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The detonation nanodiamond is a novel versatile nanomaterial with tunable properties and surface
chemistry. In this work, we report on a template-free method to synthesize polyaniline based nano-
composite fibers during a chemical oxidative precipitation polymerization where the cooperative
interactions between nanodiamond and polyaniline nucleates trigger the final morphology of the
nanocomposite. FE—SEM and TEM observations evidence the prominent growth of fibril-like structures
assembled in 2-D networks of tightly woven, partially oriented fibers. Optical and Raman spectroscopy
and X-ray diffraction analyses reveal that the polymer chains are in a protonated emeraldine form and
organize themselves in a highly ordered 3-D spatial arrangement. Conductivity measurements per-
formed on isolated fibers by a conductive tip of an AFM apparatus highlight that the diamond filler does
not affect the conductive properties of the polyaniline matrix while increases the thermal stability of the

polymer as confirmed by TGA studies.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Conductive polymers (CP) are examples of functional materials
that show various highly specific and desirable physicochemical
properties, in primis in the field of charge transport. Due to their
special conduction mechanism, to the reversibility of doping/
dedoping processes, to the tunability of the chemical and electro-
chemical characteristics, a variety of conducting polymers have
recently been investigated for applications in the areas of nano-
science and nanotechnology [1]. In particular, special attention
received CP arranged in 1-D nanostructures, such as tubules and
fibers. By now, numerous publications have demonstrated that
these one-dimensional polymer structures are promising materials
for fabricating polymeric devices such as chemical and bio-sensors,
field-effect transistors, field emission and electrochromic display
devices, supercapacitors, etc., and exhibit clear advantages over
their bulk counterparts in many types of applications [1]. However,
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in order to fulfil the potential applications of these 1-D structures, it
is necessary to precisely address their physical properties. The CP
conduction is indeed ascribed prevalently to charge carriers, such
as polarons and bipolarons, and is thought to occur along a CP
chain, between adjacent chains, among fibers and/or globules
formed by the aggregated chains. In this view, it is therefore intu-
itive how the conductive pathways are related to the structural
organization of the polymers units in the final material. On the
other hand, insufficient thermal stability and poor mechanical
properties constitute obvious disadvantages for functional appli-
cations of the entire class of CP [2]. Due to the intrinsic difficulties
faced in processing these exciting materials, a lot of work has been
thus devoted in the last decades to develop innovative synthesis
methodologies and to find suitable fillers for the CP-based
composites production. It is indeed well known from decades
that the fillers can effectively modify the mechanical properties of
the conductive polymers. However, with the development of
nanotechnology, also more sophisticated applications have taken
advantage from the insertion of foreign nanostructured species
inside CP matrices. Nanocomposites based on conductive polymers
are presently manufactured for a variety of applications: energy
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storage devices, photovoltaic systems, sensors, electromechanical
engineering, EMI shielding materials and so on [3—8]. As a general
rule, the fillers have been viewed up to now as agents able to
modify some functional properties of the CP matrix. Marked
changes are usually detected in the characteristics of the nano-
composites, especially in the case of efficient interactions between
nanoparticles and conductive polymer. The functional modifica-
tions are effective only if some specific requirements are satisfied.
The first one is the reduced size and a narrow size distribution of
the nanoparticles. Moreover the interactions must assure uniform
dispersion and immobilization of the nanofiller in the matrix, in
order to prevent particle aggregation. However, under such
conditions, the spatial control and dispersion of individual nano-
objects can also be utilized to control the organization of the
polymer segments, as we also observed in our previous studies
dealing with the use of nanosized diamond as filler of polyaniline
systems [9]. In comparison to other CP, polyaniline (PANI) is known
for being a polymer easy to synthesize, at low cost and with high
yield. Moreover, it has great potential for modification of the
molecular structure, and undergoes a special proton doping
mechanism. These unique properties lead PANI to be one of the
more outstanding conducting polymers and the most promising for
potential applications in technology [3,10].

