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ABSTRACT

Polypyrrole/molybdenum disulfide (PPy/MoS,) composites were synthesized by in-situ chemical poly-
merization of pyrrole in the presence of MoS; flakes. The conductivity of the composite with a moderate
content of PPy (15—30 wt%) reached 13 Scm ™!, which is markedly higher than the conductivity of both
the pristine PPy and MoS; 1 and 10~6Scm™!, respectively. The improved conductivity was explained by
the formation of ordered thin PPy films with high conductivity at the MoS;, surface. At higher pyrrole
content, globular PPy was formed in the bulk of the composite resulting in an increase of a disordered
polymer fraction, and the conductivity decreased. The composite conductivity is thus controlled not only
by content of PPy but also by the proportions between ordered and disordered PPy phases. The structural
and morphological characterization of composite materials is based on Fourier-transform infrared and
Raman spectroscopies, wide-angle X-ray diffraction, and scanning and transmission electron micros-
copies. The charge-carrier transport in the composites fits the Mott variable-range hopping mechanism.

Variable-range hopping

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The last decade has seen an increased interest in the area of
conducting polymers due to the increasing demand for related
applications in printed organic electronics. Among the known
conducting polymers, particularly polypyrrole (PPy) or polyaniline
have attracted an attention due to their high and controllable
conductivity, excellent environmental stability [1], simple prepa-
ration and a lucrative production cost [2—4]. Their properties can
be further improved when preparing composite materials with
various fillers, for example, noble metals increase catalytic activity
[5—7], silver particles bring antibacterial properties [8], graphene,
carbon nanotubes and graphite increase electrical conductivity [9],
cellulose or other polymer additives improve mechanical proper-
ties [10]. The development of hybrid inorganic—organic conducting
polymer composites with transition metal oxides and dichalcoge-
nides (molybdenum disulfide, molybdenum diselenide, tungsten
disulfide, etc.) gained enormous significance due to their possible
application abilities [11—15]. Such composites were prepared by an
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in-situ [13,16—18] or ex-situ [19,20] preparation of conducting
polymers as well as simultaneous one-pot synthesis of both com-
ponents [21].

Molybdenum disulfide (MoS;) has a layered structure composed
of S-Mo-S sheets, in which a plane of molybdenum atoms is
sandwiched between two sulfur-planes and each atom of molyb-
denum is connected by strong S—Mo covalent bonds with six S
atoms in the adjacent S-containing layers either in a trigonal pris-
matic (for 2H-MoS;) or octahedral (for 1T-MoS;) arrangement.
These layers are mutually bound by much weaker van der Waals
forces. MoS, has been applied in supercapacitors, photonics, pho-
tovoltaics etc. [22,23] Also a memristor-like behaviour of MoS; was
reported showing the voltage-dependent resistance change
[24,25]. In most of the applications, however, the low conductivity
and specific capacitance of MoS; limit its performance.

The preparation of PPy/MoS, composites, mostly by electro-
chemical method or two-step procedure (exfoliation of MoS, fol-
lowed by polymerization of pyrrole), has recently been described in
the literature and their properties were tested in supercapacitors
[12,18], as electrode material in lithium-ion batteries [12], electro-
chemical sensors [12,26] and as a catalyst for the electrochemical
hydrogen evolution [21]. However, there is no detailed study on the
conductivity of PPy/MoS, composites available in the literature.
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Wang et al. [ 16] reported that such conducting polymer composites
have higher conductivity with respect to pristine MoS; as expected
but the comparison with neat PPy was missing. The purpose of the
present paper is to develop a single-step method for the PPy/MoS,
composite preparation and to study its fundamental charge-
transport properties. We found that the conductivity of the com-
posite was higher compared to that of both pristine components
and the reason for such behaviour has been sought.

2. Experimental
2.1. Synthesis of polypyrrole/molybdenum disulfide composites

Molybdenum disulfide (MoS;; Sigma-Aldrich, powder with
particle size <2 um) was coated with PPy by the surface polymer-
ization of pyrrole (0.2 M; Sigma-Aldrich) with iron(Ill) chloride
hexahydrate (0.5 M; Penta, Czech Republic) in aqueous medium at
room temperature. The oxidant-to-pyrrole mole ratio was thus 2.5.
First, pyrrole was added to the aqueous suspension of MoS; and left
for 1 h to intercalate under stirring. The solution of iron(III) chloride
hexahydrate was added in the next step. Polymerization of pyrrole
was completed within tens of minutes. After 24 h, the polypyrrole
powder was collected on a filter, rinsed with 0.2 M hydrochloric
acid and acetone, and dried at room temperature over silica gel. The
content of PPy in composites was varied from 10 to 50 wt%, and
calculated from the yield of resulting composites and also
confirmed by thermogravimetric analysis. For the preparation of
each composite, fixed amount of MoS; (4 g) was used and various
volumes of prepared aqueous reaction mixture (from 25 to 225 mL)
were added in the next step. The fact that 100 mL of reaction
mixture generates = 11g of PPy was used in the design of
experiments.

2.2. Characterization

The morphology of the composites was investigated with the
scanning electron microscopy (SEM) using a JEOL 6400 microscope
(JEOL) and with a transmission electron microscope (TEM) JEM
2000 FX. Fourier-transform infrared (FTIR) spectra of the powders
dispersed in potassium bromide pellets have been acquired with a
Thermo Nicolet NEXUS 870 FTIR Spectrometer. Raman spectra were
recorded with a Renishaw InVia Reflex Raman microspectrometer.
The spectra were excited with NIR diode laser emitting at 785 nm.
Diffraction patterns were obtained using a high resolution diffrac-
tometer Explorer (GNR Analytical Instruments, Italy). The instru-
ment was equipped with one-dimensional silicon strip detector
Mythen 1K (Dectris, Switzerland). Samples were measured in
reflection mode. The radiation (CuKo. line, wavelength 1.54A)
monochromatized with Ni foil (B filter) was used for diffraction
measurements performed in 20 range from 2° to 40° with 0.1°
steps. Exposure time at each step was 10 s. The specific surface area
of the samples was determined using Gemini VII 2390 (Micro-
miretics, Instruments Corp, Norcross, USA) with nitrogen as the
sorbate. The samples were vacuum-dried at 130 °C for ~80 h.

DC electrical conductivity was determined by a van der Pauw
method on compressed pellets (diameter 13 mm, thickness
1.0 + 0.2 mm) prepared under pressure 530 MPa using a hydraulic
press Trystom H-62 (Trystom, Czech Republic). A Keithley 230
Programmable Voltage Source in serial connection with a Keithley
196 System DMM served as a current source, the potential differ-
ence between the potential probes was measured with a Keithley
181 Nanovoltmeter (Keithley, USA). Measurements have been car-
ried out at constant ambient conditions at 24 +1°C and relative
humidity 35 + 5%. The electrical conductivity ¢ was calculated from
the applied current I and the measured potential difference U in the
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linear part of the current-voltage characteristics as

In2 x I
~ UDk (1)

where D is sample thickness and k is the correction factor. For
temperature dependence of DC conductivity, the above process was
repeated at different temperatures. The temperature was
controlled by Novocontrol Alpha Analyzer BDS in nitrogen
atmosphere.

For frequency and temperature dependences of the real part of
the conductivity, 35nm gold electrodes were deposited on both
sides of the pellets by vacuum evaporation. The conductivity was
determined with a Novocontrol Alpha Analyzer BDS under applied
AC voltage 1 Vs in the temperature range 115—435 K with varying
frequency from 107 to 10~2Hz. The pellets were placed in the
sample holder between the gold-plated brass disk electrodes
13 mm in diameter.

3. Results and discussion

Series of PPy/MoS,; composites were prepared by the in-situ
polymerization of pyrrole in the presence of MoS; flakes (Fig. 1).
The pyrrole oligomers produced in the oxidation of pyrrole are
insoluble in aqueous reaction medium, and adsorb at MoS; surface.
They subsequently start the growth of PPy chains that produce the
conducting polymer coating (Fig. 1b). Some PPy is also generated
outside MoS; particles but, in analogy with polyaniline [27], the
coating takes place with preference.

3.1. Morphology

SEM was employed for obtaining insights into the surface
morphology of PPy/MoS; composites (Fig. 2). Molybdenum disul-
fide is represented by micrometre-sized flakes (Figs. 1a and 2a).
Polymerization of pyrrole with iron(Ill) chloride as an oxidant
yields PPy with globular morphology (Fig. 2b). PPy/MoS;, compos-
ites are composed of the filler particles covered with PPy (Fig. 2c),
accompanied with free PPy at high polymer content (Fig. 2d). This is
not surprising since, similarly to closely related polymer polyani-
line [3,28], PPy films grow on any surface immersed in reaction
mixture.

The coating of MoS, surface with PPy is clearly demonstrated by
TEM (Fig. 3). The micrograph of PPy/MoS, composites with 15 wt%
of PPy shows relatively smooth PPy film on the surface of MoS;
particles with a thickness ~30 nm (Fig. 3a). When the amount of
pyrrole in the reaction mixture is increased the PPy coating be-
comes thicker (100—140 nm) and the secondary growth of PPy
particles appeared (Fig. 3b).

3.2. Wide-angle X-ray diffraction

In Fig. 4 we present a selected part of X-ray diffractogram with
intensity normalized by the amount of MoS, content. Observed
diffraction pattern coincides with entry 9009144 from Crystallog-
raphy Open Database. The peak at 20 = 14.41° corresponds to (002)
direction in MoS; structure. The (002) peak is attributed to the
interplanar spacing between the nanosheets, which, according to
Bragg's law, is equal to 6.14 A. Peak position remains the same for all
measured fractions of PPy. This means that polymerization of pyr-
role does not lead to permanent intercalation of MoS, sheets.
Nevertheless we have observed decrease in (002) peak intensity.
This is the sign of the presence of exfoliated layers (Fig. 1). The
change was approximately the same regardless of pyrrole content.
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Fig. 1. Schematic diagram of (a, b) preparation and obtained PPy/MoS; composite with (c) ordered and (d) disordered PPy structure.

Fig. 2. Scanning electron micrographs of (a) neat MoS, powder, (b) globular PPy, and
PPy/MoS, composites with (c) 15 wt% of PPy and (d) 45 wt% of PPy, respectively.

3.3. FIIR spectra

According to the shape of the infrared spectra, the PPy/MoS;
composites may be divided into three groups (Fig. 5). In all groups
we detected the bands of protonated PPy, which were previously
described [29—32]. They are situated at 1537 cm~! (C—C stretching
vibrations in the pyrrole ring), 1450 cm~! (C—N stretching vibration
in the pyrrole rings), 1298 cm~! (C—H or C—N in-plane deformation
modes), 1160cm™! (breathing vibrations of the pyrrole rings),
1088 cm~! (N—H* deformation vibrations), 1040 cm~! (C—H and

Secondary growth
of PPy

Fig. 3. Transmission electron micrographs of PPy/MoS, composites with (a) 15 wt% of
PPy and (b) 45 wt% of PPy. The PPy coating is indicated with arrows.

N—H in-plane deformation vibrations), and 895 cm~! (C—H out-of-
plane deformation vibrations of the ring.

The spectra of composites corresponding to 10 and 15 wt% of
PPy concentration exhibit the highest absorption bands close to the
absorption of neat PPy and with the highest broad absorption band
above 1800 cm~!, which is in agreement with the higher conduc-
tivity of these samples. This may be connected with more ordered
brush-like structure of the polymer chains in the thin layer of PPy
deposited on the surface of MoS; nanoparticles. The spectra of the
samples with the PPy contents from 20 to 38 wt% exhibit the lower
absorption band observed above 1800 cm™. In the spectra of this
group of composites, we detect a small sharp peak of neat molyb-
denum disulfide marked with asterisks in Fig. 5. Finally, the sam-
ples with the PPy content above 40wt% exhibit very small
absorption caused by a compact stone-like structure which was
difficult to disperse in potassium bromide pellets. This may be
connected with the presence of strong hydrogen bonding in sec-
ondary growth of PPy globules. The spectrum of neat disulfide is
featureless with only a small sharp band at about 470 cm™".
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Fig. 5. Infrared spectra of PPy/MoS, composites with various PPy contents.

3.4. Raman spectra

Raman spectroscopy is a method convenient for the surface
analysis. Energy of the absorption in a polaron electronic state of
PPy corresponds to the energy of the laser excitation of 785 nm. In
this case the penetration depth is reduced to a few tens of nano-
meters [33]. The spectra of all samples correspond to the spectrum
of globular protonated PPy [29,34—36]. They contain the bands at
1595 cm™! (C=C in-ring of C—C inter-ring vibrations and of the
stretching vibrations in cation of the PPy backbone), at 1490 cm ™"
(C—C and C=N stretching skeletal vibrations), the double peak at
1380 and 1333cm™! (ring-stretching vibrations of pyrrole at
1245 cm™! (C—H antisymmetric in-plane bending vibrations), the
double peak at 1087 and 1052 cm™' (C—H in-plane deformation
vibrations), and at 934cm™! (C—C ring deformation vibrations
within dication unit).

At the same conditions of experiment the intensity of scattered
light is decreasing with increasing the concentration of PPy from 10
to 50 wt% of PPy. We can speculate that this is connected with the
formation of ordered PPy structure on MoS, particles for low PPy
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concentration. The spectrum of neat sulfide contains the sharp
peaks at lower wavenumbers which are detected in the spectra till
30 wt% (marked with asterisks in Fig. 6). This signifies that the
thickness of the uniform PPy film is either low or the surface of
MoS; particles is patchy. The former hypothesis is preferred due to
the hydrophobicity of MoS; [3]. At higher PPy contents the coating
with PPy is sufficiently thick and complete.

3.5. DC conductivity

The DC conductivity of the composites was always considerably
higher than that of neat semiconducting MoS; powder or PPy alone
(Fig. 7) thus illustrating the pronounced synergistic effect. Table 1
summarizes the electrical conductivities of various composites
based on PPy or MoS; from previous studies. A similar but much
less pronounced increase of the DC conductivity was reported
already for the composite of polyaniline and MoS,, in which the
polymer was intercalated in MoS; structure [37]. The effect was
explained by an impact of the interlayer growth of the polymer on
its conformation and stereo-regular characteristics. Zhong et al.
[38] has reported a similar conductivity enhancement in the
composites of PPy with graphene oxide, and discussed the results
in terms of polaron/bipolaron equilibria in PPy affected by gra-
phene oxide.

From the XRD spectra (Fig. 4) we see that no intercalation takes
place during the polymerization. However, there is clear evidence
about the different morphology of the polymer grown in bulk and
as a thin film on the MoS; surface. At low polymer contents, PPy
forms a compact shell composed of PPy chains grown from the
oligomeric nucleates adsorbed at MoS; surface. The surface thus
acts as a template on which well-ordered polymer structure is
formed, similarly as reported previously on polyaniline [46]. At
higher polymer concentration, when no free MoS, template surface
is available, a secondary nucleation can occur on the already grown
polymer yielding disordered less conducting PPy. This explanation
corresponds well with previously reported decrease in electrical
conductivity with increasing thickness of conducting polymer films
[47] or with increasing thickness of conducting polymer nanotubes
prepared with membrane templates [48] or organic dyes [49]. The
decrease in the DC conductivity of the composite with PPy content
increasing above certain limiting value can be thus attributed to the
generation of PPy with random orientation of polymer chains. Such

Raman
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Fig. 6. Raman spectra of PPy/MoS, composites with various PPy contents.
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Table 1

Comparision of electrical conductivity of PPy/MoS, composites with other MoS,-

based, PPy-based and related composites.

Samples Conductivity (S cm™!) [reference]
Globular PPy 1 [this report]; 0.3 [31]
MoS; 1079 [this report]; 5 x 1077 [39]

PPy/Ag/boron nitride

0.42 [40]

PPy/montmorillonite 4 [41]
PPy/Ag/montmorillonite 1.08 [42]

PPy/SiO, 6.8 x 1074 [43]

PPy/WS, 3.25x 1072 [17]
PANI/MoS; 1.01 x 1072 [13]; 0.3 [44]
Chitosan/MoS, 5% 107> [39]
Polythiophene/MoS, 5.3 x 1072 [45]

PPy/MoS,

13 [this report]; 0.1 [16]

globular structure is less conducting due to poor electrical
connection between the disordered globular boundaries.

In order to justify the above concept, the following simple
calculation can be made. Let us consider PPy/MoS, composite with
a weight fraction of PPy being wp. The specific surface area of MoS;
powder determined by BET technique was Syosz =13.7 m?g~!
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Fig. 9. Dependence of the electrical conductivity ¢, on T~ for pristine MoS,.

(Fig. 7). This gives the total surface of MoS; particles S = Smos2
(1—wp) per 1g of the composite. If we assume a homogeneous
coating of this surface by PPy, it represents a PPy volume Vp = wp/dp,
where d = 1.47 g cm 3 is the density of PPy [50]. Then the thickness
of the PPy layer is Dp [nm] = Vp/S = 52 wp/(1—wp). When the con-
ductivity is plotted against such calculated thickness of the layer
(Fig. 8) instead of the weight fraction of PPy, the maximum con-
ductivity is expected at the thickness Dp = 10 nm. This is the
thickness which can be associated with the highly conducting or-
dered PPy film (Fig. 3a). When the thickness becomes higher
(Fig. 3b), this is due to the disordered secondary growth of PPy on
the top of the ordered phase [28]. The disordered PPy is less con-
ducting and the further growth of polymer coating results in the
decrease of the composite conductivity (Fig. 8).

The specific surface area for the most conducting sample was
2.84 m?g~! (Fig. 7). This is below the value of specific surface areas
for pristine PPy and MoS,, 26 and 13 m?g~!, respectively (Fig. 7).
This signifies that the composites are non-porous and more
compact which is in good agreement with the higher value of
conductivity making charge transfer easier. Similar effect was also
previously observed by Muller et al. [43].
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3.6. Charge transport in MoS,

In order to investigate the charge transport mechanism in the
composites and pristine components in more detail, temperature
dependence of DC conductivity was determined in the range
from 130 to 415K. As can be seen from Fig. 9, this dependence
can be well fitted (the lowest value of the linear regression co-
efficient from least-squares fitting, R%) by a straight line in log ¢
vs. T2 plot.

The electrical conductivity of disordered inorganic semi-
conductors is usually assessed within a Mott theory, which

Table 2

Activation energy (eV) of PPy and PPy/MoS, composites at different temperature ranges.

describes the temperature dependence of conductivity in the case
of disordered semiconducting materials, according to which con-
ductivity is given by:

o(T) = oo exp {_T_TO]Y (2)

where ¢y is high temperature limit of conductivity, Ty is the Mott
characteristic temperature and y = 1/(n+1), n being the dimension
in which the charge transport takes place. From Fig. 9 we get the
value n=1, which suggests the transport proceeds via one-
dimensional hopping mechanism. When the experimental data
were approximated by the Boltzmann dependence, an activation
energy E;=0.27 eV was obtained, which is in a good agreement
with literature, where experimental value E; =0.32 eV and theo-
retically calculated activation energy E,=0.23—0.31eV, were
found, respectively [51].

AC conductivity in pristine MoS, (Fig. 10) in high frequency
range is only weakly dependent on temperature, which suggests
that the bulk of the sample is not homogeneous. At low frequency
range, f< 103 Hz, conductivity approaches a constant value, which
might indicate that the material is composed of small relatively
compact grains. The grains play a greater role in the low-frequency
limit since the grain boundary limits the long-range transport of
charges.

3.7. Electrical properties of composites

Due to the large difference in the electrical conductivity of both
components of the composite, the charge transport proceeds via
PPy. As previously described in the literature [52—54] charge
transport in conducting polymers, such as PPy, is controlled by
different mechanisms in different temperature ranges. Above room
temperature, the prevailing transport is of intra-chain nature and
below the room temperature it is via isoenergetic hopping and
fluctuation-assisted tunnelling mechanism. The observed depen-
dence of the DC conductivity on temperature follows Mott three-
dimensional variable-range hopping (ref to Eq. (2) with n=3;
Fig. 11). Above 410K the conductivity of pristine PPy drastically
decreased from ~2 to ~1072S cm~! due to partial deprotonation of
PPy salt [52,54], and consequent conversion to less conducting PPy
base [29].

The data of DC conductivity acquired on the PPy/MoS, pellets
follow the same tendency (Fig. 12). A log o ~T '* dependence
found for the composites with various composition corresponds
to a 3-D variable-range hopping charge-transport mechanism but
lower value of activation energy was found (Table 2). Different
values of the activation energy at different temperature ranges
indicate different limiting charge-transport mechanisms taking
place in the bulk of these composites. At low temperature the
transport between grains limits the conductivity whereas with
increasing temperature it is mainly inter-chain hopping and
intra-chain transport. For all the composites the electrical prop-
erties were stable to much higher temperature compared with
neat PPy, no decrease in the conductivity was observed up to
150°C.

Temperature range (K) Neat PPy PPy/MoS, composite 15 wt% of PPy PPy/MoS, composite 45 wt% of PPy
300—-400 0.074 0.038 0.037
200—-300 0.034 0.024 0.023
130—-200 0.027 0.015 0.015
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4. Conclusions

Series of PPy/MoS, composites were successfully prepared and
characterized by various methods. The DC conductivity was
significantly improved (5—-13Scm™!) for all the composites
compared with the conductivity of neat PPy, 1Scm™’, and MoS,,
107Scm™! and preserved even above 410K, where neat PPy
already loses its high conductivity. The composites with 15—30 wt%
of PPy showed the highest conductivity due to growth of ordered
thin PPy film on MoS; surface. The chain ordering is favourable for
the transport of charge carriers. When the amount of PPy was
higher, the secondary growth of PPy onto ordered film occurred,
leading to more disordered globular PPy structure and resulting in a
decrease of the overall conductivity of the composite. The level of
conductivity thus depends on the proportions between the ordered
and disordered PPy phases. The temperature dependences of the
DC conductivity of the composites point to the variable-range
hopping as the main charge transport mechanism. Higher elec-
trical conductivity of the composite makes the material more
suitable for many potential electronic applications like photovol-
taics and memristors.
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ARTICLE INFO ABSTRACT

Keywords: Polypyrrole has been prepared by facile single-step chemical oxidative polymerization of the monomer in
Acid Blue aqueous medium containing an anthraquinone dye, Acid Blue 25 or Acid Blue 129. The addition of the former
Conducting polymer structure-guiding agent results in the formation of polypyrrole nanowires with conductivity improved up from
Conductivity the units Scm™ to 60 S cm ™. The second closely related dye, Acid Blue 129, had no impact on polymer mor-
;};z)(:svﬁg:y phology but in its presence the conductivity of polypyrrole also increased. It has been shown that the pyrrole
Polypyrrole concentration and oxidant-to-pyrrole mole ratio significantly affect the conductivity of synthesized polypyrrole.

Polypyrroles have been characterized by FTIR and Raman spectroscopies to assess their molecular structure and
intermolecular interactions. Considering the applications in biomedicine, the cytotoxicity of the samples has also
been tested. Polypyrrole prepared with Acid Blue 129 has significantly lower cytotoxicity compared to that
prepared with Acid Blue 25. The cytotoxicity of both polypyrroles can be eliminated by purification step. Low
cytotoxicity combined with high conductivity enables application of these conducting polymers in biomedicine.

1. Introduction

The preparation of conducting polymer materials has become an
important branch of materials research. Nanostructured conducting
polymers [1], such as polypyrrole (PPy) [2-4] or polyaniline [5,6], are
fabricated by various chemical-oxidation methods. The preparation of
one-dimensional polymer morphologies requires the presence of
structure-guiding additives that produce hard templates [7,8], soft
templates [9,10], reactive-templates [11], or self-degraded templates
[12]. Template-free method has also been demonstrated in the pre-
paration of polyaniline nanotubes [13]. The understanding of the pro-
cesses underlying the formation of a specific morphology and its rela-
tion to the conductivity, however, is still a challenge.

