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Abstract

Based on atomic force microscopy (AFM), torsional harmonics
atomic force microscopy (TH-AFM, also referred to with the commer-
cial name HarmoniXTM) allows one to perform quantitative character-
ization of the mechanical properties of soft samples at the nanometer
scale. In this work, such a technique has been employed to study the
mechanical properties of self-assembled micrometrical fibers of polyani-
line (PANI) doped with nanodiamond (ND) particles and to investi-
gate the role of ND in the assembly. In particular, besides PANI-ND
fibers, other features, i.e., nano-fibrils and blobs, have been observed
on the sample, the mechanical properties of which have been deter-
mined and compared after correcting for the effect of the substrate
and of the cylindrical geometry of nano-fibrils. Their similar mechan-
ical properties suggest that PANI-ND micro-fibers are constituted by
self-assembly of nano-fibrils. Finally, the combination of nanomechan-
ical characterization with energy dispersive X-Ray (EDX) and Raman
analysis allowed us to determine that softer blobs are residuals of amor-
phous PANI not polymerized in nano-fibrils.

Keywords: Atomic force microscopy - polyaniline fibers - nanodia-
mond - mechanical properties - torsional harmonics atomic force mi-
croscopy
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1 Introduction
Due to their possible applications in different technological fields, e.g., in sen-
sors and actuators, conductive polymers in form of either films or fibers have
been extensively studied [1–5]. Among other conductive polymers, physi-
cal and chemical properties have been investigated of polyaniline (PANI)
in form of either films or fibers [6–8]. As for others polymers, advances in
PANI technology have been obtained by doping with nanomaterials in or-
der to enhance the mechanical and/or electrical properties of the resulting
nanocomposite [9–11]. This requires the availability of experimental methods
to test the mechanical properties of the obtained nanocomposite materials
through different length scales, i.e., from meso- down to nanometer scale [12].
Depth-sensing indentation is a standardized technique effective and accurate
for bulk samples and films on substrates, in the latter case providing that
the film is thick enough. In case of microscopic materials, such as the case
of nanocomposite PANI fibers, specific methods have to be developed. For
example, Singh et al. [13] set up a tensile testing tool operating in a scanning
electron microscope in order to study the overall elastic properties of one di-
mensional microstructures. Several methods either (quasi)static or dynamic
based on atomic force microscopy (AFM) have been developed due to the
possibility of such a tool of probing the sample with accurate nanometrical
control of the position using a tip with a radius of a few nanometers [14,15].
Such techniques are necessary for example in case the mechanical properties
of the samples have to be investigated at locations on the samples selected
with nanometrical spatial resolution, when an issue is the uniformity of the
mechanical properties on the sample, or when the effects on the sample of
the presence of nanosized features is under investigation. Among such tech-
niques, torsional harmonics AFM (TH-AFM) allows one to collect quantita-
tive maps of sample indentation modulus, cantilever peak force, tip-sample
adhesion and dissipation during a indentation cycle [16,17].
In a recent study, we used TH-AFM to characterize the elastic modulus of
nanocomposited fibers synthesized by chemical polymerization of PANI in
presence of detonation nanodiamond (ND) nanoparticles [18]. By examining
thoroughly the morphology of the sample, though, we observed the presence
of amazing nanometer scale features (nano-fibrils). In this work, we focus
the attention to these nano-fibrils: by accurate characterization of the their
mechanical properties and the comparison with the those of the other fea-
tures visible on the sample (i.e., the PANI-ND fibers and some amorphous
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structures similar to blobs) we deduced the role of nano-fibrils in the forma-
tion of the microscopic fibers and the effect of the presence of ND particles
on the elastic properties of the nanocomposite.

2 Torsional harmonics atomic force microscopy
In standard tapping mode AFM on soft materials, the tip periodically in-
dents the surface of the sample at the frequency f0

1 of the first resonance
mode of the cantilever. Consequently, the cantilever deflection signal con-
tains the information about one force-distance curve periodically repeated at
each cycle of tapping and thus at the frequency f 0

1 of the tapping itself. In
principle, force-distance curves could be extracted by analyzing the deflec-
tion signal by inverse Fourier transform. Nevertheless, while the frequency
response of the cantilever can be considered flat below f0

1 , the presence of
the higher flexural modes of the cantilever distorts the spectrum above f0