In the exciting continuous research for a way to produce one-
dimensional CP nanocomposite materials, in the present work we
have adopted a template-free method to synthesize PANI fibers
during chemical oxidative precipitation polymerization. The idea
underlying this study was to exploit the cooperative interactions
between the polymer segments and the diamond nanoparticles as
basic driving force for the self-assembly process of the polymeric
fibers. Several stimulating results were obtained from deep inves-
tigations carried out by using electron and atomic force microscopy,
u-Raman spectroscopy and X-ray diffraction. The adopted synthesis
approach allowed us to produce composite fibers characterized by
a remarkable high crystalline quality of the polymer matrix, the
thermal stability of which turned out to be rather improved by the
inclusion of the diamond filler. Nevertheless, a drawback that
would make useless to utilize the diamond particles for providing
a mechanically robust and thermally more stable but still conduc-
tive material, could in case arise from the insulating properties of
the diamond. Conversely, it has been shown by measurements on
single fibers achieved by an AFM metallic tip that the conductive
properties of the polymer have not been compromised by the
presence of diamond particles. All these findings lead us to consider
that the PANI-DND fibers possess all those features which make
them promising candidate for the realization of advanced poly-
meric devices.

2. Experimental

The PANI-DND composite materials were prepared by precip-
itation polymerization of aniline monomer in the presence of dia-
mond nanoparticles. Purified DND particles with a 4—5 nm size,
manufactured and preliminary treated by the Federal Research and
Production Centre “Altai” (Russia), were used after further
chemical—physical processing steps, necessary to avoid re-
aggregation of the primary nanoparticles. Aniline (Fluka) was
distilled under reduced pressure before use. An anionic surfactant,
i.e. sodium dodecyl sulfate (SDS) (Sigma), was used to facilitate the
DND dispersion in the aqueous reaction environment. A proper
amount of SDS was therefore dissolved in a 1 M HCl (Sigma)
solution where DND (500 mg) and aniline (5 mmol) were then
added and sonicated for 30 min allowing the aniline monomers to
adsorb on the diamond particles. Upon stirring, 1 M HCI solution
containing 5 mmol ammonium persulfate (Sigma) was slowly

added to the above mixture, cooled to 0—5 °C, and then kept in
a polymerization. After the addition was completed, the stirring
was continued for at least 6 h. The same protocol was used to
prepare the composite material and the pure polymer, omitting the
addition of DND in this last case. In both the preparations, the
resulting reaction products were filtered and washed successively
with 1 M HCl, water and ethanol until the filtrate was colorless, and
then dried at 50 °C overnight under vacuum.

The prepared samples were investigated by means of different
characterization techniques.

A FIB—SEM Cross Beam Workstation ZEISS Auriga and a Hitachi
H-7100 transmission electron microscopy (TEM) were utilized to
analyze the morphology of the samples.

The chemical structure of the polymer was investigated by
Raman spectroscopy by using a Renishaw MicroRaman System
1000. Three excitation wavelengths were used: 514 nm (Spectra
Physics Ar™ laser), 633 nm (Spectra Physics He—Ne laser) and
785 nm (Renishaw diode laser).

The study of the crystalline structure was performed by X-ray
diffraction (XRD). The XRD patterns were recorded using a Sei-
fert-XRD3003 diffractometer with a Bragg—Brentano geometry,
employing a Cu Ko source (A = 1.54056 A).

Atomic force microscopy (AFM) was used to study the fibers
topography and to perform local electrical characterization and
mapping. The apparatus (Solver, NT-MDT, Russia), operating at
room conditions, was equipped with commercial Si cantilevers
(NSG10, NT-MDT, Russia) for the topographical characterization in
standard semi-contact mode. The electric characterization was
performed using commercial Pt coated Si cantilevers (CSG10/Pt,
NT-MDT, Russia) in contact mode using the experimental configu-
ration described below.

Optical spectra were recorded with a UV-1800 Shimadzu spec-
trophotometer. Optical images were acquired by a polarizing
optical microscope (Zeiss Axiovert 200 MAT).

Finally, thermal properties were determined using a PerkinElmer
Pyris Diamond thermogravimetric/differential thermal analyzer
(TG/DTA). TGA experiments were performed under nitrogen atmo-
sphere from 25 °C to 600 °C at a heating rate of 10 °C/min.

