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Abstract

Electrically conducting nanospheres of poly-(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) with tailored size, were prepared by a one-step method. To
fabricate the nanostructures, PEDOT:PSS was dissolved in ethylene glycol using a novel
strategy and the solution was precipitated in deionized water. The proposed fabrication
route allowed to obtain a water-based dispersion of monodisperse nanospheres with good
optical properties. To determine physical properties of the nanospheres, we followed a
nanoscale approach, using Atomic Force Microscopy (AFM). Our nanoscale mechanical
and electrical investigations showed that the nanospheres preserved good physical
properties, compared to the commercial product. Moreover, the local studies indicated
that the confinement imposed by the spherical shape can lead into a different arrangement
of the PSS and PEDOT phases. In particular, we envisaged nanospheres composed by a
PEDOT-rich surface, responsible for the good electrical conductivity of the
nanostructures.
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1. Introduction

In the past decades, intrinsically conducting polymers have been an important
research topic in the field of new and non-inorganic electronic devices, as alternatives to
silicon-based technologies [1]. Among the reasons behind such great interest, we
highlight the manufacturing versatility of polymers and their wide application window,
which will lead soon to their use into the nanostructured technology landscape [2].
Nowadays, there are many different intrinsically conducting polymers commercially
available [1]. Among them, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is one of the most used and investigated [3] due to its high conductivity
[4], transparency to visible light [5], and physicochemical stability [6]. For all these
reasons, this material has found applications in organic solar cells [7], supercapacitors
[8], organic light-emitting diodes [9], and sensors [10]. Commercial PEDOT:PSS is
usually available as a water dispersion, composed by features with a usual size ~25 nm
in radius. The solid conductive polymer, obtained by casting the dispersion onto an
appropriate substrate, has therefore a hierarchical structure, comprised by conducting
grains connected by a PSS thin shell [11]. Moreover, the electric conductivity mechanism
and the macroscopic properties of this material are strongly related to its nanostructured
nature [12]. For this reason, the modification of the particles’ dimensions and/or shapes
could give to the material new bulk properties and extend the possible applications,
especially in the field of nanostructured devices, where the conformation of the electrical

contact at the nanoscale is fundamental [13].

The nanostructural engineering of conducting polymers has been widely studied
for both fundamental research and potential applications [14]. In the particular case of
PEDOT:PSS, itis crucial to have control over the superficial nanostructure of the polymer

for most of its applications, since the hierarchical arrangement of PEDOT and PSS



components dictate the resulting properties. Thus, several strategies had been adopted to
develop a desired nano- or microstructured patterns, for example using electro-spinning
[15], nanoimprint lithography (NIL) [16], and inkjet printing [17]. The increasing interest
in finding reproducible and economic ways to tailor PEDOT:PSS nanostructures, has
found recent interest in the scientific community, looking towards the use of advanced
techniques and methodologies. In this context, Gutiérrez-Fernandez et al. recently
reported the nanopatterning of PEDOT:PSS thin films by laser induced periodic surface
structures (LIPSS) [18]. The resulting nanograting consisted of electrically conducting

ripples, opening a path to new possible applications of this material.

Moreover, in this area of research, intrinsically conducting and semiconducting
polymeric nanospheres captured the attention of the scientific community in the past few
years [19-21]. Recently, poly(3,4-ethylenedioxythiophene) (PEDOT) hollowed
nanospheres were synthesized by Zhang et al. for applications into electrochromic
systems [22]. The results showed that, for nanospheres with diameter around 100 nm, the
ion transport in the material was promoted, with respect to the denser and more compact
bare PEDOT, underling the importance of tuning the dimensions of the particles for in
PEDOT based system. This finding highlighted the importance that the control over the
nanoparticle dimensions of the active layer has in systems such as supercapacitors. In the
case of PEDOT:PSS, an important drawback for the fabrication of nanospheres is related
to its bad solubility in most of commercial solvents with a low boiling point. To overcome
these problems, several solutions, mainly involving its blends with other polymers, have
been developed in order to give to the PEDOT:PSS better processability properties [23-
25]. However, this approximation comes with the limitation of introducing another
polymer into the preparation process, which later on could be hard or even impossible to

remove. Another option to dissolve this polymer is to exploit the PEDOT:PSS high



affinity to polar high boiling point solvents, as ethylene glycol (EG) and dimethyl
sulfoxide (DMSO) [26]. For example, the interactions between PEDOT:PSS and EG,
results in a new molecular conformation of PEDOT and PSS, imposed by the solvent
molecules after specific treatments [27-28]. This fact has led to a sensitive enhancement
of the intrinsic conductivity of the polymer [29-30]. Thanks to such polymer/solvent
affinity, it would be possible to dissolve the PEDOT:PSS in EG, opening the possibility

to manufacture nanostructures directly from solution.

