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Detonation nanodiamonds tailor the structural
order of PEDOT chains in conductive coating layers
of hybrid nanoparticles
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Solid layers of PEDOT–detonation nanodiamond based nanoparticles with an exceptional structural order

were produced by means of a template-free polymerization technique. As an efficient multifunctional filler,

the nanocrystalline diamond has been shown to possess a high catalytic activity on the monomer

polymerization rate as well as to play a fundamental role as a 3D arrangement-directing agent of the

PEDOT chains at the micro- and nano-scale. SEM, TEM and TED analyses highlighted the mutual

organization between PEDOT oligomers and nanodiamond grains, and the produced hierarchical effects

on the arrangement of the backbones of the final polymer. Optical and Raman spectroscopy, used

together with XRD diffraction to study the molecular structure and crystallographic features of the hybrid

materials, pointed out that the adopted synthetic strategy enables highly conjugated and doped hybrid

systems to be generated. The spatial distribution of the filler inside the polymeric matrix and the mutual

connectivity of nanodiamond crystals and PEDOT segments are found to strongly improve the functional

properties of the host polymer. Mechanical characterizations by advanced AFM-based techniques

revealed that both indentation modulus and hardness of PEDOT/nanodiamond materials are 3 times

higher than the pure PEDOT polymer, while electrical characterizations by a 4-probe method gave sheet

resistance values of 1 � 106 U sq�1 for the nanocomposite particles.
1. Introduction

Conducting polymers (CP) are the fourth generation polymeric
materials. Their electrical conductivity can be increased by
many orders of magnitude from 10�10–10�5 to 102–105 S cm�1

upon doping, thus covering in principle the whole insulator–
semiconductor–metal range. Due to their special conduction
mechanism, unique electrical properties, their reversible
doping/dedoping process and their controllable chemical and
electrochemical properties, CP show promising features for
application in the next generation organic devices: chemical-
and bio-sensors, eld-effect transistors, photovoltaic cells,
organic light-emitting diodes, eld emission and electro-
chromic display devices, supercapacitors, etc. However, even if
the electronic and electrochemical behavior of these
materials is now relatively well understood, the next frontier to
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NIS), Università degli Studi di Roma

ly

hemistry 2014
surpass is to develop the ability to control their morphology and
crystallinity. In fact, although numerous publications have
demonstrated that for many applications CP micro- and nano-
structures exhibit clear advantages over their bulk counterparts,
it is their morphology and 3D arrangement that ultimately
affects the efficiency, longevity, and response time of the
produced devices.1

A wide variety of lithographic, physical, and chemical
approaches have been adopted for the preparation of micro-
and nano-structured CP.2 The chemical methodologies typi-
cally include the use of template-guided synthesis with (1)
hard physical templates like anodized alumina membranes,
porous membranes, mesoporous silica and zeolites, or (2)
so chemical templates like interfacial polymerization,
template-free method, dilute polymerization, reverse emul-
sion polymerization, etc. The use of such structure-directing
templates enables access to a large variety of micro/nano-
structure morphologies including tubes, bers, micro-
spheres, nanoparticles, nanowires and mesocellular foams.2

Although hard-template-assisted polymerizations can
produce conducting polymers with well-dened nanoscale
features, it is not always possible to have a control on the
spatial organization of the polymer chains, and moreover this
method can be unsatisfactory for fabricating cost-effective
J. Mater. Chem. C, 2014, 2, 3703–3716 | 3703
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nanostructures in large volumes. In this view, the use of
synthetic approaches adopting template-free methods can be
considered much more advantageous.3,4

In this context, searching for alternative synthesis routes we
investigated the effects of ultrananocrystalline diamond (ND)
particles on the template-free growth of nanoscale polyaniline
structures during both electrochemical and chemical polymer-
ization.5–7 The nanodiamond produced by detonation of
carbon-containing explosives represents a special class of dia-
mond materials with the characteristic size encompassing the
range of just a few nanometers.8 This new member of the
carbon family has opened a new era in materials science, and
the related technology is growing at a very high speed, due to
the fact that ND possesses a number of attractive properties,
conferred by the unusual values of surface energy and by
connement effects.9

In our research directed to the study of the aniline poly-
merization in the presence of ND, we evidenced the occur-
rence, between diamond particles and aniline oligomeric
segments, of mutual interactions able to modulate the
structure and nal morphology of the polyaniline–nano-
diamond systems. Such stimulating ndings have led us to
expand our studies on one of the most successfully conduct-
ing polymers, poly(3,4-ethylenedioxythiophene) (PEDOT).
This polymer is characterized by a remarkably high conduc-
tivity and an excellent environmental stability, which made
PEDOT and its derivatives excellent candidates for several
industry applications. Nowadays, PEDOT based systems are
indeed the only CP materials that are commercially utilized as
antistatic coatings and electrode materials in organic semi-
conductor devices and electrical connections. Therefore, on
the basis of the undeniable interest that these materials
arouse, not only in the academic community, but also in the
industry eld and aer having intensely examined synthesis
conditions, electroactive and electrical behavior of electro-
polymerized PEDOT lms,10–12 in the present research we have
focused our efforts on the preparation by template-free
methods of PEDOT based composite nanoparticles using ND
as a multifunctional ller.