3. Results and discussion

As widely reported in literature, a compact granular structure is
the most typical morphology of PANI produced by the precipitation
in strongly acid media [11]. Accordingly to this, a powder consti-
tuted by bright green micrometer-sized grains has been obtained in
the case of the pure PANI polymer prepared by the chemical oxi-
dization of the aniline monomer in the concentrated HCl aqueous
solution (Fig. 1).

Under the adopted experimental conditions the presence of the
SDS surfactant seems not to affect the self-assembly of aniline
nucleates as demonstrated in other experiments [12—17]. Different
results are found when the DND particles are used as additional
reagent. First, the introduction of the DND particles into the reac-
tion mixture makes the polymerization rate faster, as observed
through the very rapid color change of the reaction medium from
light gray to blue. Second, the presence of the diamond reagent
induces a conversion from granular to one-dimensional
morphology of PANI, as evinced in the optical micrographs of the
produced material (Fig. 2). It can be observed that the PANI-DND
composite is constituted by a tightly woven network of fibers
(Fig. 2a) which are characterized by a length of several microns
(Fig. 2b), and which in some case seem to be branched. Moreover,
the image recorded using the reflected dark-field observation
method (Fig. 2c) reveals that the fibers present some surface
roughness.
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Fig. 1. SEM image showing the granular morphology of the pure PANI powder
prepared by the chemical oxidization of the aniline monomer in the concentrated HCl
aqueous solution.

Atomic force microscopy (AFM) studies allowed us to perform
an accurate analysis of the morphology of such structures, that
appear indeed constituted by bundles of tubular fibrils with
diameter approximately in the range 300—500 nm (Fig. 3a). It
derives that the fibers essentially result from a two dimensional
assembling of such fibrils and show sizes in the range 300—500 nm
(thickness) and 1—3 um (width) (Fig. 3b).

The feature of the fibers is better detailed in the TEM images
where their multi-fibrillar nature is evidenced (Fig. 4a). Moreover
the TEM pictures show that the surfaces of fibrils are definitely

characterized by a globular morphology responsible for the typical
roughness to the final fibers (Fig. 4b).

All these results are in agreement with our previous assumption
of a “seeding” induced by DND, able to influence the process of
nanofiber nucleation during electrochemical polymerization [9]
and indicate a similar seeding effect is active also in the case the
chemical polymerization. The explanation of such capability has to
take into consideration several aspects. First of all, it can be
reasonably assumed that diamond nanoparticles offer supple-
mentary surfaces for the polymer nucleation. Moreover, the facet-
dependent variations of the surface electrostatic potential shown
by these particles [18] can play a fundamental role in the primary
interactions involved in the self-assembling process that leads to
one-dimensional polymeric systems. In this view, the multi-pole
structure of the DND particles can govern the interactions of the
facets with the polymer nucleates in a way that resembles what
occurs in the soft-template synthesis of CP fiber structures [2]. A
detailed analysis of the chemical and structural characteristics of
these fascinating PANI-DND hybrid systems becomes anyway
necessary in order to relate them to the functional properties
possibly shown by the material. In fact the key point to be
considered in using CP-based materials is that the conduction of
these systems is highly dependent on both the chemical oxidation
state of the single chain and on the overall 3-D arrangement of the
chains. The polaronic and bipolaronic charge carriers are associated
with an oxidized state of the polymer backbone that, in the case of
PANI, is known to be the protonated emeraldine form. The motion
of such carriers along a backbone and the hopping among neigh-
boring backbones and among fibers or globules, contributes to the
conduction through all the material [19]. The conduction model
associated with this situation is usually depicted by considering the
existence of conductive islands, which are crystalline regions of
polymer where the chains are orderly arranged, and which are
embedded in the not conductive amorphous polymer phase

Fig. 2. Network of PANI-DND fibers observed by optical microscope in (a) transmission, (b) reflection, and (c) reflection dark-field illumination method.
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Fig. 3. AFM images showing (a) the multi-fibrillar nature and (b) the morphology of
the PANI-DND fibers.

[19,20]. It follows that in this perspective is crucial to assess both
the state of oxidation and the spatial organization of the polymer
chains when the growth and the arrangement of the PANI chains is
triggered by the presence of DND fillers.

Information at molecular level of the polymer chains properties
has been achieved by optical and Raman spectroscopy. In Fig. 5 the
optical spectra of PANI and PANI-DND samples are presented.

