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HIGHLIGHTS

o The research incorporates both ab initio
modeling and experimental analysis to
explore the electronic conductivity of
conducting polymers.

e Our results reveal that the addition of
PEO to the PEDOT:PSS polymer blend
results in a significant alteration in the
band gap.

e At a maximum PEO content of 52 wt-%,
there is a substantial increase in the
electrical conductivity.

o The study finds that the ratio of PEDOT
to PSS plays a pivotal role in deter-
mining the composite material’s band
gap.
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ABSTRACT

In this study, a combination of ab initio modeling and experimental analysis is presented to investigate and
elucidate the electronic conductivity of films composed of conducting polymer blend PEDOT:PSS-PEO. Detailed
density functional theory (DFT) calculations, aligned with experimental data, aided at profound understanding of
the chemical composition, band structure, and the mechanical behavior of these composite materials. Systematic
evaluation across diverse ratios of PEDOT, PSS, and PEO revealed a pronounced transformation in electronic
properties. Specifically, the addition of PEO into the polymer matrix remarkably changes the band gap, with a
marked alteration observed near a PEO concentration of 52 wt-%. This adjustment led to a substantial
enhancement in the electrical conductivity, exhibiting an increase by a factor of approximately 20, compared to
the original PEDOT:PSS polymer. The present investigation determined the crucial role of the PEDOT to PSS ratio
in band gap determination, emphasizing its significant impact on the material’s electrical conductivity.
Concurrently, the mechanical property analysis unveiled a consistent increase in Young’s modulus, reaching up
to 765.93 MPa with increased PEO content, signifying a notable mechanical stiffening of the blend. The obtained
combined theoretical and experimental insights illustrate a detailed perspective on the conductivity anomalies
observed in PEDOT:PSS-PEO systems, establishing a robust framework for designing highly conducting and
mechanically stable polymer blends. This comprehensive approach elucidates the interplay between chemical
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composition and electronic behavior, offering a strategic pathway for extrusion-based manufacturing techniques
such as Direct Ink Writing (DIW).

1. Introduction

The ceaseless progress in organic-based technologies has spurred the
advancement of electronic devices, including diodes, transistors, solar
cells, and rechargeable batteries. A pressing need exists for conducting
polymers that offer both high electrical conductivity and transparency,
serving as essential charge transport layers and electrical interconnects
in electronic devices. Blends of conducting polymers with high-
molecular-weight non-conducting polymers have demonstrated
remarkable viscoelastic properties, enabling direct ink writing (DIW) of
conducting circuits on various materials, notably e-textiles, for diverse
applications.  Especially, the conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) in
combination with poly(ethylene oxide) (PEO) has emerged as a partic-
ularly promising candidate due to its exceptional film- and filament-
forming characteristics, high transparency, tunable conductivity, and
excellent thermal stability and processability [1]. The interest in such
blends is driven by the efforts to improve the processability of PEDOT:
PSS, especially, to tune properties such as viscosity and viscoelasticity,
while minimizing the reduction in its electrical conductivity or even
enhancing it [2-9]. Thus, in the present study, combining experimental
and computational work, it is revealed how PEDOT to PSS to PEO ratio
influences PDEOT:PSS-PEO electrical and mechanical properties, facil-
itating DIW for various applications.