In this work, we present a novel method to fabricate nanostructured PEDOT:PSS
samples, composed by well-defined nanospheres. We show a new strategy to solubilize
PEDOT:PSS in EG able to use the commercial material as precursor, without chemical
modifications, for the preparation of nanostructures. We investigated the physical
properties of the fabricated nanospheres in solution and solid state, and demonstrated that
the nanostructured samples preserve the highly conductive character of PEDOT:PSS. Our
work opens the possibility of tuning the shape of this material at the nanoscale, in order

to find new possible applications.

2. Experimental section

Materials. PEDOT:PSS was bought from Sigma-Aldrich (product #655201) and
used as received. The sample consisted of a water dispersion of the polymer, at a 3.0-4.0
wt%. Ethylene glycol (EG, anhydrous, 99.8%, Sigma-Aldrich, product #324558) and
Milli-Q water were used without further purification. For dialysis we used a dialysis
tubing cellulose membrane (Sigma-Aldrich, product #D9402-100FT) with typical

molecular weight cut-off of ~14,000 g/mol.

PEDOT:PSS thin films were prepared by spin coating (3000 rpm, 120 s) the

commercial dispersion onto Indium Tin Oxide (ITO) substrates (Ossila, product #S111).
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The ITO substrates were cleaned by ultrasonication in acetone for 15 min, at room
temperature, prior use. All the deposited samples were left in a vacuum chamber (pressure
< 10 bar) for at least 24 h before measurements. PEDOT:PSS thin films of different
thicknesses were obtained by diluting the commercial product using distilled water (from

~30 mg/mL to ~5 mg/mL).

The PEDOT:PSS nanospheres were prepared following the reprecipitation
method, as carefully detailed in Section 3.1. For solid-state studies, the obtained
nanospheres were deposited also onto ITO substrates and dried in vacuum prior

measurements.

Methods. Liquid dispersions were characterized by Dynamic Light Scattering
(DLS) and Ultraviolet-visible (UV-vis) spectrometry. The DLS measurements were
carried out at 25 °C in a Zetasizer Nano-ZS apparatus, using disposable glass cuvettes.
UV-vis spectra were recorded on an Agilent 8453A apparatus using a quartz cuvette, at

room conditions.

AFM measurements were carried to study the structural, mechanical and electrical
properties of the samples. The AFM measurements were carried out in a Multimode
microscope, controlled using Nanoscope V electronics (Bruker), and running Nanoscope
8.15 software (Build R3Sr8.103795). All measurements were carried out at room
conditions (50% RH, 24 °C). All the AFM images and spectra analysis was carried out
using the Nanoscope Analysis 1.90 software (Bruker).

The structural and mechanical studies were conducted using the PeakForce-QNM
method (PF-QNM). In this case, we used Tap300AI-G probes by BudgetSensors. For
obtaining quantitative mechanical maps and force spectra, the system was calibrated
following recent literature reports [31-33], summarized in the following lines. First, we

obtained the cantilevers’ spring constant using Sader’s method [34]. In general, we found
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that the probes presented values in the 20-30 N/m range. Second, we obtained the so-
called “deflection sensitivity” by performing a linear force-distance curve against a
sapphire standard provided by Bruker (1 Hz, Z-ramp = 200 nm, trigger threshold = 0.2
V). We obtained a usual value of about 35 nm/V (£10%). This deflection sensitivity value
was verified during PF-QNM operation, using the same sapphire sample (PeakForce
frequency = 2 kHz, PeakForce amplitude = 100 nm, PeakForce setpoint = 0.2V). The
“Sync Distance” parameter of the equipment was also obtained at this point and fixed
during the measurements of the PEDOT:PSS samples. Finally, the tip radius was obtained
by the evaluation of a force-distance curve on a polystyrene thin film, with a nominal
Young’s modulus (Ey) of 3 GPa. The typical tip radius value was 10 nm. For all
nanomechanical experiments on the PEDOT:PSS samples, we used a fixed PeakForce
setpoint value of 20 nN. Force spectroscopy measurements were carried out at selected
regions of the samples by performing linear force-separation curves (1 Hz, Z-ramp = 200
nm, trigger threshold = 20 nN). From the nanomechanical maps and force spectra the
Young’s modulus was calculated using a simplified Derjaguin-Miller-Toporov (DMT)

model [35-36]:

4 E
F — Fapn = §ﬁ\/§53/2 (1)

where F is the applied force, Fapy IS the probe-sample adhesion force, Ey the Young’s

modulus, 9 the Poisson ratio (taken as 0.33 [37]), and & the probe-sample indentation.