Whereas a large variety of self-assembled polyaniline micro/
nanostructures and composites has been obtained by template-
free techniques,2,13 only a few attempts have been made to use
such approach for the synthesis of PEDOT micro- and nano-
materials,14–19 and regarding the presence of ND, only one study
about EDOT electropolymerization has been reported so far at
the best of our knowledge.20 In view of that, we found it note-
worthy to investigate the effects of detonation nanodiamonds
toward the template-free chemical polymerization of EDOT
monomers in aqueous medium, and to detect a possible
inuence of diamond crystals on the 3D organization of PEDOT
chains in the nal material. In particular, a deep investigation
of the structure and morphology of the hybrid nanoparticles
produced under different experimental conditions, as well as of
the electrical and mechanical properties of compact coating
layers produced with the nanocomposite particles, has been
carried out in order to have a comprehensive knowledge of
these novel hybrid materials.
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2. Experimental section
2.1 Reagents and methods

EDOT monomer was obtained from Aldrich and used as
received. Ultrananocrystalline diamond particles produced by
detonation were provided by the International Technology
Center (USA). The anionic surfactant sodium dodecyl sulfate
(SDS) purchased from Aldrich was used as a stabilizer of the
reaction environment as well as a charge-balancing dopant
during polymerization. Chemical polymerizations were carried
out in distilled water by using ammonium peroxydisulfate (APS)
(Aldrich) as an oxidant. Different molar ratios among EDOT,
APS and ND were investigated. All the mixtures were reacted for
5 days under stirring at 0–5 �C in an ice bath. Aer that, a
dialysis cleaning of the polymer dispersions was carried out
under constant stirring for one week at room temperature in
order to reduce the concentration of unreacted reagents.
2.2 Characterization techniques

The size of the ND particle dispersions was determined by
dynamic light scattering (DLS) using a Malvern NanoZetaSizer
spectrometer, equipped with a 5 mWHeNe laser (l ¼ 632.8 nm)
and a digital logarithmic correlator. The measurements were
carried out at a scattering angle of 90�. The electrophoretic
mobility of ND particles was measured by means of the laser
Doppler electrophoresis technique using the Malvern
NanoZetaSizer apparatus. The mobility m was converted into the
z-potential using the Smoluchowski relation z ¼ mh/3, where
h and 3 are the viscosity and the permittivity of the solvent
phase, respectively.

PEDOT and PEDOT–ND samples were investigated by means
of different characterization techniques. The chemical structure
was analyzed by optical and Raman spectroscopy. Optical
spectra were recorded with a UV-1800 Shimadzu spectropho-
tometer. Raman studies were performed by using a XploRA
ONE™ Raman Microscope (Horiba Jobin Yvon) using a 532 nm
excitation laser light and a 2400 gr mm�1 grating spectrometer
coupled with an air-cooled scientic CCD. The study of the
crystalline structure was performed by X-ray diffraction (XRD)
and a Seifert-XRD3003 diffractometer with a Bragg–Brentano
geometry, employing a Cu Ka source (a ¼ 1.54056 Å), was used
for the measurements. The morphology was studied by using a
scanning electron microscopy FIB-SEM Cross Beam Worksta-
tion ZEISS Auriga, a helium ion microscopy Carl Zeiss Orion
HIM at an accelerating voltage of 30 kV and at a beam current of
0.6 pA and a transmission electron microscopy FEI-TITAN TEM
operating @80 and @300 kV. Electrical measurements were
performed by a four-probes setup. The probes were connected
to a Keithley 6221 current source and a Keithley 2700 multi-
meter. The system was connected to a PC by a Labview interface.
Mechanical properties have been evaluated through atomic
force microscopy (AFM) based nanoindentation. Cantilever
deections versus tip–sample distances have been acquired
using a standard AFM apparatus (Icon, Bruker Inc.) equipped
with a standard Si cantilever (NSC16, Mikromash, Estonia) with
spring constant kc ¼ 54 N m�1. The shape of the AFM tip has
This journal is © The Royal Society of Chemistry 2014



Table 1 Molar ratios among the reagents EDOT, APS and ND and
starting times for polymerization reactions for the pure polymer (EA,
EA1/2, EA1/4) and composite (EAD, EA1/2D, EA1/4D) samples

Sample EDOT APS ND Reaction starting time

EA 1 1 0 4 h

Paper Journal of Materials Chemistry C
been reconstructed analyzing the images obtained on a cali-
bration grating constituted by an array of inverted tips (TGT1,
NT-MDT, Russia). To evaluate the indentation modulus and
hardness of the samples, the curves of cantilever deection
versus tip–sample distance have been analyzed using a proce-
dure already reported.21
EAD 1 1 1 450