It is apparent, based on the prior literature, that the interaction be-
tween PEO and PEDOT:PSS is complex, leading to unexpected proper-
ties. The ability of PEO to act as a secondary dopant hints at underlying
mechanisms that may influence the composite’s electronic and struc-
tural properties in ways that are beneficial for various applications. For
Li-ion battery applications, a blend of PEDOT:PSS and PEO brings
together the best of both polymers, offering a material that possesses
both electronic and ionic conductivity, improved mechanical properties,
and processability, as well as compatibility with different interfaces
[10-12]. Yi et al. [3] and Wang et al. [4] reported that blending non-
conducting PEO to PEDOT:PSS does not diminish the electrical con-
ductivity but rather increases it. Yi et al. used a low-molecular-weight
(M, 500 Da) PEO in blend with 5 % PEDOT:PSS solution in
dimethyl sulfoxide (DMSO). As the content of PEO increased, the elec-
trical conductivity exhibited an ascending trend, peaking at a PEO vol-
ume ratio of 0.5 %, after which it descended as the PEO volume ratio
further increased. However, it should be emphasized that the process-
ability of DMSO-based blends is low because of a very high boiling point
of DMSO (189 °C) and, thus, very slow evaporation in an open atmo-
sphere, and, accordingly, insufficiently slow precipitation and solidifi-
cation of deposited polymeric material. Wang et al. [4] explored the
effect of a relatively high-molecular-weight PEO (M,, = 10° Da) on
aqueous suspensions of PEDOT:PSS. They found that the maximal
electrical conductivity of 4.33 wt% aqueous suspension of PEDOT:PSS is
reached at 52 wt% of PEO (in solidified PEDOT:PSS-PEO blend), with
the enhancement in the conductivity by a factor of ~20 relative to that
of the pure PEDOT:PSS.

Note that the PEO concentration corresponding to the peak electrical
conductivity of PEDOT:PSS-PEO blends could be significantly affected
by its molecular weight. For example, Kubarkov et al. [7] dispersed
various weight ratios of dry PEDOT:PSS within a 2 wt% aqueous solu-
tion of high-molecular-weight PEO (M,, = 1.0 x 10° Da) and found the
peak electrical conductivity of deposited films at the 30 wt% PEO weight
ratio. On the contrary, Fu et al. [13] reported that in their experiments,
the electrical conductivity of PEDOT:PSS-PEO films gradually reduced
with the addition of PEO. This outcome could potentially be attributed
to a very high molecular weight PEO used (M,, = 7 x 10° Da).
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Lee et al. [6] explored the advancements in the fabrication and
enhancement of PEDOT:PSS, a pivotal electrically-conducting polymer,
with a focus on optimizing its conductive, stretchable, and transparent
properties. They presented a comprehensive methodology that in-
corporates innovative treatments and processing techniques, resulting in
a significant improvement in the material’s characteristics. The study
adeptly combines experimental investigations with theoretical insights
to elucidate the underlying mechanisms that contribute to the enhanced
performance of PEDOT:PSS. By ascertaining the potential of this modi-
fied polymer, Lee et al. underscore its relevance for next-generation
electronic and optoelectronic applications.

Shahrim et al. [8] investigated the morphological and electronic
transformations of PEDOT:PSS that develop upon doping, drawing
attention to significant enhancements in electronic properties. Through
a combination of experimental results and theoretical analyses, they
elucidated the synergistic effects of dopant introduction and the
consequential restructuring of the polymer matrix. Their comprehensive
study offers a deeper understanding of the doping process, paving the
way for the optimization of PEDOT:PSS-based devices in future research
and applications.

Experimental measurements face challenges in understanding the
electronic conductivity of polymers and their blends due to their com-
plex structures, inherent inconsistencies from sample processing, and
the limits of resolution in capturing detailed mechanisms. Density
Functional Theory (DFT) offers a solution by providing detailed insights
at the atomic and molecular levels, predicting material properties, and
allowing studies under controlled conditions to isolate specific phe-
nomena. There are several works focusing on evaluating the electronic
properties of PEDOT:PSS and their blends based on experimental mea-
surements [14-21]. One of the first reports on using the DFT to predict
electronic properties of PEDOT:PSS was by Kim et al. [14] They
comprehensively studied by DFT the doping processes of PEDOT,
shedding light on the underlying electronic transitions. Through a series
of simulations, they elucidated the response of the charge carriers in the
polymer to the applied voltage, highlighting the mechanism of con-
ductivity. The electronic structure and charge distribution of PEDOT
were further explored using X-ray absorption spectroscopy and X-ray
photoelectron spectroscopy. The findings from this investigation
contribute to the understanding of PEDOT’s electronic properties, of-
fering insights beneficial for its application in electronic and optoelec-
tronic devices.