The electrical conductivity of the nanospheres was measured by local I-V curves,
using the same AFM in the so-called TUNA workspace. In this case, the samples were
also deposited on ITO substrates that were later on connected to the AFM sample holder
using silver conductive paint (RS components, product #189-3593). TUNA

measurements were carried out using conductive probes (DDESP-FM-10, Bruker; SCM-



PIT-V2, Bruker). In TUNA experiments it is required a precise control of the forces
between probe and sample to perform a proper surface scanning without scratching, while
at the same time allowing a good electrical contact. Then, we calibrated the probes to
allow force control, in a similar way to the mechanical calibration. We obtained the
cantilevers’ spring constant by Sader’s method (~3 N/m) and calibrated the deflection
sensitivity against a Sapphire standard (~55 nm/V). In this way, for all the TUNA
characterization we used a fixed deflection setpoint of 0.36 V, equivalent to ~54 nN of
normal force. Based on the samples’ topography, we performed I-V curves on particular
areas of the surface, using a point-and-shoot mode. In these cases, we used the same
deflection setpoint as the one for imaging. We applied a DC voltage ramp to the sample
(Seias) in the -10 mV < Sgias < 10 mV range, at 1 Hz rate and collecting about 9000
points. The current passing through the sample and the AFM probe was detected by the
current amplifier (Extended TUNA) at a 100 nA/V sensitivity. For each sample, the
corresponding current-voltage curve (I-V curve) was acquired. We calculated the
conductance of the films by determining the slope of the curves via a fitting to a linear

function, and obtained the resistance as its reciprocal value. From the resistance
measurements, we estimated the samples’ conductivity (o) as: o = %, where h is the
sample’s thickness, R the resistance, and s the tip-sample contact area. In our work, the
contact area was calculated using the Hertz contact mechanics approximation as [38]: s =
n-(Rtip-F/EY)2/3, where Ry, is the tip end radius (40 nm, according to the
manufacturer), F the applied force during I-V spectroscopy (~54 nN), and Ey the

calculated Young’s modulus from the nanomechanical analysis (Table 1).

Surface electrical conductivity measurements were conducted on thin films with
a four-point probe apparatus (Ossila, T2001A3), with a probe spacing of 1.27 mm, a set

current range of 20 mA, and target current 5 mA.



3. Results & Discussion

3.1. Fabrication of conducting polymer nanospheres. Scheme 1 presents the overall
process of PEDOT:PSS nanospheres fabrication. First we started by analyzing the
structure of the commercial PEDOT:PSS dispersion by DLS (Figure 1a, triangles). We
observed that the sample was composed by nanometric structures of ~50 nm in diameter

(Z-average value), as previously reported [11].

(a) PEDOT:PSS solution in ethylene glycol

/ -
(N [ ]
. ﬁ o .‘. ﬁ ﬁ

|
PEDOT:PSS PEDOT:PSS
commercial dispersion solution in EG
Drop cast onto Dissolve in EG
teflon and dry at 130 °C

Check size by DLS

(b) PEDOT:PSS nanospheres by reprecipitation i

»%»E»E-» I -p;

PEDOT:PSS Dispersion Dispersion
solution in EG Fast injection of PE%OT PSS Dialysis against of PEDOT:PSS
at room in distilled water nanospheres distilled water nanospheres
temperature P for48 h without EG
‘ Syrlnge filter ‘ &
. Check size
Check size by DLS by DLS Study
optical
properties by
(c) PEDOT:PSS nanospheres casting UV-Vis
Sample 1 0 s Sample 2
] Nanoscale
[ ] ’ * physical
'y . L4 studies:
-> :
. - Structural
' e oo o e M"‘ - Mechanical
© PEDOTPSS  Concentration b - Electrical
PEDOT:PSS oncentration by
nanospheres Drop cast o nanospheres rotavaporation %rncg f—?sot
in water onto ITO in water at 25°C

Scheme 1. Scheme showing the PEDOT:PSS nanospheres’ fabrication and studies. (a) Strategy to dissolve
PEDOT:PSS in EG. (b) Fabrication of PEDOT:PSS nanospheres by reprecipitation. (c) Casting of
PEDOT:PSS nanospheres for physical studies.