— PANI
PANI-DND

Normalized absorbance (a.u.)

350 400 450 500 550 600 650 700 750 800 850
Wavelenght (nm)

Fi

g. 5. Optical spectra of PANI powder and PANI-DND composite fibers.

Three significant peaks can be clearly distinguished at ca.
363 nm, 445 nm and 790 nm. The first peak corresponds to the
T—7* transition, while the last two signals correspond to the
electron transitions from the 7 valance band to the polaronic levels
characteristic of the doped emeraldine oxidation state of PAN], i.e.
the protonated emeraldine form [21—23]. Moreover a shoulder can
be detected at about 675 nm. This signal, more evident in the pure
PANI spectrum, can be associated with charge transfer transitions
from benzenoid to quinonoid rings present along the PANI back-
bone [23].

As a consequence, a coexistence of benzenoid and quinonoid
type structures is found in the polymer main chains of both pure
and nanocomposite materials. Since the enhancement of the modes
originating from the vibrations of benzenoid and quinonoid
segments depends on the excitation line wavelength, the presence
of such structures can be confirmed by the Raman analysis carried
out with different excitation sources [23]. Raman spectra obtained
with the three excitation lines 514, 633, and 785 nm respectively
are shown in Fig. 6. In Table 1 a tentative assignment of all the
Raman bands is reported.

L]

Fig. 4. TEM micrographs revealing (a) the two dimensional assembling and (b) the globular morphology of PANI-DND fibrils.
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Fig. 6. Raman spectra of PANI and PANI-DND taken using (a) 514 nm; (b) 633 nm; and (c) 785 nm excitation wavelength.

Table 1
Assignments of the Raman bands for PANI and PANI-DND. Excitation wavelength: 514, 633 and 785 nm.
Aexc = 514 nm Aexc = 633 nm Aexc = 785 nm Assignments References
PANI PANI-DND PANI PANI-DND PANI PANI-DND
579 575 576 576 578 Pho, B ring def. [24—29]
607 609 v (C=S), 6 (SO5) [24,30—-32]
Benz. ring def. (i.p.)
646 642 645 Benz. ring def. (i.p) (para-)(6b) [24,31-33]
v (C=S), 6 (SO2)
730 720 C—C ring def. (0.p.), [24,30,34]
Phz
735 Q ring def. (0.p.), [24,28,33,34]
Phz
747 Ring bend. (0.p.)(Q) [24,30]
777 Q ring def. [35,36]
808 805 807 C—H def. (o.p.), ring [24,30,33,37]
def. SQ
821 813 6 (C—H)q(0.p.) [24,30]
865 868 B ring def. (i.p) [24,33]
880 875 6 (C—H) (0.p.) [24,38]
1172 1162 1169 1170 1169 6 (C—H)sq(9a) [37,39-41]
1185 6 (C—H)g [23,41,42)
1218 1222 1229 v (C—N)g, Phz [24,43,44]
1252 1252 1246 v (C—N)g [43,45,46]
1345 1345 1327 1332 1332 1336 v (C~N™") [24,47—49]
1377 1379 v (C~N*) Saf [34,48,50]
1406 1406 1405 1399 1405 1399 Phz [24,51,52]
1485 v (C=N)q Phz [49,53]
1502 1504 1519 1508 1510 0 (N—H)sq [24,51,54,55]
1560 1565 1572 v (C—C)q, Phz [34,45,56)
1588 1595 1593 1594 v (C=C)o(8a)* [30,47,48]
v (C~C)so(8b)* [36,40,44,57)
1603 1602 1609 v (C—C) [47,57,58]
1621s 1620 v (C~C)p(8a)? [30,37,42,47,48]
1635s 1641s 1648 1641s 1642 v (C~C)p(8a)?, Phz [34,50—52]