1 ,
which complicates the extraction of the force-distance curves. To overcome
such limitation, in TH-AFM a T-shaped cantilever is used with a out-of-
axis tip [16, 17]. During the tapping, torsion of the cantilever are excited,
enhanced by its shape. Analogously to the deflection signal, the periodic
cantilever torsional signal can be analyzed to extract force-distance curve.
Indeed, the torsional frequency response of the cantilever can be considered
flat below the first torsional resonance frequency t01 of the cantilever which
significantly higher than f 0

1 . Thus, the harmonic components of the spec-
trum are not distorted and can be used to obtain the force-distance curve
after inverse Fourier transform and proper filtering, also due to the higher
signal-to-noise ratio of the torsional response with respect to the flexural
one [16,17]. Force-distance curves can be analyzed to obtain complete loading
and unloading force-indentation curves. The unloading portion of the curves
are analyzed using the Derjaguin-Muller-Toporov (DTM) model [19, 20] to
obtain the indentation modulus of the sample M , defined as M = E/(1−ν2)
for isotropic materials, being E and ν the Young’s modulus and the Pois-
son ratio of the sample, respectively. Force-indentation curves can be used
to evaluate also: the maximum force exerted on the sample (Fmax) during
the indentation, namely the peak force; the force needed to separate the tip
from the sample surface during the tip retraction, namely the pull-off force
or the tip-sample adhesion (Fadh); the energy dissipated during one loading-
unloading cycle (Ediss). Taking advantage of high speed data acquisition,
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such parameters can be evaluated at each point of the scanned area and thus
mapped simultaneously to the morphological reconstruction.

3 Experimental

3.1 Samples description

The synthetic procedure of preparation and the detailed characterization of
PANI-ND fibers is reported elsewhere [11]. Briefly, PANI-ND fibers were
obtained by precipitation polymerization of the aniline monomer in presence
of ND particles (with size of 4− 5 nm) in aqueous solution using ammonium
persulfate as radical initiator. An anionic surfactant, i.e., sodium dodecyl
sulfate (SDS), was used to facilitate the ND dispersion in the reaction en-
vironment. Notably, in the same conditions but in absence of ND no fibers
were obtained. PANI-ND fibers were collected on Si single crystals, which
served only as flat substrates for AFM characterization and did not partic-
ipate to their synthesis. The obtained sample mainly resulted in a tightly
woven network of belts with length up to some hundreds of microns, width of
a few microns and height from hundreds of nanometers up to one micron [11].

3.2 Equipment

TH-AFM was performed in air and at room conditions using an AFM setup
(Dimension Icon, Bruker Inc. featuring HarmoniXTM) equipped with a T-
shaped cantilever with out-of-axis tip (HMX10, Bruker Inc.), with first free
flexural resonance in air f0

1 = 54.2 kHz and first free torsional resonance
in air t01 = 964 kHz. In addition to the sample topography and phase im-
age which are the typical images collected in AFM standard tapping mode,
TH-AFM allows one to collect with high resolution images of sample inden-
tation modulus, maximum force applied by the cantilever during indentation
(peak force), tip-sample adhesion, and energy dissipation during an inden-
tation. The collected images have been converted into quantitative maps of
these parameters following the calibration procedure supplied by the man-
ufacturer. Forces were calibrated on a clean Si single crystal. Indentation
images of indentation modulus were calibrated using a blend of polystyrene
(PS) and low density polyethylene (LDPE) reference sample (PS/LDPE by
Bruker Inc.) with known mechanical properties, i.e., the indentation moduli
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of PS and LDPE being MPS = 2 GPa and MLDPE = 100 MPa, respectively.
In particular, PS is used as the reference for the calibration while LDPE is
used as a control material. As detailed in the following Section, it is worth
noting that to obtain the indentation modulus maps force-distance curves are
fitted using the DMT model [19, 20]. Therefore, in case the DMT modulus
is not adequate to describe the tip-sample interaction, indentation modulus
maps have to be further manipulated in the post-experiment data analysis.
To verify the stability of the tip and the accuracy of our measurements, the
calibration of the indentation modulus was checked at the end of the mea-
surement session by repeating the analysis of the PS/LDPE sample. Notably,
we observed only a negligible increase of 3% between the values of MPS mea-
sured at the beginning and at the end of the measurement session which is
ascribable to a slight increase in the tip radius due to abrasion. Therefore,
in the data analysis we assumed the tip stable during the whole experiment.
Local compositional and structural properties of the different features ob-
served on the sample have be studied on selected areas using both scanning
electron microscopy (SEM) coupled with energy dispersive X-ray (EDX) anal-
ysis and Raman spectroscopy. SEM/EDX characterization has been carried
out using a CrossBeamr Workstation (FIB-SEM) AURIGA from Carl Zeiss
Microscopy equipped with a Quantax EDX system using an XFlash 6 sili-
con drift detector with a resolution of 121 eV. Elemental analysis has been
performed by EDX using electrons at 4 keV, in order to limit as much as
possible the electron penetration depth and the spot radius which, in our
experimental conditions, were 200 nm and 100 nm, respectively.
Raman studies were performed by using a XploRA ONETM Raman Micro-
scope (Horiba Jobin Yvon) using a 532 nm excitation laser light and a 1200
gr mm−1 grating spectrometer coupled with an air-cooled scientific CCD.