Polypyrrole [14,15] in various nanostructures (e.g., nanoparticles,
nanotubes, nanowires, thin films, etc.) has been prepared by oxidation
of pyrrole in aqueous media and it has subsequently been used in su-
percapacitors [4,16-19], sensors [20-23], corrosion protection [24], as
catalysts supports [25], and as anodes for high-performance lithium-ion
batteries [26,27]. The promising applications are expected in

* Corresponding author.
E-mail address: bober@imec.cas.cz (P. Bober).

https://doi.org/10.1016/j.synthmet.2018.01.010

biomedicine, where conducting polymers will be used in electrical
monitoring or stimulation of biological objects. For example, poly-
pyrrole and its composites can promote neurite outgrowth [28,29], be
used as electrically controlled drug-delivery systems [30] or as artificial
muscles [31,32].

A substantial effort has recently been exerted on the preparation of
polypyrrole nanotubes, in order to increase the conductivity of resulting
materials from units Scm™, which is typical for globular PPy, to
60Scm™ [2], and even above 100 S cm™ [33]. The most common way
how to convert the morphology in favour of nanotubes is represented
by addition of methyl orange (MO) to the polymerization mixture
[2,12,34,35]. The use of resulting materials in biological application,
however, is difficult due to the toxicity of MO. Other dyes, such as Acid
Blue 25 [36], Acid Blue 41 [37], Acid Red G [38], Acid Violet 19 [39],
or methylene blue [40] have also been studied as structure-guiding
agents for PPy preparation. The morphology of PPy prepared in the
presence of Acid Blue 25 turned to clusters of nanowires with si-
multaneous increase in conductivity from units Sem™ up to
~20Scm™. Such one-dimensional structures have successfully been
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tested as electrode material in supercapacitors [36]. Also the addition
of Acid Violet 19 improved conductivity of PPy nanoparticles to
~40Scm™ [39]. However, the presence of some other dyes, such as
Acid Green 25, Reactive Black 5, Thymol blue or Indigo carmine, led to
a significant decrease in conductivity of PPy [40].

The biocompatibility is a complex materials property for applica-
tions pertaining the field of biomedicine. The cytotoxicity is generally
believed to be the test of the first choice when the biocompatibility of
any material is considered. This is due to the fact that many biological
tests can be predicted by the results of cytotoxicity. There are only few
studies focused on the biocompatibility of PPy [41-43], especially in
form of powders. It is generally accepted, that the biocompatibility of
conducting polymers is influenced especially by protonating acids and
the presence of residual precursors or oligomers rather than by the
polymer itself [44]. The effort to find alternative dopants is therefore
obvious in the literature. Also the study focusing on the purification of
conducting polymers has been published [45]. The nanostructured
conducting polymers possess physicochemical properties which enable
their biomedical applications. Their cytotoxicity assessments, however,
have been generally neglected in the literature and this motivated the
present work.

In the present paper, the influence of two closely related anthra-
quinone dyes, Acid Blue 25 and Acid Blue 129 (Fig. 1a), on the mor-
phology and electrical conductivity of PPy has been studied. It is shown
for the first time that, despite the similarity in molecular structure, their
influence on PPy formation substantially differs. Acid Blue 25 acts as a
template to produce PPy nanowires during the oxidation of pyrrole with
iron(III) chloride as oxidant (Fig. 1b), with enhanced conductivity up to
60 S cm™, which is three times higher than that reported for this dye in

a 0
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the literature [30]. The presence of the second dye also improved the
conductivity but it had no impact on morphology of PPy, which re-
mained globular. The special attention was paid to investigate the cy-
totoxicity of new highly conducting polypyrroles.

2. Experimental
2.1. Preparation

Pyrrole (=98%), iron(Ill) chloride hexahydrate, Acid Blue 25 (AB
25; sodium 1-amino-4-anilinoanthraquinone-2-sulfonate, dye content
45%) and Acid Blue 129 (AB 129; sodium 1-amino-4-(2,4,6-trimethy-
lanilino)anthraquinone-2-sulfonate, dye content 25%), all from Sigma-
Aldrich, have been used as supplied without any correction for true dye
content.

Polypyrrole was prepared by the oxidation of pyrrole with iron(III)
chloride in aqueous medium [40] (Fig. 1b). In a typical synthesis, 0.2 M
pyrrole was oxidized with 0.2 M iron(IIl) chloride in the presence of
0.01 M dye. The AB 25 or AB 129 was dissolved in 50 mL of deionized
water and treated in ultrasonic bath for 15min until complete dis-
solution. Pyrrole monomer was added. Iron(IIl) chloride hexahydrate
was separately dissolved in deionized water to 50 mL of solution. Then
the monomer and oxidant solutions were mixed and left undisturbed at
room temperature for 24 h. The reaction mixture was filtered and solid
products were rinsed with 200 mL of 0.1 M hydrochloric acid, followed
by 100 mL of ethanol. The products were left in air to dry at room
temperature until their weights were constant.

Two series of experiments have been carried out. In the first series
(Series 1), the concentration of pyrrole, [Py], was varied from 0.05M to

0 NH,

H
AT e J%
990 CLM/
O HN. A O  HN

Acid Blue 129 ‘

\\L
7 CHs;

CHj

4n / \ + 10 n FeClj

/

NH

\_/

+ 10 n FeCl, + 8 n HCI

Fig. 1. (a) Formulae of Acid Blue 25 and Acid Blue 129. (b) Pyrrole was oxidized with iron(III) chloride to polypyrrole; stoichiometric oxidant-to-pyrrole mole ratio is 2.5.

)
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Fig. 2. Series 1: SEM images of polypyrrole prepared with Acid Blue 25 (a, ¢) and Acid Blue 129 (b, d) with pyrrole concentration [Py] = 0.1 M (a, b) and 0.2M (c, d). [Ox]/[Py] = 1.

0.2 M at equimolar mole ratio of oxidant to monomer and dye-to-pyr-
role mole ratio [Dye]/[Py] = 0.05. In the second series (Series 2) of
experiments, pyrrole concentration was fixed to 0.2M and the dye
concentration to 0.01 M, i.e. dye-to-monomer mole ratio was 0.05, and
the oxidant-to-pyrrole mole ratio was varied. The both series have a
common sample prepared by the oxidation of 0.2 M pyrrole, 0.2 M iron
(I11) chloride and 0.01 M dye. The globular PPy (PPy G) was prepared in
the absence of any dye at [Py] = 0.2M and [Ox]/[Py] = 2.5 for com-
parison.

2.2. Characterization

Polypyrroles were compressed into pellets with a 13 mm diameter
and thickness 1 + 0.2 mm with a manual hydraulic press Trystom H-
62 for the conductivity measurement using van der Pauw method. A
Keithley 230 Programmable Voltage Source, a Keithley 196 System
DMM, and a Keithley 181 Nanovoltmeter (Keithley, USA) were used as
voltage supply for current measurement, and voltage measurement,
respectively. Measurements have been carried out at constant en-
vironmental conditions at 24 + 1 °C and relative humidity 35 + 5%.
At least four pellets of each sample were prepared and were measured 3
times, then the results were averaged. Morphology of the products was
characterized with a scanning electron microscope (SEM) JEOL 6400
and with a transmission electron microscope (TEM) JEM 2000 FX
(JEOL, Japan). Elemental composition was determined with a Perkin
Elmer CHNS/O Analyzer 2400.

Fourier-transform infrared (FTIR) spectra of the powdered samples
were recorded in the transmission mode in potassium bromide pellets
using a Thermo Nicolet NEXUS 870 FTIR Spectrometer (Nicolet, USA)
with a DTGS TEC detector in the 400-4000 cm ~ ! wavenumber region.
All spectra were corrected for the presence of moisture and carbon
dioxide in the optical path. Raman spectra excited with HeNe 633 nm
and near infrared diode 785 nm lasers were collected on a Renishaw

42

inVia Reflex Raman microspectrometer (Renishaw, UK). A research-
grade Leica DM LM microscope with an objective magnification x50
was used to focus the laser beam on the sample placed on an X-Y
motorized sample stage. The scattered light was analysed by the spec-
troscope with holographic gratings 1800 and 1200 lines mm™ for
corresponding lasers, respectively. A Peltier-cooled CCD detector
(576 x 384 pixels) registered the dispersed light.

According to the ISO series 10993, the cytotoxicity was determined
using the NIH/3T3 cells (ATCC CRL-1658 NIH/3T3, USA). The ATCC-
formulated Dulbecco’s Modified Eagle’s Medium (PAA Laboratories
GmbH, Austria) containing 10% of calf serum (BioSera, France) and
100 UmL ™! penicillin/streptomycin (GE Healthcare HyClone, UK), was
used as the culture medium. The test of cytotoxicity was performed
using the extracts from polypyrrole powders. These were prepared ac-
cording to ISO standard 10993-12 with one modification consisting of
extraction of lower amount of material (0.04 gmL ™" instead of pre-
scribed 0.2gmL™! of media) because of the absorbability of poly-
pyrrole. The polymer was incubated in DMEM medium with calf serum
for 24 h at 37 °C with stirring. The parent extracts (100%) were then
diluted in culture medium to obtain a series of dilutions with con-
centrations of 75, 50, 25, 10, and 1%. All extracts were used within 24 h
for evaluation of cytotoxicity by the decrease in viability of cells cul-
tivated under individual dilutions of extracts for 24 h. The cell viability
was evaluated by MTT assay (MTT cell proliferation assay kit, Duchefa
Biochemie, Netherlands). The absorbance was measured at 570 nm and
the reference wavelength was adjusted at 690 nm. The results are re-
ported as the reduction of cell viability in percentage when compared to
cell cultivated in reference medium without the extracts of tested ma-
terials.

The native PPy powders were subjected to the purification to
evaluate the possibility of cytotoxicity improvement. This was per-
formed by the additional extraction of sample in cultivation media as
defined above for 4 days with 0.04g of PPy powder in 1mL of
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Fig. 4. Series 2: SEM (a, b) and TEM images (c, d) of polypyrrole prepared with Acid Blue 25 (a, ¢) and Acid Blue 129 (b, d). [Py] = 0.2M, [Ox]/[Py] = 3.

cultivation media. The cytotoxicity of purified PPy was subsequently
determined in the same way as described above.

To reveal the effect of AB dyes on the cytotoxicity of PPy, the cy-
totoxicity of AB 25 and AB 129 alone was determined using the same
methodology as described above. The cytotoxicity of concentrations
0.5, 0.75, 1 and 2.5 mM of individual AB dyes in the cultivation media
was determined.

43

3. Results and discussion
3.1. Morphology

The typical polymerization of pyrrole led to a globular morphology
which is well known from literature [14,15,40,46]. After introducing a
structure-guiding agent AB 25 to the synthesis, PPy nanowires were
produced (Fig. 2Figs. 2a,c, Fig. 33a and Fig. 44a,c). In the presence of
AB 129 at all oxidant-to-pyrrole mole ratios, the globular PPy has ex-
clusively been obtained (Fig. 2Figs. 2b,d, Fig. 33b and Fig. 44b,d).
When the ratio increased, the small increase in PPy particle size was
visible.
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Fig. 5. The conversion of Acid Blue 25 salt to an acid under acidic conditions.
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Fig. 6. Aqueous solution of Acid Blue 25 precipitates after acidification with hydrochloric
acid and affords the templates (left) while Acid Blue 129 remains soluble (right).
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Fig. 7. The dimer of Acid Blue 25.

3.2. The role of dyes

The influence of dyes on the morphology of PPy has been docu-
mented in the literature, however, the understanding of the processes
underlying the generation of a specific morphology is still a challenge
[2]. The formation of the template during the polymerization seems to
be the most important step. In analogy with recent report comparing
the performance of methyl orange and ethyl orange dyes [33], it is
assumed that AB 25 converts from salt to acid form when the pH of
reaction mixture drops to pH 1 after the addition of iron(III) chloride

44

Table 1

Series 1: Effects of pyrrole concentration [Py] on the conductivity and the yield of poly-
pyrrole prepared in the presence of Acid Blue 25 and 129. [Dye]/[Py] = 0.05, [Ox]/
[Pyl = 1.

[Py] (M) Conductivity (Scm™) Yield (g g™ pyrrole)
AB 25 AB 129 AB 25 AB 129
0.05 20 = 0.3 18 + 0.2 0.71 0.16
0.1 43 = 0.6 31 * 0.5 0.72 0.32
0.15 45 = 0.4 38 + 0.6 0.73 0.50
0.2 52 =+ 0.4 40 = 0.2 0.76 0.67
Table 2

Series 2: Effects of oxidant-to-pyrrole mole ratio, [Ox]/[Py], on the conductivity and the
yield of polypyrrole prepared at various oxidant-to-pyrrole mole ratios. [Py] = 0.2M,
[Dye] = 0.01 M.

[Ox]/[Py] Conductivity (Sem™") Yield (gg~" pyrrole)

AB 25 AB 129 AB 25 AB 129
1.5 45 * 0.3 39 * 0.4 1.10 0.95
2 55 * 0.3 36 £ 0.5 1.41 1.20
2.5 60 = 0.5 35 = 0.2 1.53 1.40
3 62 = 0.7 40 = 0.4 1.55 1.43

oxidant (Fig. 5). The sodium salt of the dye is well-soluble, the acid
form is not, and it separates from the solution after its acidification
within seconds (Fig. 6). We expect that this is due to the formation of an
insoluble dimer (Fig. 7). Indeed, the proposed dimer is based on the
analogy with o-aminobenzenesulfonic acid which, in the contrast to its
sodium salt, is completely insoluble in water due to the formation of
internal salt which prevents the standard dissociation and consequent
solubility. As the dye separates from the solution, it affords the template
for the adsorption of the pyrrole oligomers generated at the same time,
followed by the growth of PPy chains.

The second dye, AB 129 does not separate at the same time scale
(Fig. 6), no template was formed before polymerization of pyrrole oc-
cured, and globular PPy was therefore obtained (Fig. 5). It has to be
noted that even AB 129 starts to precipitate after tens of minutes but the
polymerization of pyrrole was completed by that time. This means that
the formation of the template and the polymerization of pyrrole has to
proceed in the accord, and only then PPy nanowires are produced.

3.3. Conductivity

The addition of AB 25 or AB 129 during the polymerization of
pyrrole has led to significant increase in conductivity of PPy. The
globular PPy prepared by polymerization of pyrrole with iron(IIl)
chloride had conductivity of =1Scm™ [46]. For the systems including
AB 25, the increase in the PPy conductivity was observed with in-
creasing pyrrole concentration from 0.05 to 0.2 M (Table 1). When the
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comparison.

pyrrole concentration was fixed at 0.2 M, the conductivity was further
improved with oxidant-to-pyrrole mole ratio increasing from 1.5 to 3
(Table 2). We can spot the same trends with AB 129 dye (Table 1Tables
1 and Table 22). The conductivity of the one-dimensional PPy prepared
with AB 25 was always somewhat higher than that prepared with AB
129, but still small compared with the dramatic difference in mor-
phology. We therefore conclude that the one-dimensional morphology
alone is not an automatic prerequisite for the high conductivity.

3.4. Yield

The yield of the reaction is another parameter of practical im-
portance. When 1 g of pyrrole was oxidized with iron(III) chloride, it
theoretically produces 1.1 g of PPy chloride according to the reaction
scheme when oxidant to pyrrole mole ratio [0x]/[Py] = 2.5 (Fig. 1b).
The yield is lower than theoretical one only in the case of the ratio
[Ox]/[Py] = 1 (Table 1), and it became higher when oxidant-to-pyrrole
mole ratio increased (Table 2). This indicates the incorporation of the
dye into polymer structure [40]. Elemental analysis also confirmed the
presence of dyes in PPy, which manifersts itself by 3 and 2wt.% of
sulfur in polypyrrole ([Dyel/[Py] = 0.05, [Ox]/[Py] = 1) prepared
with Acid Blue 25 and Acid Blue 129, respectively. Both polypyrroles
contained 22 wt% of carbon, 3.5wt% of nitrogen and 8 wt% of hy-
drogen.

It should be also noted that even though the yields calculated per
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gram of pyrrole are comparable for, e.g., AB 129 (Table 1), the yields
calculated per unit volume of reaction mixture are about four time
higher at [Py] = 0.2M than at [Py] = 0.05. This means that the
synthesis at higher monomer concentrations is more efficient with re-
spect to both the yield and the conductivity. The increase in the [Ox]/
[Py] ratio further improves these parameters (Table 2).

3.5. Infrared spectra

FTIR spectra provide important information on the molecular
structure of PPy and on its interactions with dyes. FTIR spectra of PPy
prepared in presence of AB 25 or AB 129 at fixed mole ratios of a dye to
pyrrole, [Dye]/[Py] = 0.05, and oxidant to pyrrole, [Ox]/[Py] =1
(Series 1, Fig. 8) differ. In the spectra of samples prepared with AB 25,
the absorption bands in the region of stretching and bending vibrations
of water molecules and of aliphatic impurities coming from potassium
bromide pellets are relatively high (marked with asterisks in Fig. 8).
This is caused by their compact stone-like structure which was very
difficult to disperse in potassium bromide pellets. The better dispersion
in the case of AB 129 may be explained by the presence of methyl
groups in its structure (Fig. 1a), which does not allow the dye to form a
rigid template, and by strong hydrogen bonding in the nanowires
structure obtained with AB 25. This fact may explain the higher yield
and conductivity of the PPy nanowires prepared with AB 25. As a
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excited with laser wavelength 785 nm.

consequence the bands of PPy are better resolved for samples prepared
in presence of AB 129 dye. We detect the main bands of globular PPy
(spectrum PPy G in Fig. 8) that have been interpreted in the literature
[3,15,40,47]. The band of C—C stretching vibrations in the pyrrole ring
at 1542 cm™, the band of the C—N stretching vibrations in the ring at
1450 cm™, the broad band attributed to C—H or G—N in-plane de-
formation modes with a maximum at about 1297 cm™, and the band in
the region of the C—H and N—H inplane deformation vibrations with
maximum at 1158 cm™ are all observed in the spectrum. The band with
maximum at 1030 cm™ corresponds to the C—H and N—H in-plane
deformation vibrations, and the peak at 964 cm™ to the C—H out of
plane deformation vibrations of the ring. It should be stressed that,
contrary to the PPy nanotubes prepared in presence of MO [47], the
peaks of AB 25 or AB 129 are not detected in the spectra (the spectra of
the dyes in Fig. 8). The absorption of the bands of PPy slightly increases
with increasing concentration of pyrrole when [Ox]/[Py] = 1 for both
dyes in the Series 1. This corresponds to the increase of yield and
conductivity (Table 1).

FTIR spectra of PPy prepared in presence of AB 25 and AB 129 at
various oxidant to pyrrole mole ratios, [Ox]/[Py], at fixed concentra-
tion of pyrrole, [Py] = 0.2M, and a dye, [Dye] = 0.01 M, are better
resolved for both dyes (Series 2 in Fig. 9). The sample for [Py] = 0.2M
prepared in Series 1 corresponds to the sample for [Ox]/[Py] =1 in
Series 2. The bands of PPy and the absorption in the region above
2000 cm™! increase with increasing [Ox]/[Py] ratio for both dyes in the
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Series 2. This corresponds well to the increasing yield and conductivity
of the samples (Table 2).

3.6. Raman spectra

3.6.1. 785 nm laser excitation line

Energy of laser excitation wavelength 785 nm is in resonance with
the energy of delocalized polarons and bipolarons in PPy. Raman
spectra of PPy prepared in presence of AB 25 and AB 129 at fixed the
mole ratios of a dye to pyrrole, [Dye]/[Py] = 0.05, and oxidant to
pyrrole, [Ox]/[Py] = 1 (Series 1 in Fig. 10) display the main bands of
PPy [3,47-50]. When the concentration of pyrrole increased, the in-
tensity of the band of C=C stretching vibrations of PPy backbone ob-
served at 1598 cm ™' decreased. The relative intensity of the second
band of the twin band of ring-stretching vibrations situated at 1372 and
1323 cm ™" increased. The band of antisymmetric C—H deformation
vibrations is observed at 1240 cm ™ *. In the double peak corresponding
to the C—H out-of-plane deformation vibrations with local maxima at
1074 and 1043cm™?, the second peak becomes sharper. All these
changes are usually observed after partial deprotonation [3]. The band
at 984 cm ™! of the ring-deformation vibrations of neutral PPy units and
the sharp peak at 923 cm ™! of the ring-deformation vibrations in di-
cation (bipolaron) units (Fig. 1b) are detected in the spectra. The
changes of the spectra are at variance with the increasing of the con-
ductivity of the samples with increasing concentration of pyrrole in the
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laser wavelength 633 nm.

reaction mixture (Table 1). This paradox has been also detected in the
case of PPy nanotubes prepared in presence of MO [40]. The changes in
the spectra with increasing molar concentration of MO were also si-
milar to those after treatment of globular PPy with 0.1 M ammonium
hydroxide. It should be stressed that the peaks of partially protonated
PPy were detected in the spectra of the regions rich in MO [40]. Due to
the resonance character of the Raman scattering, the spectrum obtained
with the laser excitation at 785 nm corresponds especially to the surface
of PPy nanotubes.

Raman spectra of PPy prepared in presence of AB 25 and AB 129 at
various oxidant-to-pyrrole mole ratio, [Ox]/[Py], at fixed concentration
of pyrrole, [Py] = 0.2 M, and a dye, [Dye] = 0.01 M (Series 2 in Fig. 10)
also exhibit some features corresponding to the spectra of standard PPy
after deprotonation with 0.1 M ammonium hydroxide (compare with
spectrum of standard globular PPy in Fig. 10) [3].

3.6.2. 633 nm laser excitation line

Raman spectra of PPy prepared in presence of AB 25 and AB 129
recorded with 633 nm excitation wavelength display prevailing spectral
features of the dyes (Series 1, Fig. 11). The peaks of dye are more
pronounced in the case of AB 25, and they are marked with asterisks in
Fig. 11. The intensity of the bands of dye increased with increasing
pyrrole concentration. Some bands of PPy are also detected especially
in the spectra of samples prepared with AB 129. It is interesting that the
bands of PPy detected in the spectra with laser excitation line 633 nm
correspond to the protonated samples.
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In the Raman spectra of PPy prepared in presence of AB 25 and AB
129 at various oxidant-to-pyrrole mole ratio, [Ox]/[Py], at fixed con-
centration of pyrrole, [Py] = 0.2 M, and a dye, [Dye] = 0.01 M (Series 2
in Fig. 11), the intensity of the bands of dyes decreased with increasing
of the [Ox]/[Py] ratio. The bands of PPy correspond also to protonated
samples.

The excitation line in NIR region (785 nm) is in resonance with the
energy of transitions in polarons in PPy (globular or nanowires) and so
the spectrum corresponds especially to the surface of the nanowires
which is formed by PPy. It follows from the UV-vis spectra of PPy
[51,52]. The spectrum obtained with laser excitation light of 633 nm,
which penetrates inside the nanowires, corresponds to PPy which is in
contact with dyes. It is in resonance with the energy of the electronic
transition in the dyes. The peaks of the corresponding dyes are well
detected in the spectra in Fig. 9. These facts may explain the different
protonation state of PPy observed in the Raman spectra for two dif-
ferent laser excitation wavelengths. The spectrum obtained with laser
excitation of 633 nm, which penetrates inside the nanowires, corre-
sponds to PPy, which is in contact with dyes. This observation may
explain the paradox of the lower protonation state of PPy observed on
the surface of PPy nanowires with a 785 nm laser. We conclude that the
profile of nanowires is not uniform and the structure of surface region
differs from the nanowires interior. This may be due to the local dif-
ference in the degree of protonation or chain-organization or both re-
sulting in the gradient of polaron concentration. The Raman spectro-
scopy itself is not able to provide more detailed information.
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3.7. Cytotoxicity

The cytotoxicity of PPy in its native as well as in purified forms is
illustrated in Fig. 12. It is obvious that native PPy prepared with AB 129
dye displays smaller cytotoxicity than that prepared with AB 25. The
PPy with AB 129 became cytotoxic at concentration higher than 10% of
extracts in cultivation medium while PPy with AB 25 was in its native
form cytotoxic even at the 5% of extract in cultivation medium. Con-
sidering the fact that the lower ratio between the PPy powder and
cultivation medium was used for preparation of extracts (see the
methodology), it can be concluded that cytotoxicity of PPy with Acid
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Blue is comparable to, for example, the second most studied conducting
polymer, polyaniline prepared according to IUPAC-recommended pro-
cedure [53]. Regarding the PPy, the only study focused on the cyto-
toxicity of PPy powder extracted according to ISO protocol 10993 was
published by Wang et al. [54]. Their study, however, used special
Schwann cells line. By using this line, the authors declare that no cy-
totoxicity was observed if they cultivated 100 pL of 50% extract and
100 uL of cultivation medium. The standard PPy can be therefore
considered as similarly cytotoxic on Schwann cells as AB 25.

