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Abstract

The synthesis of conducting polymer nanoparticles by oxidative polymerization can be a
challenge, because the addition of oxidizers may compromise the colloidal stability of the
system. In this work, we report the successful synthesis poly(3,4-ethylenedioxythiophene)
(PEDOT) nanoparticles by means of miniemulsion polymerization. We study the role of
oxidizing agents (iron(I111) p-toluenesulfonate and hydrogen peroxide) during the parti-
cle formation particles and in the electric properties. The presence hydrogen peroxide is
demonstrated to be crucial in the macroscopic stability of the suspensions and the mor-
phology of the resulting nanoparticles. The obtained suspensions, containing particles
of diameters of around 30 nm, are stable for several months. The electrical conductiv-
ity increases with increasing the content of iron(111) p-toluenesulfonate, but it decreases
with addition of hydrogen peroxide, which can be explained by secondary reactions in

the polymerization process.

Introduction

Organic electronics has been attracting an increasing attention of the energy-materials com-
munity over the last decade. In particular, conducting polymers have become the focus of
many investigations due to their better processing and, sometimes, even better performance
for electronic applications than other materials, which make them especially promising in
the scientific race towards more sustainable energy production.!? The main advantages of
conducting polymers are the low cost of the raw materials, their flexibility, their easy chem-
ical modification, the non-toxicity, and their versatility in a wide range of applications.*™
It is therefore not surprising that they are being used in different energy-related devices,
including organic solar cells,%” supercapacitors,® ! and thermoelectric devices.!%!3

The transport of current between polymer chains is possible because of the existence

of conjugated m-bonds along the polymer backbone. Electrons from the m-bonds are able

to move, generating free charges along the polymer chains, with a doping effect in the fi-



nal material. '35 The control of the doping level in organic semiconductors is crucial for
a good performance. For instance, the maximum thermoelectric efficiency in conducting
polymers is reached at an optimum doping level. At this point, the best compromise be-
tween the electrical conductivity and the Seebeck coefficient is obtained. The doping level
can be controlled in different manners: with chemical reductants, such as hydrazine'* or
tetrakis(dimethylamino)ethylene (TDEA),'® and by electrochemical (de)doping.'® Nanos-
tructuration of conducting polymers can be a powerful tool to increase their performance for
energy applications. As an example, the use of nanostructurated electrodes of conducting
polymers in supercapacitors increases the surface area, thus increasing the capacitance of
the final device.!%718 In the case of thermoelectric polymers, the thermal conductivity can
be tailored through nanowire structuration due to phonon scattering.

Currently, there are two kinds of methods to fabricate nanostructurated materials: top-
down and bottom-up methods.?%23 Top-down methods are based on the reduction of com-
ponents and structures from the highest to the lowest size. This type of nanotechnology,
including techniques such as optical lithography and electron-beam lithography,?* is the most
developed until now. Bottom-up techniques consist on the in situ building of nanostructures
from the lowest to the highest size, as it is the case, for example, for the polymerization facili-
tated by templates. Depending on the nature of the template employed during the synthesis,
there are two kinds of methods: hard-template and soft-template methods. Hard-template
strategies are based on the use of a rigid template, such as alumina or polycarbonate mem-
branes,* while nanostructuring by soft-template methods is mostly attained by the presence
of surfactants or other organic structure-directing agents.?> 27

Soft-template methods, especially those based on the miniemulsion technique, have been
employed to synthesize stable polymer particle suspensions of a wide range of materials, in-
cluding polystyrene, poly(mehtyl methacrylate) (PMMA) or polyurethane.? The miniemul-
sion technique allows for a variety of functionalities on the surface of the polymer nanopar-

ticles by using functional comonomers during the synthesis.?*3% The resulting suspensions



can be used for the preparation of coatings for specific applications, such as electrodes in
supercapacitors®! or solar cells.??
Only very few works have focused so far on the preparation of conducting polymer

26.27 and they have involved

nanoparticles from poly(3,4 ethylenedioxythiophene) (PEDOT),
the use of large amounts of surfactants and the addition of insulating polymer additives as
stabilizers, 3 which is disadvantageous for the electrical properties. Moreover, the control of
the doping level of the conducting polymer is not very efficient, because the addition of an
oxidizing agent destabilizes the emulsion, which results in bulk polymerization.