B, benzenoid ring; Q, quinonoid ring; v stretching; ¢, in-plane bending; ~, bond intermediate between the single and the double bonds; Phz, phenazine-like segment.
2 Wilson notation for aromatic species modes.
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The spectral regions of interest for PANI backbone structure
analysis are: (1) the 1650—1400 cm~! range relative to C~C
stretching vibrations of benzenoid (B) and quinonoid (Q) rings and
to C=N stretching in quinonoid units and (2) the 1400—1200 cm™!
range relative to stretching vibrational modes of charged nitrogen
segments [24]. The signals located between 1650 and 1600 cm™!
can be attributed to the C~C vibrations of B ring mixed with the
ring-stretching vibrations of substituted phenazine segments [24].
They appear as a broad band in the PANI-DND spectrum recorded
with the green line (Fig. 6a) and as a shoulder in the spectra of PANI
and PANI-DND acquired with the near-infrared line (Fig. 6b). Two
distinct peaks at 1602 and 1648 cm~' and only a shoulder at
1641 cm™! are clearly visible in spectra recorded with the red line
for PANI-DND and PANI, respectively. On the other hand, the signal
associated with the C~C stretching of semiquinonoid radical
structures typical of the protonated emeraldine form of PANI is
present as a relative strong band at ca. 1594 cm™! in the spectra of
both PANI and PANI-DND recorded with the 785 nm light. The
signal ascribed to the C=N stretching is clearly viewed as a broad
band at 1458 cm~! in the PANI spectrum acquired with the 633 nm,
whereas the “polaronic band” corresponding to the v (C~N™*)
vibration of the polaronic structures is found in the various spectra
at positions varying from 1332 to 1345 cm~ .. The wavenumber of
this mode is sensitive to electron delocalization around the
C~N~C part of the polymer backbone and it is typically lower for
a more delocalized structure, i.e. radical segments with a larger
conjugation length [25,26]. Comparing the position of this mode in
the spectra obtained with the red and NIR lines, it seems that PANI
in the composite fibers is characterized by polarons with conju-
gation lengths slightly shorter than in the pure polymer. Finally, the
presence of the strong band at ca. 1169 cm~! due to the § (C—H)
vibration of the semiquinonoid rings in the spectra of PANI and
PANI-DND recorded with the 633 and 785 lines definitively
demonstrates the conductive protonated emeraldine oxidation
state of the PANI main chain both in the pure polymer and in the
composite fibers. In particular, a higher protonation level seems to
be present in the second case. In fact, a closer look at the results
reveals that the signals ascribable to quinonoid like segments are
present at a higher extent in all the spectra recorded for the pure
PANI sample (Table 1). As a conclusion we can derive that the more
localized polaronic structures found for the polymer in the
composite fibers are anyway counterpoised by a larger number of
these conductive regions than those present in the pure polymer.

The crucial further step for a complete understanding of the
fibers structures is to evaluate whether the packing of the poly-
meric chains leads to the formation of a long-range order even into
these interesting one-dimensional systems. At this aim, X-ray
diffraction (XRD) experiments have been performed on
PANI-DND samples and, for a comparison, on the pure polymer.
The XRD spectra of PANI and PANI-DND are presented in Fig. 7a
and b respectively.

For pure PANI (Fig. 7a), the peaks appearing at 9.14°, 14.85°,
20.26° and 25.32° correspond to (001), (011), (020), and (200)
reflections of the protonated emeraldine form [59,60]. The crystal
plane (dni) corresponding to every peak is reported in the dif-
fractograms and in Table 2.

In the XRD spectrum acquired from the PANI-DND fibers, all the
diffraction peaks present in the pure polymer spectrum are
observed. Anyway it is worth to highlight that, in the case of the
composite fibers, it is possible to discriminate also two additional
peaks at 27.13° and 29.60°, corresponding respectively to the (121)
and (022) reflections of the polymer structure. Furthermore, the
clear presence of the three main reflections of cubic diamond
confirms that the synthesis process has been able to insert the DND
particles in the polymeric network, without interfering with the
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Fig. 7. XRD patterns of PANI (a) and PANI-DND (b) indicating the main reflections.