4 Results and discussion
AFM morphological characterization of the PANI-ND sample reveals the
presence of three different features, which are all visible in Fig. 1a (topog-
raphy) and Fig. 1b (error signal). Although the area reported in Fig. 1 is
only 4× 4 µm2, it is representative of the whole sample as the same features
(with the same mechanical properties) have been observed all over the sam-
ple surface. Significant images of this sample with large field of view cannot
be acquired with AFM as the maximum area which can be imaged usually
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does not exceed 100× 100 µm2 due to limitations in the displacement of the
AFM scanner along the two directions of the plain. Overview images of the
sample obtained with optical and electron (both scanning and transmission)
microscopy can be found in our previous work [11]. Mainly, the sample con-
sists in tightly woven network of long belts with length up to some hundreds
of microns, width of a few microns and height from hundreds of nanometers
up to one micron, one of which is marked with A in Fig. 1b. In addition,
networks are visible which are constituted by nano-fibrils with height of 20
nm and length from hundreds of nanometers up to 1 µm (marked with B
in Fig. 1b). Closer views of PANI-ND fibers reveal that these result from
the assembly of such nano-fibrils. Finally, blobs of not structured material
are also visible (marked with C in Fig. 1b), with height approximately equal
to that of nano-fibrils (20 nm). The indentation modulus map (Fig. 1c)
reveals that these three features correspond to different values of indentation
modulus. In particular, all the three features are distinguishable from the
(stiff) substrate. Fibers and nano-fibrils have approximately the same elastic
modulus, while the blobs are significantly more compliant. It is worth not-
ing that the modulation of the topography results in artifacts in the elastic
modulus maps, produced by the modulation of the actual tip-sample contact
area. This effect is particularly pronounced in correspondence of the sides of
fibers and nano-fibrils as well as in correspondence of holes and relieves on
overall flat areas. Therefore, quantitative analysis of the images have been
carried out considering only the points on the axis of nano-fibrils and select-
ing areas relatively flat of blobs and fibers on the basis of the topographical
images. Analogous values of indentation modulus have been measured on
isolated areas of nano-fibrils such as the one shown in Fig. 2a (topography)
and Fig. 2b (indentation modulus).
Fig. 3 reports a complete TH-AFM characterization of a nano-fibril and a
blob. In particular, the figure shows the topography (Fig. 3a) together with
the quantitative maps of indentation modulus (Fig. 3b), peak force Fmax

(Fig. 3c), adhesion force Fadh (Fig. 3d), and dissipated energy Ediss (Fig.
3e). All the mechanical images coherently indicate that the nano-fibril is
significantly stiffer than the blob, as in correspondence of the former higher
indentation modulus and peak force are observed. Notably, these two param-
eters are strictly related, i.e., the bigger the indentation modulus, the bigger
the peak force. Indeed, in TH-AFM the images are acquired maintaining
constant the amplitude of the cantilever oscillation, like in standard tapping
mode. A stiff material is hardly indented and therefore large values of max-

