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Abstract

A method of controlling the size and morphology of polypyrrole nanoparticles (PPy-NPs) is successfully developed by
using the combination of various non-ionic and anionic surfactants and polymerization temperatures during the synthesis.
Uniform PPy-NPs are prepared via water-based redox heterogeneous polymerization of pyrrole in the presence of ammonium
persulphate as an oxidant. The properties of the prepared materials are evaluated by a transmission electron microscopy
and dynamic light scattering in terms of particles morphology, colloidal stability, zeta potential and hydrodynamic size and
distribution. Raman, infrared and UV—Vis spectral characteristics of the particles are used to elucidate structural and optical
properties of PPy-NPs. The size and morphology of polypyrrole nanoparticles prepared by a polymerization of pyrrole with
ammonium persulphate can be controlled by various types and concentrations of surfactants with the hydrophilic-lipophilic
balance values between 10—16 and also by the polymerization temperature. Spectroscopic studies confirm that the surfactants

can be washed out from the surface, although some residues remain enclosed inside particles matrix.
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Introduction

In recent decades, conducting polymers [1, 2], mainly
polypyrrole, have received considerable attention for their
use as attractive multifunctional materials in many scientific
and technological fields. These applications include chemi-
cal and biological sensors [3, 4], polymeric rechargeable
batteries [5], electro-chromic windows and displays [6],
corrosion protection materials [7], functional separation
membranes [8], absorbents for heavy metal ions [9], etc.
Additionally, polypyrrole nanoparticles (PPy-NPs) have also
become one of the most studied materials for biomedical
applications due to their desirable chemical and physical
properties, such as their biocompatibility towards proteins,
DNA and the immune system of mammals [10-12], environ-
mental stability in atmospheric conditions, good chemical
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and high photo-stability and simplicity of preparation. In
addition to their use as scaffolds for tissue engineering [13],
drug delivery systems and contrast or photothermal agents
[14-17] for both diagnostic and therapeutic applications,
polypyrrole could be applied for the modification of inor-
ganic nanoparticles [18, 19] and used as a suitable layer for
other biological modifications.

Conducting polymers could be prepared by a number of
methods, including electrochemical polymerization [20-22],
chemical polymerization [23-25] and UV-induced radical
polymerization [26, 27]. Using a chemical approach to pre-
pare colloidal polymeric nanoparticles is the most efficient
and attractive way to achieve the required properties of the
prepared material. The rate and agitation of polymerization,
reaction time and temperature, pH in solution, amount and
molecular weight of a surfactant/stabilizer, character of the
doping anion, type of oxidant, ratio of the oxidant to the
monomer concentration, and solvent type are the factors that
can easily change and influence the morphology and size of
the prepared polymeric nanoparticles [28]. Many types of
oxidants, iron(III) salts [29-32], persulphate anions [33-35],
hydrogen peroxide [36, 37], potassium permanganate [38],
potassium dichromate [39], potassium ferricyanide(III) [40],
potassium iodate [41], silver nitrate [42], gold nanoparticles
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[19] and many other reagents have been used in reactions
described in the literature.

To prevent the macroscopic aggregation of the result-
ing material during polymerization or subsequent storage,
stable colloidal PPy-NPs or composites were prepared in
the presence of stabilizers, typically water-soluble poly-
mers or surfactants [43]. Sodium dodecyl sulphate [34, 35,
441, polyvinylpyrrolidone [26, 45, 46], poly(vinyl alcohol)
[47—-49], poly(ethylene glycol) [50, 51] or sodium dodecylb-
enzenesulphonate [52] were most frequently investigated by
many scientific groups. Apart from aggregation, the effect
of the stabilizer charge on the conductivity, morphology or
resulting chemical properties was also fully studied. For
example, Omastov4 et al. [32] provided a deeper insight
on the performance of anionic, cationic and non-ionic sur-
factants during the chemical oxidative synthesis of PPy in
aqueous media with ferric salt. They concluded that ani-
onic surfactants were incorporated into the PPy structures
as doping anions. In addition, Hoshina et al. [53] described
the influence of the agitation speed and different types of
charged surfactants on the conductivity and particle size of
powder materials obtained by emulsion polymerization. In
other work, Kwon et al. [54] examined the chemical and
physical properties of a PPy material prepared in the pres-
ence of a mixed surfactant system. They used a combina-
tion of the anionic surfactant dodecylbenzene sulphonic acid
and non-ionic surfactant Triton X-100 (polyethylene glycol
p-(1,1,3,3-tetramethylbutyl)-phenyl ether).