In this work, we report the synthesis of stable PEDOT nanoparticles with a well-defined

spherical morphology (size around 35 nm). The suspensions, macroscopically stable for

several months, are used for the preparation of films with defined electrical properties.

Experimental Section

Materials

3,4-ethylenedioxythiophene (EDOT, 97%, Sigma Aldrich), iron(111) p-toluenesulfonate hex-
ahydrate (FeTos, 98%, Sigma Aldrich), hydrogen peroxide (30% in HyO PanReac Ap-
pliChem), and Lutensol AT 50 (BASF SE, a non-ionic surfactant based on ethylene ox-
ide that follows the formula R—O(CHy;CH50)50H where R is linear, saturated C6Cs fatty

alcohol) were used as received.

Synthesis of PEDOT Nanoparticles

The synthesis of PEDOT nanoparticles was carried out by miniemulsion polymerization. 2627

Lutensol AT 50 (0.05 g, 2.0 x 107> mol) was dissolved in 40 mL of ultra-pure water. EDOT
(0.2 mL, 1.8 x 1072 mol) was added to this solution, and the mixture was pre-emulsified
by magnetic stirring for 10 min and ultrasonified afterwards by using a a Branson 450-D

sonifier (1/2-inch tip, 70% amplitude in a pulsed mode, 0.9 s pulse, 0.1 s pause, 5 min).
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The obtained white dispersion was transferred to a reaction flask and placed in an oil bath
thermostatted at 45 °C under magnetic stirring. Immediately afterwards, 25 mL of a FeTos
aqueous solution (see Table 1) was added to the reaction flask. The mixture was left to
polymerize for 24 h.

The purification of PEDOT nanoparticles was carried out by centrifugation at 13,000
rpm during 20 min, washing always with water. The process was repeated until observing
a transparent color in the supernatant solution, indicating that all the excess of FeTos had
been completely removed.

The purified nanoparticles were redispersed in 40 mL of ultra-pure water by sonicating
for 30 min in a sonication bath, for 20 min under the ultrasonication tip (same conditions
as above), and again for 20 min in the sonication bath.

The different experimental conditions used in the work are listed in Tables 1 (study of
the EDOT:FeTos molar ratio) and 2 (study of the HyOy concentration). The addition of

H5045 was carried out 1 h after finishing the addition of FeTos solution.

Table 1: Amounts of the reactants for samples prepared with different
EDOT:FeTos molar ratio.

EDOT:FeTos molar ratio

Reactant (1:0.5) (1:1) (1:2) (1:3.5)
Lutensol AT 50 (g) 0.05 0.05 0.05 0.05
EDOT (mL) 0.2 0.2 0.2 0.2
FeTos (M) 1.4 x1072 2.8 x107%2 5.7 x1072 1.0 x107!

Table 2: Amounts of the reactants for samples prepared with different concen-
trations of H,O, while keeping constant the EDOT:FeTos (molar ratio 1:1).

Hy04 concentration (M)

Reactant 0 7.5 x1073 1.5 x10~2 3.7 x10~2 7.5 x1072
Lutensol AT 50 (g) 0.05 0.05 0.05 0.05 0.05
EDOT (mL) 0.2 0.2 0.2 0.2 0.2

FeTos (M) 2.8 x1072 2.8 x1072 2.8 x1072 2.8 x1072 2.8 x1072
H,0, (mL) 0.0 0.05 0.10 0.25 0.50




Formation of Films and Pellets

PEDOT nanoparticle films were obtained by solvent-casting method in a glass substrate at
60 °C under vacuum. PEDOT:FeTos pellets were obtained by drying the dispersion at 60 °C
under vacuum and compacting the resulting powder in a pellet die (1/2 in of diameter) under

pressure.

Characterization Techniques

Transmission electron microscopy (TEM) was carried out in a JEOL JEM-1010 microscope
operated at 100 kV and coupled with a digital camera MegaView III. The particle size was
analyzed from the TEM images using the software Image J.3

The electrical conductivity of the films was determined with a home-made equipment by
using the van der Pauw method, in which four contacts are used to eliminate the effect of

the contact resistance,3?