The cytotoxicity of native samples can be related to either the re-
sidual precursors or oligomers or to the used type of Acid Blue dye.
Polypyrrole itself is believed to be biocompatible, thus, the cytotoxicity
of dyes alone used for preparation of PPy powders was tested (Fig. 13).
It is clear that the cytotoxicity of PPy is connected to the used Acid Blue
dyes, as cytotoxicity of AB 129 is significantly lower than AB 25 in all
tested concentrations. In addition, the purification step consisting in
double extraction in cultivation medium significantly reduces the cy-
totoxicity of PPy as after the purification neither PPy prepared with AB
129 nor polypyrrole with AB 25 shows cytotoxicity at all concentrations
of extracts in cultivation medium except of 100%. It can be therefore
concluded that extractions lead to the leaching of non-bound Acid Blues
and therefore the PPy became less cytotoxic.

4. Conclusions

The preparation of polypyrrole nanowires by the oxidation of pyr-
role with iron(IIl) chloride in the presence of structure-guiding dye,
Acid Blue 25, is reported. The dye produces a template for the growth of
polypyrrole under acidic conditions afforded by iron(IIl) chloride oxi-
dant. The conductivity was improved from units Scm™, which is ty-
pical for globular polypyrrole prepared in the absence of dyes, to ca
60Scm™, for polypyrrole prepared in the presence of Acid Blue 25.
Both the yield and conductivity increased with increasing concentration
of pyrrole and oxidant-to-pyrrole mole ratio.

The similar syntheses with a closely related dye, Acid Blue 129,
displayed similar trends with respect to improved conductivity and
higher yield compared with the preparation in the absence of a dye. The
conductivity was only slightly lower compared with the samples pre-
pared with Acid Blue 25 dye. The morphology of polypyrrole, however,
was exclusively globular, i.e. completely different. This was explained
and demonstrated by the inability of this dye to produce a template for
nanotubular growth of polypyrrole in time. We also conclude that the
one-dimensional morphology does not directly imply the high con-
ductivity, which rather depends on the degree of polymer-chain or-
dering.

FTIR and Raman spectra demonstrate that the molecular structure
of polypyrrole prepared in presence of Acid Blue 25 and Acid Blue 129
corresponds to the molecular structure of standard polypyrrole. Raman
spectra also suggest that the degree protonation of polypyrrole is lower
at the surface of nanowires than in its body. The incorporation of the
dyes is confirmed by the Raman spectroscopy when the 633 nm laser
excitation was used.

Polypyrrole prepared with Acid Blue 129 is in its native form less
cytotoxic compared to Acid Blue 25. It has therefore a higher applica-
tion potential in biomedical applications, such as in the engineering of
electrosensitive tissues (e.g., cardiac or neuronal), biosensors and
bioactuators. A simple purification by pouring in extraction medium,
however, substantially reduced the cytotoxicity in both cases.
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HIGHLIGHTS

® 1D polypyrrole was prepared in the presence of two cationic dyes.

® Conductivity and morphology of polypyrrole was significantly affected by the dyes.

® Conductivity was enhanced to 35S cm™" in the presence of safranin.

ARTICLE INFO ABSTRACT

Keywords: Polypyrrole was prepared in the presence of cationic dyes, safranin and phenosafranin. The safranin supported
Polypyrrole the one-dimensional growth of polypyrrole, converting globules to nanorods and later also to nanotubes, par-
Safranin ) ticularly at higher dye concentrations. In the case of phenosafranin, the produced nanotubes were considerably
Phenosafranin thicker and were always accompanied by globules. Upon oxidation both dyes are expected to generate insoluble
Nanofibers ligomeri lates th loci for th ition of polypyrrole. The formation of globul hol

Nanottbes oligomeric templates that serve as loci for the deposition of polypyrrole. The formation of globular morphology
Conductivity takes place when the dye becomes depleted, due to its low concentration for safranin, or because of robust

templates produced by phenosafranin. In addition to scanning and transmission electron microscopies, the re-
sultant polypyrroles were characterized by FTIR and Raman spectroscopies, and DC conductivity measurements.
The conversion of globular morphology to nanotubes/nanofibers was accompanied by the increase in con-
ductivity from 5 to 35Scm ™, which was explained by the improved ordering of polypyrrole chains more
preferable for charge transport. The series of syntheses at varying oxidant-to-pyrrole mole ratios confirmed the
stoichiometric ratio 2.5 to be the best for pyrrole oxidation but a good stability of polypyrrole was demonstrated

even at extremely high stoichiometric ratio 15.

1. Introduction

Conducting polymers with tunable morphology and electroactivity
can be easily synthesized by oxidative polymerization of corresponding
monomers [1]. They can be obtained with conventional globular mor-
phology or as various nanostructures, such as nanorods [2], nanowires
[3], nanofibers [4,5] or nanotubes [6-8]. Among them, polypyrrole
(PPy) is one of the most promising conducting polymers due to its
unique physical and electrochemical properties. Its processability can
be improved by the formation of various morphologies [9], composites
[101, colloids [11,12] or hydrogels [13]. Different additives in the
polymerization medium can affect the morphology and conductivity as

* Corresponding author.
E-mail address: bober@imec.cas.cz (P. Bober).

https://doi.org/10.1016/j.polymer.2019.04.045

well; they could be used as morphology directing agents which work as
templates to produce polymers with different nanomorphologies. Ba-
sically, two main types of structure-directing agents have been used:
soft templates represented by micellar aggregates [14] and hard tem-
plates, such as porous membranes [15] or in-situ-generated solid dye
templates. Anionic dyes, such as methyl orange [6], Acid Red 1 [16],
Acid Red B [17], and Acid Blue 25 [4], have been reported as templates
guiding one-dimensional growth of polypyrrole. Cationic dyes, such as
rhodamine B [18,19] and methylene blue complex with heparin [2],
have been applied only exceptionally. It has recently been observed that
also another cationic dye, safranin, promotes the formation of one-di-
mensional PPy [20].
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Scheme 1. Chemical formulae of (A) safranin and (B) phenosafranin.

Fig. 1. Optical microscope images of formed templates by mixing (A) 4 mM of
safranin and (B) 4 mM of phenosafranin with 0.25M iron(IIl) chloride.

Fig. 2. SEM micrographs of polypyrrole prepared in the presence of safranin
with different concentrations: (A) 0.5 mM, (B) 2 mM, (C) 4 mM, (D) 10 mM, (E)
20 mM, and (F) 40 mM.
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Fig. 3. TEM micrographs of polypyrrole prepared in the presence of safranin
with different concentrations: (A) 0.5 mM, (B) 2mM, (C) 4 mM, (D) 10 mM, (E)
20 mM, and (F) 40 mM.

Among reported PPy morphology modifications, nanotubes have
the highest conductivity reaching ~100Scm ™! [21]. Moreover, they
were found to retain most of their conductivity under the neutral or
even alkaline conditions [22] which cannot be achieved in the case of
globular PPy.

Various PPy nanostructures have been used in many applications in
variety of fields extending from adsorbents [23], chemical sensors [24],
biosensors [25], actuators [26], drug delivery systems [27], electro-
catalysis [28], supercapacitors [29] to electrode material for batteries
[30].

In the present work, PPy nanofibers or nanotubes have been syn-
thesized by the oxidation of pyrrole with iron chloride in the presence
of a cationic dye, safranin or chemically similar phenosafranin,
(Scheme 1). The influences of the dye chemical structure, dyes con-
centration, and oxidant-to-monomer mole ratio on morphology and
conductivity have been studied to elucidate the role of the dye in the
pyrrole polymerization.

2. Experimental section
2.1. Chemicals and reagents

Pyrrole (=98%), iron(Il) chloride hexahydrate, safranin (3,7-dia-
mino-2,8-dimethyl-5-phenylphenazinium chloride; Safranin T, Basic
Red 2) and phenosafranine (3,7-diamino-5-phenylphenazinium
chloride) were purchased from Sigma-Aldrich. All chemicals were used
as received without any further purification.
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Fig. 4. SEM micrographs of polypyrrole prepared in the presence of different
concentrations of phenosafranin: (A) 0.5 mM, (B) 2mM, (C) 4 mM, (D) 10 mM,
(E) 20 mM, and (F) 40 mM.

2.2. Synthesis of PPy in the presence of safranin or phenosafranin

Polypyrrole was prepared by mixing 50 mL of 0.4 M pyrrole (1.34 g
of monomer) solution with safranin or phenosafranin (a series of dye
concentrations from 0 to 40 mM), then a separately prepared 50 mL
aqueous solution of 1M iron(Ill) chloride hexahydrate (13.52g of
oxidant) was added. The resulting reaction mixture thus contained
0.2 M pyrrole and 0.5 M iron(IIl) chloride, i.e. the oxidant/pyrrole mole
ratio ([Ox]/[Py]) was 2.5, and a selected concentration of a dye. The
polymerization mixtures were stirred for a few seconds and kept for
24 h at room temperature (20 = 2°C) without disturbance. The pre-
cipitates were collected by vacuum filtration, washed with an excess of
0.2 M hydrochloric acid, followed by ethanol, left to dry in air, and then
transferred into desiccators with silica gel until constant weight was
achieved.

In order to study the effect of [Ox]/[Py] ratio on the conductivity
and morphology of PPy, another series of samples was prepared in the
presence of fixed 4 mM safranin and 0.2 M pyrrole concentrations. Iron
(I11) chloride concentration was varied to obtain [Ox]/[Py] ratios from
1 up to 15.

2.3. Characterization

The morphology of powders was characterized using a VEGATescan
scanning electron microscope (SEM) and TECNAI G2 SPIRIT transmis-
sion electron microscope (TEM).

PPy pellets with a 13 mm diameter and 1 * 0.05mm thickness
were compressed with a manual hydraulic press (Trystom H-62) for the
conductivity measurements using van der Pauw method. A Keithley 230
Programmable Voltage Source in serial connection with a Keithley 196
System DMM, and a Keithley 181 Nanovoltmeter (Keithley, USA) were
used for current and potential drop measurement, respectively. The
conductivity value was obtained as an average value from the mea-
surements in two perpendicular directions measured under constant
environmental conditions at 23 * 1°C and relative humidity
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Fig. 5. TEM micrographs of polypyrrole prepared in the presence of different
concentrations of phenosafranin: (A) 0.5 mM, (B) 2mM, (C) 4 mM, (D) 10 mM,
(E) 20 mM and (F) 40 mM.

35 =+ 5%. The current was kept below 1 mA to avoid heat dissipation
in the sample.

Fourier-transform infrared (FTIR) spectra of the powders dispersed
in potassium bromide pellets have been registered using a Thermo
Nicolet NEXUS 870 FTIR Spectrometer with a DTGS TEC detector in
400-4000 cm ™~ wavenumber region. Raman spectra were recorded
with a Renishaw InVia Reflex Raman microspectrometer. The spectra
were obtained using excitation by an argon-ion laser line at 514 nm and
analyzed with a spectrograph equipped with a holographic grating
2400 lines mm ~*. A research-grade Leica DM LM microscope was used
to focus the laser beam. A Peltier-cooled CCD (Charge-coupled device)
detector (576 X 384 pixels) registered the dispersed light.

3. Results and discussion
3.1. Template formation

Polypyrrole (Scheme SA) is prepared by the oxidation of pyrrole
with a suitable oxidant, such as iron(IIl) chloride and obtained as a
powder with distinct globular morphology. When the oxidation takes
place in the presence of suitable organic dyes, one-dimensional
morphologies, such as nanotubes or nanofibers, may be obtained [20].
This happens if an organized phase involving a dye is generated in the
course of pyrrole oxidation and serves as a template for the surface
deposition of PPy [6,31]. The organic dyes have been reported to
produce one-dimensional J-aggregates [32] of stacked molecules sta-
bilized by m— interactions that could serve as templates. Safranin and
phenosafranin alone, however, were reported to produce only dimeric
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Fig. 6. The dependence of (A) conductivity and (B) yield per gram of pyrrole on
molar concentration of safranin or phenosafranin used in the synthesis.

aggregates [33] that could hardly fulfill such a role.

Turbid solutions have been formed after mixing aqueous solutions
of safranin or phenosafranin with iron(III) chloride before addition of
pyrrole. Optical microscopic images show the formation of two dif-
ferent types of insoluble solids (Fig. 1). Small fibrillar particles were
observed in the case of safranin (Fig. 1A), while phenosafranin pro-
duced relatively large microcubes (Fig. 1B). This experiment illustrates
the generation of solid phase in the reaction mixture. During the oxi-
dation of pyrrole, such solid objects are prevented to grow to macro-
scopic dimensions, when pyrrole oligomers adsorb on the surface of
emerging solids, now templates, and stimulate following growth of
polypyrrole chains [31]. The template formation could be a result of the
complex between a dye and iron(IIl) chloride [34] but the oligomer-
ization of phenosafranin [35] (Scheme SB) or its polymerization [36]
yielding insoluble products would be more likely explanation.

To sum up, there are two processes that produce the insoluble so-
lids: (1) the oxidation of pyrrole to polypyrrole (Scheme SA), and (2)
the oxidation of phenosafranin or safranin dye to corresponding oli-
gomers (Scheme SB). Depending on the reaction conditions, both re-
actions proceed simultaneously or in succession as discussed below.

3.2. Effect of dyes concentration on morphology

The conventional PPy obtained with the absence of any dyes has the
well-known globular morphology (Fig. S1). The SEM analysis of a series
of PPy prepared in the presence of various safranin concentrations
shows the significant effect of the safranin, even at very low con-
centration, on the PPy morphology. At the lowest concentration,
0.5mM of safranin, the mixture of globules and nanorods is found
(Fig. 2A). This might happen if the generation of PPy preceded the
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Fig. 7. FTIR spectra of polypyrrole prepared at various concentrations
0.5-5mM of (A) safranin and (B) phenosafranin.

formation of a template or if all template dye molecules were depleted
in the course of nanorod formation and remaining PPy was therefore
produced in globular form. The second explanation is more plausible.

By increasing the safranin concentration nanofibers with different
dimensions were obtained (Fig. 2B-F). TEM analysis (Fig. 3) was used
to distinguish between fibers and tubes; the results demonstrate the
formation of a mixture of nanotubes and nanofibers but no exclusive
nanotubes have been observed even at high safranin concentration. At
low safranin concentrations (Fig. 3A and B) no tubes cavity was ob-
served while the cavity of the PPy nanotubes increased by increasing
the safranin concentration. We can speculate that thicker templates
were available for deposition of PPy when the concentration of a dye
was higher.

On the other side, SEM micrographs of PPy prepared in the presence
of phenosafranin suggest that any fibers have been accompanied with
globules (Fig. 4). Moreover, the aspect ratio of the formed fibers is
smaller compared to fibers prepared with safranin. By increasing the
phenosafranin concentration, the tubular morphology became promi-
nent. TEM analysis (Fig. 5) confirms the formation of nanotubes with
rough surfaces and bigger size compared to PPy with safranin. It is
worth to mention that the dimensions of the formed nanotubes, about
500 nm in diameter, did not significantly change with the phenosa-
franin concentration. All these facts indicate that, due to the tendency
of phenosafranin to produce larger template compared with safranin
(Fig. 1), the phenosafranin dye becomes soon unavailable for the
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generation of new nanotubes and separate or adhering PPy globules are
therefore produced as the polymerization of pyrrole proceeds.

3.3. Conductivity and yield

The DC conductivity of two series of PPy prepared with varied
concentrations of safranin or phenosafranin were determined. It is
known from the literature that the conductivity of templates composed
of oligomeric dyes is low, 6 ~10"°Sem™! [35], and it cannot con-
tribute to the overall conductivity of PPy/dye nanostructured system.
PPy prepared in the presence of safranin or phenosafranin has higher
conductivity than the conventional globular PPy, 6 ~5Scm™?, pre-
pared in the dye absence. With increasing the safranin concentration,
the conductivity increased steadily, reaching a maximum 35S cm ™" at
4 mM dye concentration (Fig. 6A), then the conductivity decreased. The
similar trend was found in the case of phenosafranin, where con-
ductivity reached the maximum value 10.5S cm ™! at the concentration
2mM (Fig. 6B). Compared to our previous results on PPy chains grown
at the template surface [37], the increase in the conductivity has been
assigned to a better organization of PPy in nanotubular structures
compared to the reduced chain-ordering in the globules. Nanotubular
structure is also more favorable for the dopant distribution in the bulk
of the sample which also leads to the conductivity enhancement. The
correlation between conductivity and specific surface areas reported in
the literature [38] also points in this direction. By increasing the con-
centration of dyes and, consequently, the fraction of non-conducting
oxidation products [35], the conductivity of composites decreased.

The yield in both cases of dye template used, safranin or phenosa-
franin, slightly increased with dye concentration (Fig. 6B) as expected.
Theoretically 1 g of pyrrole produces 1.3 g of PPy hydrochloride and, as
the yield of oxidation product per 1 g of pyrrole is much higher than the
theoretical value, the dyes oxidized to insoluble oligomers have to be
present as a substantial part of the products. To address this issue, the
products have been analyzed with spectroscopic methods.

3.4. FTIR spectroscopy

The infrared spectra of PPy prepared in the presence of various
concentrations of safranin (Fig. 7A) and phenosafranin (Fig. 7B) con-
firm the PPy structure. In the case of safranin the samples prepared with
higher dye concentrations were difficult to disperse in potassium bro-
mide pellets. For that reason, infrared absorption spectra were very
poorly resolved, and only the bands of stretching and bending vibra-
tions of water molecules at about 3436 cm ™! (not shown in Figure) and
1633 cm ™! were detected in the spectra. Only low concentrations of
dyes from 0.5mM to 5mM are presented. For phenosafranin, the
samples were better dispersed and the spectra were of good quality. In
both cases, we detect the main bands of PPy [20] with maxima at
1534cm™! (C-C stretching vibrations in the pyrrole ring), at
1450 cm ™! (C-N stretching vibrations in the ring), the broad band with
maximum at about 1297 cm~ ! (C-H or C-N in-plane deformation
modes), and a local absorption maximum located at 1163 cm™!
(breathing vibrations of the pyrrole rings). The band at 1040 cm ™!
corresponds to the C-H and N-H in-plane deformation vibrations and
the peaks at lowest part of the spectrum to the C-H out of plane de-
formation vibrations of the ring. The peaks typical for safranin or
phenosafranin (their spectra are shown in Fig. 7 for comparison) have
not been detected in the PPy spectra. This may be due to their low
concentrations.

3.5. Raman spectra

The presence of safranin and phenosafranin, however, is well
documented by the Raman spectra recorded with a 514 nm excitation
wavelength, which is close to the absorbance maximum at 538 nm in
UV-visible spectra of these dyes [35] and hence the Raman spectra are
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resonantly enhanced (Fig. 8). The spectral features are more pro-
nounced in the case of safranin at 1642, 1555, 1536, 1378, 1284, 1248,
1200, 1135, 834, 776, 697, 619 and 357 cm ™. They are slightly de-
tectable for phenosafranin at 1634, 1550, 1374, 1327, 1300, 1188,
1140, 805, 698, 631, and 365 cm ™! at higher dye concentrations. The
bands of PPy with maxima at 1585 cm ™ lc=c stretching vibrations of
PPy backbone), 1387 and 1342 cm ™! (bands of ring-stretching vibra-
tions), 1257 cm ™! (antisymmetric C-H deformation vibrations),
1059 cm ™' (C—H out-of-plane deformation vibrations) and double
peak at 980 and 945cm™! (ring-deformation vibrations of neutral
polypyrrole and ring-deformation vibrations in bipolaron units) have
also been detected in the spectra. They correspond to the protonated
form of PPy [20].

We can conclude from the infrared spectra that PPy was produced in
its salt form (Scheme SA), and Raman spectra confirm the presence of
dyes in the samples. The spectroscopy, however, is not able to dis-
criminate between the dyes and oligomers produced from these dyes
upon oxidation. It is not possible to decide within the present study if
the dyes are located inside of the PPy nanostructure or at its surface
[38].

3.6. Effect of oxidant/monomer mole ratio

In order to get additional insight into the generation and properties
of PPy nanostructures, a series of syntheses with variable oxidant-to-
monomer mole ratios, [0x]/[Py], at fixed 0.2 M pyrrole and 4 mM dye
concentrations were carried out. The stoichiometric ratio [Ox]/
[Py] = 2.5 was used in experiments discussed in the preceding section.
At the ratio reduced to 1, the morphology of PPy was a mixture of fibers
and globular particles (Fig. S2). With increasing [Ox]/[Py] ratio up to
3.5, the nanofibers became prominent up to mole ratio equal to 3 (Fig.
S2). By further increasing of [Ox]/[Py] mole ratio a mixture of globular
and fibrillar morphology with a shape of coral reefs is formed due to the
high rate of polymerization at high oxidant concentrations.

The yield as well as the conductivity was found to increase linearly
by increasing the oxidant concentration up to [Ox]/[Py] = 2.5 which
supplies sufficient amount of oxidant to oxidize all available pyrrole
monomers in the reaction mixture. The plateau in the yield is reached at
higher ratios (Fig. 9) indicating good stability with respect to over-
oxidation. On the other hand, after reaching the maximum value at the
concentration [Ox]/[Py] = 3.5 the conductivity decreased to nearly
constant 25Scm ™! even at extremely high [Ox]/[Py] ratios. The cur-
rent use of stoichiometric ratio 2.5 is thus substantiated.