7

Page 12 of 31Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



imum deflection (and thus large peak forces) are observed. Conversely, on a
compliant sample large indentations occur and thus lower peak force values
will be detected. An opposite contrast is observed in the adhesion and dis-
sipation images. Indeed, soft materials are likely to be viscous resulting in
larger values of pull-off force and dissipated energy. As expected, the con-
trast in elastic modulus (Fig. 3b) and peak force (Fig. 3c) maps is the same
and is opposite to that in the adhesion (Fig. 3d) and dissipation (Fig. 3e)
images. In particular, the nano-fibril shows lower tip-sample adhesion and
dissipation, which suggests that the blob is more viscous than the nano-fibril.
Notwithstanding this overall behavior, a few spots on the blob (two of which
are marked with a and b in Fig. 3a) are stiffer than the surrounding material
being all their mechanical properties similar to those of the Si substrate. For
the sake of completeness, it should be also noted that analogous spots can
be observed on the nano-fibril (one of which is marked with c in Fig. 3a),
although some uncertainty in their exact identification arises from the lower
contrast with the nano-fibril which is stiffer than the blob. Such features are
compatible with stiff ND particles (or more probably small agglomerates of
ND particles) emerging from the surface of nano-fibril and blob or buried
immediately under it. Analogous stiff spots can be observed also in fibers, as
reported in Fig. 4 which shows the topography (Fig. 4a) and the indentation
modulus map (Fig. 4b) of a fiber. The topography of a detail of the fiber
is reported in Fig. 4c together with the corresponding indentation modulus
map (Fig. 4d). In the latter figure, arrows indicate some spots stiffer than
the fiber. A definitive interpretation cannot be derived, because such stiff
features cannot be reliably characterized by TH-AFM. Indeed, differently
from other techniques which combine AFM and ultrasonic methods, e.g.,
contact resonance AFM [21,22] or ultrasonic force microscopy [23] which al-
low the analysis of broader ranges of elastic modulus, i.e, from stiff coatings
to polymers and cells [24–31], TH-AFM relies on the sample indentation by
the tip and therefore it can be used only on soft materials. Although its use
up to materials with modulus of 10 GPa such as HOPG was reported [17],
from a practical point of view the range is limited by the saturation of the
detected moduli which depends on the actual experimental conditions. For
example, in the modulus maps reported in this work the Si substrate corre-
sponds to an indentation modulus of about 5 GPa (instead of the expected
165 GPa). Therefore, we cannot consider accurate measured values of elastic
modulus as high as 5 GPa. This prevent us to quantitatively characterize the
mechanical properties of the bright spots (as well as of the Si substrate) as
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they correspond to saturated values of indentation modulus. Nevertheless,
on the basis of the previously reported considerations these features can be
associated to ND particles emerging from (or buried immediately under) the
surface of the fiber.
In order to quantitatively evaluate the indentation modulus of the three fea-
tures, different areas of the sample have been analyzed. By averaging the
obtained results, the indentation modulus of fibers, nano-fibrils, and blobs
have been measured as high as 1.60± 0.1 GPa, 1.9± 0.2 GPa, and 0.8± 0.1
GPa, respectively. The reported elastic modulus values were obtained by av-
eraging those obtained for the single features in each AFM image and, then,
by averaging the results obtained for different features observed in the same
or in different AFM images. In particular, we analyzed: six different fibers
(in six different images); one isolated nano-fibril; two areas of nano-fibrils
(in different images) in correspondence of which the elastic modulus was ob-
tained as the average value of several nano-fibrils; four blobs. On the same
feature, the modulus was obtained by averaging: from some points (pixels of
the images) to a few tens of points of the image in the case of nano-fibrils,
which were selected in correspondence of the top of the nano-fibril in order
to avoid artifacts arising from the contact between the side of the tip and the
edge of the nano-fibril; from some tens to a few hundreds of points in corre-
spondence of blobs, depending on the size of the feature; a few hundreds of
points in correspondence of each fiber, which was possible due to their larger
area. In the case of blobs and fibers, the areas for the evaluation of the elas-
tic modulus were selected in the center of the features so that they could be
considered almost flat on the basis of the topographical images, in order to
avoid topography-induced artifacts in the elastic modulus maps. It is worth
noting that the error in the reported values represents a standard deviation
of the mean from repeated measurements. The evaluation of the uncertainty
in our technique is not straightforward, as in practically all the AFM-based
techniques for the characterization of physical parameters (e.g., mechanical,
electric, or magnetic) at the nanometer scale. Indeed, the uncertainty is
mainly affected by the sample topography. For example, the roughness al-
ters the actual tip-sample contact area which modifies the apparent elastic
modulus even in case of uniform mechanical properties. Thus, the roughness
is expected to increase the dispersion of data, i.e., the standard deviation
of the measurements. Also, the tilt angle of the sample surface alters the
apparent contact stiffness even in case of uniform and perfectly flat surface
as the tip-sample contact is not perfectly normal [32], which induces a bias in
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the measured values. Thus, a realistic evaluation of the uncertainty should
include considerations on the roughness and tilt of the surface. Due to the
difficulties in this calculation, we carried out an evaluation of the ‘minimal’
uncertainty which characterizes our technique on our almost perfectly flat