e—ﬂ'deo' + 6—7rdR20 -1 (1)

where d is the sample thickness previously measured, R; and Ry are the electrical resistance
of the films. A Keithley 2400 was used as a driving source. For the case of pellets, the elec-
trical conductivity measurements were carried out by using broadband dielectric relaxation
spectroscopy in a Novocontrol Broadband Dielectric spectrometer (Hundsagen, Germany).
Seebeck effect measurements were conducted in a home-made experimental setup con-
sisting of two copper blocks, one heated by an electrical resistance and the other cooled by
a water flow. The sample is placed in between these two blocks. A temperature difference
is created across the sample and the resulting voltage is recorded. The Seebeck coefficient
can be determined as the ratio between the electrical potential, AV, and the temperature

difference, AT, that is,



AV
= AT (2)

S
The temperature was controlled with a Lakeshore 340 temperature controller and two PT100
resistors previously calibrated. To record the potential, a Keithley 2750 multimeter switching
system was employed. Both instruments were coupled by using a self-written LabView
software.

The film thickness was measured with the aid of a profilometer (Optical Profilometer
Dektak 150). Reported values are an average of at least 5 different measurements per film.

Raman scattering measurements were carried out at room temperature in backscattering
configuration by using a Jobin Yvon T64000 spectrometer equipped with a liquid-nitrogen
cooled open electrode charge-coupled device (OECCD camera). The excitation line of 514.53
nm was provided by an Ar/Kr laser focused onto the sample using a 100x microscope
objective with a numerical aperture NA = 0.90 (Olympus). This setup focuses the light on
an area around lpm on top of the sample. Special care was taken to avoid sample heating
during the experiments, limiting the power down to a few uW.

Fourier transform infrared spectroscopy (FTIR) measurements were performed in a Nico-
let Nexus FTIR spectrometer over the range from 450 to 4000 cm~! with the attenuated
total reflectance (ATR) accessory by co-addition of 60 scans with a spectral resolution of 2
cm L
UV-Vis spectroscopy measurements were carried out in a Shimadzu UV-2501PC spec-

trophotometer covering the range from 1100 to 300 nm. Quartz cells were employed.

Results and Discussion

PEDOT nanoparticles were synthesized by using oxidative miniemulsion polymerization.
White miniemulsions were obtained after emulsification of the monomer (EDOT) in a con-

tinuous aqueous phase containing Lutensol AT 50 as a non-ionic surfactant. In a first set of



experiments, p-toluenesulfonate hexahydrate (FeTos) was used as a single oxidant, varying
its proportion with respect to the monomer (¢f. Table 1). In a second set (cf. Table 2), the
EDOT /FeTos ratio was kept constant as 1:1 and H,O, was subsequently added after FeTos,
which led to clearly more stable particle dispersions, as discussed in the following. In all
cases, immediately after the addition of FeTos, the dispersions turned to a dark blue color,
characteristic for PEDOT dispersions and solutions.

In the absence of HyO,, dynamic light scattering (DLS) measurements of the PEDOT
suspensions obtained after polymerization indicated sizes above 1 um, so that they are
too large to be taken as reliable. Transmission electron microscopy (TEM) micrographs,
presented in Figure 3, show that the formed particles are clearly smaller than the values
obtained by DLS, which can be correlated with the formation of aggregates that tend to
sediment during the measurement. Indeed, sedimentation in these dispersions can be macro-
scopically observed already after a few days, or even hours in some cases (see photographs in
Supporting Information, Figure S1). At the highest EDOT:FeTos molar ratio used, the loss
of a defined particle morphology and the formation of aggregates is also evident from TEM
images (Figure 3(d)). At the initial step of the miniemulsion process, the EDOT droplets
can be assumed to be spherical because the monomer is a liquid, which is dispersed in water.
When the oxidant (FeTos) is added, the iron(111) ions migrate to the EDOT-water interface
and oxidize the monomer (EDOT) to form the polymer (PEDOT). Iron(111) ions are thereby
reduced to iron(i1). EDOT is only sparingly soluble in water. However, when the FeTos
content is very high, homogeneous nucleation outside the droplets is likely to occur and may
lead to the flake-like aggregates observed.