4. Conclusions

Organic cationic dyes, safranin and phenosafranin, have been used
in the chemical oxidation of pyrrole for the enhancement of con-
ductivity of polypyrrole and conversion of its globular morphology to
nanofibers/nanotubes. Oxidation products of both dyes, i.e. their in-
soluble oligomers, play a major role as hard templates in directing the
morphology of PPy and its aspect ratio. Two processes, (1) the poly-
merization of pyrrole and (2) the oxidation of dyes to insoluble oligo-
mers proceed simultaneously, and their interplay are responsible for the
produced morphology. The highest conductivity of PPy o = 35Scm ™!
and 10Scm ™! were found at 4 mM safranin and 2 mM phenosafranin,
respectively, compared with 5Scm ™" of standard globular PPy. Even
low concentrations of safranin, 0.5 mM were found to be sufficient to
stimulate the growth of one-dimensional morphologies. It is proposed
that the PPy chains are better organized in thin one-dimensional
structures than in globules and thus nanotubes are more conducting
than their globular counterpart. [Ox]/[Py] mole ratio has also sig-
nificant effect on the conductivity, yield and the morphology of PPy but
the currently used value 2.5 affords the products with the best con-
ductivity. The produced PPy can be potentially used in various appli-
cations as electrodes materials in supercapacitors, electroactive
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membranes, etc.
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A facile preparation of a conducting one-dimensional polypyrrole nanostructure (1-D PPy) was achieved in
the presence of safranin dye. The polymerization temperature has a significant effect on the conductivity,
specific surface area and morphology of PPy. A decrease in the polymerization temperature leads to a
significant increase in the conductivity. The highest conductivity was obtained by frozen polymerization
(—24 °C) with a value of 175 + 4 and 23.7 = 2.9 S cm™! for 1-D PPy and globular PPy, respectively. The
temperature dependence of the conductivity of 1-D PPy prepared at —24 °C revealed a semiconducting
behaviour with a 3-D variable range hopping charge transfer mechanism. Raman spectroscopy results
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suggested that the high conductivity can be attributed to the high protonation level of 1-D PPy. Nuclear
magnetic resonance spectroscopy has been used to study the chemical structure of 1-D PPy and the
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Introduction

Enhancing the electrical conductivity and mechanical proper-
ties of conducting polymers is an important prerequisite to
improve the performance of soft electronics. Different
approaches have been used to increase the conductivity of
conducting polymers, such as the synthesis of composites with
noble metals,"” graphene,® dyes,* or doping with an anionic
polyelectrolyte such as polystyrene sulfonate.> Among the
various conducting polymers, polypyrrole (PPy) has attracted
attention due to its unique physico-chemical properties and broad
spectrum of applications, such as batteries,® supercapacitors,”’
chemical sensors,® biosensors,’ conductive textiles,'*'" antistatic
coatings,'? oxidation-reduction reactions,"® dye removal,'* drug
delivery systems,” ion selective membranes'®'” and tissue
engineering.'® Polypyrrole can be easily synthesized chemically
or electrochemically by the oxidative polymerization of pyrrole.*®
Chemical synthesis allows for a low-cost mass production.
Polypyrrole can be obtained in different forms such as
powders,” thin films,>® colloids** and cryo- or aerogels,*?*
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incorporation of safranin into the polymer matrix.

and it can exhibit a conductivity of up to 100 S cm *.**

Various types of nano-morphologies can be obtained by poly-
merization processes in which different templates are used as
morphology-guiding agents. For example, organic dyes have
been used as hard templates to produce PPy nanotubes®* or
nanofibers.”® Recently, safranin, an organic cationic dye, has
been used to obtain one dimensional (1-D) PPy with enhanced
conductivity (35 S cm™ ") compared to conventional globular PPy
(1-5 S cm™1).%¢

The polymerization conditions applied during the prepara-
tion can strongly affect the morphology and conductivity of
the resulting conducting polymers.>” Although many reports
studied the effect of the polymerization temperature of polyani-
line (PANI) in a wide range of temperatures (—50 to +50 °C)*%7?
or that of PPy in the range of 0 to 60 °C,*** to the best of our
knowledge, no one has studied the chemical polymerization of
pyrrole to PPy nanostructures in frozen medium. Polyaniline
was prepared chemically at —24 °C,*" which leads to an increase
in the molecular weight followed by an increase in conductivity,
and it even showed metallic character compared to the semi-
conductor behaviour obtained at room temperature. Reducing
the temperature of PANI preparation to —40 °C led to the
formation of a higher-molecular-weight product.>* Stejskal
et al.?® reported the influence of the polymerization temperature
of PANI in the range of —50 to +50 °C on its molecular weight,
crystallinity, and electrical conductivity. They concluded that as
the reaction temperature decreases, both the molecular weight
of PANI and its crystallinity increase, but the conductivity
improved only marginally. Similar to PANI, it was found that

This journal is © The Royal Society of Chemistry 2020
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the conductivity of electrochemically prepared PPy increased
with decreasing temperature of the preparation, the highest
conductivity being 26.3 S cm™ " of PPy prepared at 1 °C com-
pared to 0.04 S cm ™ obtained at 60 °C. The conductivity may be
enhanced due to the higher doping level, longer conjugated
chains and higher charge-carrier hopping frequency.**

In spite of the different approaches taken to improve the
conductivity of PPy, the challenge remains to develop a low cost
and scalable method to get highly conducting PPy. Recently,
safranin has been used to enhance the conductivity of PPy
prepared at room temperature.’® In the present paper, we study
the effect of polymerization temperature on the conductivity
and the morphology of PPy in a wide range of temperatures
from —80 to +50 °C. Safranin was used as a morphology-guiding
agent to produce 1-D PPy. Various analytical techniques have
been used to characterize the PPy prepared in the presence or
absence of safranin. The morphology, conductivity and specific
surface area of all the samples were examined. In addition,
Raman and ssNMR spectroscopy were used to study the mole-
cular structures of PPy in both its protonated and deprotonated
forms, respectively.

Experimental
Chemicals and reagents

Pyrrole, iron(m) chloride hexahydrate, safranin (3,7-diamino-
2,8-dimethyl-5-phenylphenazinium chloride; Safranin T, Basic
Red 2) and ammonia solution (NH,OH) 25% were obtained
from Sigma-Aldrich. All chemicals were used as received.

Synthesis of polypyrrole

Polypyrrole was prepared by the polymerization of pyrrole
(0.2 M, 1.34 g) with iron(m) chloride (0.5 M, 13.5 g) as the oxidant
in the presence of an organic dye, safranin (4 mM, 0.14 g), or in
its absence at various temperatures (from —80 to 50 °C). The total
volume of the polymerization mixture was 100 mL. In a water/
ethylene glycol bath adjusted to the desired temperature (—24 to
50 °C), 50 mL of a precooled aqueous solution of pyrrole with
safranin was mixed with 50 mL of precooled oxidant solution.
The mixtures were allowed to polymerize for 24 h at the particular
temperatures. For the preparation of PPy at —50 °C, the poly-
merization mixture was frozen in a solid carbon dioxide/cyclo-
hexanone bath for 30 min before leaving it to polymerize for one
week in a freezer adjusted to —50 °C, while a carbon dioxide/
ethanol bath was used for the preparation of PPy at —80 °C, and
the reaction mixture was kept for 2 weeks in a freezer at —80 °C.
Polypyrrole without safranin was prepared in the same manner.
The obtained PPy powders were collected after thawing via
vacuum filtration, rinsed with 0.2 M HCI solution, then with
ethanol, and dried in air and in a desiccator over silica gel until
constant weights were obtained.

A part of the samples was converted to the PPy base
(deprotonated) form by suspension in 1 M or 16 M NH,OH
for 24 h, washed with acetone and left to dry in a desiccator over
silica gel until constant weights were obtained.

This journal is © The Royal Society of Chemistry 2020
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Characterization

The morphology of PPy powders was characterized by using
a MIRA3 TESCAN scanning electron microscope (SEM) and
TECNAI G2 SPIRIT transmission electron microscope (TEM).

The DC conductivity was determined by employing the van
der Pauw method on compressed pellets having a diameter of
13 mm and thickness of 1.0 + 0.2 mm prepared under a
pressure of 540 MPa using a hydraulic press (Trystom H-62,
Trystom, Czech Republic). A Keithley 230 Programmable Voltage
Source in serial connection with a Keithley 196 System DMM was
used as a current source; the potential difference between the
potential probes was measured using a Keithley 181 Nanovolt-
meter (Keithley, USA) under constant ambient conditions
(23 &+ 1 °C and relative humidity 35 & 5%). The conductivity of
each sample was measured at least three times. For studying the
temperature dependence of the DC electrical conductivity,
the van der Pauw method was used using the same setup as
described above, where the samples were mounted in the cryo-
stat (Novocontrol, Germany) and the temperature (in the range
of —160 to +160 °C) was controlled using a Novocontrol Quatro
4.0 temperature controller under a gas flow from the liquid
nitrogen source. The measurements were taken after at least
30 min of temperature stabilization. Before taking the measure-
ments, the samples were kept in the cryostat in a N, atmosphere
at 60 °C for 3 h to remove residual humidity. The conductivity
values were calculated as the average value of the measurements
in two perpendicular directions.

The specific surface area of the samples was determined
using physisorption measurements on an automatic volumetric
sorption analyser (Autosorb-iQ, Anton Paar QuantaTec Inc.)
with nitrogen at 77 K. 40-50 mg of the samples was outgassed
for 2 h at 200 °C before the adsorbed gas volume was measured
at a relative pressure of 0.1 to 0.4. Using the Brunauer-Emmett-
Teller (BET) method, the specific surface areas of the samples
were calculated.

Raman spectra were collected on a Renishaw inVia Reflex
Raman spectrometer equipped with a near-infrared diode
785 nm laser (holographic grating 1200 lines mm™ ") and an
argon-ion laser at 514 nm (2400 lines mm™"). A research-grade
Leica DM LM microscope with an objective of magnification
50x was used to focus the laser beam on the sample placed on
an X-Y motorized sample stage. A Peltier-cooled CCD detector
(576 x 384 pixels) registered the dispersed light.

Chemical structural studies on the deprotonated PPy sam-
ples were performed using *C and **N Magic Angle Spinning
Nuclear Magnetic Resonance Spectroscopy (MAS NMR). Solid-
state NMR (ssNMR) spectra were recorded under an 11.7 T
magnetic field using an AVANCE III HD spectrometer, at
Larmor frequencies »(**C) = 125.783 MHz and »(*°N) =
202.478 MHz using 3.2 mm and 4 mm cross-polarization (CP)
magic angle spinning (MAS) probes, respectively. The >C and
SN CP/MAS NMR spectra were recorded at 20 kHz and 5 kHz
MAS spinning speeds. The **C and >N NMR isotropic chemical
shifts were calibrated using a-glycine (**C: 176.03 ppm; carbo-
nyl signal and "’N: 11.59 ppm; amine signal) as the external
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standard. The "N NMR chemical shift of the glycine amine
signal is usually referenced to 34.35 ppm;*> however, different
5N shift values were used in agreement with literature data®
for easier comparison of experimental results. The *C CP/MAS
NMR spectra were measured with a recycle delay of 2 s. The
number of scans was 5-25k at an 800 us spin lock. The >N CP/
MAS NMR experiment was recorded with a recycle delay of 5 s.
The number of scans was 48k at a spin lock of 800 ps. The
contact time for the cross-polarization experiment was used
according to literature data.*®*” The SPINAL64 decoupling
sequence was applied for suppression of strong dipolar inter-
actions in all cases. Frictional heating of the spinning samples
was compensated by active cooling®® and the dried samples
were placed into ZrO, rotors. All NMR spectra were processed
and fitted using the Top Spin 3.5 pl2 software package.

Results and discussion
Yield

The yield was found to increase linearly upon increasing the
polymerization temperature from —80 °C to room temperature
(Fig. 1), where the maximum yield was obtained. Upon further
increasing the polymerization temperature up to 50 °C, a slight
decrease of yield was observed due to the exothermic nature of
the PPy polymerization reaction. Generally, the high yield of
PPy (more than 100%) is attributed to the presence of chloride
counter-ions in the polypyrrole chain (Scheme 1A), the hygro-
scopic nature of PPy, which contains water molecules, and
oxygen uptake during the polymerization.>**° On the other
hand, 1-D PPy prepared in the presence of safranin has a
higher yield than globular PPy due to the incorporation of
safranin molecules during the polymerization. The very low
yield obtained at —80 °C in both cases, in the presence or
absence of safranin, suggests the formation of pyrrole oligo-
mers due to the restriction of long polymer chain formation
under these conditions.
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Fig.1 The influence of the polymerization temperature on the yield
of 1-D polypyrrole prepared in the presence of safranin and the globular
(dye-free) polypyrrole. The yield was calculated in grams per gram
of pyrrole.
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Scheme 1 Chemical formulae of polypyrrole (A) and safranin (B).

Morphology of the obtained polypyrrole

Dye-free PPy has a characteristic globular morphology; how-
ever, the addition of safranin into the polymerization medium
leads to the formation of a 1-D morphology (Fig. 2). Safranin
acts as a morphology-guiding agent. When mixed with iron(m)
chloride, it precipitates as fibrillary aggregates (Fig. S1, ESIT),
which act as a template for the deposition of PPy.>® Such
formation of fibrillar aggregates could be a consequence of
complex formation between safranin and iron(m) chloride, or
simply the oligomerization of safranin.*” The polymerization
temperature has a crucial impact on the morphology of PPy
(Fig. 1 and Fig. S2, ESIT). The polymerization at 50 °C in the

ST xt 3#» 7

—
%w%‘g?‘ *

g
4

Fig. 2 SEM micrographs of 1-D polypyrrole obtained in the presence
of safranin (A—C) and globular polypyrrole formed in its absence (D-F).
Polymerization temperature: 50 °C (A and D), 5 °C (B and E) and —24 °C
(C and F).
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Fig. 3 TEM micrographs of 1-D polypyrrole prepared in the presence of
safranin at 50 °C (A), 20 °C (B), 5 °C (C), —10 °C (D), —24 °C (E), and —50 °C (F).

presence of safranin led to the formation of a mixture of globular
and fibrillary particles, probably due to the fast nature of the
reaction and there being not enough time for the formation of the
template facilitating the 1-D morphology. When the same poly-
merization was performed at room temperature, well-organized
PPy nanofibers were formed (Fig. S2, ESIt). It should be noted that
the polymerization temperature has a significant effect on the
dimensions of the PPy fibres (Fig. 3). Under frozen polymerization
conditions, at —24 °C, the produced PPy nanofibers are more
interconnected and with smaller dimensions. Further decreasing
the polymerization temperature to —50 °C led to the formation of
thicker 1-D fibres, while polymerization at —80 °C led to the
formation of a mixture of irregular flakes and nanotubes (Fig. S2
and S3, ESIt). On the other hand, all PPy samples prepared in the
absence of safranin have a typical globular morphology, with the
particle sizes strongly depending on the polymerization tempera-
ture. The smallest globular particles were formed at 50 °C and the
largest particle size was obtained at —10 °C (Fig. 2).

Specific surface area

Polypyrrole with a 1-D morphology, prepared in the presence of
safranin, had a higher specific surface area (Spgr) compared to

This journal is © The Royal Society of Chemistry 2020
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Table 1 BET specific surface area, Sget, of globular and 1-D polypyrrole
prepared at various temperatures

Polymerization Globular PPy Sggr, 1-D PPy Sggr,
temperature, °C m®g " m? g’
50 37.6 £ 9.5 35.8+ 6.4
20 13.5 £ 0.4 52.4 £ 2.5
5 18.2 £ 8.8 53.2 £+ 8.8
—10 8.8 + 3.5 65.7 + 3.5
—24 24.4 £ 4.5 72.3 £ 2.5
—50 23.0 + 4.7 49.6 + 0.2
—80 66.8 + 0.0 73.6 £ 7.5

the polymers with a globular morphology, similar to the trend
reported in the literature.? The results of Sgpr analysis (Table 1)
correlated well with the morphology of the obtained PPy (see SEM
and TEM images). A decrease in the polymerization temperature
led to an increase in specific surface area of the 1-D PPy from
35.84+ 6.4m>g ' at 50 °Cto 73.6 + 7.5 m> g ' at —80 °C. In the
case of the globular PPy, this trend was not observed. The specific
surface area, Sggr, however, correlates with the particle size: the
smaller the particle size, the higher the specific surface area. The
highest Sy for globular PPy was 66.8 m”> g . The largest surface
area being achieved for 1-D PPy (73.6 + 7.5 m” g '), obtained by
polymerization at —80 °C, can be explained by the formation of
oligomers and nanotubular structures.

Conductivity

The dependence of the electrical conductivity on the polymer-
ization temperature was markedly different for PPy prepared
with and without the safranin template. Whereas both forms of
PPy polymerized at high temperature (50 °C) had nearly the
same conductivity, with decreasing temperature of preparation,
there was a much more pronounced increase of conductivity in
1-D PPy compared to the globular one, which showed only a
small increase. When polymerized in a frozen state at —24 °C,
both forms of PPy show a maximum but the conductivity value
of 1-D PPy, polymerized in the presence of safranin, is almost
one order of magnitude higher, reaching 175 S cm ™" compared
to 23.7 S cm ™" found for globular PPy (Fig. 4A). With a further
decrease in the polymerization temperature, the conductivity of
globular PPy remained almost completely unchanged but the
conductivity of 1-D PPy decreased, approaching the conductivity of
the globular one when both were prepared at —80 °C. The much
higher conductivity of 1-D PPy prepared at —24 °C can be attributed
to a higher level of protonation, as evidenced by the Raman spectra
(see below) and better rearrangement of the polymer chains result-
ing in thinner fibres with a higher specific surface area (Table 1). As
has been published previously,” PPy polymerized in the presence of
various dyes is composed of nanofibrils having a well-organized
crystalline core surrounded by a disordered shell. The thickness of
the core is limited, whereas the thickness of the disordered shell
grows with increasing thickness of the fibrils. As can be seen from
Fig. 2 and Fig. 3, 1-D PPy prepared at —24 °C, which exhibits the
highest conductivity, also has the thinnest fibrils with a higher
degree of protonation, as proved by Raman spectroscopy (see below).
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Fig. 4 The influence of the polymerization temperature on the conduc-
tivity of the 1-D polypyrrole prepared in the presence of safranin and the
globular polypyrrole prepared without safranin; the inset shows the
correlation between conductivity and specific surface area of 1-D poly-
pyrrole (A). Temperature dependence of the conductivity of 1-D poly-
pyrrole prepared at —24 °C (full squares) and globular polypyrrole (full
circles, data obtained from ref. 41) as a function of T4 (B).

In order to get a better insight into the nature of the charge
transport in the highly conductive 1-D PPy, the temperature
dependence of conductivity was measured and compared to
that of previously studied globular PPy*' (Fig. 4B). The tem-
perature dependence of conductivity of 1-D PPy shows a semi-
conducting behaviour with increasing conductivity when
temperature increases in the range from —160 to 140 °C (113
to 413 K) but with a markedly smaller slope compared to that of
the globular PPy. A slight decrease of conductivity was observed
above 140 °C, which can be attributed to the deprotonation of
the polypyrrole due to the release of HCI (dopant). This only
small decrease is in contrast to the large drop in conductivity
observed in the globular PPy and serves as another piece of
evidence that the dopant is better anchored in the central part
of the PPy fibrils. The conduction mechanism of PPy is mostly
discussed within the framework of Mott’s variable range

hopping, using eqn (1).

T\ V/+h)
oT = Goexp (—70) (1)
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where ¢, is the preexponential factor resembling the high
temperature limit of conductivity, o7 is conductivity at tem-
perature T, T, is the Mott characteristic temperature, indirectly
proportional to the density of states at the Fermi level and to
the localization length of the wave function of localized charge
carriers, and n is the dimension in which the charge transport
takes place. The conductivity vs. (1/T)"" plot was fitted for
different values of n using the least squares fit procedure.
The data were well fitted with n = 3, pointing to 3-D variable
range hopping. The smaller value of the T, obtained from the
temperature dependence of the conductivity of 1-D PPy com-
pared to the globular one agrees well with a longer delocaliza-
tion of carriers and a higher level of doping in the molecularly
well-ordered domains. Also, the frequency independent AC
conductivity result (Fig. S4, ESIt) confirms that the charge
transport proceeds through homogeneous and relatively com-
pact grains.

The conductivity of all deprotonated 1-D PPy (under mild
basic conditions, 1 M NH; solution) samples showed a decrease
of their original conductivity by 5 orders of magnitude. For
example, the conductivity of 1-D PPy prepared at —24 °C decreased
from 175 to 1.3 x 10> S cm ™" while that of 1-D PPy prepared at
50 °C decreased from 7.5 to 5.7 x 10> S cm *. However,
deprotonation under harsh conditions (16 M NH; solutions) led
to fully deprotonated PPy samples with the same conductivity for
all 1-D PPy samples with the value ~2 x 10~ ®S cm™ . Re-doping
with 0.2 M HCI did not fully recover the original conductivity but it
led to an increase by just 2 orders of magnitude for all the PPys
prepared at different temperatures. During the deprotonation, the
chain ordering is disturbed by the mass loss resulting in volume
reduction and consequently shrinking of the chains. This factor
limits the full recovery of PPy conductivity.®

Raman spectroscopy

Raman spectra provide information on the molecular structure
of a polymer and on the charge distribution on the chains. They
differ depending on the laser excitation line used.”® The spectra
recorded with a 785 nm excitation wavelength are in resonance
with the electronic transitions in PPy. In the spectrum of
standard globular PPy (Fig. 5A), which was earlier described
in the literature,”™*® the peak observed at 1595 cm ' corre-
sponds to the backbone stretching mode of C—C bonds and
the inter-ring C-C mode in the backbone of the polaron
structure. The band with a maximum at 1488 cm ™" is assigned
to the skeletal, or C-C and C-N stretching vibrations. The shape
of two peaks situated at 1380 cm ™' (antisymmetrical inter-ring
stretching C-N vibration of oxidized, protonated PPy) and
1328 cm ™' (inter-ring stretching C-C vibration mode in neutral
states of PPy) corresponds to the spectrum of protonated PPy.
The band with a maximum at 1242 cm™ " is assigned to the
antisymmetrical C-H in-plane bending vibrations. The shape
of the double peaks observed at 1079 ¢m ' (C-H in-plane
deformation with oxidized, protonated species) and 1052 ¢cm™*
(non-protonated PPy units) also corresponds to the spectrum of
the protonated state of the prepared samples of PPy. The bands
at 976 and 933 cm ™' can be assigned to the ring in-plane

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Raman spectra of polypyrroles prepared without (A) and in the
presence (B) of safranin at various temperatures. Laser excitation wave-
length: 785 nm.

deformation associated with the polaron and bipolaron states
of PPy, respectively.*®

In the Raman spectra of PPy prepared in the presence of
safranin (Fig. 5B), we do not observe any peaks of safranin
when using the 785 nm laser excitation line. As this excitation
line falls in the polaron absorption band of PPy, it is strongly
absorbed and the penetration depth is only several nanometres,
i.e. close to the surface.**>°

The energy of the 514 nm laser excitation line is close to the
electronic absorption in safranin dye, which has maximum
optical absorption at 538 nm.** In the Raman spectra of PPy
prepared with safranin, we detect resonantly enhanced peaks of
safranin, as marked with asterisks (see Fig. 6). Beside them, we
detect peaks at 976 and 933 nm belonging to the polaron and
bipolaron states of PPy, respectively. These peaks correspond to
PPy in the interior of the nanostructures, which is in contact
with the dye, because the energy of the laser excitation 514 nm
is not in resonance with the electronic absorption band of PPy
and the penetration depth is higher. From the ratio of the
bands corresponding to polarons/bipolarons, we can conclude
that PPy, which is inside the nanotubes or nanofibers and in
contact with the safranin template, is in a more protonated

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Raman spectra of 1-D polypyrrole prepared in the presence of
safranin at various temperatures. Laser excitation wavelength: 514 nm.

(polaronic) state. This correlates with the higher conductivity of
these samples. This effect has been recently described in the
literature.*

Solid-state NMR analysis

3C and "N CP/MAS NMR spectroscopy was used for investiga-
tion of deprotonated 1-D PPy prepared at different polymeriza-
tion temperatures. It is problematic to study conducting
polymers, especially those possessing high conductivity, using
the ssNMR technique, as with increasing conductivity, the
signal broadens and loses intensity in addition to a very long
time being needed to get an acceptable resolution.’* The main
goal of ssNMR analysis was to study the chemical structure of
PPy prepared with safranin at different temperatures and to
estimate the quantity of incorporated safranin.