PS/LDPE reference sample, expecting nevertheless a bigger uncertainty on
the actual samples. The evaluation of all the partial uncertainties is difficult
because, to the best of our knowledge, certified reference materials (CRMs)
are not available for mechanical characterizations at the nanometer scale.
The sample more similar to a CRM is the PS/LDPE reference material. We
verified that the value of indentation modulus of PS of 2 GPa reported by the
vendor is pretty accurate using standardized mechanical tests. Conversely,
the value of 100 MPa for the indentation modulus of LDPE islands is more
difficult to verify with other techniques because the LDPE regions in the PS
matrix are only a few tens of nanometers deep. Thus, different techniques
sensitive to the properties of the material down to different depths under
the surface will give different values as a consequence of the the effect of the
PS substrate (to the best of our knowledge, TH-AFM is the technique with
the smaller penetration depth) [14]. In order to calculate the contribution
to the uncertainty given by the reproducibility, we analyzed the measure-
ments on the same PS/LDPE reference sample randomly performed over a
four-year period (from 2011 to 2015) by different operators. We measured
MLDPE = 97.0 ± 6.5 MPa in in good agreement with the value reported by
the vendor. The contribution to the uncertainty (type A) from the repro-
ducibility is therefore equal to ±7%, which therefore represents the minimum
value of uncertainty we must expect in our measurements. Also, we must
consider an additional contribution from the drift the reference values of the
elastic modulus of PS equal to ±1.5%. Therefore, in our measurements we
cannot expect a uncertainty smaller than ±8.5%, which is likely to increase
depending on the sample roughness. Interestingly, for the three features on
our sample the actual values of error are ±10%,±9%, and ±8% for blobs,
fibers and nano-fibrils. The measured values of indentation modulus retrieved
from the as obtained indentation modulus maps (Mmeas) are reported in Ta-
ble 1. It is worth noting that the comparison among the values of Mmeas is
not straightforward as the three features have different shape and thickness.
Indeed, while fibers and blobs can be considered as films, being their lateral
dimensions much bigger than those of the tip, nano-fibrils have much more
limited lateral dimensions. To evaluate the actual shape of nano-fibrils and
to rationalize the results of TH-AFM nanomechanical characterization, the
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actual tip radius Rt was evaluated. Indeed, having performed several images
of the PS-LDPE reference sample before starting the measurement session
on PANI-ND fibers, we observed a constantly increase in the (not calibrated)
signal proportional to the elastic modulus of the two polymeric phases. Since
such a signal is proportional to the tip radius, this result reveals as increase
in the value of Rt. The measurements on the PANI-ND fibers sample have
been performed only when the signal (and thus the tip radius) was stable
between subsequent images. Therefore, TH-AFM images have been carried
out using a tip with a radius larger than the nominal one for a brand new
tip which does not exceed 10 nm. It is well known that AFM morphologi-
cal images are actually the convolution between the real morphology of the
sample and the tip shape [33, 34]. In case of big features like the PANI-ND
fibers, it has an almost negligible influence in the reconstruction of the fiber
morphology as only fine details are affected by the tip-surface convolution.
Conversely, in case of nanometer scale objects, the lateral dimensions are
highly affected by the tip shape. Generally, the tip radius can be evaluated,
for instance, by imaging standard reference samples with inverted arrays of
tips [35]. These samples allow one to reconstruct the shape of the tip up to
about 500 nm from the apex. This is important in case of AFM based depth
sensing indentation performed on soft materials when a few hundred nanome-
ter penetration depths are reached [36,37]. Conversely, values of penetration
depth reached in TH-AFM do not exceed a few nanometers. Therefore, the
knowledge of the only curvature radius of the apex is needed. To evaluate Rt,
we analyzed the sections of nanometer features on the sample (i.e, nanometer
sized defects which can be found on the Si substrate, particles, residuals, as
well as the nano-fibrils themselves). The images of these objects show unre-
alistically broadened lateral dimensions with respect to their height. Being
smaller than the tip, their cross section profile is mainly given by the shape
of tip. Therefore, from the cross sections of different nanometer sized ob-
jects we evaluated the actual curvature radius of the AFM tip Rt as high
as Rt = 40 nm. As expected, such a value is bigger than that of a brand
new tip, which generally does not exceed 10 nm, as we purposely performed
several images before starting the measurement session in order to stabilize
the tip. Assuming such a value of Rt, the nano-fibrils can be modeled as
cylinders with radius Rf = 10 nm. In TH-AFM, indentation modulus maps
are automatically obtained using the DMT model and thus a correction must
be introduced to obtain the ‘true’ indentation modulus of the nano-fibrils,
i.e., to convert the modulus measured on a cylinder into the equivalent inden-
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tation modulus of a film on a substrate (Mfs). Moreover, as nano-fibrils and
blobs are much thinner than the fibers, their measured indentation modulus
is expected to be much more affected by the elastic modulus of the stiff sub-
strate. Thus, in order to compare their values with that of fibers, the values
of the ‘film-only’ indentation modulus Mf of nano-fibrils and blobs have to
be deduced from Mfs.
As for the evaluation of Mfs of nano-fibrils, according to the DMT model,
when a rigid sphere (i.e., the tip) with radius Rt indents the flat surface
of a much more compliant material, the tip-sample interaction force F is
described by