In order to prepare the polymer nanospheres, we followed the so-called
“reprecipitation method”. This protocol has been widely employed in the literature to
prepare polymer nanospheres of different chemical nature [39]. This method is a solvent-
displacement technique that relies on crashing out hydrophobic polymer chains in
solution by displacing a solvent with a non-solvent, generally water [40]. The polymer
solvent and the non-solvent must be miscible with each other. First, we dried the as-
received PEDOT:PSS dispersion and redissolved it in EG (Scheme 1a). 100 pL of the
commercial PEDOT:PSS dispersion were drop-casted on a Teflon substrate. The
dispersion was left in a vacuum oven (pressure < 107 bar) for 2 hours at room temperature
to allow water evaporation. Then, the sample was transferred to a higher vacuum chamber
(pressure < 10 bar) and left overnight (~16 h). After complete drying, we obtained a
dark blue homogeneous film. 1 mg of solid PEDOT:PSS was cut from the dried film and
dissolved in 1 mL of pure EG at 130° C under stirring for ~3 hours, resulting in a pale
blue homogeneous solution. We highlight that after cooling down from 130 °C to room
temperature (~25 °C), the PEDOT:PSS in EG remained soluble, i.e., no macroscopic

precipitation was observed.
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Figure 1. (a) DLS results as intensity as a function of sample diameter: commercial PEDOT:PSS
(triangles), PEDOT:PSS nanospheres (squares), purified PEDOT:PSS nanospheres (circles). (b) UV-Vis
results: commercial PEDOT:PSS (triangles) and the purified nanospheres (circles). The UV-Vis data is
shown as 1 point of every 5 measurements.

For the nanospheres preparation, the PEDOT:PSS solution in EG was injected into
10 mL of H20O using a syringe, at room temperature and under stirring (Scheme 1b).
Immediately afterwards, we performed a DLS measurement to check the PEDOT:PSS
structure in the dispersion (Figure 1a, squares). The results showed that the reprecipitated
PEDOT:PSS dispersion was composed of features reaching a Z-average value of 160 nm
in diameter. This result represented an increase in about a factor 3 compared to the
diameter of the as received PEDOT:PSS dispersion. Also, the width of the distribution
was narrower for the reprecipitated sample, compared to the commercial PEDOT:PSS. In
other words, the reprecipitation process allowed the fabrication of customizable

nanostructures, different in size from the original dispersion with a better size dispersion.

The EG, still present in the aqueous dispersion, was separated from the
nanospheres by dialysis against water. The dialysis process was carried out ina 2 L H.0O
reservoir, with continuous water changes throughout 48 h. Finally, the resulting
nanospheres dispersion was filtered using a PTFE filter (0.2 um). The DLS measurements
of the obtained nanospheres are presented in Figure 1a (circles). The observed unimodal
distribution of sizes had a Z-average value of 120 nm in diameter, indicating a small
decrease when compared to the sample prior dialysis. This decrease could be related to
the expel of residual EG, which was previously swelling the polymers. The width of the
distribution did not show any particular changes, remaining narrower as compared to the
commercial product. We will refer to the final product with the name of PEDOT:PSS

nanospheres.
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Previous reports on polymeric nanospheres obtained by reprecipitation methods,
showed that the manufacturing conditions have big impact over the dimensions, the
internal structure and agglomeration tendency [41]. The just presented preparation
method, was found to be the optimal case for obtaining monodisperse PEDOT:PSS
nanospheres. Increasing the concentration of PEDOT:PSS in EG to, and above, 5 mg/mL
resulted in an insoluble mixture. This fact hindered the possibility of preparing potentially
bigger features, as previously reported [42]. Moreover, decreasing the concentration
below 1 mg/mL resulted in a water dispersion comparable to the commercial
PEDOT:PSS. We highlight that the 120 nm diameter of the obtained PEDOT:PSS
nanospheres was comparable to those reported for conducting polymer nanospheres [41],
for example based on poly(3-hexylthiophene) [20,43], PCDTBT [44], and poly(p-

phenylene ethynylene) [45].

In order to characterize the optical properties of the resulting nanospheres
dispersion, we performed UV-Vis measurements. Figure 1b shows the obtained spectra
for the commercial PEDOT:PSS product (triangles) and nanospheres (circles). We
observed that, after reprecipitation, the UV-Vis signal only suffered slight changes. For
example, the characteristic bipolaron absorption band at around 800 nm was less
pronounced in the nanospheres, compared to the as-received sample. This result was
comparable to the one found for the synthesis of PEDOT:PSS using SCNPs [46] and
enzymes [47]. Also, we noticed a lack of peaks around A = 600 nm, which indicated that
the PEDOT chains preserved their oxidation state as previously reported by Heuer et al
[48]. Finally, the UV-Vis signal of the PEDOT:PSS nanospheres for A > 900 nm remained
constant, also supporting the fact that the nanospheres fabrication process did not alter

the chemical nature of the PEDOT:PSS complex [49-50].