growth of the conducting polymer that still retains its crystalline
structure [61]. A more comprehensive structural analysis can be
performed by analyzing the two sharp peaks having the highest
intensity in the spectra of both PANI and PANI-DND. These peaks
are located at 26 = 20.26°, corresponding to the dgyo crystal plane
(the periodicity along the polymer chain) and at 26 = 25.32° cor-
responding to the dxgg crystal plane (the periodicity perpendicular
to the polymer chain). For each peak the analysis of width and
intensity gives indications about the size distribution and amount
of the polymer crystallites for a particular crystal plane [62]. Both
for PANI and PANI-DND the X-ray spectra indicate that the
majority of crystallites layout along the direction of the dygg crystal
plane. This result is of particular interest considering the model
proposed for the structure of the PANI nanofibers [10]. It is assumed
that, under favorable conditions, the aniline nucleates produce
stacks from which PANI chains perpendicularly grow producing the
body of a nanofiber. As a consequence, the radius of the nanofiber is
proportional to the length of the PANI chains growing from its
center. Moreover, it has been proven that the enhancement of the
conductivity is a result of the orientation of the polymer chains in
a direction perpendicular to the nanofiber axis [63]. The observed
large number of crystallites aligned along the direction perpen-
dicular to the polymer chain reveals that the chains are orderly
arranged in the direction perpendicular to the nanofiber axis.
Assuming valid the model of the nanofiber structure, a structure as
that depicted in the SEM image of Fig. 8 and a conductive form are
therefore expected for the fibers constituted by the PANI-DND
nanofibrils.
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Table 2
Assignments of the XRD peaks for PANI and PANI-DND.
PANI PANI-DND Assignments
9.14 893 d()()] p
14.85 15.06 do11 p
20.26 20.30 dozo P
25.32 25.16 daoo P
27.13" d]21 p
29.60" do22 P
43.77 dinnd
75.46 dazo d
91.40 d3i1 d

p, polymer; d, diamond; *, additional polymer peaks.

So far, spectroscopic and structural analyses demonstrated that
the polymeric component of the composite fibers possesses
a chemical and structural form compatible with a conductive state.
Nevertheless, it was felt worthwhile to perform conductivity
measurements in order to verify that the host PANI has really
maintained its conducting properties with the not conducting DND
particles as filler. The strategies for estimating or measuring the
electrical conductivity of individual fibers typically comprise the
two-probe or the four-point conductivity measurements of
compressed pellet or films of the polymer fibers [1]. However these
approaches cannot exclude the inter-fiber contact resistance, which
may be larger than the intrinsic resistance of the polymer fibers and
even dominate the measured resistance of the compressed pellet or
film [64,65]. In such a context, we considered more appealing to
test directly the conduction of the individual fibers. AFM charac-
terization has been therefore carried out on isolated PANI-DND
fibers (Fig. 9).

An Ag electrode was realized at one end of the fibers network.
The sample was then imaged in contact mode by applying a dc
voltage AV between this electrode and the tip and acquiring the
current flowing from the tip to the sample (Fig. 9a). The current
signal was recorded at each point of the scanned area simulta-
neously with the morphological reconstruction of the sample, thus
enabling the creation of a current map.

The AFM images and the corresponding current maps obtained
by applying AV = 2 V between the AFM tip and two isolated
PANI-DND fibers are shown in Fig. 9b and c respectively. The
current map clearly demonstrates the flowing of electric current in

o
Signal A = InLens

Mag = 100.00 K X m

Fig. 8. SEM image reporting a schematic illustration of the nanofibrils constituting
a PANI-DND fiber.

100 8m EHT = 3.00kV
WD = 48mm

a Csi ]
Pt coating

PANI-DND

t-s

0 1 2 3 4 5 6 7 8 9 10

Fig. 9. Conductivity imaging of individual PANI-DND fibers: (a) schematic diagram of
the measuring method based on a conductive Pt tip of an AFM apparatus; (b) AFM
image and (c) current maps of two isolated PANI-DND fibers; (d) current I;_s flowing
from tip to PANI-DND fibers sample recorded at each point of the scanned area.
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correspondence of the fibrils constituting the fibers, while no
current signal above the noise is collected in correspondence of the
substrate and the inversion of the direction of the electric current
flow is observed when the sign of AV reverses (Fig. 9d). A rough
estimation of the conductibility of a single PANI fiber gives ¢ values
as high as a few hundreds of S/m, that are well within the range
measured in other similar experiments on pure PANI fibers
[1,66,67]. Note that such a parameter represents the PANI-DND
fiber conductibility along its long axis direction, since the experi-
mental configuration used for the measurements does not allow
the access to the direction normal to the main axis. However the
results uncontrovertibly demonstrate that the PANI-DND fibers are
conductive and that the insertion of the DND particles inside the
PANI matrix does not significantly affect the charge transport
properties of the conducting polymer.