EA1/2 1 1/2 0 7 h
EA1/2D 1 1/2 1 2 h
EA1/4 1 1/4 0 >10 h
EA1/4D 1 1/4 1 4 h 200
3. Results and discussion
3.1 Nanodiamond processing

Detonation nanodiamonds are typically constituted by primary
particles with a size of �4–5 nm formed by a diamond core and
a graphene shell. A wide variety of functional groups can be
found at the surface of such particles as a consequence of
purication treatments. Thus, surface charges ranging from
highly positive to highly negative can be typically found on the
ND surface. Moreover, ND is rarely identiable as a single
crystal particle in solution, rather it is known to form tightly and
loosely bound aggregates when dispersed in a solvent.22 The
nanodiamond particles used for the present study are found to
form stable aqueous dispersions without the use of any partic-
ular surfactant and/or additive. Therefore z-potential and DLS
analyses were performed on such dispersions in order to iden-
tify the charges that may be present on the surface of ND
particles as well as the size of the stable aggregates formed in
solution. The measurements revealed that the ND particles are
dispersed in water as aggregates with an average diameter of
about 95 nm and a large positive electrophoretic mobility of 2.8
� 10�8 m2 V�1 s�1, which corresponds to a z-potential of about
+36 mV. The origin of a positive z-potential for ND is still
debated, however protonated forms of pyrone-like structures
seem to be the surface groups mainly responsible for a positive
zeta-potential of ND possessing residual aromatic rings at the
surface.22 Regardless of the chemical nature of the functional
groups, the high value found for the potential undoubtedly
indicates that the ND is well dispersed in water and that the
produced ND dispersions can be exploited as a suitable reaction
environment for the subsequent PEDOT growth.
Fig. 1 Reaction of EDOT oxidative polymerization to PEDOT–dodecyl
sulfate initiated by APS. The reaction is depicted for the hexamer
formation for simplification.
3.2 Polymers and nanocomposites synthesis

EDOT is a chemical compound insoluble in water, and an oil-in-
water emulsion is typically formed when it is mechanically
forced to disperse into an aqueous medium. Therefore SDS was
added to the reaction mixture in order to increase the emulsion
stability and, consequently, the yield of EDOT polymerization.
In this way a twofold advantage was obtained in one step. In
fact, if from one side the surfactant stabilizes the EDOT–water
system, from another one a surfactant containing anionic
functional groups, like SDS, can behave as an efficient dopant
for the PEDOT matrix. Therefore, we performed a series of
polymerization reactions by keeping the molar concentration of
SDS constant and by properly varying the molar ratio among
EDOT, APS, and ND as reported in Table 1. Peroxodisulfates are
the best peroxidic oxidants for EDOT to form conductive PEDOT
systems and the overall chemical reaction between EDOT and
APS can be written as reported in Fig. 1 with dodecyl sulfate as
This journal is © The Royal Society of Chemistry 2014
the dopant counterion. For each experiment, before addition of
APS, the EDOT-SDS and EDOT-SDS-ND aqueous dispersions
were subjected to power ultrasounds to produce stable colloidal
emulsions. In fact, the monomer droplets formed by the strong
mechanical treatment are expected to be stabilized by the
surfactant molecules, which arrange themselves with their
hydrophobic tails on the outer surface of the droplets. This
architecture represents the starting seed for the subsequent
polymerization process and should act as a sort of so-template
for the production of PEDOT nanostructures.

The rst observation concerning the course of the reaction
was the remarkable reduction of the activation time of the
polymerization process in the presence of nanodiamonds
(Table 1). We arbitrarily referred this time to the appearance of a
light blue coloration of the solution that is compatible with the
formation of the PEDOT chains. The PEDOT chemical growth
mechanism is an addition polymerization, where a coupling
between a radical and a monomer typically occurs in the bulk of
the reaction environment.23 Therefore the chain initiation
requires the generation of highly reactive radical EDOT ions.
According to this reaction pathway and to the stoichiometry of
the polymerization reaction from EDOT to PEDOT (Fig. 1), we
observed an increase of the activation time from 4 h to >10 h on
lowering the concentration of the APS radical initiator (see data
for EA, EA1/2 and EA1/4 samples in Table 1). Conversely, for
J. Mater. Chem. C, 2014, 2, 3703–3716 | 3705



Journal of Materials Chemistry C Paper
reactions carried out under the same conditions but in the
presence of ND, the polymerization took place with activation
times from a minimum of 45 minutes to a maximum of 4 h 300

(see data for EAD, EA1/2D and EA1/4D samples in Table 1). Such a
result seems to indicate that ND dispersed in the bulk
suspension plays a crucial role in the kinetics of the EDOT
polymerization process and suggests a catalytic effect of such a
ller on the radical reaction of the monomer. In order to deeply
investigate the effects induced by ND, an attempt to polymerize
EDOT in the presence of such a ller but without APS was also
carried out. In this case no appreciable sign of polymerization
was detected within 24 hours. The polymerization instead
occurred when a very low amount (molar concentration of 1/5
with respect to the one of EDOT and ND) of a less strong
oxidizing agent, like H2O2 in acidic aqueous solution,24 was
added. In the absence of ND, about 15 hours were required to
start the reaction, whereas the time was reduced to about 10 h
in the presence of ND. Taken as a whole, these studies point out
that ND effectively participates in some way in the EDOT poly-
merization process.