The *C CP/MAS NMR spectra of deprotonated 1-D PPy
(Fig. 7) clearly confirm the formation of the PPy structure with
different residual amounts of safranin in all cases. The main
signal consists of two peaks at 114 and 129 ppm, which were
attributed to the =—CH carbon and quaternary carbon of an
aromatic form.*”**> Moreover, the absence of the peak at
143 ppm in all spectra suggests that quinonoid structures are
missing. Two relatively broad peaks at 165 ppm and 50 ppm
were detected and attributed to the air-oxidized phase.*®
According to the literature, the existence of this phase can be
identified using >N CP/MAS NMR spectroscopy by the presence
of a "’N NMR signal at 90 ppm. This signal, however, was not
found in the present '’N CP/MAS NMR spectrum, although only
one sample (polypyrrole prepared at 5 °C, see Fig. S5, ESIT)
was measured due to the long experimental time (72 h).
Furthermore, the >N CP/MAS NMR spectrum was collected
for the sample at natural isotopic abundance, in contrast to the
spectrum referred to in the literature. Thus, an air-oxidized
phase still has to be considered. However, a plausible alter-
native to the signal assignment reported by Korusu™ for
the resonances at 165 ppm and 50 ppm in the >C CP/MAS
NMR spectra can also be made, namely that the signals belong
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200 150 100 50 [ppm]

Fig. 7 Experimental ¥C CP/MAS NMR spectra (black solid line), simula-
tions of the individual carbon atoms (dashed lines) and their sum (red solid
line) of deprotonated 1-D polypyrrole prepared at various temperatures.
The star symbol denotes resonance(s) corresponding to safranin.

to the disordered -N—=C= and -NH-CH- groups®* formed
during pyrrole polymerization in the presence of safranin.
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Table 2 The content of safranin (mol%) determined from the deconvolu-

tion of 3C CP/MAS NMR spectra for the samples prepared at various
temperatures. Icy(polypyrrole) = 1

Polymerization
temperature, °C

Safranin, mol%

Icy (safranin) (Icus % 100)/(Icus + Icn)

50 0.09 8.3
20 0.15 13.0
5 0.07 6.5
-10 0.07 6.5
—24 0.04 3.9

Furthermore, the right shoulder of the resonance at 165 ppm
can be attributed to the NH,-C < groups from safranin. The
presence of safranin in the prepared systems is clearly con-
firmed by a sharp peak at 17 ppm (Fig. S6, ESIT). Additional
information (mol% of safranin can be roughly estimated) was
extracted from the deconvolution of the *C CP/MAS NMR
spectra, from the ratio of integral areas of the methyl peak of
safranin (17 ppm) to the CH carbon of PPy (114 ppm), since
these peaks are basically unaffected. The resulting composi-
tions in mol% are listed in Table 2, from which an increasing
amount of safranin present in PPy with increasing temperature
is evident. The results obtained from the NMR data indicate
that with increasing polymerization temperature, the amount
of safranin present in PPy increases. This finding also suggests
that a higher amount of safranin can be associated with a
reduced conductivity of PPy due to increasing the concentration
of dyes and, consequently, the fraction of the non-conducting
component in the 1-D PPy.*®

Conclusions

Polypyrrole with a 1-D morphology was easily prepared by the
addition of safranin into the polymerization medium. Polypyr-
role prepared without the addition of safranin had, in contrast,
a globular form. The dimensions of the PPy fibres in 1-D PPy or
of the globules in PPy prepared without safranin, as well as
conductivity and specific area of the as-prepared products were
influenced by the polymerization temperature. Frozen polymer-
ization (at —24 °C) resulted in polymers with the highest
conductivity, reaching 175 S em™" and 23.7 S cm™ ' for 1-D
PPy and globular PPy, respectively. The high-conducting PPy
samples possessed thinner fibres, a high specific surface area
and a high level of protonation, as evidenced by TEM, BET
measurements, and Raman spectroscopy. Raman spectroscopy
and ssNMR analysis demonstrated the incorporation of
safranin into the PPy fibres, which, in turn, facilitated a higher
level of protonation. The mol% of safranin incorporated in
deprotonated PPy was found to decrease upon decreasing the
polymerization temperature.
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Abstract: Four new bis(tpy) unimers with different linkers between the thieno[3,2-b]thiophene-2,5-
diyl central unit and terpyridine-4’-yl (tpy) end-groups: no linker (Tt), ethynediyl (TtE), 1,4-phenylene
(TtPh) and 2,2"-bithophene-5,5'-diyl (TtB) are prepared, characterized, and assembled with Fe?*
ions to metallo-supramolecular polymers (Fe-MSPs). The Fe-MSP films prepared by spin-casting
on Indium Tin Oxide (ITO) glass are characterized by atomic force microscope (AFM) microscopy,
cyclic voltammetry, and UV /vis spectroscopy and studied for their electrochromism and effect of the
unimer structure on their electrochromic performance. Of the studied MSPs, Fe-Tt shows the highest
optical contrast as well as coloration efficiency (CE = 641 cm? C~!) and the fastest optical response.
This makes it an excellent candidate for possible use in electrochromic devices.

Keywords: electrochromism; field responsive polymer; metallo-supramolecular polymer; self-
assembly; terpyridine; unimer; gel electrolyte

1. Introduction

Electrochromism is an electro-optic effect consisting of a reversible change in the
material color or transparency in response to or a change in the applied electric field. Elec-
trochromic (EC) materials are used in optical displays, smart windows, optical switching
devices, camouflage objects, and in the thermal management of spacecrafts or in architec-
ture [1,2]. In the last years, electrochromic devices are also gaining application in the field of
flexible technologies such as robotics, flexible electronics, smart textiles, etc. [3]. Materials
of various types, such as transition metal oxides [4,5], polyoxometalates [5], coordination
compounds [5,6], conjugated polymers [2,7-10], and also some metallo-supramolecular
polymers (MSPs) [7,11-13] are known to show this phenomenon.

A macromolecule of an MSP is composed of small or oligomeric molecules with
chelate end-groups, referred to as unimers [11], which are reversibly linked into chains by
coordination of the end-groups to metal ions (so-called ion couplers) [12-14]. Of particular
interest are MSPs with reversible coordination linkages, which thus exhibit constitutional
dynamics. They are polymeric in the solid-state but dissociated to oligomeric fragments in
solutions and/or at elevated temperature, which gives them processing benefits.

The color and properties of MSP are tuned through the structure of the unimer and
the selection of ionic couplers [13,14]. Conjugated MSPs containing ions that can be
reversibly switched between different oxidation states are attractive as EC materials. They
mostly operate on the basis of light absorption. MSPs assembled from bis(tpy) unimers
(tpy stands for 2,2":6',2”-terpyridin-4’-yl end-group) and iron ions are known as high-
contrast EC materials of this type. They change color by switching between oxidation
state Fe(Il) with intense absorption centered at ca 550 to 630 nm related to the Metal to
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Ligand Charge Transfer (MLCT), and Fe(Ill) without the MLCT band [13-17]. MSPs with
cobalt(II) [14,18,19] and ruthenium(Il) [14,18,20] ions show weaker EC effect. Another type
of electrochromism exhibit the MSP composed of asymmetric bis(tpy) unimer and Fe?* and
Eu®* ions in alternating arrangement [21,22]. The Eu®* ions emit luminescence when iron
ions are oxidized to Fe(IIl) state in which the MLCT is absent, while the luminescence is
quenched if iron ions are switched to the state Fe(II) and the intense MLCT occurs.

MSPs derived from o,w-bis(tpy) unimers with short oligophenylene [19] or oligothio-
phene [15,16] central units represent a significant portion of already reported electrochromic
MSPs. Those derived from unimers with oligothiophene central units have been the subject
of our studies [23-26] that we later on extended to include phosphole [27] and thieno[3,2-
b]thiophene [28] central units. These new unimers and their MSPs exhibited redshifted ab-
sorption (narrower energy bandgap) and increased fluorescence quantum yield compared
to the counterparts with central units composed exclusively of thiophene-2,5-diyl units.
The effect of phosphole unit was attributed to the decreased aromaticity of phosphole ring
while the effect of thieno[3,2-b]thiophene unit to its rigid coplanar structure allowing better
conjugation compared to the thiophene rings linked by a single bond [29]. In this study,
we present new MSPs derived from bis(tpy) unimers with thieno[3,2-b]thiophene central
unit and various linkers (none, ethynediyl, 1,4-phenylene, and 2,2’-bithophene-5,5'-diyl),
in particular the effect of the linker on the optical and redox properties of corresponding
Fe-MSPs with the emphasis on electrochromism.

2. Materials and Methods
2.1. Materials

Tetrakis(triphenylphosphane)palladium(0), triphenylphosphane, palladium(II) acetate,
2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene, 2,2’-bithiophene-5-boronic acid pinacol ester,
iron(II) perchlorate hydrate, copper(I) iodide, propylene carbonate (all Merck, KGAA, Darm-
stadt, Germany), tetrabutylammonium hexafluorophosphate (>99.0%, NBuyPFy) lithium
perchlorate (both Fluka, VWR International, Stribrna Skalice. Czech Republic), poly(methyl
methacrylate) (>99%), N-bromosuccinimide (NBS) (98%), tetrahydrofurane (>99.9%THF)
(all Sigma Aldrich, Prague, Czech Republic), ethynyltrimethylsilane, thieno[3,2-b]thiophene
(both ABCR, Karlsruhe, Germany), 1,1,1,3,3,3-hexafluoropropan-2-ol (HFP) (Fluorochem,
Hadfield, Derbyshire, UK), piperidine (Acros Organics, Thermo-Fisher, Prague, Czech
Republic), 4'-bromo-2,2":6' 2”-terpyridine, 4'-(4-bromophenyl)-2,2":6’ 2”-terpyridine (both
TCI, Tokyo, Japan), N,N-dimethylformamide and toluene (both of the HPLC grade, VWR
International, Stribrna Skalice. Czech Republic), potassium carbonate (Lach-Ner, Nera-
tovice, Czech Republic), acetonitrile (ACN) (Uvasol, Germany, VWR International, Stribrna
Skalice, Czech Republic) and Indium Tin Oxide (ITO) (20 €3/square, Ossila Ltd., Sheffield,
UK) were used as received.

2.2. Methods

NMR spectra were recorded on a Bruker Avance III 600 MHz instrument in 1,1,2,2-
tetrachloroethane-d, (TCE-dy) at 110 °C, referenced to the solvent signals (6.0 ppm for 'H
and 73.8 ppm for 1*C) and deciphered using the first-order analysis. UV /vis spectra were
recorded on a Shimadzu UV-2401PC instrument (Shimadzu, Prague, Czech Republic) at
room temperature using quartz cuvettes of a 0.4 cm optical path. IR spectra were recorded
on a Thermo Nicolet 7600 FTIR spectrometer equipped with a Spectra Tech InspectIR
Plus microscopic accessory (Thermo-Fisher, Prague, Czech Republic) using KBr-diluted
samples and the diffuse reflectance technique (DRIFT). Atomic absorption spectra (AAS) of
ACN solutions of Fe(ClOy); hydrate were measured on a Perkin Elmer AAS spectrometer
(model 3110) (Rodgau, Germany) using a hollow cathode lamp emitting a spectrum specific
to Fe and a commercial standard (Analytika spol. s.r.o., Prague, Czech Republic) for
external calibration.

MALDI-TOF mass spectra were acquired using an UltrafleXtreme (Bruker Daltonics,
Bremen, Germany) in the positive ion reflectron mode (sum of 25,000 shots with a DPSS

35/75



Polymers 2021, 13, 362

30f16

Nd: YAG laser (355 nm, 2000 Hz) and external calibration for molecular weight assignment.
About 1 mg of ground sample was deposited on the ground-steel target plate, pressed
with a spatula, overlaid by 1 uL. matrix solution of trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malonitrile (>98.0%, Sigma—Aldrich, Prague, Czech Republic) in THF
(10 mg mL~!) and dried at ambient atmosphere.

The topography of Fe?*-MSP films deposited by spin coating on indium tin oxide
coated glass substrates was studied in the air using a Nanoscope Illa (Veeco Instruments
New York, NY, USA)) atomic force microscope (AFM) operating in the tapping mode
(OTESPA-R3, Bruker silicon tips with spring constant of k = 26 N/m and resonance
frequency of 300 kHz). The scans of 2 X 2 um were acquired with scan rates of 0.7 Hz. The
NanoScope Analysis software was used to process raw images and to estimate the root
mean squared roughness. AFM was used to measure the thickness and surface roughness
of spin-cast films.

Spectro-electrochemical and kinetic studies were performed using UV-Vis-near-infrared
(NIR) Lambda 950 spectrometer (Perkin Elmer, Beaconsfield, UK) in combination with
Bio-logic potentiostat/galvanostat VSP300. Three-electrode setup was used: spin-cast Fe-
MSPs on fluorine doped ITO glass as working electrode, and a platinum wire and Ag/Ag*
electrodes were used as counter and pseudo-reference electrodes. The measurements were
performed in an ACN solution of NBuyPF4 (0.1 M) in a quartz cuvette (1 cm) at room
temperature. Potentials versus the Ag/Ag* pseudo-reference electrode are reported.

2.3. Synthesis of Unimers

Prepared unimers are depicted in Scheme 1 including numbering related to the NMR
assignment.

Unimer TtE — Unimer TtPh

Scheme 1. Prepared unimers including a numbering for NMR assignment.

General Procedure for the Stille Coupling Reactions

A measured amount (2 equivalents, eq) of a given bromo-derivative was added to
a solution of 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (1 eq) in DMF (7 mL) and
the resulting solution was bubbled with argon for 15 min. Then Pd(PPhs), (0.1 eq) was
added under argon stream and the mixture heated and kept under stirring at 110 °C
overnight. After that the reaction mixture was cooled in a freezer and the obtained sediment
was filtered, washed with distilled water (3 x 25 mL), n-hexane (3 x 25 mL), toluene
(3 x 25 mL) and finally dried for a few days to obtain the desired product as a colored
powder in the isolated yield of 72 to 82%.

Tt—2,5-bis(2,2":6',2"-terpyridine-4'-yl)thieno[ 3,2-blthiophene

Green powder (211 mg, 82%).
IR (DRIFT): see Figure S1 in ESL.
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'H NMR (600 MHz, TCE-d,, 110 °C) & 8.84-8.79 (m, 8H, H°+H?®), 8.68 (d, ] = 7.9 Hz,
4H, H), 8.03 (s, 2H, H?), 7.92 (td, [, = 7.7 Hz, ], = 1.7 Hz, 4H, H°), 7.42-7.38 (m, 4H, H'?)
(see Figure S2 in Electronic Supporting Information, ESI).

13C NMR (151 MHz, TCE-d,, 110 °C) & 156.4 (4C, C®), 156.0 (4C, C7), 149.1 (4C, C11),
144.9 (2C, C1), 143.3 (2C, C3), 140.7 (2C, C*), 136.4 (4C, C?), 123.6 (4C, C19), 121.1 (4C, C?),
118.1 (2C, C?), 117.2 (4C, C) (see Figure S3 in ESI).

MALDI-TOF MS found m/z: 603.17; theory for C3sHpNgS, [M + H]*: 603.13.
TtPh—2,5-bis{4-(2,2":6' 2"-terpyridine-4'-yl)-phenyl }thienol 3,2-blthiophene

Orange powder (185 mg, 76%).

IR (DRIFT: see Figure S1 in ESI.

H NMR (600 MHz, TCE-d,, 110 °C) 5 8.84 (s, 4H, H), 8.80 (d, ] = 3.9 Hz, 4H, H'2),
8.71(d, ] =7.9 Hz, 4H, H'),8.01 (d, ] = 8.2 Hz, 4H, H?),7.92 (td, ] = 7.7 Hz, ], = 1.6 Hz,
4H, H'3), 7.86 (d, ] = 8.2 Hz, 4H, H°), 7.65 (s, 2H, H?), 7.41-7.38 (m, 4H, H'*) (see Figure S4,
ESI).

13C NMR (151 MHz, TCE-d,, 110 °C) § 156.3 (4C, C19), 156.2 (4C, C1), 149.2 (2C, C8),
149.0 (4C, C19),145.5 (2C, C3), 139.9 (2C, C1), 138.0 (2C, C7), 136.4 (4C, C13), 135.3 (2C, C4),
127.8 (4C, C%), 126.2 (4C, C°), 123.4 (4C, C'%), 121.1 (4C, C%), 118.6 (4C, C12), 116.0 (2C, C?)
(see Figure S5, ESI).

MALDI-TOF MS found m/z: 755.20; theory for C4gH30NgS, [M + H]*: 755.20.
TtB—2,5-bis{5-(2,2':6' 2"-terpyridine-4'-yl)-2,2'-bithiophen-5'-yl }thieno[ 3,2-b]thiophene

Dark-red powder (116 mg, 72%).

IR (DRIFT): see Figure S1 in ESI.

"H NMR (600 MHz, TCE-d,, 110 °C) 5 8.81 (ddd, J; =4.7 Hz, ], = 1.6 Hz, J3 = 0.8 Hz,
4H, H'6), 8.75 (s, 4H, H'3), 8.68 (d, ] = 7.9 Hz, 4H, H'?), 8.02 (s, 2H, H?), 7.93 (td, ] = 7.7 Hz,
J» =1.7Hz, 4H, H),7.75 (d, ] = 3.8 Hz, 2H, H'0), 7.42-7.40 (m, 4H, H'8),7.33 (d, ] = 3.8 Hz,
2H, H°%), 7.29 (d, ] = 3.8 Hz, 2H, H%), 7.25 (d, ] = 3.8 Hz, 2H, H®) (see Figure S6 in ESI).

13C NMR (151 MHz, TCE-d,, 110 °C) 5 156.2 (4C, C'4), 156.0 (4C, C15), 148.9 (4C, C1?),
142.8 (2C, C1), 141.0 (2C, C'?), 139.0 (2C, C3), 138.7 (2C, C!1), 138.4 (2C, C7), 137.0 (2C, C?®),
136.5 (4C, C17), 136.4 (2C, C*), 126.6 (2C, C?), 125.0 (2C, C?), 124.8 (2C, C°), 124.8 (2C, C°),
123.6 (4C, C'8), 121.2 (4C, C1¢), 117.0 (4C, C13), 115.9 (2C, C'?) (see Figure S7 in ESI).

MALDI-TOF MS found m/z: 931.05; theory for CspH39NgSg [M + H]*: 931.09.
TtE—2,5-bis{1-(2,2':6' 2" -terpyridine-4'-yl)-ethyn-2-yl }thieno| 3,2-b]thiophene

Red powder (198 mg, 38%).

TtE was prepared using Sonogashira coupling. 4'-Bromo-2,2":6',2"-terpyridine (497 mg,
1.59 mmol) was added to a solution of 2,5-bis(ethynyl)thieno[3,2-b]thiophene (150 mg,
0.79 mmol) in piperidine (10 mL), the obtained solution was bubbled with argon for 10 min
and Pd(PPh3)4 (92.0 mg, 0.079 mmol) and Cul (15.0 mg, 0.079 mmol) were added. Then
the reaction mixture was again bubbled with argon for 10 min, heated, and kept at 100 °C
overnight. After that the reaction mixture was cooled in a freezer, the obtained sediment
was filtered, washed with distilled water (3 x 25 mL), n-hexane (3 x 25 mL), toluene
(3 x 25 mL) and finally dried for a few days to obtain the desired product as a red powder
in the isolated yield of 198 mg (38%).

IR (DRIFT): see Figure S1 in ESL.

"H NMR (600 MHz, TCE-d,, 110 °C) 5 8.79 (d, ] = 4.0 Hz, 4H, H'), 8.67-8.63 (m, 8H,
H7+H'3),7.92 (td, J; =7.7 Hz, ], = 1.7 Hz, 4H, H''), 7.58 (s, 2H, H?), 7.40 (ddd, J; = 7.4 Hz,
J» =4.7 Hz, J3 = 1.0 Hz, 4H, H'?) (see Figure S8 in ESI).

13C NMR (151 MHz, TCE-d,, 110 °C) 5 155.7 (4C, C8), 155.6 (4C, C°), 149.1 (4C, C13),
140.1 (2C, C1), 136.6 (4C, C11), 132.3 (2C, C?), 126.3 (2C, C3), 125.0 (2C, C?), 123.7 (4C, C7),
122.4 (4C, C'?),121.1 (4C, C'9),94.0 (2C, C°), 87.1 (2C, C*) (see Figure S9 in ESI).

MALDI-TOF MS found m/z: 651.17; theory for C40H»NgS, [M + H]*: 651.13.
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3. Results and Discussion
3.1. Synthesis of Unimers

Synthetic pathways to prepared unimers are depicted in Scheme 2. Unimers Tt, TtPh,
and TtB were prepared from commercially available 2,5-bis(trimethylstannyl)-thieno[3,2-
b]thiophene by using Stille coupling. Commercially available bromo derivatives were
used for the syntheses of Tt and TtPh unimers while the bromo derivative necessary for
preparing TtB unimer [4'-(5-bromo-2,2/-bithiophen-5'-y1)-2,2":6/,2”-terpyridine] was pre-
pared according to the procedure described earlier [24]. Unimer TtE was prepared using
the Sonogashira coupling approach. The necessary precursor: 2,5-bis(ethynyl)thieno[3,2-
b]thiophene was prepared according to the procedure described in [30] and used im-
meditely after preparation, or stored in a freezer so that it does not decompose after
spontaneous deprotection (which is the reason for the lower yield of unimer TtE).

N \ ’Il\‘OB" S
Qnmﬂn/ py O /| Y. O py
S

Pd(PPhs), - 10 mol%, g Unimer TtPh, 76%
9 Y F
DMEF, 110 °C

S S
L8| N

Unimer TtB, 72%

S ov-B S
:4(/1// = P py—= //L —ipy
S Pd(PPh;), - 10 mol%, S

Cul - 10 mol%, Unimer TtE, 38%
piperidine, 100 °C

F;u/ Br /\ S B
\ y e Y
PEPPSI IPr- CH&IJ AcOH

precursor for unimer

5mol%, K,CO; -3 eq, (1:1), 0°C
TtB
lulugndmdhano} (1:1), \S‘/ —
90 °C 1. 2T i PA(OAC), - 2.5 mol%,

PPh; - 7 mol%, Cul - 5 mol%; S
j~S.  NBS j~S diisopropylamine/THF (1:1), 55 °C :—q/)—%‘
S CH,Cl,/AcOH S 2. KOH (aq.), precursor for unimer

(1:1),0°C THF/MeOH (4:1), THE
rt

Scheme 2. Synthesis of unimers and their precursors.

The prepared unimers have been obtained as powdered solids of low solubility in
common organic solvents, which made their isolation easy. Their insolubility can be
attributed to m-stacking of unsubstituted aromatic subunits. 1,1,1,3,3,3-Hexafluoropropan-
2-ol (HFP) and its mixtures with acetonitrile (ACN) were found as good solvents of unimers,
as well as related MSPs at room temperature, which might be due to acidity of HFP [31]
providing effective reversible interactions with nitrogen atoms of fpy groups. As indicated
in the Experimental section, unimers have been characterized by the MALDI-TOF MS, IR,
'H and '3C NMR (Figures S1-S9 in ESI), and UV /vis spectroscopies.

3.2. Self-Assembly of Fe-MSPs from Unimers and Fe** Tons in HFP/ACN Solutions

Thermodynamically driven assembly of Fe-MSPs (Scheme 3) in HFP/ ACN mixed
solvent (4/1 by vol.) was monitored by UV /vis spectroscopy at room temperature using
the following procedure.
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Fe(ClO,),

HFP/ACN =4:1,
rt, overnight

Unimer Fe-MSP

Scheme 3. Self-assembly of Fe?*-MSPs (metallo-supramolecular polymers) from unimers and Fe?* ions.

A series of 13 solutions of practically the same unimer concentration (2 x 10> M)
and the FeZ* ions-to-unimer mole ratio r = [Fe?*]/[U] increasing stepwise from 0 to 3 was
prepared for each unimer by mixing 2 mL of the unimer stock solution (2 x 107> M) in
the HFP/ ACN mixed solvent with a calculated volume (from 2 to 60 puL) of an Fe(ClOy),
solution in ACN (2 x 103 M). Dilution caused by the added Fe(ClOy); solution was up
to 3%, which can be considered negligible. Since Fe(ClO4), hydrate is hygroscopic and
therefore contains an undefined amount of water, the exact concentration of FeZ* in its
stock ACN solution was determined by atomic absorption spectrometry (AAS). Preparation
of the unimer stock solutions was finalized by ultrasonication, immersing a flask with
the solution into an ultrasound bath for 5 min. The prepared solutions were allowed to
equilibrate for at least half a day before their spectra were measured.

The UV /vis spectra of prepared solutions of different mole ratios r (i.e., of different
compositions) are shown in Figure 1 together with photos of vials filled with the respective
solutions. Changes in color are visible by the naked eye and they clearly show the great
effect of linkers connecting chelate groups to the central unit on the optical spectrum of
particular MSPs (see also Figure S10). The observed red color of Fe-TtPh is quite atypical
because the Fe2+(tpy)2 complexes with an MLCT band are usually blue or green [12,32].
The UV /vis spectrum indicates that the red color stems from the relatively high intensity
of the bands contributed with electronic transitions in tpy end-groups (around 280 nm)
and in the linkers and central unit unimeric units (ranging from 300 to ca 500 nm) and the
relatively low intensity of the MLCT band (see the comparison in Figure S11). Of course,
this effect might be used for fine color tuning of similar MSP systems.