However, further works concerning the effect of polysorb-
ate-based non-ionic emulsifiers (TWEENSs) on the colloidal
stability of formed PPy nanoparticles rather than of bulk PPy
powders have not been extensively described in the litera-
ture. In addition, a description of the temperature influence
on the particles size and morphology in the presence of a
non-ionic surfactant is missing as well. Recently, polypyr-
role particles seem to be promising candidates for use as
contrast agents for photoacoustic tomography (imaging)
[14—17]. The use of polymer contrast agents could overcome
some difficulties of using low-molecular contrast agents,
such as photobleaching and the weakening of the signal due
to the diffusion of the contrast agent into the interstitium or
across tissues. Thus, the control of the size and dispersity
of particles is crucial for determining their behavior in vivo,
e.g., the biological half-life, clearance, specific tissue tar-
geting, etc. Therefore, the presented work is focused on the
development of methods of controlling the size and surface
properties of PPy-NPs by a one-step oxidative polymeri-
zation mediated by ammonium persulphate. Effects of the
different types and concentration of various surfactants or
polymer stabilizers (hydrophilic-lipophilic balance — HLB*
values of used surfactants are in range 10.5—40) and polym-
erization temperature on the size, morphology and colloidal
stability of nanoparticles are investigated. The behavior of
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the colloidal dispersions was examined by dynamic light
scattering (DLS), and the morphology of the colloids was
studied by transmission electron microscopy (TEM). Infra-
red/Raman spectroscopy and UV-Vis spectroscopy were
used to characterize the particles as well.

* HLB is a semiempirical quantitative description of sur-
factant ability to stabilize a certain type of an emulsion. It
is defined as a balance of the size and strength of the hydro-
philic and lipophilic (hydrophobic) moieties of a surfactant
molecule. For example, surfactants with low HLB values
acts as w/o emulsifiers and those with higher HLB acts as
o/w emulsifiers [55-60]. For more details see Supporting
information (S).

Experimental section
Materials

All the chemicals, except pyrrole, were used as received.
Pyrrole (Py, reagent grade 98%, was dried by CaH, and puri-
fied by distillation in vacuo and stored in a refrigerator at
approximately 4 °C before use), sodium dodecyl sulphate
(SDS), sodium docusate (AOT), polyoxyethylene (PEG,
M, =4000), poly(ethylene glycol) sorbitan monolaurate
(TWEEN 20), polyoxyethylenesorbitan monopalmitate
(TWEEN 40), poly(ethylene glycol) sorbitan monostearate
(TWEEN 60), poly(ethylene glycol) sorbitan monooleate
(TWEEN 80), polyvinylpyrrolidone (PVP, M =40 000),
ammonium persulphate ((NH,),S,04, APS, reagent
grade > 98%), iron(IIl) chloride hexahydrate (FeCl;-6H,0,
reagent grade > 98%), and PBS buffer (phosphate buffered
saline tablet) were purchased from Sigma-Aldrich. Glyc-
erol was purchased from Penta (Praha, Czech Republic),
and hydrogen peroxide (H,0,, 30%, un-stabilized) was pur-
chased from Lachner (Neratovice, Czech Republic). Deion-
ized water (18.2 MQ cm) obtained from a water purifica-
tion system (Purelab Ultra) was used in all the preparation
processes.

Synthesis of the PPy-NPs

PPy-NPs were synthesized by the differently stabilized
chemical oxidative polymerization of pyrrole monomers
with ammonium persulphate used as an oxidant.

In a typical procedure, the reactions were performed in
30 ml septum-sealed flasks on a magnetically stirred ther-
moblock at various temperatures. First, a specific amount of
an anionic surfactant (SDS or AOT) or a non-ionic stabilizer
(glycerol, PVP, PEG, TWEEN 20, TWEEN 40, TWEEN 60
or TWEEN 80, 5-200 mm, 0.1-10 wt%) was dissolved in
17 ml of deionized water. Consequently, the pyrrole mon-
omer (Py, 51.7 pr, 0.74 mmol, was added to the solution
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and stirred for 20 min. After that, (NH,),S,04 solution was
added dropwise (168 mg in 3 ml in water, 0.74 mmol, molar
ratio of Py to the oxidant was set to 1/1) to the reaction
mixture under stirring. After a while, the colorless system
gradually became black; the polymerization was allowed to
proceed for 24 h at room temperature (stirring at 500 rpm)
or at 3 °C, 40 °C, 55 °C, 70° or 85 °C. The temperature-
dependent experiments were performed only with 1 wt%
non-ionic PVP stabilizer and TWEEN 40, 60 and 80.