At this point it is essential to remind that one of the major
benefits expected from the integration of diamond systems with
PANI is undoubtedly an increase in thermal performance of the
final composite material. At this aim thermo-gravimetric analysis
has been adopted to evaluate the onset decomposition tempera-
tures, and determine the thermal stability of PANI and PANI-DND
samples. The experimental diagrams relative to PANI, DND nano-
particles, and PANI-DND composite fibers are presented in Fig. 10.

The TGA profile of the pure polymer shows, according to liter-
ature, a decomposition process occurring in three steps. The first
one, between 30 °C and 100 °C, is mainly due to some volatile
matter and absorbed moisture. The second step, 150—300 °C, is
ascribable to loss of bound water molecules acting as secondary
dopant. Finally, between 400 and 600 °C, it is possible to observe
the oxidative degradation of PANI chains [68,69]. Nanodiamonds
are well-known to be thermally stable. Oxidation of nanodiamond
is usually observed at temperatures higher than 800—900 °C. The
oxidation of the amorphous C sp> phase and of graphite-like
material, characterized by the presence of mixed types of hybrid-
ization (sp? and sp!), occurs at approximately 550 °C. In our
experiments only a 5% weight loss was observed by heating the
nanodiamond particles up to 600 °C. This indicates the high level of
phase purity of the nanodiamond particles used. As the pure PANI,
also the PANI-DND fibers present two steps of mass loss. Note-
worthy, the composite results thermally more stable than the
polymer. This characteristic can be easily demonstrated by
comparing the temperature relative to the weight loss. The
temperatures corresponding to the weight loss of 10% (T1) and 20%
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Fig. 10. TGA of PANI, DND, and PANI-DND fibers.

(Typ), extrapolated from the TGA curves, are used to indicate the
thermal stability of PANI and PANI-DND composites. It is to be
noted that a Ty increase from 215.3 to 239.4 °C and a Ty
outstanding increase from 253.3 to 444.6 °C have been realized.
These findings represent a further evidence of how the DND
particles are intimately incorporated into the polymer matrix and
how efficient this insertion is in preventing the effect of the thermal
degradation of the polymer.

4. Conclusions

The present study has been focused on the preparation by
precipitation polymerization and characterization of polyaniline-
detonation nanodiamond composites. Networks of PANI-DND
fibers constituted by bundles of fibrils have been obtained using
a template-free synthesis method. The mutual layout of DND
particles and the polyaniline polymer, the architectures obtained by
their coupling and the effects that the DND incorporation produces
on the functional properties of the nanocomposite material have
been deeply investigated by using different characterization tech-
niques. The main output is that the morphology of the polymer is
highly ruled by the interactions with DND which appear as the
driving forces for the self-assembly process of the one-dimensional
composite structures. At molecular level, polyaniline is produced in
its protonated emeraldine form whereas a high crystalline quality is
found for its 3-D spatial arrangement. The structural analysis
reveals for the fibers a preferential orientation of the polymer
crystallites along the dxgg crystal plane, in the direction parallel to
the fiber axis according to the model proposed in literature. From
the functional point of view, the first important effect of the DND
presence during the material preparation step is the speed-up of
the polymerization process, indicative of the high catalytic activity
of such a filler. A further important effect produced by the
embedding of nanodiamonds inside the polymer fibers is the
noticeable increase of the thermal stability and the decrease of the
temperature-induced decomposition of the PANI backbone. The
research addressed to measure at the nanoscale the conductivity of
the fiber nanocomposite demonstrates that the electrical proper-
ties of PANI are not affected by the insertion of the insulating dia-
mond phase. Overall, the results of the present research suggest
that the PANI-DND cooperative interactions trigger the final
morphology and organization of the nanocomposites, without
affecting the crystalline characteristics or the oxidative state of the
PANI and therefore without modifying the charge transport prop-
erties of the nanocomposite with respect to the pure PANI. Some
other outstanding properties, such as the increase of thermal
stability, are added to such innovative complex nanostructures,
whose realization opens new scenarios both in fundamental
sciences and ultimate technological objectives.
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