For the following experiments, H,O, was added after FeTos to give overall concentrations
in the continuous phase from 7.5 x 1073 to 7.5 x 1072 M. The molar ratio EDOT:FeTos was
kept at 1:1, because it was shown to be optimum in terms of macroscopic colloidal stability
and particle morphology. The corresponding TEM images are shown in Figure 2 (see also

SEM images in Supporting Information, Figure S2). DLS measurements of these samples
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Figure 1: Scheme representation of the formation of PEDOT nanoparticles in the presence
of FeTos and H,0,.

indicated sizes in all cases in the range 90-150 nm, with deviations from the mean size of
around +30%. Intensity and number distribution provide similar values. In contrast, the
sizes observed in TEM micrographs (cf. size distributions in Figure 2(e)) are of 30-40 nm,
significantly smaller than the values obtained by DLS. This difference between TEM and
DLS results can be explained by the formation aggregates of a few particles with defined
size. However, it is very important to mention that the suspensions prepared in the presence
of H,0O, remained stable after several months. Even if aggregates form, as indicated by DLS,
they are small, of defined size, and stable over time, without macroscopic signs of coalescence
or Ostwald ripening (Supporting Information, Figure S1).

The results indicate clearly that the addition of H,O, leads to particles with better defined
morphology, more homogeneous size distribution, and very stable dispersions thereof. At
the time of addition of H,O,, 1 h after FeTos addition, the polymerization of EDOT is in
progress, but a substantial amount of polymer is already present at the interface, where Fe?*
ions (resulting from the reduction of Fe3™ to Fe?* during the oxidative polymerization) are

also present. When H,0, is added, Fe** is oxidized back to Fe3", so that the polymerization
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Figure 2: TEM images of PEDOT nanoparticles with HyO,: (a) 7.5 -1073 M, (b) 1.5 x1072
M, (c) 3.7 x1072 M, (d) 7.5 x1072 M. (e) Particle size distribution.

of EDOT can further take place. Particles of relatively homogeneous size and shape are
formed, so that stable suspensions are obtained. A schematic representation of the formation
of PEDOT particles in the presence of FeTos and H,O, is depicted in Figure 1.

Electrical conductivity and the Seebeck coefficient, both parameters related to the dop-
ing level, were measured for films prepared by drop-casting from dialyzed dispersions of the
PEDOT nanoparticles. Glass substrates were coated with the PEDOT suspension and the
solvent (water) was evaporated at 60 °C under vacuum. The thickness of the prepared films
was in the range 0.5-1 pum. The electrical conductivity was measured by using the van
der Pauw method, as described in the experimental section. Figure 4 shows the electrical
conductivity and the Seebeck coefficient of the PEDOT nanoparticles as a function of the
FeTos concentration. The electrical conductivity increases from 2.1x107° to 2.6 S/cm when
the FeTos concentration increases from 0.014 to 0.1 M. The increase in the concentration of
FeTos during the synthesis results in a more pronounced oxidation in the PEDOT chains,
producing a doping process in the PEDOT nanoparticles.'*'® The Seebeck coefficient at

0.014 M could not be measured because of the high electrical resistance of the sample, which
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Figure 3: TEM images of PEDOT nanoparticles prepared with different EDOT:FeTos molar
ratios: (a) 1:0.5, (b) 1:1, (c) 1:2, (d) 1:3.5.
originate a large noise in the signal. In contrast, the measurements for samples prepared at
higher concentration of FeTos yielded very clean signals, corresponding to a Seebeck coeffi-
cient of around 30-35 uV /K for particles synthesized with a FeTos concentration between
0.028 and 0.057 M. These values correspond to low-doped PEDOT. At even higher concen-
tration of FeTos (0.1 M), the Seebeck coefficient was around 12.6 ;V/K. This value is very
similar to highly doped PEDOT films. 41

To study the doping degree, the samples were analyzed by Raman and UV-Vis spec-
troscopy. Figure 5(a) shows the Raman spectra of PEDOT nanoparticles prepared with
different concentrations of FeTos. No Raman signal has been observed at low FeTos concen-

tration (molar ratio EDOT:FeTos 1:0.5), which indicates a low polymerization degree. The
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Figure 4: Electrical conductivity, and Seebeck coefficient of PEDOT nanoparticles as a
function of FeTos concentration.

Raman intensity is maximum at a molar ratio EDOT:FeTos of 1:1, indicating a low doping
level in PEDOT. The Raman signal is high when the number of neutral 7-bonds increases

36.37 However, the Raman signal decreases at even higher content

in the polymer backbone.
of FeTos because the final material presents a higher doping level.