11



3.2. Film formation and solid-state properties of PEDOT:PSS nanospheres.

The morphology and structure of dried PEDOT:PSS nanospheres were studied by
AFM measurements. Figure 2 shows AFM topography images of the drop-casted
nanospheres on ITO substrates, following two different procedures (Scheme 1c). First,
Figure 3a shows a 5x5 um? topography image of a purified PEDOT:PSS nanospheres’
dispersion in water, drop casted onto ITO (Sample 1). We observed that the dispersion
was not concentrated enough to allow a continuous coating of the substrate, resulting in
a distribution of single and isolated PEDOT:PSS nanospheres. The size of the
nanostructures on the surface was around 140 nm in diameter with mean height of around
50 nm, indicating that possible interaction with the surface during drying could affect the
final morphology. The topography of the free surface surrounding the nanospheres
matched the characteristics of ITO (mean roughness ~ 3.8 nm [51]), indicating that the
nanospheres’ dispersion did not contain any polymer residues able to form surface layers,
at least by a usual AFM inspection. Second, Figure 2b shows a 5x5 um? topography image
of a concentrated nanospheres sample (Sample 2). In this case the mother dispersion of
nanospheres was concentrated using a rotary evaporator (T = 25 °C) starting with a 10
mL volume, until the water content decreased down to ~0.5 mL. After drop casting the
concentrated solution, we observed a coating of the surface, characterized by the
aggregation of the nanospheres in the solid state (Figure 2b). The top surface was not
homogeneous, but composed of a distribution of spheres, resulting in different heights.
The mean roughness of the sample surface was found to be ~8 nm. By scratching the
resulting film, AFM measurements showed that the coating had a typical thickness of 50
nm. However, the range between maximum and minimum thickness varied from 35 to
350 nm, meaning that the observed continuous coating was composed of aggregates with

different dimensions. As a comparison, Figure 2c¢ shows a PEDOT:PSS thin film
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deposited on ITO, using the commercial product. The spin casting resulted in a continuous
thin film with a characteristic thickness of ~430 nm, as determined by AFM. This sample,
labeled as Sample 0, showed the characteristic structure of PEDOT:PSS [52], comprised
by stacking of small grains with a diameter of about 50 nm, and an overall flatter surface

(roughness = 3.5 nm) compared to Sample 2.

30.0 nm

Height 1.0 pm Height 1.0 ym

° .
Height omm

Figure 2. AFM topography (height) images of PEDOT:PSS nanospheres (a: Sample 1; b: Sample 2), and
commercial PEDOT:PSS (c: Sample 0).

The evaluation of the dried PEDOT:PSS nanospheres’ physical properties was
carried out using AFM techniques. This approach allowed determining the individual
response of each nanostructure. First, we studied the nanomechanical properties of

Sample 0 to be used as reference for the interpretation of the nanospheres’ results.
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Figure 3. PF-QNM results for pristine PEDOT:PSS (Sample 0). (a) Topography, (b) deformation, (c)
probe-sample adhesion force, and (d) Young’s Modulus. (e) Distribution of Young’s modulus. (f) Zoom-
in of the Young’s modulus maps and cross-section, showing the different modulus contributions.

Figure 3 presents the nanomechanical results for Sample 0, using the PF-QNM

technique. In the 2x2 um? topography image (Figure 3a) we observed the PEDOT:PSS
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grains with a high level of detail. The corresponding dynamic nanomechanical maps
(obtained simultaneously) presented contrast (Figures 3b-d). To quantify the mechanical
response associated with this contrast, Figure 3e presents a histogram of Young’s
modulus values, calculated using the map presented in Figure 3d. The histogram showed
a non-monotonous distribution, characterized by a maximum around 2.5 GPa, plus a
broad shoulder towards higher modulus values. Comparing with the literature, the
quantified Young’s modulus range of Sample 0 was slightly lower, but in the same order
of magnitude, respect to that reported by Gutiérrez-Fernandez et al. for an inkjet-printed

thin film of comparable thickness, also using PF-QNM [53].