For the UV-Vis analysis, the polymerizations were per-
formed in 1 wt% PVP. FeCl;, H,0, and APS were used as
the oxidants in two molar ratios (the molar ratio of Py to the
oxidant was set to np, /yyigan = 1/1 and 1/2.3) to oxidize Py
(51.7 pr, 0.74 mmol).

After polymerization, the PPy-NPs were washed by cen-
trifugation with deionized water (8 times, for 1.5 h, 25 °C,
7830 rpm) and sonicated for 1 min.

Characterization of the PPy-NPs

The size and morphology were directly evaluated from the
microphotographs (using at least 300 particles) obtained by
a transmission electron microscope (FEI-TEM, Tecnai G2
Spirit, Oregon, USA). The TEM data were analyzed with
Image] analysis software. The samples washed for the TEM
analysis were prepared by depositing a diluted aqueous PPy-
NPs dispersion on a grid with a copper membrane and car-
bon film and dried at room temperature.

The hydrodynamic diameter (Dy), polydispersity index
(PI) and zeta potential ({) were measured by dynamic light
scattering (DLS, Zetasizer Nano Series ZEN3500, Mal-
vern, Worcestershire, UK). For all the analyses, the diluted
aqueous PPy-NPs dispersions were measured in disposable
folded DTS1070 capillary cells.

The UV-Vis spectra of the aqueous dispersion of the
washed particles (in physiological PBS buffer, pH="7.4)
were measured on a UV spectrophotometer (Analytic Jena
Specord® 210 Plus, Jena) using quartz cuvettes with an opti-
cal path of 1 cm and a wavelength range of 190-1100 nm.

The Fourier transform infrared (FTIR) spectra of the PPy-
NPs powder (prepared without a surfactant/stabilizer and
lyophilized from the aqueous dispersion) in potassium bro-
mide pellets were obtained from 64 scans with a resolution
of 2 cm™! using a Thermo Nicolet NEXUS 870 FTIR spec-
trometer (Madison, WI, USA). The liquid samples of the
emulsifiers/stabilizer were measured using an ATR Golden
Gate diamond prism unit (Specac Ltd., Orpington, UK). The
spectra were obtained in a dry-air-purged environment and
corrected for the presence of carbon dioxide and residual
water vapor in the optical path.

The Raman spectra excited with a diode near infrared
laser with /=785 nm were collected on a Renishaw inVia
Reflex Raman microscope (Renishaw Plc., New Mills, UK).

A research grade Leica DM LM microscope equipped with
a 50 X Olympus objective lens was used to focus the laser
beam on the sample. The scattered light was analyzed using
a spectrograph with a holographic grating density of 1200
lines nm™!. A Peltier cooled CCD detector registered the
dispersed light.

Results and discussion
Synthesis of the PPy-NPs

A set of experiments was carried out to examine the effect
of various types/concentrations of anionic surfactants and
non-ionic polymer stabilizers on the particle size and surface
morphology (Table 1).

PEG and PVP polymers were used in the reactions as
stabilizers to protect the particles against aggregation via
increasing the colloid viscosity and steric stabilization by
adsorbing of stabilizers on the particle surfaces. To fully
understand the synergy of these two effects, glycerol with no
steric stabilization effect was used here only to change the
viscosity. The experiments with glycerol, PEG and TWEEN
20 were found to be unsuccessful since the reactions pro-
duced an undesirable coagulum precipitate of bulky PPy par-
ticles. In contrast, the use of PVP and a polysorbate-based
stabilizer/emulsifier, not including TWEEN 20, allowed
good particle size and polydispersity control (Tablel). In
the case of non-ionic surfactants and polymer stabilizers,
only substances with HLB values within the range 10-16
can be used for the sufficient stabilization of the growing
PPy-NPs. The use of non-ionic stabilizers with HLB values
higher than 16 led to coagulation of PPy-NPs. On the other
hand, the anionic surfactants (SDS and AOT) were found
to be good stabilizers of PPy-NPs dispersion despite their
high HLB values. This behavior can be ascribed to their