Despite significant experimental and computational efforts toward
the structure-property relationships of PEDOT:PSS-PEO blends, there
remains a lack of studies that directly integrate experimental measure-
ments of electronic properties with DFT calculations to delve into the
exceptional electronic properties of these blends. In this study, a
comprehensive investigation of the electronic conductivity of films
composed of PEDOT:PSS-PEO is undertaken through a combined
approach of ab initio modeling and experimental analysis. The DFT
calculations have been performed based on experimental data to eluci-
date the chemical composition, the band structure, and the density of
states of the composite materials. Incorporating DFT calculations
alongside experimental measurements of the electrical conductivity of-
fers a holistic approach to studying the electronic properties of PEDOT:
PSS-PEO. The complementary nature of these methods provides a
deeper, multifaceted understanding of the PEDOT:PSS-PEO properties,
which holds great promise for future applications of highly conducting
PEDOT:PSS-PEO blends.



V. Yurkiv et al.
2. Methodology
2.1. Experimental section

Material preparation. An aqueous suspension of Poly (3,4-ethyl-
enedioxythiophene) polystyrene sulfonate (PEDOT:PSS) with a con-
centration of approximately 1 wt% (CLEVIOS™ PH 1000) was obtained
from Heraeus, Germany. Additionally, polyethylene oxide (PEO, My =
10° Da) was procured from Sigma-Aldrich, USA. Both materials were
used without further modification. The PEDOT:PSS suspension was
subsequently blended with PEO powder in several weight percentages,
specifically: y = 20, 36, 40, 45, 50, 52, 75.8, 80, and 90.2 wt%. It is
pivotal to highlight that y represents the proportion of the PEO solid
mass (Mpgo) relative to the cumulative solid mass (My), i.e., ¥ = Mpgo/
M. To ensure homogeneity and stability of the resulting suspensions of
such blends, they underwent magnetic stirring for a duration of 17 h
under ambient conditions.

Measurement of the electrical conductivity. The aqueous PEDOT:PSS-
PEO blends at any specific PEO concentration were printed onto a
glass slide (EISCO, USA) using the DIW technique, which formed 2 cm x
2 cm thin square films. Subsequently, the printed films were dried in air
at 60 °C for 30 min to evaporate water, precipitate the polymers and
obtain solid films. Then, their thickness t was measured using a profil-
ometer (SERIES 543, Mitutoyo, Japan). The four-point probe method
was employed to measure the electrical conductivity S of the printed
films. A source meter (Keithley 2400, Keithley, China) supplied the
electric current I to the outer two probes, whereas a multimeter (Fluke
8845A, Fluke Co., USA) measured the potential AV between the inner
two probes. Then, the sheet resistances R and the electrical conductivity
S were calculated as:

AV 1

T
S_Rsh

R=tw@ 1

@

where h is the measured film thickness (~0.2 mm).

Each conducting ink was used to print six different specimens, and
each of them was evaluated twice at the same location on the film. In
other words, 12 measurements were conducted for each case, and the
average electrical conductivity value and deviation were reported.

Measurement of PEDOT:PSS-PEO density. First, the weight of the clean
glass slide M; was measured. Subsequently, a thin film was meticulously
fabricated on each glass slide, as described above (cf. Material prepara-
tion). Then, the total weight of the specimen M, including both the solid
film and the glass slide, was measured. The mass of the solid film M = Mg
- Mg was determined (~0.16 g), and the volume of the solid film was
found as a product of the measured width (w), length (1), and thickness h
of the specimen V=w x [ x h(~20 mm x 20 mm x 0.2 mm = 80 mm3),
Accordingly, the density of PEDOT:PSS-52 wt% solid specimens was
found as p = M/V.

Measurement of crystallinity. The degree of crystallinity in PEDOT:
PSS-52 wt% PEO thin films was measured using an X-ray diffraction
(XRD) analyzer (Bruker D8 Discovery, Bruker, USA). During the scan-
ning process, the specimens were scanned from 0° to 70° at the rate of
0.01°/s at room temperature. Then, the degree of crystallinity y. was
calculated as [22]

Ac

“Act A @

Ae

where A, is the area of the crystalline peaks, and A, is the area of the
amorphous peaks.