In order to further analyze this result, the histogram was fitted by a sum of two
Gaussian functions (fitting curve R? = 0.99, red line in Figure 3e). We can ascribe these
functions to the representation of two distinct modulus populations (blue and fuchsia
curves in Figure 3e). The mean value (p) for these populations was p1 = 2.6 GPa and 2
= 3.3 GPa, respectively, with comparable standard deviations of ~0.4. These populations
can be related to local mechanical differences between the PEDOT:PSS rich grains and a
PSS interconnecting layer. A zoom-in of the Young’s modulus map showed that the
grains were the ones presenting the lower modulus, while the interconnecting layer was
characterized by the higher modulus (Figure 3f). These findings were in line with
previous reports, where it was shown that the PSS rich phase in PEDOT:PSS was
characterized by higher modulus than the granules constituting the material [54].
Moreover, in a recent report by Qu et al., the authors quantified a Young’s modulus of
about ~2.5 GPa for PEDOT thin films using PF-QNM [55]. This value is very similar to

the one we report for the PEDOT:PSS rich grains.
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Finally, our PF-QNM nanomechanical studies showed that the PSS phase
presented a lower sample deformation (Figure 3b), and a higher probe-sample adhesion
force (Figure 3c), compared to the PEDOT:PSS grains. Also, from the mechanical maps
we were able to calculate the width of the PSS interconnecting layer between the grains,
resulting in a typical value of ~15 nm, while the typical diameter of the grains was ~60
nm. These results were in line with the expectations by comparing with results already

reported in literature [11].

Heigh Modulus Deformation

50.0 nm 5.0 nm

Sample 1

500.0 MPa 0.0

Height Young’s Modulus 200.0 nm Sample Deformation 200.0 nm

50.0 nm 5.0 nm

Sample 2

500.0 MPa

. 3
Height 200.0 nm Sample Deformation 200.0 nm

Young’s Modulus 200.0 nm

Figure 4. PF-QNM images and mechanical maps. Height (a,d); Young’s modulus (b,e); Deformation (c,f).

Figure 4 shows 1x1 um? dynamic nanomechanical maps of PEDOT:PSS
nanospheres. In particular, Figures 4a-c present the results for isolated spheres (Sample

1), Figures 4d-f for concentrated spheres (Sample 2). Our measurements showed that all
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the samples presented Young’s modulus values in the GPa scale; however, in both cases,
the nanospheres had a lower Young’s modulus and lower sample deformation, compared
to Sample 0. As reported recently [56], the geometry of polymer nanostructures might
influence a proper quantification of mechanical properties by PF-QNM maps alone. Also,
problems as topography crosstalk and the influence of the sinusoidal excitation of the
piezo scanner during mapping [57] might affect a precise quantification of mechanical
properties by PF-QNM maps. Then, to confirm possible mechanical changes in the
PEDOT:PSS nanospheres, and enhance the nanoscale mechanical characterization, we

performed force spectroscopy measurements on selected regions of the samples.

20

F (nN)
F (nN)
F (nN)

| _(©)
0 5 10 15 20
&(nm) & (nm) 6 (nm)

Figure 5. Force spectroscopy measurement results for Sample 1 (a), Sample 2 (b), and Sample 0 (c). The
data is shown as 1 point every 5 measurements. Blue data points correspond to the probe-sample approach,
while pink data points to the probe-sample retract. The continuous orange line shows the fitting for
calculating the samples’ stiffness, while the dashed black line presents the fitting to the Hertz model. In all
frames, the inset shows the interaction range of the force spectroscopy measurements. In the insets the data
is shown as 1 point every 3 measurements.

Figure 5 shows representative force-separation curves for each sample, obtained
by the force spectroscopy technique. We note to the reader that in the case of the
PEDOT:PSS nanospheres, the force-separation curves were captured on top of the
nanospheres. This approximation aimed to avoid possible impact of nanostructure
geometry on the mechanical properties’ determination, as discussed in the literature [58].
The obtained results from this quasi-static approach are summarized in Table 1. The
PEDOT:PSS nanospheres were softer compared to Sample 0, a result in line with the one
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obtained from the nanomechanical maps. The samples’ stiffness was calculated from the
force-separation curve as AF / A8’ by fitting a linear function to the approach data (blue

points in Figure 5), in the 50-90% total force range. We quantified a stiffness decrease in
the nanostructured samples of over 50%, from 20 N/m to 8 N/m, compared to the thin
film. As expected, these results were accompanied by a higher indentation depth for the
nanospheres, of about a factor 2. A size-dependent stiffness reduction was also observed
in a previous report comparing PEDOT:PSS films at different thicknesses, using AFM-
based contact resonance measurements [59]. The authors suggested that the softening was

related to a different structural arrangement in the thinner samples.

