaffected
by the substrate properties. Conversely, the former tech-
nique is more affected by the mechanical properties of
the inner of the fiber and of the substrate. Therefore, the
higher modulus retrieved by CR-AFM is the effect of the
DND particles in the inner of the fiber and/or of the Si sub-
strate. Finally, for the PANI/DND fiber loss modulus, we ob-
tained M00

f =M00
PC ¼ 2:5. For comparison, for the two

references we obtained M00
LDPE=M00

PC ¼ 5:4.
5. Conclusion

In conclusion, we described the morphological, electri-
cal and mechanical characterizations of PANI/DND nano-
composite fibers performed by AFM techniques.
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a b

c d

Fig. 7. Map of the cantilever third mode contact resonance frequency (a) and Q-factor (b) of a typical PANI/DND fiber, obtained by CR-AFM. Statistics of the
values of contact resonance frequency (c) and Q-factor (d) in correspondence of the fiber.
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Morphological study by standard AFM supplied informa-
tion about the fibrillar structure of PANI/DND fibers and
ribbons. Electrical characterization by an AFM based tech-
nique we specifically developed for the purpose revealed
that PANI/DND fibers and ribbons are conductive and al-
lowed us to roughly estimate their conductivity. Mechani-
cal characterization was carried out by two different
techniques, one based on semi-contact and one based on
contact AFM operation mode. The former was sensitive to
the near surface mechanical properties of the fibers, while
the latter was affected also by the mechanical properties of
the inner of the fibers, where DND particles are located,
and of the substrate.
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