Measurement of hydration. TA Instruments’ Q5000 (USA) was used to
perform thermogravimetric analysis (TGA) of dry PEDOT:PSS-52 wt%
PEO. Nitrogen was used to purge all the operations. Temperature was
increased from 25 to 200 °C at a rate of 5 °C/min during the heating
process.
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2.2. Computational section

In the present study, Quantum ATK was employed to generate atomic
configurations of both crystalline and polymeric forms of PEDOT,
PEDOT:PSS, and PEDOT:PSS-PEO composites. Then, DFT [22] calcula-
tions were conducted utilizing the Vienna Ab initio Simulation Package
(VASP) [23-25] code. Below, the structural generation process using
ATK is discussed first, followed by a description of the DFT computa-
tional approach in VASP.

ATK methodology. Crystalline PEDOT and PEDOT:PSS structures
were created based on atomic configurations available in the literature
[14,20,21]. Fig. Sla in Supplementary Material illustrates these struc-
tures, where the crystalline PEDOT is depicted on the left, while PSS-
doped PEDOT is depicted on the right. To build the polymeric PEDOT:
PSS-PEO with different PEO contents, Quantum ATK Polymer Builder
was utilized using EDOT, SS and EO monomers, as shown in Fig. S1b.
The Polymer Builder is adept at constructing both crystalline and
amorphous polymer configurations, making it a versatile tool for various
applications. The creation of the polymer structures begins with the
definition of a repeat unit or a monomer (EDOT, SS and EO). These
monomer units act as a foundational block for a subsequent polymer
chain. Each monomer is then repeated in a specified manner to form
polymer chains. The chain length, determined by the degree of poly-
merization, is adjustable, allowing for the generation of polymers of
desired lengths. For amorphous polymers, the process involves the
generation of random configurations. This was achieved by placing
polymer chains in a simulation box, followed by the application of a
melt-quench procedure. The melt-quench methodology entails heating
the system to a temperature of 1000 K, which is above the used polymers
melting point, to ensure sufficient chain mobility. Subsequently, the
system is rapidly cooled or quenched to room temperature, around 300
K, within a nanoseconds time span using a quenching rate of 10'° K/s.
This abrupt temperature transition results in a disordered, non-
crystalline arrangement of the polymer chains, characteristic of amor-
phous polymers. Thus, the Polymer Builder tool in Quantum ATK offers
a systematic and comprehensive approach for constructing both crys-
talline and amorphous polymer structures. By defining the monomer
and adjusting such parameters as the degree of polymerization, lattice
symmetry, and quenching rate, one can tailor the corresponding
generated configurations to match specific requirements. Specifically, in
the present case, PEDOT:PSS ratio was kept constant, while EO content
was adjusted to obtain the desired PEDOT:PSS-PEO composition. This
results in a well-mixed polymer chains as depicted in Fig. S2.

DFT methodology. In the presented research, the electronic structure
calculations were performed utilizing the DFT as implemented in VASP.
The exchange-correlation interactions were treated with the DFT-D2
method proposed by Grimme [26], which provides a semi-empirical
correction for the van der Waals interactions, enhancing the accuracy
of the DFT results for systems where dispersion forces play a significant
role. A plane-wave basis set with a kinetic energy cut-off of 450 eV was
employed for the electronic wave functions. For the structural optimi-
zations, the convergence criteria were rigorously set. The optimizations
were executed until the residual forces acting on all atoms were reduced
to less than 0.01 eV/A, ensuring the attainment of a true structural
minimum. Furthermore, during the self-consistent field iterations, the
convergence criterion for the change in total energy between successive
electronic steps was stringently set to 0.1 meV. These stringent criteria
ensure both the reliability and precision of the calculated results. VASP
was employed to calculate both the electronic Density of States (DOS)
and the band structure of materials. The DOS provides a measure of the
number of electronic states available per energy interval, allowing for a
detailed understanding of the electronic properties of a material. In
VASP, the DOS is extracted from the electronic eigenvalues obtained in a
self-consistent DFT calculation. Specifically, a self-consistent field (SCF)
calculation is first performed to converge the electronic density. The
DOS is then computed over a finer k-point mesh to obtain detailed
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electronic state distributions as a function of energy. This is done using
the DOSCAR file produced by VASP. The band structure provides a
visualization of the energy of electronic states as a function of the
wavevector, k. It offers insights into the electronic dispersion relations
and the existence of any band gaps, crucial for semiconductors. To
compute the band structure using VASP, first, an SCF calculation is
performed to converge the charge density. Post convergence, a non-self-
consistent field (NSCF) calculation is executed along specific high-
symmetry k-path directions in the Brillouin zone to extract the elec-
tronic bands. The eigenvalues obtained from this calculation, are stored
in the EIGENVAL file, are then processed to plot the band structure in
ATK Builder. In the context of computing mechanical properties using
VASP, a certain strain was applied to an optimized polymer blend;
consequently, the response of a blend was evaluated in terms of changes
in energy, allowing for the determination of elastic constants.