The same trend was observed in the UV-Vis results, shown in Figure 5(b). The spectrum
of the sample prepared at EDOT:FeTos molar ratio 1:0.5 is different from the spectra at
higher molar ratios. The absorption is likely to be caused by olygomeric species of EDOT,
which would explain the low electrical conductivity. However, spectra for PEDOT nanopar-
ticles prepared at molar ratios higher than 1:0.5 present the typical curve shape for PEDOT.
The absorption related with the polaronic and bipolaronic states (800-1000 nm)3® increases
at higher concentration of FeTos, while the absorption responsible for the neutral 7-bonds
increases at lower concentration.3®
For the case of the nanoparticles prepared with H,O,, the electrical conductivity was

determined in both film and pellet conformations. The electrical conductivity was obtained

with the van der Paw method for the case of film, while for the case of pellet the values
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Figure 5: (a) Raman and (b) UV-Vis spectra of PEDOT at different EDOT:FeTos molar
ratios.

were obtained using broadband dielectric spectroscopy. Figure 6(a) shows the electrical
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Figure 6: (a) Electrical conductivity and (b) Seebeck coefficient of PEDOT as a function of
H,0O4 concentration.

conductivity for both, pellets and films, as a function of the HyO5 concentration employed
during the synthesis. The electrical conductivity decreases in both cases with increasing
H505 concentration. However, the values of the electrical conductivity were higher in films
when compared to the pellets due to the large number of defects and interfaces in pellets.

This fact produces more difficulties for the electric transport across the pellet compared
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to the thin film. The decrease of the electrical conductivity can be generated by molecular
changes on the PEDOT structure. The values of the Seebeck coefficient are plotted in Figure
6(b). At higher HyO, concentrations, the Seebeck coefficient could not be measured due to
the insulating nature of the PEDOT nanoparticles. At low concentration, the Seebeck values
were lower than the particles obtained without HyO5. This trend is not unusual, because
the electrical conductivity and the Seebeck coefficient decreases simultaneously. Thus, the
results indicate that HyOq is not producing a de-doping process, but some changes into the

molecular structure of PEDOT that generates a depletion of the electrical conductivity.
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Figure 7: (a) Raman and (b) UV-Vis spectra of PEDOT at different HyOy content HyOs.

Figure 7(a) shows the Raman spectra of PEDOT nanoparticles at different HyO5 volumes
added during the synthesis. The spectra present the typical vibrational modes for PEDOT
in the region between 1250 and 1700 cm~!. The intensity of the Raman signal decreases with
the presence of HyO,, which corresponds to a decrease of the number of neutral 7-bonds along
the polymer backbone. Also a shift of the signal related with the asymmetric C=C stretching
is observed. This fact is also an indication of the decrease in the electrical conductivity, given
by some changes in the conjugation of the PEDOT chains. Figure 7(b) shows the UV-Vis
spectra of PEDOT nanoparticles at different HyO5 volumes added during the synthesis. The

absorption of the oxidized states is observed in all cases, which indicates a high oxidation
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in the polymer chains. However, the absorption related to the conjugated neutral 7-bond is
very low and decreases with the addition of HyO,. A possible explanation for this trend is
that, during the polymerization process, the radicals generated in the conjugated neutral n-
system can interact with the -OH radicals from the HyO,. The hydroxyl radicals are bonded
to the polymer backbone breaking the conjugation of the PEDOT chain. The break of the
conjugation produces a big decrease in the electrical conductivity, because charges cannot
propagate along the polymer chains. Accordingly, the electrical conductivity decreases five
orders of magnitude with the addition of 0.5 mL of HyO5. The presence of hydroxyl groups in

the polymer backbone was evidenced by FTIR analysis (Supporting Information, Figure S3).

Conclusions

PEDOT nanoparticles have been synthesized by using oxidative miniemulsion polymeriza-
tion. The electrical conductivity increases with the contraction of p-toluenesulfonate hex-
ahydrate, used as an oxidizer. A homogeneous spherical morphology is only obtained in the
presence of HyO, during the synthesis, which also allows for suspensions that are macroscop-
ically stable for several months. However, the electrical conductivity of the nanoparticles
decreases with the concentration of HyOy due to secondary reactions between the hydroxide
radicals and the PEDOT chains. The results indicate that it is possible to reach PEDOT

nanoparticles dispersions with conductivity values from 1 to 107¢ S/cm.

Associated Content

Supporting Information
Photographs showing macroscopic stability of suspensions prepared with and without H,O,,

SEM images, and FTIR spectra.
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