The Young’s modulus, also representing a measure of the samples’ stiffness, was
calculated by fitting egn (1) to the retract data (Figure 5), in the 10 — 90% total force
range. We observed a decrease of the mean Ey from 3.4 GPa to 2.1 GPa, comparing
Sample 0 with the PEDOT:PSS nanospheres. These results confirmed the previous
observations by PF-QNM using Young’s modulus maps. Considering that PEDOT has a
lower Ey compared to PSS [54,60], the quantified softening of the nanospheres could be
related to a different distribution of PEDOT and PSS in the resulting nanospheres after
reprecipitation. This idea is in line with a possible re-arrangement of the PEDOT and PSS
phases in confined geometries, as introduced in the last paragraph. Then, in this scenario,
the modulus decrease would indicate a PEDOT enriched outer shell in the prepared
nanospheres. This idea is also in line with previous reports of PEDOT:PSS ultra-thin films
(thickness < 100 nm), where Young’s modulus values ranging between 1 - 2 GPa [53,61]

were reported.

Table 1. Quantitative nanomechanical data from force spectroscopy measurements. Ey indicates the
Young’s modulus, and Fapy the adhesion force. The last column of the table shows the number of force
curves analyzed for each sample. For nanospheres, the force curves were taken at the top of the sphere.
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Number of

Sample Eyv (GPa) average| Fapn (NN) average| Indentation (nm) average|Stiffness (N/m)average analyzed FC

PEDOT:PSS NPs
free on ITO 18-24 (2.1) | 44-55 (5.0 12-27 (2.2) 6.0-9.3 (7.8) 6
(Sample 1)

PEDOT:PSS NPs

coating on ITO 1.4-25 (2.1) 29-53 (4.0 1.4-3.0 (2.1) 6.1-12.1 (8.9) 12
(Sample 2)
PEDOT:PSS
(Sample 0) 24-49 (34) | 41-70 (5.5 1.3-0.7 0.9) | 11.9-26.5 (20.1) 9

Finally, we explored the functionality of the PEDOT:PSS nanospheres by
studying their electrical conductivity at the nanoscale, by TUNA experiments. Figure 6a
shows the PEDOT:PSS topography, as determined by TUNA (contact mode experiment).
No apparent damage to the surface was performed during scanning. Figure 6b presents a
characteristic 1-V curve obtained for this sample, at the position indicated in the
topography image. The I-V curve showed an Ohmnic response, from which the
conductivity was calculated as the slope of the line. We found a mean conductivity (c) of
90 S/cm for Sample 0. This value was obtained as the average over 5 measurements on
different positions of the sample (Table 2). We highlight that the TUNA conductivity
measurements resulted in a broad distribution of conductivity values, which varied
depending on the probed area. However, all the results were within the same order of
magnitude. These local differences can be related to small changes in the PEDOT:PSS
effective concentration at each probed point. Also, we emphasize that, considering the
experimental setup and sample preparation procedure, the TUNA conductivity
measurements must account for an out-of-plane conductivity of the sample. In order to
complement the results, we measured the in-plane conductivity of Sample 0 by the four-
point probe technique. We found an in-plane conductivity of 3.6-102 S/cm; a value in line

with the description of the product provider (c >200 S/cm), and comparable to those
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reported for different PEDOT:PSS thin films in the past years [61-63]. The observed
differences between in-plane and out-of-plane conductivity response of PEDOT:PSS
were in line with a previously report by Nardes et al [64]. In that work, the authors
explained that these differences were related to an anisotropy in the disposition of the
PEDOT:PSS grains during film formation, where the conducting granules would tend to

preferentially arrange coaxially and perpendicular to the substrate plane.

Table 2. Conductance and conductivity values of PEDOT:PSS thin films for different thicknesses.

Thickness (nm) Conductance (1/MQ) Conductivity (S/cm)
430 9.4+7 (9.0 + 6)-10!
225 9.0+7 (5 +3)-10*
75 1.1 2
Nanosphere
55 48+3 6+4
50 1.6-10* 0.2
Nanosphere
20 0.66 + 0.60 0.3+0.2

In the case of PEDOT:PSS nanospheres, we also determined the nanoscale
conductivity of the nanostructures by TUNA experiments. We clarify to the reader that
these experiments were not possible to be properly conducted on Sample 1, due to the
following technical limitation. Since the experiments required scanning in AFM contact
mode, we observed that during scanning the isolated nanospheres were swept away by
the probe. When extremely small forces (<< 1nN) were used, contact mode scanning was
possible without sweeping the structures. However, the probe-sample electrical contact
was not adequate to guarantee a proper conductivity measurement. However, we were

able to study the electrical properties of Sample 2 (Figures 6 c,d).

Figure 6¢ shows the contact mode height images of Sample 2. The obtained
topographical map was comparable to those already presented in this work, indicating no

important damage of the probe while contact mode imaging. Figure 6d shows the I-V
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response of PEDOT:PSS nanospheres at two different probed areas. In both cases, the
data showed a linear trend, indicating that the nanospheres presented an Ohmnic
conductivity behavior. The I-V analysis resulted in conductivities of 2.0 and 0.2 S/cm,
depending on the probed area; as the measurement point was higher in topography, the

higher the obtained conductivity.