Table1 Observation results of the reaction mixture after
polymerization®

Surfactant ~ Concentration Observation HLB [60]
SDS 5-200 mM stable colloid dispersion ~ 36.4
AOT 5-200 mM  stable colloid dispersion ~ 32.0
glycerol 0.1-10 wt% precipitating coagulum 20.0
PEG 0.1-10 wt% precipitating coagulum 18.5
TWEEN 20 0.2-8 wt% precipitating coagulum 17.0
TWEEN 40 0.2-8 wt% stable colloidal dispersion 15.6
TWEEN 60 0.2-8 wt% stable colloidal dispersion 15.0
TWEEN 80 0.2-8 wt% stable colloidal dispersion 15.0
PVP 0.1-10 wt% stable colloidal dispersion 10.5

¥ molar ratio 2p,/nyygan

room temperature, 24 h.

=1/1, (NH,),S,04 was used as an oxidant,
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anionic character, due to which these substances act not only
as very potent o/w emulsifiers, but also as solubilizers. Their
sulphate groups generate dielectric repulsive forces, which
results in good stabilization of discrete phases in aqueous
systems.

In addition to commonly used FeCl;, APS and H,0O,
were tested as oxidants. The reason of that was a known
fact, that rising valence of ions affects negatively a stabil-
ity of water-based dispersions (Fe>* cation is an effective
emulsion breaker). Especially the use of APS allowed an
employment of classical emulsifiers besides polymer stabi-
lizers, what resulted in better colloidal stability and control
of PPy-NP size.

Characterization of the PPy-NPs

DLS analysis

The hydrodynamic diameter Dy, polydispersity index PI
and zeta potential was determined by DLS. The experi-

ments confirmed that the size of the nanoparticles decreased
when the surfactant concentration increased, while the

concentration of the monomers and oxidant was constant
(Fig. 1 and Fig. 2). The use of anionic and non-ionic sur-
factants during polymerization at concentrations above a
critical micellar concentration (CMC) allowed good control
of the particles size and polydispersity, as well as PVP poly-
mer stabilizer (Fig. 1 and Table S1). Below the CMC, the
PPy-NPs tended to form coagulum. Values of zeta potential
(¢) of the PPy-NPs in diluted aqueous dispersions (pH=3,
25 °C) was found to be between+4 and+ 12 mV for the
PPy-NPs prepared with the polysorbate-based emulsifiers
and almost a neutral charge was observed for the particles
prepared in PVP (Fig. 1 and Table S1). The colloidal stabil-
ity at low ¢ values could be explained with the formation of
very small particles, which are affected by hydrodynamic
forces more than by gravitation. Moreover, non-ionic sur-
factants with HLB values within the range 10-16 can effec-
tively hinder PPy-NPs from coalescence and coagulation
during the preparation and storage, what plays important
role in dispersion stability in general.

DLS measurement also showed that, oxidant type did not
play a significant role in sense of stable dispersion formation,
when PVP was used as steric polymer stabilizer. Similar {
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Fig.1 (a) and (d) Hydrodynamic diameters, (b) and (e) polydispersity index, and (c) and (f) zeta potential of the PPy-NPs dispersed at a
pH~3.0 and 25 °C using APS as an oxidant (1/1) as a function of the concentration of the stabilizer/surfactant, as determined by DLS
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Fig.2 (a) Hydrodynamic diameter, (b) polydispersity index, and (c) zeta potential of the PPy-NPs dispersed at a pH~3.0 and 25 °C using APS,
FeCl; or H,0, as an oxidant (1/1) as a function of the PVP concentration, as determined by DLS

values were found as well, when FeCl; and H,O, oxidizers
were used instead of APS together with PVP (Fig. 2 and
Table S2). It indicates a formation almost non-polarized
(uncharged) polymer particles cores, what was consequently
confirmed by FTIR measurements (see chapter 3.2.4.).

TEM analysis

The morphology of the resulting polymer nanoparticles was
studied by transmission electron microscopy. The number-
average particle diameter and weight-average particle diam-
eter (D, and D, respectively) and dispersity D [61] were
calculated from the TEM microphotographs using the fol-
lowing equations:
n;D;
D, =— ey

ny

1 3
_XinDw;  XnDpV; XinDipgrD; Y n.D}

D, = = 13 3
[ w; Zi npV; 2 ”i/’g”Di % mD;
2

DW
D=—;<1,00) 3

D

n

where n; is the number of particles, D; is the diameter of
the nanoparticles, w is the weight, p is the density and V is
the volume. At least 300 nanoparticles were examined for
each sample.