F =
4

3
Ms

√
Rth

3/2 − Fadh (1)

where h is the indentation depth. Conversely, if the tip indents a cylinder
with radius Rf, the interaction force is described by

F =
16

9
Ms

√
Reqh

3/2 − Fadh (2)

being Req =
√

R2
tRf/ (Rt +Rf) [38]. By comparing Eqs. (1) and (2), the

real indentation modulus value Mfs can be deduced from the apparent Mmeas

one through the relation

Mfs

Mmeas
=

3

4
4

√
Rt +Rf

Rf
(3)

Substituting the values of Rt = 40 nm and Rf = 10 nm, the value Mfs =
2.1± 0.4 GPa is obtained for the nano-fibrils (Table 1).
In order to correct the effect of the different values of thickness, the ‘film-only’
indentation modulus Mf of nano-fibrils and blobs can be roughly estimated
from the values of Fmax and Fadh obtained in Fig. 3c and 3d, respectively.
Indeed, the contact radius aDMT at the maximum penetration depth can be
evaluated as [39]

aDMT = 3

√
3 (Fmax + Fadh)Rt

4Mfs
(4)

and maximum penetration depth as

h =
a2DMT

Rt
(5)
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thus obtaining data reported in Table 2. Being the substrate much stiffer
than the film, Mf can be evaluated from Mfs using the relation

Mf = Mfs
(
1− e−

α
r

)
(6)

where
r =

√
πaDMT

2Rf − h
(7)