The spectral changes in response to the increasing r ratio show three stages. The first
stage for r from 0 to 0.5 is characterized by the redshift of the band unimeric units (U band)
with a maximum at the wavelength Ay in the range from 400 to 500 nm, and by appearance
and enhancement of the MLCT band, whose apex wavelength, Ay ct, is a function of the
linker structure (see Figure 2 and Figure S11). These features correspond to the formation
of the species U-Fe?*-U, called ‘butterfly dimers’ [32]. The observed slight redshift of the
MLCT bands in this stage is caused by the broadening and redshift of a particular U-band.

The second stage occurs for r from 0.5 to 1.0, and is characterized by a further slight
redshift of Ay as well as Ay et and significant enhancement of the MLCT band. These
features prove the assembling of butterfly dimers and Fe?* ions into polymeric chains,
whose degree of polymerization should be the highest for the composition ratio r equal
to approximately one. The total redshift Ay from unimer (r = 0) to the ideal MSP (r =1) is
about 20 nm for all MSPs (see Table 1).

The third stage occurs for r values above 1 and is usually characterized by a blue shift
and attenuation of the MLCT band with increasing r, which mostly accompanies partial
dissociation of longer MSP chains to the shorter ones end-capped with Fe?* ions [24-26,33].
However, Fe-TtB showed the great exception: continuing redshift and amplification of the
MLCT band, which is most likely due to the large overlap of the MLCT and U bands in
this MSP. It is worth noting that according to the optical absorption spectrum this unimer
clearly shows the highest extent of electron delocalization among all unimers in this study.
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Figure 1. Changes in the UV /vis spectra accompanying stepwise transformation of studied unimers into Fe-MSPs in the
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Transfer (MLCT) band of unimer solutions with added Fe?* ions as a function of the ratio r = [Fe2*]/[U].
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Table 1. Positions of UV /vis absorption bands of Fe-MSPs (r = 1.0) in the solid-state and in the
1,1,1,3,3,3-Hexafluoropropan-2-ol (HFP)/acetonitrile (ACN) solution. Ay and Ay cr are the charac-
teristic wavelengths of the absorption bands of unimeric units and MLCT, respectively.

Au* Ay (nm) AMLCT AMLCT
MSP Solution Solid State Solution Solid State
nm 0V (Fe?*) 1.4 V (Fe3*) nm nm
Fe-Tt 391 — 412 420 475 614 632
Fe-TtE 406 — 426 432 483 594 612
Fe-TtPh 395 — 418 428 452 572 590
Fe-TtB 470 — 495 502 (520)wEeAk 610 620
1045N1R

* The first number (typed in a smaller font) indicates Ay for corresponding free unimer and the arrow indicates
that the change in Ay is due to unimer assembling to corresponding MSP.

3.3. Preparation and Characterization of Fe-MSP Films

The films were prepared by casting from Fe-MSP solutions (2.6 g/L) in HFP/ACN
mixed solvent, which were prepared by mixing the solutions containing equimolar amounts
of the components. The solutions were allowed to equilibrate until the next day. Prior
to the film casting, a particular solution was treated in an ultrasound bath for 5 min and
filtered. Then it was spin-casted (500 rpm, 30 s) onto a rectangular ITO substrate and dried
in air. The morphology, roughness, and thickness of spin-cast Fe-MSP films were analyzed
by the AFM method. A relatively rough surface was observed for all films (see Figure
512 in ESI). The surface roughness was found to increase with the increased length of the
linker of the respective unimer. The smoothest (least coarse) film showed Fe-Tt with the
difference between the highest and the lowest point of the surface equal to 23 nm. The
average film thickness was determined to vary from 35 to 40 nm (see Table 2).

Table 2. Characteristics of Fe-MSP films spin-coated on ITO substrate. Rqis the root mean square
roughness; R, the average roughness and Rmax the maximum height.

Surface Area

Fe-MSP Scanned Rq Ra Rumax Thickness
) nm nm nm nm
pum
Fe-Tt 4.1 2.8 2.2 22.9 40+ 5
Fe-TtE 44 3.2 2.5 48.8 40+ 5
Fe-TtPh 4.1 3.9 3.0 40.6 35+5
Fe-TtB 4.3 5.6 4.1 50.0 35+3

The redox behavior of Fe-MSP films was determined by cyclic voltammetry using
an oxygen-free solution of NBusPF¢ (0.1 M) in ACN as the electrolyte and the scan rate
ranged from 20 to 1000 mV /s (see Figure 3). A single reversible redox wave corresponding
to the transformation between Fe?* and Fe®* ions has been observed for all MSPs, in good
agreement with the behavior of related systems [8]. The observation that the separation
between the anodic and cathodic peaks increases with the increasing scanning speed
suggests that the redox reaction is quasi-reversible [11,12]. The insets in Figure 3 show that
the peak current density is directly proportional to the square root of the scan speed for all
MSPs, which indicates a diffusion control of the redox process in all systems regardless of
the linker structure. The noticeable smaller decrease in the proportionality constant of this
dependence with increasing linker size can be attributed to the larger volume of unimer
units and thus to the lower concentration of Fe ions in the corresponding systems.
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Figure 3. Cyclic voltammetry records of Fe-MSP films taken with different scanning rates. Insets show the dependences of
the anodic and cathodic peak currents on the square root of scanning rate.

3.4. Electrochromism of Prepared MSPs

The UV /vis to near-infrared (NIR) absorption spectra of Fe-MSP films as well as pho-
tos of the films taken prior and after oxidation of Fe?* ions are shown in Figure 4. Relating
spectral data are summarized in Table 2. It can be seen that, after the electrochemical
oxidation of Fe?* to Fe?*, the MLCT band almost disappeared and the unimer band was
red-shifted significantly. The color of the oxidized film is dominantly controlled by the U
band, which, although shifted, remained clearly distinguished and intense only in Fe-MSPs
with no or a short linker. In the oxidized Fe-MSPs with longer conjugated linkers, the
U band is strongly broadened. In the Fe?*-TtB spectrum, this band is almost invisible.
Another interesting feature of the Fe>*-TtB film is an intense absorption band in the NIR
region with a maximum at about 1045 nm.

The MLCT band is almost fully reversible, giving upon reduction the film in its
original color. The results of responsivity tests during periodic cycling of the applied

voltage between 0 and 1.4 V are shown in Figure 5 and the results of chronoamperometry
measurements in Figure 6.
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Figure 4. UV /vis to near-infrared (NIR) absorption spectra of Fe-MSP films in the colored (black curve, 0 V) and bleached
(blue curve, 1.4 V) state. Insets: The photographs of Fe-MSPs in colored and bleached states.
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Figure 6. Chronoamperometry of (a) Fe-Tt (b) Fe-TtE (c) Fe-TtPh and (d) Fe-TtB films with a 10 s delay between 0 V and

14V.

The optical contrast (AT) measured at corresponding wavelengths (Table 3) was
found to be 29.0% for Fe-TtB and increased to 64.5% for Fe-Tt. For comparison, Zhu et al.
reported for electrochromic conjugated polymers based on thieno[3,2-b]thiophene the
optical contrast values 19.15% and 13.36% in a similar spectral region [34]. The film Fe-TtB
also showed optical contrast at 1041 nm with AT = 48% and AOD = 0.35, but it disappeared
after few repetition cycles. Bleaching and coloring times reported in Table 3 are the times
required for reaching 95% of the final transmittance at given wavelengths after switching
the applied voltage (see Figure S13 in ESI). The coloring time, t., (reduction process) was
nearly the same (1.7 to 1.8 s) for all Fe-MSPs, while the bleaching time, f},, (oxidation
process) differed up to more than fourfold. The linear dependences shown in the insets of
Figure 3 correspond to the Randles-Sevcik equation [35,36] (see page 9 in ESI). Slopes of
these dependences decreased from the Fe-Tt to Fe-TtB with increasing size of the parent
unimer (with only one exception, see Table 3). This decrease can therefore be tentatively
attributed to the gradually decreasing concentrations of the active redox species in the EC
material. However, these dependencies do not provide an explanation for the substantially
prolonged bleaching times of Fe-TtE and Fe-TtB. Furthermore, there is no correlation
between bleaching time and surface roughness of the EC layer. Thus, the differences in
bleaching time between different Fe-MSPs are most likely due to differences in the rate
of diffusion of counter-ions into polymer films during their oxidation and the ion/charge
transport between EC film and electrolyte [37]. The reverse diffusion of counter-ions out of
partly swollen film during the reduction process should be easier, which might explain the
observed similarity of . values.
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Table 3. Electrochromic performance of Fe-MSPs films: Ay cT—the wavelength of the MLCT band,
AT—optical contrast, AOD—change in optical density, t,—bleaching time (neutral to oxidized state),
t-—coloring time (oxidized to neutral state), CE—coloration efficiency.

AMLCT AT tp te CE Oxidation Reduction

MSP nm (%) AOD s s em? C-1 Peak Slope Peak Slope
Fe-Tt 632 64.5 0.82 1.1 1.8 641 212 —-2.29
Fe-TtE 612 54.5 0.42 37 1.8 229 22 —2.14
Fe-TtPh 590 43.0 0.44 1.8 1.8 332 1.79 —-1.74
Fe-TtB 618 29.0 0.25 4.6 1.7 173 0.8 -0.73

One of the most important parameters for the characterization of EC materials is coloration
efficiency, CE = AOD/Q, defined as the difference in optical density AOD =log (T}, /T¢) per
unit charge density Q measured at the Anax of the optical absorption band [386-40]. We
adopted the approach suitable for not fully bleached EC materials [41] and used the Q
values needed to achieve a 95% final transmittance change to calculate the CE values (see
Figure S14). The remaining 5% is barely visible to the naked eye. The Q values were
calculated directly by the instrument used for chrono-coulometric measurements as the
time integral of the current across the corresponding interval.

The highest coloration efficiency, 641 cm? C~!, was found for Fe-Tt film. This
value is very competitive compared to other materials reported in the literature for elec-
trochromic devices. For example, Mondal [40] and Kuai [41] reported CE values between
12.84 and 230 cm? C~! for their Fe(II) coordination nanosheets, Kuo et al. [38] achieved
CE = 372.7 cm? C~! for copolymer composed of carbazole and indole-6-carboxylic acid.

3.5. Fabrication of Electrochromic Devices

The solid-state electrochromic device has been designed, constructed, and its operation
has been proven (see Figure 7). Here we present the device based on Fe-Tt, the MSP with
the fastest EC response (Table 3) and the highest change in transmittance. An Fe-Tt film
spin-casted on ITO glass was covered with the gel electrolyte layer (thickness of 1 mm)
prepared by mixing poly(methyl methacrylate) (3.5 g), propylene carbonate (10 mL), and
LiClO4 (1.5 g) according to [14], and stacked with other ITO substrates (see Figure 7).
The ionic conductivity of the gel electrolyte was found to be 2.3 x 1072 S/cm, in good
agreement with the earlier reported values [42]. This value has been determined by the
broadband impedance spectroscopy from the plateau of the frequency dependence of the
real part of the conductivity above 10° Hz (Figure S15) and confirmed by the Nyquist plot
considering Randles circuit. The UV /vis transmittance spectra of the device (Figure 8)
showed optical contrast of around 60% at 637 nm, which is lower than the value listed in
Table 3 for an Fe-Tt film in a liquid electrolyte. Longer coloration and bleaching times can
be attributed to the lowered conductivity of ions in the gel electrolyte compared to that of
the liquid electrolyte. On the other hand, the gel electrolyte provides higher stability to the
electrochromic cell during cycling.

I ITO Substrate > Gel electrolyte
I S

Fe2*-Tt film < ITO Sul ]

Figure 7. Scheme of the electrochromic device with a gel electrolyte.

The Fe-MSP films showed good stability for a few months when stored in the air
under ambient conditions. However, the Fe-MSP device with liquid electrolyte showed
signs of degradation after 20 working cycles, especially delamination of the EC layer and
obvious signs of its partial dissolution. Degradation could be only partially limited by
covering the Fe-MSP layer with Nafion. In contrast, the Fe-MSP based device with the gel
electrolyte showed markedly high stability during electrochromic cycling: no change was
detected during 100 cycles. We should also note that some degradation over the long-term
may occur due to increasing resistance of the ITO layer during repeated redox cycling.
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Fluorine-doped tin oxide (FTO) would therefore be a better choice for long term working
devices.
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Figure 8. (a) Photographs and UV /vis transmittance spectra of Fe-MSP electrochromic device in the reduced colored state
(black curve, 0 V) and oxidized bleached state (blue curve, 1.4 V); (b) optical response of the device to periodic voltage cycling.

4. Conclusions

The results obtained clearly show how the optical spectral properties of ditopic unimers
and particularly spectral and electrochromic properties of related Fe-MSPs can be simply tuned
via the choice of linkers connecting chelate end-groups to the unimer central unit. The presented
four new unimers of the a,w-bis(tpy) family with thieno[3,2-b]thiophene-2,5-diyl central unit
differed only in the linkers (none, ethynediyl, 1,4-phenylene, and 2,2’-bithophene-5,5'-diyl). The
unimers are easily assembled with Fe?* ions to give electrochromic Fe-MSPs of ground colors
ranging from blue-green to gray-green, red, and deep purple. The red color of Fe-MSPs is rather
surprising because the “generic” color of MSPs with [Fe(tpy)2]** centers is blue due to the very
intense MLCT band occurring at 550 nm and above [12,32]. Nevertheless, it is also well known
that this MLCT band is significantly contributed by transitions in the central parts of unimeric
units [24-27]. This interesting feature can potentially help in easy color tuning the EC devices
based on bis(tpy) Fe-MSPs because their electrochromism is closely related to the color changes
accompanying the MSP assembling, which are easy to determine.

One can see that the linker-less Fe-Tt provided the Fe-MSP with the highest optical
contrast, fastest response, and the highest coloration efficiency (CE = 641 cm? C71) of
all examined Fe-MSPs. To the best of our knowledge, its properties are comparable to
the highest values reported for MSPs in the literature, which makes Fe-Tt an excellent
candidate for possible applications in electrochromic devices. On the other hand, Fe-TtB
possessing the largest linkers (2,2-bithiofen-5,5"-diyl) exhibited the worst of both of these
characteristics, but showed a rare color change (green to dark purple) and, in addition,
showed rather high NIR electrochromism (optical contrast about 50% at 1100 cm '), though
only during the first few cycles.

It should be noted here that the Fe-MSP films derived from conjugated bis(tpy) unimers
cannot be turned to a fully transparent state. Unsubstituted bis(tpy) complexes of metal ions
absorb in the near UV region (band edge around 350 nm) and small conjugated substituents
attached to tpy redshift the band edge of the complex to the UV-visible border 12,32]. In
addition Fe ions show a weak band centered at 370 nm contributed by transitions at Fe
atoms [43]. Considering conjugated Fe-MSPs, the redox process taking place in [Fe(tpy),]**
centers always affects optical transitions in unimeric units which significantly contribute
to the MLCT band [24-27]. Besides, eventual simultaneous changes in populations of
polaronic and bipolaronic states enable optical transitions that make a fully bleached state
principally unattainable and the design of organic EC devices difficult. On the other
hand, these materials require a mostly lower amount of charge compared to inorganic EC
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materials to achieve the same color change, because of the higher oscillator strengths of the
associated electronic transitions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-436
0/13/3/362/s1, The file contains fifteen figures. Figure S1: IR spectra of unimers and corresponding
Fe-MSPs. Figures $2-S9: 'H NMR and '*C NMR spectra of all unimers prepared and studied.
Figure 510: photographs of solutions showing color changes during assembly of MSPs. Figure S11: A
comparison of the MLCT bands of all Fe-MSPs. Figure S12 3D AFM images of Fe-MSP films (tapping
mode), Figures 513 and S14: Determination of the bleaching and coloring time of electrochromic
films. Figure S15: Frequency dependence of the real part of the conductivity of gel electrolyte.
Randles-Sev¢ik Equation.
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Abstract: Poly(p-phenylenediamine) /montmorillonite (PPDA/MMT) composites were prepared by
the oxidative polymerization of monomers intercalated within the MMT gallery, using ammonium
peroxydisulfate as an oxidant. The intercalation process was evidenced by X-ray powder diffraction.
The FT-IR and Raman spectroscopies revealed that, depending on the initial ratio between monomers
and MMT in the polymerization mixture, the polymer or mainly oligomers are created during
polymerization. The DC conductivity of composites was found to be higher than the conductivity of
pristine polymer, reaching the highest value of 107 S cm™! for the optimal MMT amount used during
polymerization. Impedance spectroscopy was performed over wide frequency and temperature
ranges to study the charge transport mechanism. The data analyzed in the framework of conductivity
formalism suggest different conduction mechanisms for high and low temperature regions.

Keywords: poly(p-phenylenediamine); montmorillonite; conductivity mechanism;
impedance spectroscopy

1. Introduction

Composite materials based on polymers and inorganic materials have attracted in-
creasing attention recently, thanks to the possibility of achieving superior properties by a
combination of physical and chemical properties of the constituting components [1,2]. Such
organic-inorganic composites are often applied as electrode materials in batteries [3,4] and
supercapacitors [5]. Recently, composites composed of conjugated polymers or oligomers
and clay fillers gained significant research interest due to their improved electrical, optical
and mechanical properties, as well as corrosion resistance [6,7]. Montmorillonite (MMT) is
a 2D layered phyllosilicate clay built of two tetrahedral and one octahedral sheet, which
has been widely used in the preparation of nanocomposites due to its low cost, abundance
in nature, zero toxicity, high specific surface area, swelling abilities and ion-exchange
properties [8,9]. Various MMT composites with polyaniline [8,10], polypyrrole [11,12], poly
(3,4-ethylenediaoxythiophene) [13] and polyphenylenediamine [14,15] were prepared by
chemical [8,12] or electrochemical [13] polymerization and have been used as electrode ma-
terial for oxygen reduction [16], anticorrosion coatings [6,11], sensors [17,18], conducting
fillers [19], adsorbents [20] and supercapacitors [7].

In recent years, growing interest in the development of polyphenylenediamine com-
posites can be observed [14,21-25]. Polyphenylenediamine is a conjugated polymer with
a structure closely related to polyaniline; however, it possesses a higher nitrogen content
and better solubility together with good redox properties, salt-base transition and environ-
mental stability [23,26,27]. Nascimento et al. prepared poly(p-phenylenediamine)/ MMT
composites via oxidative polymerization and confirmed the successful formation of the
polymer within the MMT gallery by extensive structural characterizations [14]. Ramya
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et al. studied the nonlinear optical properties of chitosan/o- or p-phenylenediamine/MMT
composites by the Z-scan technique with picosecond and femtosecond laser pulses and
revealed properties that make this material suitable for optical limiters [15]. Khelifa et al.
examined the electrochemical properties of poly (o-phenylenediamie)/clay composites
by cyclic voltammetry [28]. However, polyphenylenediamine/clay composites have still
been described in the literature to a limited extent and impedance spectroscopy of them
has not been yet reported. The conductivity of these composites can be contributed by
electronic and ionic contribution, differing in their sensitivity to temperature, humidity and
frequency response. Impedance spectroscopy is an important tool to elucidate the charge
transport mechanism and the type of charge carriers in complex systems. For this, various
formalisms are offered: conductivity, dielectric loss and modulus [29,30]. Knowing the con-
ductivity mechanism is important for the development of the next generation of electronic
devices, electrorheological fluids, as well as anticorrosive coatings, and optimizing their
properties [31].

In this work, a series of poly(p-phenylenediamine) /montmorillonite (PPDA /MMT)
composites with various monomer to clay ratios has been prepared by in situ chemical
oxidation of monomers within the MMT gallery (Scheme 1). Their structure and mor-
phology were investigated by FI-IR and Raman spectroscopies, X-ray powder diffraction
(XRD) and scanning electron microscopy (SEM). The impedance was measured in a wide
frequency and temperature range and the AC conductivity mechanism was elucidated.
We present here a detail impedance characterization to understand the conduction mecha-
nism at different temperature regions. For the first time, the synergic effect in electrical,
thermal, dielectric, impedance and modulus properties of PPDA /MMT composites has
been investigated.

- %@i

= Montmorillonite @ = O N *0:@:@/:@\
—————— HoN'

Scheme 1. Schematic diagram of the preparation of PPDA/MMT composites.

2. Materials and Methods
2.1. Preparation of Composites

p-Phenylenediamine dihydrochloride (>98%) was purchased from Sigma-Aldrich
(Buchs, Switzerland), ammonium peroxydisulfate from Lach:Ner (Neratovice, Czech Re-
public) and montmorillonite (Cloisite-Na*) from Southern Clay Products (Gonzales, TX,
USA). All chemicals were used as received without any further purification.

In a typical process, 3.62 g of p-phenylenediamine dihydrochloride (PDA) was dis-
solved in 50 mL of deionized water. Various amounts of MMT (0 g,2g,5¢g,10¢g,15 g,
25 g, 35 g and 50 g, respectively) were added into the PDA solution, and the mixture was
sonicated for 5 h. The amount of 5.71 g of ammonium peroxydisulfate was dissolved
in 50 mL deionized water and added to the PDA/MMT dispersion under magnetic stir-
ring. The total concentration of monomer and oxidant in each polymerization mixture
was 0.2 M and 0.25 M, respectively. After 1 h of intense stirring, the mixture was left
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undisturbed to polymerize for 24 h. The obtained precipitates were filtered and washed
with deionized water and ethanol to remove by-products. The final products, poly(p-
phenylenediamine)/montmorillonite (PPDA /MMT) composites with different amounts of
MMT, were labeled as PPDA-X, where X accounts for the amount of MMT added to the
reaction mixture.

2.2. Characterization

Morphology of composites was assessed using MAIA3 Tescan scanning electron
microscope (Tescan, Brno, Czech Republic).

Thermogravimetric analysis (TGA) of the composites was performed on a Perkin
Elmer Pyris 1 (Perkin Elmer, Waltham, MA, USA). Thermogravimetric Analyzer in a tem-
perature range 35-800 °C at a rate of 10 °C min~! with fixed air flow rate at 25 mL min~!.

FTIR spectra in the wavenumber range from 400 to 4000 cm ! were obtained on the
composites admixed in KBr pellets using a Thermo Nicolet NEXUS 870 FTIR spectrometer
equipped with a DTGS detector. The instrument was purged with dry air. All spectra were
corrected for the presence of water vapor and carbon dioxide in the optical path.

Raman spectra were measured with a Renishaw InVia Reflex Raman microspectrome-
ter using 514 nm excitation provided by an Ar-ion laser. The scattered light was registered
with a Peltier-cooled CCD detector (576 x 384 pixels) and analyzed by the spectrograph
with holographic grating 2400 lines mm 1.

XRD measurements were performed using a pinhole camera (MolMet, Rigaku, Tokyo,
Japan, upgraded by SAXSLAB/Xenocs) attached to a micro-focused X-ray beam generator
(Rigaku MicroMax 003) operating at 0.6 mA and 50 kV. The camera was equipped with a
vacuum version of the Pilatus 300K detector. The sample to detector distance, which was
calibrated using a silver behenate powder sample, was 0.190 m. The scattering vector g,
defined as g = 47t/ A-sin®, where A is the wavelength and 2@ is the scattering angle, covered
the range 0.145-1.41 A~ (26 = 2-20°).