50.0 nm

200 Height Topm
(b) &
100 | ot
E 0r ,,Xw;ulf&ﬁg:
- el
-100
-200 ! | .
-10 -5 0 5 10
V (mV)

® 50.0 nm
(
loB 2 JF

20 Height 400.0 nm

@ 2

1 (nA)

log[o (S/em)]

1 1 1 1
0 100 200 300 400 500
h (nm)

Figure 6. TUNA experiments on PEDOT:PSS thin film and nanospheres. (a) Sample 0 topography. (b)
Sample 0 I-V curve at the position indicated in panel (a). The electric data is shown as 1 point every 10
measurements. The continuous line represents the linear fit from which the conductivity was calculated. (c)
Sample 2 topography. (d) Sample 2 1-V curves at the points indicated in panel (c). The electric data is
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shown as 1 point every 20 measurements. The lines represent the linear fits for the circles (continuous line)
and square (dashed line) data. (e) Logarithm of the conductivity as a function of thin film thickness
(triangles). The values correspond to the mean over 5 measured points on different locations. The data
shown as circle and square correspond to the conductivity at the probed zones of Sample 2

In order to understand how confinement effects might influence the PEDOT:PSS
nanospheres electric transport, and to contextualize our results, we compared the
nanospheres’ conductivity values to those of PEDOT:PSS thin films with different
thicknesses (Figure 6e). The TUNA measurements of these samples can be found in the
Supplementary Information. We observed that as the film thickness decreased, so did the
conductivity values. This result was in line with previous literature reports [58,59]. In this
context, the prepared PEDOT:PSS nanospheres showed electric transport properties
comparable to those for PEDOT:PSS thin films with thickness < 100 nm. This result
points out that the confinement effects on the nanospheres did not translate into a

detriment of their conductivity properties.

Taking into consideration both the mechanical and electrical physical studies, we
envisage that the prepared PEDOT:PSS nanospheres should have a PEDOT-rich shell,
able to account for the stiffness reduction while preserving good electric transport
properties. In this way, our investigation validates the fabrication of PEDOT:PSS
nanospheres as a pathway to develop robust and electrical conducting nanostructures, via

a single-step process.

4. Conclusions

A method to fabricate well-defined PEDOT:PSS nanospheres was developed,
using a new strategy to solubilize PEDOT:PSS in the high boiling point solvent ethylene
glycol. From the PEDOT:PSS solution, we fabricated the nanospheres in a single step
using the reprecipitation methodology. The so obtained nanospheres’ dispersions were

characterized by DLS, which revealed that nanostructures of about 120 nm in diameter
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were prepared. The optical properties of the nanospheres were determined by UV-Vis
spectroscopy, and resulted in features ascribable to PEDOT:PSS. This fact indicated that
no important chemical modifications took during nanostructure fabrication. An in-depth
AFM characterization on the dried nanospheres was carried out, able to quantify their
structural, mechanical, and electrical properties. The nanoscale measurements indicated
that the PEDOT:PSS nanospheres were able to preserve good mechanical properties, only
showing a small decrease in their stiffness. The electrical measurements allowed to
quantify the local conductivity of single nanospheres. The nanostructured PEDOT:PSS
showed out-of-plane conductivity values in the 0.2 - 2 S/cm range. These AFM physical
studies suggested a different arrangement of PEDOT and PSS domains in the fabricated
nanospheres respect to the commercial precursor, likely related to an enrichment of
PEDOT onto the external shell of the nanospheres. Our results show the possibility of

fabricating conducting polymer nanospheres, able to be integrated in future technologies.
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Supplementary information file

Figure S1. TUNA AFM results for PEDOT:PSS thin films at different thicknesses. Are reported
respectively the topography image and the 1-V curve of films with thickness: 430 nm (a,b), 225 nm (c,d),

55 nm (e,f), and 20 nm (g,h).
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In Figure S1 it is reported the topography of PEDOT:PSS thin films with different
thicknesses from Contact Mode TUNA AFM experiments. The I-V curves obtained in
point-and shoot on the surface of the samples are also shown below each image. The
topography of the PEDOT:PSS thin films, from the height channel, remains unchanged
for all the considered thicknesses, while the slope of the lines reported in the graphs,
representing the out-of-plane conductance of the films, showed a decrease as the thickness
reduced. The quantitative values of conductivities can be found in the main manuscript.
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