and α is a parameter which depends on the value of r [36,40,41]. The actual
values of r, α, and the correction factor, i.e., the ratio Mf/Mfs for nano-fibrils
and blobs are reported in Table 2. Although data reported in Table 2 have
been obtained from the detailed analysis of the information retrieved for the
single nano-fibril and the single blob in Fig. 3, they allow us to roughly
estimate the effect of the geometry and the substrate mechanical properties
on the measurements. Indeed, nano-fibrils (blobs) have roughly the same
diameter (thickness). Thus, the ratio between the apparent and the effective
moduli of blobs and nano-fibrils reported in Table 2 can be used to scale the
average apparent elastic modulus values. Finally, the calculated corrected
values of Mf for nano-fibrils and blobs are reported in Table 1 and can be
compared to that of fibers. One can observe that nano-fibrils and fibers have
exactly the same indentation modulus while blobs are much softer. The anal-
ysis of the mechanical images and the comparison of the corrected indentation
moduli allow one to make out the role of ND particles in the self-assembling
of nano-fibrils into fibers and their effect on the mechanical properties of the
nanocomposites. Indeed, we must discard the hypothesis that both fibers and
nano-fibrils are constituted by the only PANI, as fibers and nanofibrils are not
formed in the same conditions of synthesis but in absence of NDs [11, 42].
Also, fibers and nano-fibrils having the same mechanical properties is not
compatible with the hypothesis that NDs participate to the formation of
fibers but not of nano-fibrils, e.g., that hypothesis that nano-fibrils are made
of only PANI while NDs are responsible for the assembly of these nano-fibrils
into fibers. Also, NDs are not located on the surface of nano-fibrils and fibers.
Indeed, mechanical images indicate that only a few (small agglomerates of)
ND particles occasionally emerge from the samples surface. This suggests
that NDs are mainly located inside the nanocomposites. On the basis of
these considerations, we can deduce that NDs are located inside the single
nano-fibril. More specifically, since mechanical properties of nano-fibrils are
almost uniform along the same nano-fibril and among different nano-fibrils
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and since NDs contribute to nano-fibrils mechanical properties, this suggest
that NDs are bound to be located on the nano-fibril axis or close to it. This
deduction agrees well with the interpretation of structural characterizations
previously reported [11].
Finally, the mechanical properties of soft blobs could be compatible with
both traces of amorphous PANI ann/or residuals of the surfactant used in
the synthesis. In order to elucidate the nature of the soft blobs (which never-
theless represent only a minor and negligible component of the sample), we
characterized the three described features through SEM/EDX and Raman
analysis. A typical EDX elemental analysis of a PANI-ND fiber is reported
in Table 3, which shows that the fibers are characterized by the presence of
C and N in a ratio of about 9, higher of but compatible with the value of
6 expected for PANI, and by the presence of residuals from the SDS surfac-
tant. EDX compositional analysis did not show significant differences among
fibers, nano-fibrils, and blobs all of which are consequently mainly formed by
PANI. In order to rationalize the differences in their elastic modulus, struc-
tural analysis has been carried out using Raman spectroscopy. In Fig. 5a the
Raman spectra collected on the three typical features highlighted by AFM
analysis are reported. The spectroscopic study clearly shows that all three
structures, i.e., fiber (marked with A in Fig. 1), nano-fibrils (marked with
B in Fig. 1), and blob (marked with C in Fig. 1), are constituted by the
polyaniline polymer in its semi-oxidized protonated emeraldine form with the
distinctive bands located at about 1340, 1520 and 1600 cm−1 [11,43]. In Ta-
ble 4 a tentative of assignment of all the Raman bands is reported, while in
Fig. 5b the resonant chemical structures referring to the protonated emeral-
dine form are depicted. It is interesting to note that the peaks attributable
to the polymer are well evident in the spectra of fiber and nano-fibrils. On
the contrary, the blob produces a spectrum in which not all the characteristic
peaks of the polymer are distinguishable, and those present are not partic-
ularly resolved. Furthermore, from the fiber, to the nano-fibril, to the blob,
the peaks relative to the silicon substrate are gradually more intense. This
can be caused by an increase of the sampling depth of the laser radiation due
to a lower stability of the sample under the laser irradiation. Effectively, an
intense degradation of the blob was observed after spectra acquisition. This
occurrence may be explained by a poor packing of the polymer chains, which,
inducing a higher amorphous structure, lowers the thermal stability of the
material. This phenomenon also suggests that the ND is not embedded into
the blob. In fact, previous studies [11, 43, 44] allowed us to highlight how
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ND is able to both induce a higher long-range order into the polymer matrix
and to increase its thermal stability by decreasing the temperature-induced
decomposition of the polymer backbone. Overall, the results of the comple-
mentary characterizations indicate that the reduction of elastic modulus in
correspondence of blobs is to be ascribed to the fact that they are consti-
tuted by amorphous PANI not polymerized as nano-fibrils not embedding
ND particles.

5 Conclusion
In conclusion, TH-AFM has been used to perform a nanomechanical study
of self-assembly of PANI-ND micro-fibers by analyzing the mechanical prop-
erties of three different features observed in the sample, i.e., the micro-fibers
themselves, nano-fibrils and blobs. When necessary, the as-measured values
of indentation modulus have been corrected to take into consideration the ef-
fect of the substrate and that of the cylindrical geometry of nano-fibrils. Our
findings allowed us to deduced that ND particles are located inside the nano-
fibers, most likely on the axis of the nano-fibrils. Their similar mechanical
properties (indentation modulus of about 1.5 GPa) suggest that PANI-ND
micro-fibers are constituted by self-assembly of nano-fibrils. Conversely, al-
though in principle are compatible with both amorphous PANI and residuals
of surfactant, softer blobs (indentation modulus of about 500 MPa) have
been rationalized as residuals of amorphous PANI not polymerized in nano-
fibrils through the combination of nanomechanical characterizations with the
results of EDX and Raman analysis.
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TABLES

Table 1: Mechanical characterization of the features of the PANI-ND sample:
fibers (A), nano-fibrils (B) and blobs of polymers (C) not assembled in fibrils.
The ‘apparent’ indentation modulus Mmeas as measured by TH-AFM is re-
ported. The corrected ‘film-substrate’ indentation modulus Mfs is reported,
where the correction accounts for the cylindrical shape of nano-fibrils and
allows one to compare the modulus of nano-fibrils with those of fibers and
blobs which can be described as films on the substrate. Finally, the ‘film-
only’ indentation modulus Mf is calculated in order to compare the modulus
of nano-fibrils and blobs (which are affected by the modulus of the substrate)
with that of the fibers. Values which do not need correcting are reported in
parentheses.