The typical transmission electron micrographs represent
general morphological features of the PPy-NPs, which were
obtained using PVP stabilizer or various non-ionic/anionic
surfactants during polymerization (Fig. 3).

The transmission electron microscopy (TEM) results
showed that the morphology of the nanoparticles changed

from spherical to slightly elliptical shapes with increas-
ing the HLB value. Water-soluble PVP and polysorbate-
based stabilizer/emulsifiers with HLB values within the
range 10-16 demonstrated nearly monodisperse systems
with average sizes ranging from 35 to 75 nm and regular
spherical nanoparticles (Fig. 4b, Fig. S1). When the non-
ionic Tween 20 and PEG were used (HLB values > 16), the
immediate and significant aggregation of the bulky PPy par-
ticle during polymerization was observed (Table 1, TEM
morphology was immeasurable). On the other hand, ani-
onic surfactants SDS and AOT with the highest HLB val-
ues allowed a preparation of very stable colloids resistant to
aggregation. However, TEM micrographs showed irregular
aggregates (Fig. 3e and Fig.3f) consisting of particles with
imperceptible interfaces between the individual particles.
It can be suggested that well dispersed particles underwent
a coalesce during a drying on the TEM copper grid. This
can be explained in terms of high HLB values of SDS and
AOT. Although they stabilized the growing PPy-NPs very
effectively, a significant reduction of the surface tension on
the particle interfaces (partial solubilization effect) resulted
in a lower polymer density in the particles. It made particles
softer and prone to coalescence (sintering) during an evapo-
ration of dispersing media. Therefore, in this case, particle
size analyses from TEM micrographs were not made. This
explanation is also in accordance with an observation of
Omastova [32], who confirmed the presence of SDS as an
associating sulphate counter-ion inside the bulk PPy. It was
thus summarized, that surfactants with HLB values lower
than 16 should be used for the formation of hardy and resist-
ant particle surfaces.

Additionally, all the TEM analyses confirmed that the
size of the PPy-NPs decreased and their water-dispersion
stabilities increased with increasing concentration of
the used surfactant/stabilizer. This is also in agreement
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G

Fig.3 Comparison of the TEM micrographs of the PPy-NPs prepared
in the presence of the polysorbate-based non-ionic emulsifiers, ani-
onic surfactants and PVP at 25 °C. (a) 1 wt% Tween 40, (b) 1 wt%

with DLS measurements. In addition, particle diameter
decreased almost regularly with increasing surfactant con-
centrations, following shape of exponential function y =a";
0<a< 1 (Fig. 4a and Table S3). Nonetheless, a reduction
of particle diameter by increasing the concentration of

Tween 60, (¢) 1 wt% Tween 80, (d) 1 wt% PVP, (e) 25 mM (corre-
sponding to~1 wt%) SDS, and (f) 25 mM (corresponding to~1 wt%)
AOT

PVP was connected with a noticeable increase of disper-
sity (Fig. 4a). This can be explained with an increasing
viscosity of the polymerization mixture, which caused
imbalances in a diffusion of monomers to growing par-
ticle nuclei.

Fig.4 PPy-NP number-average ( a) (b)
diameters D, and dispersity 100 =y 1.5 100 15
D obtained by TEM (a) as 90 —e— TWEEN 60 1 90 _ Imggn gg
a function of the stabilizer —A— TWEEN 80 41.4 | —a— TWEEN 80 14
concentration (25 °C) and (b) as 80 80 | —v—PVP
a function of reaction tempera-
ture. Dotted lines represent the £ 70 173
dispersity D 5= 60 i Q
Q
50
411
40 |p-
30 1.0
4 6 8 10
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Next, the effect of the temperature on the size control
at one surfactant concentration was investigated (Fig. 4b).
A linear increase of the size with increasing temperature
from 3 to 60 °C was observed in polymerizations utilizing
polysorbate-based surfactants, but not when PVP stabilizer
was used. At temperatures above 70 °C polymerization
produced a macroscopic precipitate of bulky PPy particles,
except when PVP was used. A slight decrease in size with
increasing temperature in polymerizations with PVP could
be escribed to decrease of viscosity of PVP solution, what
led to faster migration of PVP chains to emerging nuclei and
consequently to higher number of stabilized growing nuclei.
The reverse effect of the temperature on particle diameter
in systems with polysorbates can be escribed to an increase
of solubility of emulsifier with the temperature, what led to
lower number of micelles and consequently to a larger diam-
eter of resulting particles [60]. The morphological properties
of the particles are summarized in Fig. S2 and Table S4.