Actually, as it has been emphasized in different studies,
detonation nanodiamond itself, i.e. in the absence of a specic
catalyst, has proved to possess catalytic activity towards some
reactions.25–28 Several explanations have been furnished for
such capability and can be invoked to elucidate the action of ND
in the polymerization reaction under consideration. First, the
typical spheroid spatial arrangement of ND can provide an
efficient access for the reactants, which can take advantage of
the interactions with the surrounding graphene hexagonal cell
as a p-conjugated system. Because of partial delocalization of
the p-electron density, the curvature of the graphene layer could
thus supply a superior activity in the electron transfers during
the polymerization reaction.26,29 In addition, a fundamental task
can be undoubtedly played by the high surface reactivity owned
by this intriguing material. In fact, the facet dependent varia-
tions of the surface electrostatic potential and the surface
chemical functionalities can enable ND to be much more active
and selective than other carbon materials.27,30 This ability could
be rationalized assuming the involvement of the positively
charged functional groups evidenced on the ND surface by the
z-potential measurements as well as of the radical species
typically present on the ND surface.31–33 In fact, these features
Fig. 2 Depiction of the mechanism proposed for the soft-template
synthesis route followed by the reagents during the preparation of the
hybrid PEDOT–ND nanoparticle systems: (1) stable ND aggregates
functionalized by positively charged (red dots) and radical (green dots)
species; (2) EDOT monomer droplets stabilized in water by means of
the anionic surfactant micelles; (3) self-assembly onto the ND
aggregates surface of the EDOT–dodecyl sulfate surfactant systems;
and (4) PEDOT nanospheres (blue circles) grown and assembled on
nanodiamond grains.

3706 | J. Mater. Chem. C, 2014, 2, 3703–3716
could play a basic role in promoting the self-assembly onto the
ND surface of the anionic surfactant micelles stabilizing the
monomer droplets, and in the subsequent production of EDOT
radical cations to form PEDOT nanoparticles via a so-template
synthesis route. The mechanism proposed is schematically
depicted in Fig. 2. Moreover, the large surface-to-volume ratio of
the ND aggregates endows numerous sites suitable for the
occurrence of such phenomena.

Finally, causes more physical in nature can be also claimed
as further contributions in supporting and speeding up the
polymerization rates. In fact, the extremely high thermal
conductance of the sp3 diamond core of ND grains is expected
to improve heat-transfer from the active sites, thus favoring
dissipation of the heat produced by the exothermic radical
polymerization process.

3.3 Structure and morphology

3.3.1 Molecular analysis. The molecular structures of
PEDOT chains of the pure and nanocomposite samples have
been investigated by optical and Raman spectroscopy. Fig. 3
depicts the absorption spectra of all the samples. Although the
absorption spectrum of chemically polymerized PEDOT may
result from various chemical species present, it is a common
understanding that the main contribution stems from chains
consisting of 5 up to 15 monomeric units. In the neutral totally
reduced state, such chains typically produce a broad absorption
peak covering the visible region, with a maximum in the 550–
600 nm range, corresponding to the energy gap between p and
p*. Broad absorption bands in the visible and in the IR region
are instead generated from excitations of mid-gap states related
to the free charge carriers (polarons or bipolaron states) asso-
ciated with the oxidized forms of the chains. Therefore the
feature of the absorption spectrum of PEDOT strongly depends
on its backbone oxidation state.34 In our case, we observe some
differences between the spectra of the pure and composite
materials. First of all, the presence of broad bands in the 300–
600 nm range for all the spectra of the pure systems (EA, EA1/2,
Fig. 3 Absorption spectra of pure PEDOT and PEDOT–ND composite
samples: (a) EA and EAD; (b) EA1/2 and EA1/2D; (c) EA1/4 and EA1/4D.

This journal is © The Royal Society of Chemistry 2014



Fig. 4 Raman spectra of the samples in the frequency range 1100–1600 cm�1: (a) Raman spectrum of the EAD sample with the bands resulting
from the fitting; (b) sketch of the redox between the totally reduced and quinonoid totally oxidized form of the PEDOT backbone; (c) spectra of
EA, EA1/2 and EA1/4 samples; (d) spectra of EAD, EA1/2D and EA1/4D samples.