Features Mmeas (GPa) Mfs (GPa) Mf (GPa)
Fibers 1.6± 0.1 (1.6± 0.1) (1.6± 0.1)
Nano-fibrils 1.9± 0.2 2.1± 0.2 1.5± 0.2
Blobs 0.8± 0.1 (0.8± 0.1) 0.46± 0.06
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Table 2: Ratio between the indentation moduli of the samples before and
after the correction for the substrate effect (Mfs and Mf, respectively) and
that and parameters used to evaluate it, i.e., maximum tip-sample contact
value the contact radius aDMT, the penetration depth h, the parameter r
defined in Eq. (7), and the corresponding value of α.

Features aDMT (nm) h (nm) r α Mf/Mfs

nano-fibrils 9 2 0.89 1.0 0.68
blobs 14 5 1.65 1.4 0.57
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Table 3: Typical elemental analysis of a PANI-ND fiber retrieved through
SEM/EDX.

Element Concentration (%)
C 78.4± 10.9
O 10.4± 3.2
N 8.1± 2.9
S 2.6± 0.9

Na 0.5± 0.2
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Table 4: Assignments of the Raman band for the features A (micro-fiber),
B (nano-fibrils), and C (blob) illustrated in Fig. 1. Excitation wavelength:
532 nm. (B, benzenoid ring; Q, quinonoid ring; ν stretching; δ, in-plane
bending; ∼, bond intermediate between the single and the double bonds;
Phz, phenazine-like segment; a Wilson notation for aromatic species modes)

Raman shift (cm−1) Assignments
Micro-fiber (A) Nano-fibrils (B) Blob (C)

579 576 570 Pho, B ring def.
610 606 609 ν (C-S), δ (SO2)
819 810 813 δ (C-H)Q (o.p.)
877 874 - δ (C-H) (o.p.)
1181 1178 1175 δ (C-H)B

1255 1253 - ν (C-N)B

1340 1338 1335 ν (C∼N+·)
1403 1400 1403 Phz
1520 1525 - δ (N-H)SQ

1565 1561 1560 ν (C-C)Q, Phz
1603 1600 1598 ν (C-C)B

1634 1633 1634 ν (C∼C)B (8a)a, Phz
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FIGURES

Figure 1: Typical topography (a), error signal (b), and indentation modulus
(c) images obtained on the PANI-ND sample which show the three different
features of the sample, i.e., microfibers (A), nanofibrils (B), and blobs (C).
Images acquired with Dimension Icon (Bruker Inc.) in HarmoniXTM mode.

Figure 2: Example of an area of the sample where nanofibrils are visible:
(a) topography and (b) indentation modulus map. Images acquired with
Dimension Icon (Bruker Inc.) in HarmoniXTM mode.

Figure 3: Complete TH-AFM characterization of an area where a nanofibril
and a blob are visible: (a) topography, (b) indentation modulus, (c) peak
force, (d) adhesion, and (e) dissipation. Arrows in the topography indicate
three features compatible with ND particles or small agglomerates emerging
from the surface. Images acquired with Dimension Icon (Bruker Inc.) in
HarmoniXTM mode.

Figure 4: Topography (a) and indentation modulus (b) of a PANI-ND fiber
and topography (c) and indentation modulus (d) of the same fiber at higher
magnification. Arrows in (d) indicate features of the maps compatible with
ND particles or small agglomerates emerging from the surface. Images ac-
quired with Dimension Icon (Bruker Inc.) in HarmoniXTM mode.
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Figure 5: (a) Raman spectra in the spectral range 400− 2000 cm−1 of fiber,
nano-fibrils, and blob (A, B, and C, respectively, as indicated in Fig. 1). (b)
Resonant chemical structures of polyaniline semi-oxidized state.
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