The DC conductivity values were obtained on compressed pellets (diameter 13 mm
and thickness 1.0 &= 0.2 mm) using van der Pauw method. A Keithley 230 Programmable
Voltage Source in serial connection with a Keithley 196 System DMM was used as a
current source. The potential difference was measured using a Keithley 617 Programmable
electrometer or Keithley 181 nanovoltmeter, respectively, depending on the resistance of the
sample. The DC conductivity measurements were carried out at stable ambient conditions
at temperature 23 + 1 °C and relative humidity 35 & 5%. The frequency and temperature
dependences of the impedance were measured in a quasi-steady-state regime using an
Alpha-A Analyzer (Novocontrol Technologies, Montabaur, Germany) under applied AC
voltage 1 Vs in the frequency range 107 to 1072 Hz and temperature range 115 to 435 K
with 20 K step in nitrogen atmosphere. For clarity, only curves for selected representative
temperatures are shown in the figures. The pellets were placed in the sample holder
between the gold-plated brass disk electrodes 13 mm in diameter.

3. Results and Discussion

In the first step of preparation, the p-phenylenediamine was intercalated into the MMT
gallery, replacing Na* cations of Na"™-MMT with p-phenylenediamine cations. After the
oxidative polymerization with APS, the amount of MMT in the resulting composites, listed
in Table 1, was evaluated from TGA analysis (Figure 1). The results clearly demonstrate
that even with a significant excess of monomers in the polymerization mixture, just around
7-8 wt% of PDA (Table 1) was intercalated into MMT and the rest remained in the sur-
rounding aqueous medium and was removed later as a by-product during the purification
procedure. This can be explained by the limited amount of PPDA that can be formed within
the MMT gallery, based on limitations imposed by cation exchange in MMT. Additionally,
when an excess of PDA was used, the MMT surface became coated with PPDA film, and
the amount of PPDA in the composite reached 18-19 wt% (Table 1). These results are
also in good agreement with the previously demonstrated synthesis of polyaniline/MMT
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composites [8]. The amount of MMT in the composites reached a plateau of ~93 wt% when
less than ~25 wt% of PDA was used in the polymerization mixture; however, the properties
and nature of such composites differ and are discussed below.

The morphology of both pristine components, MMT and PPDA, and their composites
was investigated by SEM (Figure 2). Pristine MMT consists of flake-like particles of irregular
shape (Figure 2a), while PPDA possesses globular morphology (Figure 2b), as already
described in the literature [24]. After composite preparation, the morphology of MMT did
not show considerable changes even at an excess of monomers (Figure 2¢,d). No globular
particles of PDPA were observed either. This confirms that the PPDA/MMT composites
contain only PDPA embedded within the MMT galleries, or as a thin film covering MMT
flakes, which cannot be seen in SEM. Free PPDA precipitate was evidently removed during
the washing procedure.

100
80 |
)
S 60
()
=
E
T 40
2 —— PPDA
i —— PPDA5
0L |— PPDA-35
—— PPDA-50
— MMT
1 " 1 " 1 " 1 " 1 " 1 " 1

373 473 573 673 773 873 973 1073
Temperature (K)

Figure 1. TGA curves of pristine MMT, PPDA and their composites.

e ' K A B Lon
SEM HV: 3.0 kV WD: 4.94 mm SEM HV: 3.0 kV WD: 4.99 mm
View field: 20.8 ym Det: SE View field: 20.8 ym Det: SE
SEM MAG: 10.0 kx Date(m/dly): 11/28/18 SEM MAG: 10.00 kx Date(m/dly): 11/28/18 UMCH

Figure 2. Scanning electron micrographs of pristine (a) MMT and (b) PPDA, and their composites
prepared with various amounts of MMT: (c) PPDA-5 and (d) PPDA-50.
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Table 1. The montmorillonite content and DC conductivity of PPDA/MMT composites.
Activation Energy (Ea) (eV)
PDA iCI?ntent MMT Content PPDA | MMT Content Cogdcunclt,ifity’ Evaluited Evaluated from DC
Sample Code Polly\lllr{lerization P OlymleI;ization (:Co(;::;e‘gti t1;.1S ! Com 11;[1) sites, 9]\/1 e e:isur ; dby from M” vs. f .Conductlvlty vs. UT
x(tt‘}/tre, Mixture, wt% wih with alll/leilrlo;)uw TemI;:e%;‘ture TemI};g:;ture
Region Region
PPDA 100 0 100 0 7 x 10711 0.57 0.64 0.02
PPDA-2 64 36 19 81 3x 1071
PPDA-5 42 58 18 82 1x 1071 0.69 0.58 0.05
PPDA-10 26 74 8 92 2.5 x 1078 -
PPDA-15 19 81 8 92 3.4 x 1078
PPDA-25 13 87 7 93 22 x 1077 -
PPDA-35 9 91 6 94 1x10°° 0.44 0.34 0.06
PPDA-50 7 93 7 93 9.2 x 1077 0.54 0.42 0.12

The DC conductivity (Table 1) of all composites was found to be higher than for pristine
PPDA (7 x 1071 Sem™1), reaching ~10~%Sem™!, the value close to pure MMT, refs. [32,33]
for PPDA-35, where a higher amount of MMT was used in the polymerization mixture.

3.1. X-ray Diffraction Analysis

XRD patterns of pristine MMT and PPDA and their composites with different amounts
of MMT are presented in Figure 3. For pristine MMT, a well-defined (001) Bragg reflection
at 20 = 8.41° was observed, corresponding to a basal spacing d of 10.5 A. For the composites,
the reflection peaks of the (001) plane were displaced towards the lower 26 values, which
denotes the basal spacing expansion with respect to the pure MMT. The biggest change in
basal spacing was observed for samples containing the lowest amount of MMT (PPDA-2
and PPDA-5), for which d = 12.5 A. The basal spacing expresses the sum of the thickness
of one aluminosilicate layer and interlayer spacing, which can be affected by the size
and orientation of interlayer ions. Assuming the thickness of the aluminosilicate layer of
9.8 A [34], the interlayer spacing for PPDA-2 and PPDA-5 composites expanded from 0.7
A (for pure MMT) to 2.7 A. This is a consequence of the intercalation process of PPDA
chains in between the clay layers. The (001) reflections were in these cases sharp and
narrow, indicating that the distribution of PPDA chains in the MMT galleries was uniform.
A smaller increase in basal spacing was observed for samples containing a bigger amount
of clay, reaching d = 11.7 A for the PPDA-50 sample. Moreover, the (001) diffraction peaks
became much broader and less intense, which may suggest an inhomogeneous distribution
of the polymer chains in the interlayers of MMT and possible partial exfoliation of MMT.
These results suggest that the swelling of the MMT is related to the amount of PDA able to
penetrate into MMT layers. A small signal around 26 = 8.7°, visible in composite patterns,
probably came from a small amount of MMT that was not intercalated during the synthesis
of PPDA. The shift from 8.41° to 8.7° can be related to a decrease in basal spacing d, caused
by the leaching of the interlayer cations [35]. The lack of this peak in the PPDA-50 pattern
also suggests the possible partial exfoliation of MMT.
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Figure 3. XRD patterns of pristine MMT, PPDA and their composites.

3.2. Infrared and Raman Spectroscopies

The FTIR spectra of the PPDA /MMT composites (Figure 4) mainly display the features
of the MMT component: 1440 cm~ ! (CO3 stretching of calcite impurity), 1035 cm ™! (Si—
O stretching) with shoulders at 1120 cm ™! (Si-O stretching) and 915 cm~! (Al-Al-OH
bending), 520 cm~! (Al-O-Si bending) with a shoulder at 625 cm~!, 465 cm~! (Si-O-Si
bending) and 1635 cm ! (bending vibrations of water molecules hydrogen bonded to MMT
or residual moisture in KBr) [36]. The bands associated with the PPDA component are well
resolved only in the spectrum of the composite with the lowest amount of MMT (PPDA-5),
and therefore the molecular structure of the PDA oxidation products will be discussed in
detail based on Raman spectroscopy. However, let us mention the peak at 1656 cm™! in
the spectrum of PPDA-50. We suspect this band can be related to C=O stretching of the
benzoquinone structure [37-39].

For the Raman spectroscopy (Figure 5), excitation at 514 nm was chosen to minimize
the background caused by MMT fluorescence. The spectrum of the neat PPDA resembles
the PANI-like structure reported many times in previous literature. The main bands are
observed at 1595 cm~! (C=C stretching in a quinonoid ring), 1530 cm~! (N-H stretch-
ing), 1330 cm~! (C~N** stretching vibration related to a delocalized polaron structure),
1180 cm~! (C-H deformation), 570 cm~?!, 500 cm ™1, 455 cm~! and 410 cm ! (ring defor-
mations) [8,23,40,41]. The spectra of all composites mainly show peaks related to MMT,
but there are also some peaks, visible particularly in the PPDA-50 composite with the
highest amount of MMT, which occur neither in PPDA nor in MMT. Namely, the relatively
strong and sharp peak at 1686 cm ™! observed for the PPDA-50 composite has not yet been
observed for any PANI of PPDA-related material. This band can be related to the NHj
end-groups [42]. The strong peak at 1637 cm~! dominates the spectrum. It was formerly
assigned to ring stretching in phenazine-like [43] or oxazine-like structures [44]; however,
in detailed spectroscopy studies of phenazine structures [43,45], this peak was only ob-
served in neutral N-phenyl phenazine. However, due to the expected high local acidity in
the MMT interlayer area, N-phenyl phenazine should occur there only in protonated form.
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The strong peak at 1637 cm ! could also originate in NH deformation vibrations [46] or
benzenoid ring stretching [47,48], which seems to be a more likely assignment. The band
at1515cm™ 1 is assigned to the N-H deformation of the PANI-like structure [49-52]. The
bands at 1485 and 1457 cm ™! belong to C=N stretching in quinonoid units [53], and N=N
stretching in an azobenzene structure can contribute to the latter [54]. The bands at 1393,
1370 and 1345 cm ™! can be attributed to C~N** stretching in polaron structures with
varying delocalization lengths [40,55]. The bands at 1265 and 1200 cm~! belong to C-H
deformation in quinonoid and benzenoid rings, respectively. The band at 455 cm~! is
due to out-of-plane ring deformations [40]. In conclusion, a generally PANI-like structure
was observed in the PPDA-50 composite, but given the strong signal of NH, groups and
the contribution of highly localized polarons, the material intercalated in MMT seems to
be of oligomer nature. The Raman spectra of PPDA-35 and PPDA-5 composites reflect
both features of the oligomer observed in PPDA-50 and of the PPDA polymer, with the
intensity of the above discussed peaks at 1393, 1370, 1686 and 1637 cm ™! increasing with
the MMT content.

2.4 FTIR in KBr
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Figure 4. FTIR spectra of selected MMT, PPDA and their composites. The spectra were baseline
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3.3. Impedance Spectroscopy

The real part (¢') and imaginary part (¢”) of complex permittivity &* (¢* = ¢/ — je”)
measured as a function of frequency (102 Hz to 10”7 Hz) at different temperatures (113 K <
T < 433 K) are shown in Figures 6 and 7. When interpreting these data, we should consider
conductivity being contributed by both the electronic and ionic parts. At lower frequencies,
an increase in the dielectric constant with decreasing frequency is typical for electrode
polarization due to the presence of mobile ions. In lower frequency regions, different values
of slopes in ¢” vs. f curves imply ion transport if slope~ —1, whereas slope > —1 means
the polarization effect. The decreasing value of slope at a higher frequency represents the
caged movement of ions, i.e., ion—ion interactions and short time regime correlations [56].
The Maxwell-Wagner model can be utilized to understand the dielectric response of these
materials [57]. These polarizations are also temperature-dependent, as shown in Figure 7.
As the temperature increases, ion dissociation takes place, which ultimately results in an
increase in dielectric polarization. Moreover, interfacial polarization also occurs because of
the buildup of charges at the grain boundaries. At alower temperature, dissociated ions are
not available, and a small value of permittivity is assigned to polarons dominant in PPDA,
which are almost in frozen condition. With the gradual increase in temperature, these
polarons inside grains separated by grain boundaries result in the Maxwell-Wagner effect
at lower frequencies. In the case of PPDA-5, the value of ¢’ and ¢” is small due to the smaller
content of MMT, which is directly proportional to water content since water molecules
are captured in between MMT layers and form ionic dipoles [57]. This is also evidenced
in Figure 6¢,d, where the ¢’ value decreases after exceeding 353 K since water starts to
evaporate [58]. The variation in the dissipation factor (tan ¢ = ¢”/¢’) with temperature at
different frequencies decreases with increasing frequency at all temperatures, which is in a
good agreement with Koop’s phenomenological model [59]. The composites PPDA-35 and
PPDA-50 attain a low value of tan J, which is due to the partial exfoliation of the MMT
gallery as evidenced by XRD.

IT(K) IT(K)
=113 =113
102 A 153 |-A— 153]
7 193 193
> 233] > 233
273 |+ 273]
o313 . o313
|-><— 353 oy |-><— 353
——393] 10" e —— 393]
- o >< 433 . T, T 433
w 2K w ? —
. °°°3om %3, X<, ——
10" **,,*** °M°°ogo 9, ~.‘~X
Hoe e, b Y s -
> F Nk 99005, s ¢
>y i 90003555 ek ag. T
P ’”’»»»»»»tt*»»"ﬁt’;* s BB o2 XXXXXXX;?T
e BEraR 2900005
10° T T T T T T T T T T T T T T u
10" 10° 10" 102 10°  10*  10°  10° 107 10" 10° 10" 102 10 10* 105 10° 107
Frequency (Hz) Frequency (Hz)
(a) (b)
10° T(K) T(K)
113 =13
4153 . |4 153]
193 10° 4 « 193
b —>— 233 o X —>—233
N |+ 273 LN [-—x— 273
1024 >§\X< o313 1044 %:%&X o313
|- 353 o X | 353]
‘lo?&x — 393 Pa, X% —— 393
L% i 2,
T ™ Sa, 433 w100 Ty %o, [ 433
. @ 9,
0%y - oy o %o, uxx
o oy PaS
e ¥,
109 1074 >>";\\ ***** 90"?&%
i R i T
Eeaggy »>»»>» ao.)2,<>_§>_%55
P
101d >>>,,>> g
?&1““ AAAAAAAA SEERE:
10° . . . T T T . 10°+ T T T T T T T 1
10" 10° 10" 10> 10°  10* 10°  10° 107 10" 10° 10" 10>  10° 10* 10° 10° 107

Frequency (Hz)

(©)

Figure 6. Variations in real part of permittivity with frequency at different temperatures for (a) PPDA

Frequency (Hz)

(d)

and PPDA /MMT composites: (b) PPDA-5, (c) PPDA-35 and (d) PPDA-50.

57/75



Polymers 2021, 13, 3132

9o0f17

6
10 T
—A— 153
-+ 193 1024
> 233
—*— 273
—o—313
—~— 353 10"
—— 393
=433
R, n,
H 1 Jo = B [o-
w 1074 %\‘XXXXXXX "taa, w 10
S,
10 {EpiE R I Rea S vy o B33S
»>>»>>>>> *******m**
0] Mt 10140
,"““AMW 000,
1024 AdadAL, ‘/
\
10° 4 g 1024
10+ r T r T T T T J T g T T g u
10" 10° 10" 102 10°  10* 10°  10° 107 10" 10° 10" 102 10°  10* 105 10° 107
Frequency (Hz) Frequency (Hz)
(a) (b)
1|)"=>$§
10°
5
. 1030, xS<><X><
a
102 10* 4 N“v X,

1074
103 102 T T T T T T T 1
10" 10° 10" 102 10 10*  10°  10° 107 10" 10° 10" 102 10° 10t 0% 10° 107
Frequency (Hz) Frequency (Hz)
(0) (d)
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To better discuss relaxation processes of the impedance spectra and suppress the
electrode polarization effects, the complex dielectric modulus was obtained from the real
and imaginary part of the permittivity.

1 1 ¢ e

M*:—:i,:M, iM!" = : 1
e (e—je") + (e’)2 + (s”)2 +]<£/)2 + (8,,)2 @

where M’ and M” are the real part and imaginary part of the complex dielectric modulus
(M™), respectively [60]. Figure 8 shows the frequency dependence of the imaginary part of
the modulus at different temperatures. In fact, the low frequency peak corresponds to the
long-range migration of ions, whereas the high frequency peak represents spatially confined
ions within potential wells and localized short distance motion within the domains [56].

The values of relaxation time T = ﬁ corresponding to the frequency of the low-
frequency maximum fy,;y of the M” frequency spectrum are plotted in Figure 9 as a function
of temperature. This follows an Arrhenius law with the activation energy Ea being 0.56,
0.69, 0.44 and 0.53 eV for pristine poly(p-phenylenediamine), PPDA-5, PPDA-35 and

PPDA-50, respectively.
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Figure 9. Plot of relaxation time vs. reciprocal temperature for PPDA and PPDA /MMT composites.

The frequency dependences of the real part of conductivity at different temperatures
are shown in Figure 10 for the polymer and composites and Figure 11 for montmorillonite.
The real part of the conductivity obeys a power law known as Jonscher’s law given by
Equation (2) within the considered frequency and temperature ranges:

o =04+ A’ )
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where 0, is the DC conductivity obtained by extrapolating ¢’ to the low frequency limit.
The term Aw® is the dispersive component of AC conductivity, which represents the
degree of interaction between mobile ions and the lattices. Here, A is the pre-exponential
factor describing the strength of the polarizability, and s, which is a power law exponent,
within 0 < s < 1, is a measure of the correlation degree. The behavior of s on temperature
provides an insight into the conduction mechanism. The power law dependences point
to inhomogeneity in the composites and that the ion transport plays the crucial role. At
room temperature and lower frequencies, the composites PPDA-35 and PPDA-50 show
a higher value of conductivity than pristine materials. The same is observed in the case
of DC conductivity measured with the four-probe van der Pauw method (Table 1). This
increase in conductivity is related to the intercalation of PPDA chains between the layers of
MMT, which leads to higher ordering in polymer chains causing more a compact structure
compared to pristine PPDA. The higher DC conductivity values obtained from the DC four-
probe method compared to impedance spectroscopy can be explained by the elimination of
the contact resistance in the former case. Figure 12 shows the Arrhenius plots of 0, against
1/T for all the samples according to Equation (3):

Eic
O4c = 00 exp (—kBT) (3)

The calculated values of activation energy (E;.) are listed in Table 1. It is seen that
different activation energies exist at high and low temperatures, which indicates the
dissociation of ions with an increase in temperature, hence increasing the conductivity at
high temperatures, but at a low temperature, the ions do not have enough energy to hop to
neighboring sites and remain caged. For the sample PPDA-35 and PPDA-50, the change
in the slope of the curve occurs at 200 K, which is attributed to the motion of the water—
polymer complex in the amorphous region [61], whereas for pristine PPDA and PPDA-5
it is at 273 K, revealing the existence of phase transition that might be associated with
alternation in local structures. The lowest activation energy is found for the sample PPDA-
35, which means less energy is required to migrate the ions from the binding coordinating
site to another site. The decrease in conductivity for PPDA-35 and PPDA-50 above 353 K
is again associated with the evaporation of intercalated water. For the low temperature
region where the mobile charge carriers are mainly polarons but not ions, the activation
energies are sufficiently low and following the opposite trend compared to that in the
higher temperature region. Pristine PPDA has the lowest and the composites with more
MMT content have higher values of activation energy since the movements of polarons
inherited in the polymer are hindered with the addition of MMT, and DC conductivity
is thus not only a function of temperature as expressed by the Arrhenius equation [62].
Additionally, pristine PPDA shows intermediate activation energy, which is attributed to
the contribution of polymer segmental motion.

From Figure 12, it is clearly seen that two different activation energies exist at differ-
ent temperature regions. This suggests that two conduction mechanisms prevail, one at
lower temperature (polaronic) and another at high temperature (ionic). The temperature
dependences of s values obtained from the linear fit of the o, frequency dependencies at
the linear region are plotted in Figure 13 for the lower temperature region. To study the
conduction mechanism at lower temperatures, various models have been proposed in the
literature to explain the predominant conduction mechanisms according to the shape of the
temperature dependence of exponent s. For the case of s increasing with increasing temper-
ature, a small polaron conduction mechanism has been suggested, whereas if s decreases
with increasing temperature then the mechanism is called correlated barrier hopping. If
s is independent with temperature, then quantum mechanical tunneling is expected [63].
In our case, the exponent s decreases as the temperature increases, which is attributed to
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correlated barrier hopping (CBH) of polarons. The frequency dependence according to the
CBH model can be expressed by Equation (2), with s given by Equation (4) [64].

6kgT

ol Wy — ks Tin (% )] @

wTy

where W) is the polaron binding energy, 7 is the characteristic relaxation time and kg is
the Boltzmann'’s constant. For large W)y1/KpT, Equation (4) can be deduced as:

_ 6kgT

W 1-—s

©)

The values of W) calculated at the low temperature region are shown in the inset
of Figure 13 using the experimental values of s. The values obtained indicate that single
polarons are the major charge carriers but not bipolarons since for bipolaronic transport
values of W)y; must be almost four times higher [64]. It is seen that at the lowest measured
temperature, these single polarons have a higher binding energy for pristine PPDA and
PPDA-5 than in the composites PPDA-35 and PPDA-50, but after the gradual increase in
temperature similar values are attained.
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Figure 10. Variations in real part of AC conductivity with frequency at different temperatures for
(a) PPDA and PPDA /MMT composites: (b) PPDA-5, (c¢) PPDA-35 and (d) PPDA-50.
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Figure 12. Variation in DC conductivity with reciprocal temperature. The solid lines represent fitting
according to Arrhenius equation.

As seen in Figure 11, the dependence of the real part of conductivity shows the plateau
that allows the determination of DC conductivity of ~107® S/cm, which is in a good
agreement with values reported in the literature [32,33]. The conductivity decreases above
353 K due to the evaporation of intercalated water. This is similar to the behavior described
above for the composites with a higher content of MMT. The conductivity decreases
drastically after heating to 433 K, referring to the humidity dependence of montmorillonite
and ions playing a dominant role in the conduction mechanism [65,66].
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4. Conclusions

PPDA/MMT composites were successfully synthesized by a two-step procedure,
viz., the intercalation of monomers, followed by oxidative polymerization. Even though,
contrary to the initial expectations, the introduction of various amounts of MMT into the
polymerization mixture led to similar amounts of the MMT in obtained composites, the
variation in the initial monomer-to-MMT ratio allowed us to obtain series of composites
with diverse conductivity. Spectroscopy characterization revealed that such composites
differ in the polymeric or oligomeric nature of the organic part. Both AC and DC conduc-
tivities of composites were found to be higher than the corresponding polymer. Impedance
spectroscopy studied over a wide range of frequency and temperature points to the change
in the conduction mechanism from polaronic conduction arising from the polymer in
low temperatures to ionic conduction in higher temperatures inherited in MMT. Such
composites can be applied as anticorrosion coatings, sensors, electromagnetic shielding or
in electrorheology.
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Colloidal dispersions of polyaniline (PANI) doped by phytic acid (PA) and stabilized with poly(N-vinyl-
pyrrolidone) (PVP) were prepared by oxidative polymerization of aniline and compared to the dispersions
prepared under similar conditions in the absence of phytic acid. UV-vis and Raman spectroscopies confirmed the
formation of protonated PANI in all the cases. According to dynamic light scattering, the dispersions prepared in
the presence of PA had a bigger average particle size (~360 nm) compared to the PANI-HCI-PVP dispersions
(~300 nm). The long-term stability of all colloids was confirmed for up to 530 days. The prepared dispersions
were used for the film deposition by spiral bar technique resulting in transparent and uniform coatings, which
consisted of spherical particles (110-200 nm). The highest conductivity values of 5 x 10> and 7 x 107> S cm™*
for PANI-HCI-PVP and PANI-PA-PVP, respectively, were achieved at 1 wt% of PVP. At 1 wt% of PVP, PANI-PA-
PVP showed hydrophobic properties (0=102°), which decreased with increasing PVP content, while PANI-HCI-
PVP had hydrophilic properties (6=10°) decreasing with increasing PVP fraction. Cyclic voltammetry of drop-
cast films showed that PANI-PA-PVP had significantly higher areal capacitance retention (97%) compared to
PANI-HCI-PVP (61%). Such conducting coatings with tunable surface characteristics can be useful for electro-

chemical applications.