Paper Journal of Materials Chemistry C
EA1/4) and of a more dened signal at �350 nm for the EA1/4

sample is noticeable. These bands can be interpreted as the
contribution of oligomeric species constituted by 2,3 or 4 EDOT
units, the dimers being mainly responsible for the absorption at
350 nm.34 These signals are less evident in the PEDOT–ND
Table 2 Experimental Raman band wavenumbers (cm�1) and vibrationa

Assignment EA EAD

Ca � Ca0 (inter-ring) str — 1243 m
Ca � Ca0 (inter-ring) str 1262 vw 1264 w
ND — 1329 m
Cb � Cb str 1362 w 1363 m
Cb � Cb str — 1394 w
Ca]Cb sym str 1432 vs 1433 vs
Ca]Cb sym str 1451 m 1452 m
Ca]Cb sym str or sp2 from ND 1487 m 1491 w
Ca]Cb asym str 1502 s 1505 s
Ca]Cb asym str 1531 m 1533 m
Ca]Cb asym str 1562 m 1560 m
C]C str 1607 br —
Conjugation length 2.8 4.25

a Key: str, stretching; asym, asymmetric; sym, symmetric; def, deformation

This journal is © The Royal Society of Chemistry 2014
composites meaning that when ND is present in the polymeri-
zation environment, the polymer chains are probably formed by
a higher number of monomers. Moreover, the high trans-
parency in the visible spectral range characterizing highly
doped PEDOT systems can be noted in the EAD spectrum,
l assignments of PEDOT and NDa

EA1/2 EA1/2D EA1/4 EA1/4D

— — — —
1264 vw 1262 vw 1264 vw 1264 vw
— 1325 m — 1327 vvw
1364 w 1364 w 1362 w 1363 w
— — — —
1433 vs 1434 vs 1433 s 1432 vs
1452 w 1453 w 1454 m 1452 w
— 1490 w — 1489 w
1503 s 1503 s 1501 s 1504 s
1537 w 1536 vw 1535 w 1539 w
1560 m 1563 m 1563 m 1561 m
1613 br 1616 br 1618 br 1616 br
2.0 2.6 1.9 2.5

; vs, very strong; s, strong; m, medium; w, weak; vw, very weak; br, broad.

J. Mater. Chem. C, 2014, 2, 3703–3716 | 3707
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where the onset of a band in the near-infrared range, at around
850 nm, is also distinguished (Fig. 3a). Such a signal, blue-
shied in the spectra of EA1/2, EA1/2D, EA1/4 and EA1/4D, can be
ascribed to a transition involving one of the new electronic
states generated inside the energy gap and related to oxidized
PEDOT chains. These energy levels typically form bands with
undened features due to both the length distribution of
PEDOT segments and the interaction of charge carriers. More-
over, at high doping levels these bands are characterized by a
signicant bathochromic shi of the absorption.34
Fig. 5 Pictures at different magnifications of pure PEDOT samples: (a and
SEM images of EA1/4. Insets of Fig. 4b, d and f show TEM photos of the

3708 | J. Mater. Chem. C, 2014, 2, 3703–3716
Further information is derived by the analysis of the Raman
spectra (Fig. 4). In general, a gradual broadening of the spec-
tral lines is observable in the spectra collected from the
samples synthesized by decreasing amounts of APS. Moreover,
the pure polymer samples provide signals which are always
broader than the ones related to nanocomposites. The Lor-
entzian tting of the peaks found in the 1100–1650 cm�1

spectral range permits identication of several bands whose
assignments, made on the basis of ref. 35–38, are summarized
in Table 2. In Fig. 4a the Raman spectrum of the EAD sample
with the bands resulting from the tting is shown for more
b) HIM images of EA; (c) SEM and (d) HIM images of EA1/2 and (e and f)
relating samples.

This journal is © The Royal Society of Chemistry 2014



Fig. 6 XRD spectra and depictions of parallel (200) and normal (020) periodicity of the polymer backbones of pure PEDOT samples: (a) EA; (b)
EA1/2; and (c) EA1/4.

Paper Journal of Materials Chemistry C
clarity. For all samples, the Raman analysis indicates that
the signals are essentially produced by oxidized chains for
which a quinonoid form seems to prevail (see sketch in
Fig. 4b). A frequency at about 1327 cm�1 ascribable to nano-
diamond is also slightly visible in the composites spectra.39

The major difference in the PEDOT molecular structure of the
pure and composite samples concerns the conjugation
length of the polymer chains, calculated as the intensity ratio
I(yCa]Cbsym)/I(yCa]Cbantisym).40 It is possible to observe that all
the polymers grown in the presence of ND possess a conju-
gation length (with values ranging from 2.5 to 4.25) that is
longer than the one of the pure polymers (with values ranging
from 1.9 to 2.8), and that the EAD sample has denitely the
higher value (Table 2). Finally, some considerations can be
This journal is © The Royal Society of Chemistry 2014
done on the presence of the broad band at about 1607 cm�1. It
is not clearly observable in the EAD spectrum whilst it is found
regularly blue shiing in the spectra of the other samples
obtained by decreasing APS concentration. This band has been
associated with short oligomers, or with defects in the p

conjugation of the PEDOT backbone.41 Such a result agrees
with the absorption data and may explain the weak uores-
cence detected in the spectra. Taking into account all the
results of the molecular analysis, it is reasonable to conclude
that ND, in general, promotes the formation of longer polymer
chains, and for the same molar concentration of EDOT and
APS in the SDS micellar solution (like the sample EAD), ND
contributes to produce a highly conjugated and doped PEDOT
system.
J. Mater. Chem. C, 2014, 2, 3703–3716 | 3709



Fig. 7 Pictures relating to the morphological study carried out on the PEDOT–ND sample EAD: (a) SEM image; (b) HIM image; (c) TEM image;
and (d) high resolution TEM image with the related ED pattern.