UV-Vis analysis

An application of polysorbate surfactants to control the par-
ticles size enforced a replacement of commonly used oxi-
dant FeCl; (see 3.1.). Therefore, a set of experiments was
carried out to examine the effect of the various types and
concentrations of oxidizing agents on the particle UV-Vis
properties. Two different molar ratios of APS, FeCl; or H,0,
(Mpy/Noyigan = 1/1 01 1/2.3, respectively) to pyrrole monomers
were used in polymerizations. PVP solution (1 wt%) was
used as stabilization system, since PVP can act as good
dispersion stabilizer for all three oxidants. UV—Vis spec-
troscopic characteristics of the particles were carried out
for wavelengths ranging from 190 to 1100 nm in a physi-
ological PBS buffer at 25 °C (Fig. 5). The characteristic
absorption bands with maxima at approximately 440 nm are
attributed to the transitions from the valence band to the
antibonding polaron state (assigned as a t—x" transition).
The tail extending to the infrared region with a maximum at
approximately 900 nm is attributed to the transition from the
valence band to the bipolaron band in all cases. These results
corresponded to the published data [62, 63].

The most significant differences in the absorption prop-
erties were observed at 600—-1100 nm. Shapes of absorp-
tion spectra of particles prepared by FeCl; with different
Npy/Ngequr Molar ratios were almost the same with signifi-
cant absorptions described above and differed only in the
absorption intensity proportionally to npy/ng.qy ratio. On
the contrary, when APS at different ratios was used, spectra
differed in shapes and absorption intensity decreased with
increasing np,/nps molar ratio (Fig.5). It can be explained
by different oxidation mechanisms of the oxidants. FeCl;
causes the one-electron mediated interconnection of the pyr-
role units, what results in expansion of T—xn conjugations

2-0 1 W 1 LS ) U ) . I o )

1.8 nPy:nOXI )
1.6
S 1.4
~1.2
3
© 1.0
©
-g 0.8 i -
2060 —,---Ho, )
< 0.4 -— - T (NH4)28208 ‘:
F| —— -~ FeCl, 6H,0 i
0.2 -—L“‘____J. ) 1:2.3 11 4
300 450 600 750 900 1050
A (nm)

Fig.5 UV-Vis spectra of the PPy-NPs prepared in 1 wt% PVP with
different molar ratios of pyrrole to the oxidant using various oxidants
(PBS, pH=7.4, 25 °C, ¢=110 pg/mc; np,/n =1/1 and 1/2.3)

oxidant

over the whole polymer chain. Besides that, APS can cause
also a direct oxidation of aromatic Py rings and this effect
advances with the np,/n,pg ratio. This hypothesis was con-
firmed by the FTIR/Raman analysis (see next chapter). The
strongest effect of the oxidation of aromatic structures was
observed when H,0, was used as the oxidant. Absorption
intensities of those spectra were found to be about two orders
of magnitude weaker. It was thus concluded, that APS can
replace FeCl; opportunely, when its np/n ,pg ratio does not
exceed 1/1.

FTIR/Raman analysis

To study the composition and molecular structure of the
particles, FTIR and Raman spectroscopy was carried out.
Vibrational spectroscopy was used to characterize the prod-
uct of the pyrrole oxidation by APS and the formation and
composition of the nanoparticles prepared in the presence
of surfactants [33, 64] (Fig. 6a).

The reaction conditions of the pyrrole oxidation led to
the partially deprotonation of the PPy base, as indicated
by the three bands of the PPy spectrum at approximately
1552, 1475, and 1189 cm™!, which correspond to the C—C
vibrations of the pyrrole rings, the C-N vibrations, and the
breathing vibrations of the polypyrrole rings, respectively.
These bands are shifted to significantly lower wave numbers
in the spectrum of the fully protonated PPy salt. The band
at approximately 1692 cm™' indicated the presence of the
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Fig.6 (a) FTIR and (b) Raman
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carbonyl group at the B-position on the pyrrole ring, which
occurred due to the use of a strong oxidation agent.