1. Introduction

Polyaniline (PANI) is one of the most studied conducting polymers
with unique physicochemical characteristics [1]. Its optical and elec-
trochemical properties can be easily controlled by oxidation-reduction
and acid-base interactions. PANI is widely used in the preparation of
sensors [2-7], actuators [8-11], electrochemical storage devices
[12-16], electrochromic devices [17-20], etc. Most of these applica-
tions, however, require PANI inherent insolubility in common solvents
and overall poor processability to be overcome. Preparation of aqueous
colloidal dispersions of PANI [21,22] offers a convenient way of
manufacturing PANI-based films and coatings by a wide range of
printing and coating techniques with potentially easy upscaling and
applicability in sensors [5,23] and biomedical field [24].

* Corresponding author.
E-mail address: bober@imec.cas.cz (P. Bober).

https://doi.org/10.1016/j.porgcoat.2021.106666

Polyaniline-based colloidal dispersions are usually synthesized by
oxidative polymerization of aniline in the presence of a water-soluble
polymer, such as poly(N-vinylpyrrolidone) (PVP) [25,26], poly(vinyl
alcohol) [25,27] or gelatin [24], acting as a stabilizer. Depending on the
composition of reaction medium and chemical nature of the polymer
used, conductivity and morphology of the obtained dispersions can be
easily tuned. For example, oxidation of aniline by ammonium perox-
ydisulfate in the presence of gelatin leads to the formation of spindle-like
PANI particles while oxidation by silver nitrate results in fibrillar
morphology of PANI [24]. Introduction of p-phenylenediamine into
copolymerization with aniline in the presence of PVP was shown as
another approach to change conventional globular morphology to
nanofibrillar and increase the conductivity of the materials by ~3 or-
ders of magnitude [26].
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Phytic acid is a cyclic molecule containing six dihydrogen phosphate
groups and was previously used as a dopant for PANI [28-37]. Due to its
multifunctional nature, phytic acid is utilized as a gelator leading to the
formation of porous hydrogels during the aniline polymerization or
cryopolymerization [28,29,38]. These phytic acid-doped PANI materials
can be used for adsorption [29,31,32], photodegradation [30] and
sensing [33] of metal ions and dyes or after carbonization as P-doped
electrode materials for electrochemical capacitors [34] and electro-
catalysts [35,36].

Wettability is an important parameter of PANI-based films and
coatings, crucial for their potential applications, for instance, in anti-
corrosion protection [39], where higher hydrophobicity was found to
enhance the protective barrier effect against water. In contrast, high
hydrophilicity of the electrode coating films may facilitate penetration
of water into the material [39]. Penetration of water is also one of the
factors, which determine capacitive performance of PANI-based elec-
trodes. It is known that better accessibility of the material surface for the
electrolyte allows improvement of capacitance values [40,41]. At the
same time, hydrolysis of PANI chains by water molecules is one of the
reasons for capacitance degradation during cycling [42], which can be
overcome by shielding of the chains, for example, by anionic surfactants
[43]. Therefore, it is important to balance these opposite effects for
optimal and stable electrochemical performance and prepare materials
with tuned hydrophobicity.

Phytic acid is usually known to be used in the preparation of
superhydrophilic surfaces [44,45] due to high density of phosphate
groups. However, Kim et al. [46] reported that addition of phytic acid
can also lead to the increase of hydrophobicity of conducting polymer-
based material due to crosslinking. Moreover, PVP, which was chosen
as a stabilizer in the present work, shows amphiphilic properties [47,48]
depending on the polarity of the medium, which can affect wettability of
the prepared materials. Thus, taking into account complexity of the
multicomponent system, containing both phytic acid and PVP, complex
nature of their influence on the material hydrophobicity and potential
mutual interactions, it is important to study their combined effect on the
wettability of the films cast from the prepared colloidal dispersions.

In the present paper, we synthesized novel colloidal dispersions of
PANI doped with phytic acid and stabilized by PVP by facile and cost-
effective one-step strategy. The colloids were studied in terms of
morphology and long-term stability. Furthermore, hydrophobic films
have been successfully prepared by spiral bar coating directly from
colloidal dispersion and their properties have been evaluated.

2. Materials and methods
2.1. Materials

Aniline (Penta, Czech Republic), aniline hydrochloride (Penta, Czech
Republic), ammonium peroxydisulfate (Lach-Ner, Czech Republic), poly
(N-vinylpyrrolidone) (My, ~ 360,000, Sigma-Aldrich, China) and phytic
acid (50 wt% solution, Sigma-Aldrich, Japan) were used as received.

2.2. Preparation

2.2.1. Preparation of polyaniline-based colloidal dispersions

Polyaniline-phytic acid colloidal dispersions (PANI-PA-PVP) were
prepared by the oxidative polymerization of aniline by ammonium
peroxydisulfate in an aqueous solution of poly(N-vinylpyrrolidone)
(PVP) containing phytic acid. For the typical synthesis, PVP (1-4 wt%)
was dissolved in 0.2 M aqueous solution of phytic acid. Then aniline
(1.82 ml) and ammonium peroxydisulfate (5.7 g) were dissolved sepa-
rately in 50 ml of aqueous solution of PVP. After mixing the monomer
and the oxidant solutions, the polymerization mixture was left undis-
turbed for 24 h at room temperature.

For comparison, the PANI-HCI-PVP dispersions were prepared in
similar conditions without phytic acid. Aniline hydrochloride (2.59 g)
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and ammonium peroxydisulfate (5.7 g) were dissolved separately in 50
ml of aqueous solution of PVP (1-4 wt%). The resulting solutions were
mixed and the reaction was left undisturbed for 24 h at room
temperature.

2.2.2. Deposition of films from polyaniline-based colloidal dispersions

The TQC spiral bar coater AB 3120 was used for the deposition of
films from the prepared colloidal dispersions. PET Melinex ST504 foil
with thickness 175 pm was used as a substrate; prior to the deposition,
its surface was cleaned and treated by corona Alhbrandt for improve-
ment of surface free energy. Before the deposition, the prepared colloids
were sonicated in Bandelin Sonorex ultrasonic DT 103 H bath and then
were filtered through 1 pm glassy fiber filter. The deposition was per-
formed at a coating speed 20 mm s~! with the 50 pm spiral bar. The
coated layers were left to dry at 90 °C for 15 min.

2.3. Characterization

2.3.1. Characterization of polyaniline-based colloidal dispersions

Particle size of the colloidal dispersions diluted by water was char-
acterized by dynamic light scattering (DLS) (Malvern AutoSizer Lo-C) at
25 °C. Presented results are averages of at least 5 measurements.
Transmission electron microscopy (TEM) was performed with Tecnai G2
Spirit electron microscope. Ultraviolet-visible (UV-vis) spectra of the
prepared dispersions diluted by water were recorded using Perkin Elmer
Lambda 950 spectrophotometer.

2.3.2. Characterization of the films deposited from polyaniline-based
dispersions

Linear four probe method with equal spacing between electrodes
(1.42 mm) was employed to measure electrical conductivity of the films.
A Keithley 230 Programmable Voltage Source in serial connection with a
Keithley 196 System DMM was used as a current source; the potential
difference between the potential probes was measured with a Keithley
617 Programmable Electrometer at constant ambient conditions at 23 +
1 °C and relative humidity 35 + 5%. The conductivity (¢) was calculated
as:

1
C = oasFV

€8]

where I is current, V is potential drop between inner electrodes, F is
correction factor and s is probe spacing. Since the thickness of all the
films (as listed in Table 1) was appreciably smaller than the probe
spacing and the area of the sample was much larger compared to the
probes spacing, correction factor (F) given by Eq. (2) was used [49],
which is also valid for non-conducting bottom substrate foil.

Table 1
Thickness, conductivity, contact angle and roughness of PANI-PA-PVP and
PANI-HCI-PVP films.

PVP Thickness, Conductivity, Contact Roughness
concentration, wt pm Scm™! angle, (Ro),
% degree nm
PANI-PA-PVP
1 2.8 7 x107° 102 92
2 0.8 4x107° 99 81
3 1.1 9x10°° 85 52
4 2.2 5.9 x 107 71 17
PANI-HCI-PVP
1 1.3 5x 1072 10 64
2 1.7 1x1073 15 60
3 1.5 1x10°° 26 33
4 1.5 4x107° 38 27
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where t is the film thickness. Since t <« 0.4 and using approximation
sinh(x) =~ x for x < 1, Eq. (1) can be simplified as
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Thickness of the films was determined using a KLA Tencor P-10
Profilometer. The static water contact angle of sessile drop (3 pl) was
measured by a contact angle goniometer OCA 20 (Dataphysics) equip-
ped with SCA 21 software where the profile was fitted with the
Young-Laplace equation. At least three measurements were done at
different positions of each sample and average value is reported. Surface
topography and average roughness of the films were studied in air at a
Nanoscope Illa atomic force microscope (Digital Instruments/Veeco)
operated in the tapping mode using OTESPA-R3 silicon tips (Bruker)
with spring constant (k) 26 N m ! and resonance frequency around 300
kHz. The 20 pm scans were acquired with scan rate of ~0.7 Hz.
NanoScope software was used to process the raw AFM images and to
determine the roughness average values. Morphology of the films was
studied using scanning electron microscope (SEM) MAIA3 Tescan.

Raman spectra were measured with a Renishaw InVia Reflex Raman
microspectrometer. The spectra were excited with a 785 nm diode laser.
The scattered light was registered with a Peltier-cooled CCD detector
(576 x 384 pixels) and analyzed by the spectrograph equipped with
holographic grating 1200 lines mm ™. The spectra were obtained at 3
spots of each sample to verify the film homogeneity.

For electrochemical characterization, 1 1 of colloidal dispersions was
drop-cast onto the glassy carbon electrode and the resulting films were
dried at room temperature for at least 2 days.

Electroactivity of PANI-HCI-PVP and PANI-PA-PVP drop-cast films
was investigated by cyclic voltammetry (CV) in a 3-electrode cell con-
sisting of a glassy carbon working electrode, Ag/AgCl pseudo reference
and a Pt coil as a counter electrode. The voltammograms were recorded
using the potential window from —0.1 V to 0.7 V at scan rates of 10, 20,
50, 100 and 200 mV s ! in 1 M HCL. Electrochemical stability of the films
was studied in 1 M HCI solution for 1000 cycles at 200 mV s~ ! scan rate
and determined based on the change of their areal capacitance.

The areal capacitance of the films was calculated using Eq. (4):

[1av

Coy=r"——"—
YT OX VXAV XA

@
where [IdV is the area of the CV curve, v is the scan rate, AV is the po-
tential window and A is the electrode surface area equal to 7.07 mm?2.

3. Results and discussion
3.1. Polyaniline-based colloidal dispersions

PANI-PA-PVP colloidal dispersions were synthesized by oxidative
polymerization of aniline using ammonium peroxydisulfate in aqueous
phytic acid solution in the presence of PVP as a stabilizer. The as-
prepared dark green dispersions were characterized by UV-vis spec-
troscopy (Fig. 1). All recorded UV-vis spectra of PANI-PA-PVP colloidal
dispersions are similar to each other at all PVP stabilizer concentrations
and, therefore, Fig. 1 shows only the spectrum of PANI-PA-PVP colloidal
dispersion stabilized with 4 wt% of PVP. PANI-HCI-PVP dispersions
prepared in the absence of phytic acid were also found to have similar
spectra, showing no influence of phytic acid on the spectra of the
colloids.

All the spectra (Fig. 1) follow the typical spectrum of PANI emer-
aldine salt and contain a band at around 400 nm and a broad band above
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Fig. 1. Typical UV-vis spectra of PANI-PA-PVP and PANI-HCI-PVP colloidal
dispersions (4 wt% of PVP).

800 nm, corresponding to polaron-t* and w-polaron transitions,
respectively [50]. Thus, in all cases, independent of PVP content or the
presence of phytic acid, PANI in the form of emeraldine salt was formed.

TEM micrographs of PANI-PA-PVP and PANI-HCI-PVP dispersions
prepared using all studied PVP concentrations are similar within the
respective series and only the typical ones (4 wt% of PVP) are shown in
Fig. 2. The PANI-PA-PVP dispersions (Fig. 2a) consist of spherical PANI
particles with an average diameter of single particles about 150-180
nm. Addition of phytic acid does not lead to the change of PANI globular
morphology. The globular particles observed in PANI-HCI-PVP disper-
sions (Fig. 2b) prepared in the absence of phytic acid have an average
diameter 100-130 nm. However, due to the wide particle size distri-
bution the TEM results are not conclusive regarding the influence of
phytic acid on the particle size of PANI-based colloids.

Particle size and stability of PANI-PA-PVP dispersions were addi-
tionally studied by DLS. The results showed that PANI-PA-PVP disper-
sions consist of colloidal particles with average size of ~360 nm and this
value does not depend on the concentration of the polymer stabilizer
which correlates with the TEM results. The measured value is higher
than particle size for PANI-HCI-PVP dispersions prepared without phytic
acid (1 wt% of PVP — 321 nm, 2-4 wt% of PVP — ~285 nm). This might
be explained by the fact that adding multifunctional phytic acid into
polymerization mixture promotes growth and aggregation of PANI
particles due to electrostatic attraction between PANI chains mediated
by phytic acid. Average particle sizes measured by DLS are also notably
bigger than the corresponding values obtained for single particles from
TEM images which is caused by the presence of aggregates in the dis-
persions and by the contribution of the PVP shell around PANI particles
into total particle size.

To evaluate the potential applicability of PANI-PA-PVP dispersions
for film preparation using various coating techniques it was important to
check long-term stability of the dispersions and evolution of particle size
over time Fig. 3a.

Fig. 3a shows the change of PANI-PA-PVP dispersions particle size
depending on the storage time. All the dispersions follow the same trend:
at first the average particle size of all the samples starts to decrease and
then increases which is shown for the samples containing 3 wt% and 4
wt% of PVP. The location of the curve minimum depends on the PVP
concentration and shifts to lower number of days with the increase of the
stabilizer content. The shape of the curves might be explained by the fact
that at first relaxation of PVP shell on the PANI particles surface is
observed (initial particle size decrease) with further particle aggregation
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Fig. 2. Typical TEM images of a) PANI-PA-PVP and b) PANI-HCI-PVP colloidal dispersions (4 wt% of PVP).

at higher concentrations of the stabilizer (particle size increase). PANI-
HCI-PVP dispersions (Fig. 3b) were found to be stable in the similar
time period, which might be connected with more hindered relaxation of
PVP shells due to their interaction with PANI in the absence of phytic
acid (discussed in more details below regarding the contact angle
measurements of the coated films).

3.2. Polyaniline-based thin films

The synthetized colloids were deposited by spiral bar coating tech-
nique which allowed preparing PANI layers with high homogeneity
(Fig. 4). The given coating technique is scalable from the laboratory
level up to the industrial scale, where various functional layers can be
prepared with high homogeneity at speed up to 300 mmin ' and for
width of the web up to 3 m.

Chemical composition of PANI-PA-PVP and PANI-HCI-PVP films was
assessed by Raman spectroscopy excited with 785 nm laser line to
resonantly enhance various polaronic structures, allowing to study
protonation and oxidation states of PANI (Fig. 5). Several spectra were
measured on each film at various locations, showing a good homoge-
neity over the area.

For all films, the formation of protonated PANI is confirmed by the
presence of semiquinonoid ring stretching vibrations of emeraldine salt
structure observed at 1590 cm ™!, C~N°"" stretching vibration of delo-
calized polaronic structures at 1340 cm ™}, C—N stretching vibration at
1255 cm™!, C—H deformation vibrations at 1173 cm !, and various
skeletal deformation vibrations below 1000 cm™! [51]. The band of the
stretching of the quinonoid ring at 1625 cm ™!, the N—H deformation
band reaching to 1520 cm ™}, the C=N stretching band at 1492 cm™!
and the bipolaron C~N* band at 1330 cm ™%, as well as skeletal defor-
mation vibrations at 655, 590, 390 and 290 cm ™' are connected with
pernigraniline salt [51], and, thus, indicate a slight overoxidation of
PANI. These bands are significantly stronger in the films containing
phytic acid than in PANI-HCI-PVP films.

SEM images (Fig. 6) show that the globular morphology of PANI
particles observed in TEM of colloidal dispersions is preserved after
coating the films. It is clearly visible that the increase of the PVP sta-
bilizer concentration in the colloidal dispersion and addition of phytic
acid make the coated films smoother. At 1 wt% of PVP, PANI-HCI-PVP
films (Fig. 6a) also have more porous structure compared to PANI-PA-
PVP (Fig. 6¢). The average sizes of individual material grains are in
the range 110-200 nm, which are similar to the ones measured by TEM

4

(Fig. 2). However, difficulty to distinguish particle boundaries for PANI-
HCI-PVP films with higher PVP concentrations (Fig. 6b) and for PANI-
PA-PVP films for all used PVP concentrations (Fig. 6¢c, d) makes a
more accurate comparison impossible.

AFM data for both types of films correlate with SEM images (Fig. 7).
The PANI-PA-PVP and PANI-HCI-PVP film surface roughness average
(Rp) values (Table 1) decrease from 92 to 17 nm and from 64 to 27 nm,
respectively, with increasing PVP concentration.

The thickness of the films was found to be independent on the con-
centration of the stabilizer and phytic acid used for the preparation of
the colloids (Table 1). In both series, in the presence and in the absence
of phytic acid, the film conductivity (Table 1) increased when lower
amount of the stabilizer was used for colloid preparation. This increase
is connected to higher amount of conducting fraction in the resulting
films. For PANI-PA-PVP and PANI-HCI-PVP-based films the highest
conductivity values (1 wt% of PVP) were found to be 7 x 10°°Sem™!
and 5 x 107> S cm ™}, respectively. The latter value is in the same order
with those reported in literature for spray coated PANI hydrochloride
colloids stabilized by 2 wt% of PVP [52]. Chemically grown PANI hy-
drochloride films have conductivity of 4.3 x 1072 S cm ™! [53]. The fact
that PANI-HCI-PVP coated films have 2 orders of magnitude higher
maximum conductivity than PANI-PA-PVP films containing phytic acid
might be attributed to the difference in PANI dopants. It was reported
that PANI doped with phytic acid had lower conductivity compared to
PANI protonated with conventional hydrochloric acid [54].

Water contact angle measurements (Table 1) showed that the series
of the films prepared from the PANI-PA-PVP dispersions have drastically
different wettability and an opposite PVP concentration dependence
compared to the films coated from PANI-HCI-PVP colloids. PANI-HCI-
PVP films have a hydrophilic nature and their contact angle increases
with the PVP concentration from 10° (1 wt% of PVP) to 38° (4 wt% of
PVP). The obtained values are comparable to the one of PANI hydro-
chloride film (25° [53]) and the PVP concentration influence on the
films contact angle might be explained by the increasing contribution of
hydrophobic part of PVP, which is known to be an amphiphilic polymer
[47,48]. In contrast to PANI-HCI-PVP films, PANI-PA-PVP films are
significantly more hydrophobic and their contact angle decreases from
102° (1 wt% of PVP) to 71° (4 wt% of PVP) with increasing the PVP
concentration. The change of hydrophobicity of the films and reversing
the PVP concentration trend might be attributed to the amphiphilic
nature of PVP and to the change of the polymer conformation induced
by addition of phytic acid into the system. Amphiphilic polymer
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Fig. 3. Evolution of particle size over time of a) PANI-PA-PVP and b) PANI-
HCI-PVP dispersions.

components in films are known to rearrange to more favorable confor-
mations based on external factors, such as interaction with water
[55,56], leading to dynamic change of their contact angle. It can be
assumed that similar changes can occur during film preparation and
drying at elevated temperature in air, where the latter can be potentially
considered as annealing, which facilitates PVP segmental mobility with
water acting as a plasticizer [57]. The PVP conformational freedom is
expected to be influenced and limited by various interactions in the
multicomponent colloidal dispersion. In the case of PANI-HCI-PVP films,
PANI particles are stabilized in water only by PVP and the stabilizer
conformation, with hydrophilic segments exposed to water, is expected
to be frozen by the interaction with the conducting polymer. It leads to
hydrophilic nature of the resulting films. In the case of PANI-PA-PVP
dispersions, it is assumed that phytic acid interferes with PANI/PVP
interactions leading to more conformational freedom of PVP. It results in
flipping its conformation during film deposition and forming more hy-
drophobic surfaces. This effect is the most pronounced in the film with 1
wt% of PVP, which has the highest hydrophobicity and a relatively small
amount of PVP compared to phytic acid.

Electrochemical characterization of PANI-based drop-cast films was
performed by CV. For the electrochemical experiments only PANI-HCI-
PVP and PANI-PA-PVP dispersions prepared in the presence of 1 wt%
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Fig. 5. Raman spectra of PANI-PA-PVP (black) and PANI-HCI-PVP (blue) films.
The spectra were baseline corrected, normalized and shifted for clarity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

of PVP were chosen due to the highest hydrophilicity and hydropho-
bicity, respectively.

According to Fig. 8, PANI-HCI-PVP film shows higher current density
at all scan rates compared to PANI-PA-PVP film manifesting higher
electroactivity of the former material, which can be connected to its
higher conductivity. In the case of PANI-HCI-PVP, the PANI oxidation
peak at ~0.4 V attributed to transition from leucoemeraldine to emer-
aldine salt is well-resolved. However, in the case of PANI-PA-PVP, it is
significantly less distinct and shifted to higher potentials (~0.5-0.6 V).
The observed difference in the peak position is likely to be attributed to
phytic acid being a less mobile counterion than chloride.

Although the initial electroactivity of PANI-PA-PVP film was found
to be lower compared to PANI-HCI-PVP, its cycling stability was
significantly better (Fig. 9). After 1000 cycles PANI-PA-PVP retained
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Fig. 6. SEM images of PANI films cast from PANI-HCI-PVP colloids prepared using a) 1 wt%, b) 4 wt% of PVP, and PANI-PA-PVP dispersions prepared with c¢) 1 wt%,

d) 4 wt% of PVP.

97% of its initial capacitance, compared to 61% for PANI-HCI-PVP film.
Capacitance loss during electrochemical cycling is connected with PANI
degradation, which is mainly caused by nucleophilic attacks of water
molecules, leading to hydrolysis of the polymer chains [42]. The pres-
ence of phytic acid presumably affects conformation of PVP in PANI-PA-
PVP films, leading to more hydrophobic fragments exposed to the film
surface that results in higher hydrophobicity of the material compared
to PANI-HCI-PVP. Therefore, it can be assumed that the hydrophobic
fragments of PVP can have the shielding effect for PANI chains, hin-
dering the hydrolysis and improving capacitance retention. Moreover,
according to SEM images (Fig. 6a,c), PANI-HCI-PVP films are visibly
more porous compared to PANI-PA-PVP, which can facilitate their
exposure to water, promoting hydrolysis and capacitance loss. There-
fore, a combination of high capacitance retention with hydrophobicity
of PANI-PA-PVP films prepared by an easily scalable and low-cost
deposition technique make this material promising for electrochemical
applications.

4. Conclusions

PANI-based colloidal dispersions with a long-term stability were
prepared by oxidative polymerization of aniline in the presence of PVP.
Introducing PA as a dopant for PANI was found to be an efficient way to
tune surface properties of conducting films cast from the dispersions. A

6

combination of PA with amphiphilic PVP and their interaction allowed
varying contact angle of the coatings from 6=10° for PANI-HCI-PVP film
to 6=102° for PANI-PA-PVP. PANI-PA-PVP films showed significantly
better electrochemical areal capacitance retention compared to PANI-
HCI-PVP films. Therefore, the combination of easy processing of dis-
persions by coating techniques and tunable hydrophobicity of prepared
films with good capacitance retention can be beneficial for electro-
chemical applications.
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Fig. 7. AFM images of films cast from PANI-PA-PVP dispersions prepared using a) 1 wt% and b) 4 wt% of PVP and PANI-HCI-PVP colloids prepared with c) 1 wt%
and d) 4 wt% of PVP.
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