Journal of Materials Chemistry C Paper
3.3.2 Topography and 3D spatial order. The morphological
and 3D structural information of all the samples has been
gathered through the combination of several diagnostic tech-
niques, such as scanning and transmission electronmicroscopy
(SEM, TEM), helium ion microscopy (HIM), electron diffraction
(ED), and X-ray diffraction (XRD). In particular, HIM is a novel
microscopic technique distinguished by the absence of the
charging or blurring effects traditionally associated with SEM
and therefore well suited to imaging those samples, like poly-
meric materials, extremely sensitive to electron beam sources.
Some selected images obtained by these advanced techniques
are displayed in Fig. 5 and 7–9.

Comparing the general morphology of the pure PEDOT
systems (EA, EA1/2, EA1/4) (Fig. 5), we can observe that the
polymer grows producing spherical nanostructures whose
surface roughness and organization at micro-scale seem to be
inuenced by the APS amount used in the reaction. According
to the mechanism proposed above, the spherical shape is
presumably induced by the so-template constituted by the
EDOT droplets stabilized by the dodecyl sulfate micelles formed
in the aqueous reaction environment. Such occurrence has
been pointed out also in other studies.4,42 Anyway, unlike what
was found by Z. Guo et al.43 on the effect of the molar ratio
between EDOT and the oxidant FeCl3 on the PEDOT
3710 | J. Mater. Chem. C, 2014, 2, 3703–3716
morphology, in the present study the sphere-shaped structure
remains the prevalent morphology for PEDOT, independently of
the molar ratio between the monomer and APS oxidant. Obvi-
ously, the different experimental conditions (surfactant,
oxidant, temperature, etc.) under which the two experiments
were conducted can easily explain such divergent results.

The high-magnication TEM images help to highlight the
morphology of the spheres with a greater detail. The inset in
Fig. 5b reveals that the EA sample is constituted by aggregates of
quasi-spherical particles with an average diameter of 165 nm
and widespread surface asperities (marked by two white circles).
Moreover, the transmitted electronic beam clearly evidences
that such particles are actually formed by a stacking of polymer
layers. A considerable reduction of size and surface roughness
of the PEDOT spheres is found for the samples EA1/2 and EA1/4
(Fig. 5c and e), for which average diameters of about 60 and 20
nm can be respectively assigned. For these samples, no partic-
ular structural organization is evidenced inside the spheres
(insets of Fig. 5d and f) which result to be particularly sensitive
to the electron beam exposure during prolonged TEM investi-
gation (inset of Fig. 5f).

A conrmation of the different spatial order of the polymer
chains comes from XRD experimental spectra (Fig. 6). In
particular, in the EA spectrum (Fig. 6a) we can observe two
This journal is © The Royal Society of Chemistry 2014



Fig. 8 Pictures relating to the morphological study carried out on the PEDOT–ND sample EA1/2D: (a) SEM image; (b) HIM image; (c) TEM image;
and (d) ED pattern.

Paper Journal of Materials Chemistry C
broad peaks at 2q scattering angles of 12.5� and 25.0� whereas
only a broad peak at 25.0� is seen in both the spectra of EA1/2
and EA1/4 (Fig. 6b and c). As discussed in the literature by several
authors, it appears reasonably that PEDOT chains, like in the
case of the widely studied poly(3-alkyl thiophene)s, pack in an
orthorhombic lattice with a piled lamellar structure of conju-
gated sheets stabilized by inter-chains p–p stacking.44–47 In this
frame, we can assign the peak at 2q z 12.5� to the (200)
reection, with a calculated d-spacing of about 3.6 Å,46 and the
peak centered at 25� to the (020) reection. These two peaks can
be ascribable to the periodicity parallel and normal (p–p inter-
chains stacking) to PEDOT backbones, respectively.47–49 For the
sake of clarity, molecular sketches illustrating the PEDOT
chains orientation along the 200 and 020 crystallographic
directions collected by XRD are reported along with each spec-
trum in Fig. 6. In the EA1/2 and EA1/4 spectra, the registered large
peak centered at 25� actually shows a shoulder that can be
reasonably referred to the peak at 12.5�. This result could be
explained by an arrangement of the PEDOT chains character-
ized by a reduced structural order, which persists mainly along
the direction of inter-layers stacking (020). According to the
ndings of the optical analysis, such results point out that
the increase of the EDOT:APS molar ratio (i.e. decreasing the
amount of APS) induces a worsening of the polymerization
process leading to shorter and poorly packed polymer chains.