The FTIR spectra of the PPy-NPs indicated the presence
of surfactants. The most intense vibrational band of the spec-
trum of PVP at 1678 cm™! was attributed to the vibrations
of the carbonyl group on the pyrrolidone ring and was also
present in the spectrum of the particles stabilized by PVP.
Weak but sharp bands at 1462, 1422 and 1287 cm™' were
also present. As the bands corresponding to polypyrrole
slightly shifted to higher wavenumbers in the spectrum of
the sample prepared with PVP, it can be assumed that the
presence of PVP further reduced the amount of PPy proto-
nation (Fig. 6a).

Because the molecular structure of all three TWEEN sur-
factants is similar, their FTIR spectra seemed to be virtually
identical. The presence of TWEEN stabilizers in the samples
was indicated by the bands at 2923 and 2856 cm™' in the
spectra. These bands were attributed to the stretching modes
of the aliphatic sequences in the TWEEN structures. The
other intense bands characteristic of all the TWEEN spec-
tra at 1146 cm™', which is assigned to the C-O—C group,
overlapped with the spectral features of polypyrrole. Never-
theless, several other weak bands attributed to the TWEEN
surfactant were found at 1467 and 1374 cm™". The positions
of the PPy bands remained closer to the band positions cor-
responding to pure PPy than the bands corresponding to the
sample prepared with PVP.

Raman spectroscopy is a method based on inelastic light
scattering and provides results that are complementary
to the data obtained by the transmission absorption FTIR
measurements. The Raman spectra of all the samples were
obtained using 785 nm excitation and were similar to each
other (Fig. 6b). Despite the unique signal characteristic of
PVP and the TWEEN stabilizers, their spectral features were
not observed in the spectra of the PPy-NPs, which were
obtained using 785 nm excitation. As Raman spectroscopy
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is a surface sensitive characterization technique, it can be
concluded that the concentration of the surfactant on the
surface layers of the nanoparticles was lower than that in
their matrices. These results show that while the surfactant
was removed from the particle surface during washing pro-
cedure, a minor portion of the surfactant remained locked
inside the particles. The most probably it can be explained
by the mechanism of homogeneous nucleation, where the
growing polymer nuclei agglomerate simultaneously with
their growth and such growing particles enclose some por-
tion of surfactant inside their matrices due to mutual nuclei
intergrowth [65]. Missing signals of surfactant molecules in
Raman spectra imply that these matrix-locked molecules of
surfactant should not affect the physical-chemical properties
of particle surfaces.

The band corresponding to the stretching vibrations of
C=C bonds and the inter-ring C—C band at approximately
1698 cm™! were located near the position corresponding to
the band attributed to deprotonated PPy in the spectra of all
the samples. The deprotonation of the prepared PPy-NPs
was further confirmed by evaluating the intensity of the band
at approximately 1320 cm™', which was assigned to the neu-
tral units of PPy. This result thus showed, that significant
light absorption properties of PPy-NPs at 750-1100 nm do
not rely on protonated PPy form. Therefore, the constant
intensity of the light absorption in water-based systems with
pH varying near to physiological values can be expected.

Conclusion

PPy-NPs were synthesised via water-based redox pre-
cipitation/emulsion polymerization technique of pyrrole
monomer and ammonium persulphate as an oxidant in
the presence of various types of anionic and non-ionic
surfactants. This method allows good control of size and
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morphology of dispersed PPy-NPs, which is necessary
for the biological application. In general, the number-
average diameter of the PPy-NPs was controlled from
30 to 100 nm. A step size of 10 nm was achieved by
changing the concentration of the non-ionic stabilizers
(with an HLB value between 10—16) or polymerization
temperature; particle size increased linearly from 30
to 80 nm with rising temperature. Anionic surfactants
SDS and AOT allowed a preparation of very stable col-
loids of PPy-NPs, but their strong solubilizing activity
led to formation of particles with soft surfaces prone to
sintering in dry state. Experiments showed that a use of
ammonium persulphate as an oxidant up to the molar
ratio npy/ngyiqan = 1/1 was applicable for the preparation
of PPy-NPs absorbing light in NIR region with absorp-
tion maxima around 900 nm. Since absorption maxima
of majority of natural chromophores are below 700 nm,
the PPy-NPs can be good candidates as contrast agents
for photoacoustic imaging. Absence of vibration bands
of surfactants in the Raman spectra confirms a fact that
it is possible to wash out the surfactant used for particle
preparation from their surface and the synthesis of the
particles can be thus followed by additional post synthetic
stabilization/surface treatment depending on the require-
ments of the particle applications.
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