A different scenario can be described when the morphology
and the structure of the PEDOT–ND composites (EAD, EA1/2D,
This journal is © The Royal Society of Chemistry 2014
EA1/4D) are analyzed (Fig. 7–10). Although the nanospheres
appear in every sample, the effects of different concentrations of
APS seem to be less obvious. The comparison between EA and
EAD (Fig. 5b and 7b) shows a lower surface roughness of the
particles constituting the latter sample and a visible smooth
surface effectively characterizes the nanospheres of EA1/2D and
EA1/4D (Fig. 8b and 9b). Nevertheless, the size of the particles
still seems to be inuenced by the concentration of the oxidant,
exhibiting values similar to those of the samples without
nanodiamonds. But what distinguishes the composite with
respect to the pure polymer samples is the assembling of the
PEDOT particles at the micro-scale to produce compact lms for
every concentration of APS (Fig. 5a, c and e, 7a, 8a, and 9a). In
general, it can be seen as these layers are constituted by a
combination of spheres and platelets (see as an example
Fig. 7b). The location of ND within these structures is evidenced
by ED patterns and conrmed by TEM images. Fig. 7c and d, 8c
and d and 9c and d reveal that ND represents the core of the
platelets and show the typical diffraction rings of diamond due
to the cubic symmetry of the space group Fd3m with unit cell
dimensions of a¼ b¼ c¼ 0.357 nm as calculated on the basis of
the standard values (JCPDS card #06-0675). High resolution
TEM images absolutely conrm the presence of diamond
embedded into the polymeric matrix and evidence its capability
to improve the polymer stability under the radiation effects of
the electron beam. In particular, in Fig. 6d diamond fringes
surrounded by the polymer are clearly seen, and the related ED
J. Mater. Chem. C, 2014, 2, 3703–3716 | 3711



Fig. 9 Pictures relating to the morphological study carried out on the PEDOT–ND sample EA1/4D: (a) SEM image; (b) HIM image; (c) TEM image;
and (d) ED pattern.
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pattern indicates an interplanar distance of 0.206 nm corre-
sponding to (111) plane reection.

The occurrence of structural interaction between PEDOT and
ND is also supported by XRD analysis. In the diffraction exper-
imental spectra of all the composite materials (EAD, EA1/2D,
EA1/4D) (Fig. 10a–c), the three main reections (111), (220), and
(331) corresponding to the nanodiamond cubic phase and the
peaks associable to the (200) and (020) reections of the
orthorhombic crystal arrangement of PEDOT are easily recog-
nizable. Furthermore, in the EAD spectrum (Fig. 10a) a peak at
scattering angle 2q z 6� is visibly manifested that can be
attributed to the (100) reection of the PEDOT backbones.46 A
reduction of the peak width for the signals of all the composites
compared to the analogous ones of the pure polymer samples is
also detected. Since such parameter is related to the crystalline
correlation length or to the degree of distortions from the
perfect crystalline lattice, its reduction in the composite mate-
rials implies that PEDOT–ND possess a better structural order
than the bare PEDOT samples. In addition, an interesting trend
is found for both pure and composite materials. A shi of the
peak line regarding the (020) reection towards higher angles
with increasing the concentration of the APS in the polymeri-
zation process is observed and results particularly marked in
3712 | J. Mater. Chem. C, 2014, 2, 3703–3716
the EAD spectrum (Fig. 10a). The occurrence of such shi
corresponds to a decrease in the stacking distance of PEDOT
chains17 and is associated with the increase of the doping level
of the polymer.48

In conclusion, we can deduce that although the similarity of
the XRD spectra of the pure and composite samples suggests an
analogous arrangement of the PEDOT chains for the two
typologies of materials, a superior spatial organization is
induced when ND is used as a ller. Such an effect appears to be
particularly evident when the same molar concentration is used
for the main reagents like it happens for the EAD sample. In this
view, ND can be considered an active ller able to react during
the EDOT polymerization since not only it showed the ability to
catalyze the start of the reaction, but also to generate longer and
more packed PEDOT chains as a reliable structure-directing
agent. The aptitude of ND to take part in the polymerization
reaction as well as to induce a greater structural order can be
due to the several properties that this material possesses. As
previously suggested, the presence of functional groups, even
radical, on the surface of the ND particles may explain a
synergistic action for the EDOT polymerization reaction.
Moreover, both the facet-dependent variations of the surface
electrostatic potential and the hydrophilicity of the polyhedral
This journal is © The Royal Society of Chemistry 2014



Fig. 10 XRD spectra and depictions of parallel (200) and normal (020) periodicity of the polymer backbones of PEDOT–ND composite samples:
(a) EAD; (b) EA1/2D; and (c) EA1/4D.
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ND particles3,30,50 can provide multi-interfaces where the PEDOT
nucleation process can take place and moreover suitable for
modulating the orientation of the polymer backbones.
4. Functional properties

Conductive PEDOT lms obtained by coating or printing the
polymer aqueous dispersion are widely used for the fabrication
of antistatic materials for the packaging of electronic compo-
nents and as protection lms for at panel displays. In partic-
ular, in order to allow easy charge migration but to avoid high
currents, antistatic agents with low content of large particles,
sufficient hardness, high adhesion properties, and a surface
This journal is © The Royal Society of Chemistry 2014
resistance ranging between 105 and 1011 U sq�1 are typically
required.34

In view of a possible application in this eld, electrical and
mechanical functional tests have been carried out on the new
materials produced in the present research. In particular,
coatings of poly(ethylenterephthalate) (PET) substrates by using
EA and EAD were achieved by dip-casting the EA and EAD
aqueous dispersions producing the PEDOT/PET and PEDOT–
ND/PET systems (Fig. 11a). Thicknesses of about 10 mm have
been estimated by prolometer measurements for both the
systems.

In Fig. 11b a typical I–V curve obtained from PEDOT–ND/PET
systems by a four probe method is shown. An ohmic response is
detected in the range of the investigated potentials, and a
J. Mater. Chem. C, 2014, 2, 3703–3716 | 3713



Fig. 11 (a) Poly(ethylenterephthalate) substrates totally coated by the
EAD sample (PEDOT–ND/PET); (b) a I–V curve obtained from the
PEDOT–ND/PET system by a four probe method with an inset
showing the electrical conductivity of the system; (c) AFM indentation
curve obtained on the PEDOT–ND/PET system and a sketch of the
measurements setup.
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surface resistance value of about 1 � 106 U sq�1 is calculated by
using the equation:

rS ¼
V

I

d

s
C

0
(1)

where d, s, and C0 are parameters depending on the geometry of
the samples and on the measurement setup.51 As regards the
3714 | J. Mater. Chem. C, 2014, 2, 3703–3716
pure PEDOT, analysis of PEDOT/PET systems gave sheet resis-
tance values of about 8 � 107 U sq�1. The better performance
shown by the nanocomposite is likely a consequence of the
good stacking of the PEDOT conjugated segments due to the
formation, induced by ND, of a higher number of ordered
regions where the inter-chains overlap among the p orbitals is
more effective, and a valuable charge transport is consequently
produced. According to this picture, it is reasonably explained
why the presence of an electrically insulating inclusion, such as
ND, does not affect but rather contributes to enhance the
conductive properties of the PEDOT host. Such an effect can be
considered a further conrmation of the existence of a concrete
synergy between the two constituents of the composite
material.

The mechanical investigations were carried out by depth
sensing indentation (DSI) by AFM. This technique allows the
limitations associated with a standard DSI setup in the
measuring polymeric lms to be overcome, whose low values of
the elastic modulus require the application of loads lower than
those usually adopted in standard techniques.21 The possibility
given by AFM indentation of characterizing local mechanical
properties at a sub-micrometrical and nanometric scale allows
valuable information to be derived for the understanding of
intimate interactions among the materials' component blends
and alloys. In Fig. 11c the characteristic AFM indentation curve
for the PEDOT–ND/PET system is reported. The analysis of the
curves obtained for both PEDOT–ND/PET and PEDOT/PET
systems in different regions of the samples revealed an overall
improvement of the mechanical properties of the nano-
composite with respect to the pure polymer. In particular, a
ratio of 2.6 � 0.3 between the values of indentation modulus
and a ratio of 3.1 � 0.5 between the values of indentation
hardness of the composite with respect to the pure polymer
have been found. These results conrm that the method of
synthesis has led to the production of a homogeneous disper-
sion of the ND ller inside the PEDOT matrix, and that the nal
composite material benets from a valuable combination of the
two components' properties.

5. Conclusions

The present research allows some interesting conclusions to be
derived concerning the use of detonation nanodiamond parti-
cles as a ller for the production of PEDOT based composite
nanostructures by a template-free chemical polymerization
method.

First of all, it has been evidenced that ND particles are
responsible for a high catalytic activity on the monomer poly-
merization rate and for hierarchical effects on the arrangement
of PEDOT backbones. The presence of nanodiamonds in the
reaction medium induces the formation of longer PEDOT
chains, and contributes to generate highly conjugated and
doped systems. At the same time, also the spatial distribution of
ND is inuenced by the organization of polymer segments.

It was demonstrated as it is possible to produce PEDOT–
nanodiamond composites with a high transparence in the
visible range and able to form compact lms constituted by
This journal is © The Royal Society of Chemistry 2014
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smooth surface nanospheres with an exceptional 3D structural
order. Such systems are characterized by considerable charge
transport properties and by an enhancement of the mechanical
properties and of the endurance to electrons damage with
respect to the pure polymer. All these functionalities make these
innovative materials highly interesting as candidates for
transparent polymeric electrodes and antistatic coatings for the
packaging of electronic components.

In conclusion, the capability of producing PEDOT nano-
structures with controlled structural order and functional
properties by a proper choice of the polymerization method and
of the use of an outstanding ller like ND opens the way for a
low cost and low environmental impact mass production of
efficient multifunctional nanocomposites that can nd appli-
cations in the most varied and advanced technological elds.
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