3. Results and discussion

In this section, we delve into the electronic conductivity properties of
the PEDOT:PSS-PEO composite, integrating insights from both DFT
simulations and measurements of the electrical conductivity. Through a
combined approach of theoretical calculations and empirical data, a
comprehensive understanding of the electric conductivity within the
composite is aimed. The present study seeks to unravel the synergistic
effects of PEDOT:PSS and PEO on the overall conductivity and to discern
the interplay between the theoretical predictions and the experimental
outcomes.

3.1. Experimental results

The electrical conductivity of PEDOT:PSS-PEO films. The average
density of PEDOT:PSS-52 wt% PEO films was measured as 7.72 (£1.07)
x 107! g/cm®. The PEDOT:PSS-PEO electrical conductivity measure-
ments were performed using a four-point probe method (cf. Measurement
of electrical conductivity). The subsequent calculations using Eq. (1)
yielded the sheet resistances and electrical conductivities of the films.
Fig. 1 depicts a two-dimensional scatter plot with error bars, illustrating
the relationship between Cpgp (percentage composition of PEO) on the
horizontal axis and the electrical conductivity, S (in S/cm) on the ver-
tical axis. The PEO percentage composition is in the 0-100 % range,
indicating the PEO content in the sample. The vertical axis, labeled as S
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Fig. 1. Relationship between the concentration of Cpro (%) and the electrical
conductivity (S, S/cm). The data points represent the average conductivity
values at each Cpgo concentration, with error bars indicating one stan-
dard deviation.
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[S/cm], spans the 0 to 100 S/cm range, covering the conductivity values
of the explored blends. The data points are plotted at various Cpgo
percentages, each accompanied by numerical annotations indicating the
exact conductivity value in S/cm. The error bars extend vertically from
each data point, illustrating variability in the conductivity measure-
ments at each given Cpgo percentage. The data exhibits a non-linear
trend, beginning from the left, the conductivity values increase gradu-
ally from around 1.08 S/cm at 0 % PEO to a peak value of 72 S/cm at 52
% Cpro. Beyond this point, the conductivity values decrease sharply,
reaching a value of around 0.46 S/cm at 98 % Cpgo. The peak conduc-
tivity at 52 % Cpgo suggests an optimal PEO concentration in the PEDOT:
PSS-PEO blend.

Crystallinity and hydration of PEDOT:PSS-PEO films. The XRD methods
are powerful tools for measuring the crystallinity of materials. The in-
tensity peaks in the XRD spectra typically represent the crystalline
structure of the material [28]. The XRD analysis at room temperature as
shown in Fig. 2a. Four major peaks were observed, which are related to
semi-crystallinity of PEO. The low peaks at 20 = 19.1°, 23.3°, 38.24°,
and 44.51° correspond to (120), (032), (131), and (120) planes of PEO
polymer, respectively. [27] A high bump over a wide range of 26 rep-
resents an amorphous phase of the blends. [28] The degree of

a

44.51°
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-
o

30 40
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O
—
o
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Temperature [°C]
Fig. 2. (a) XRD results used to calculate the crystallinity of the PEDOT:PSS-52

wt% PEO film, (b) TGA results used to measure the hydration level of the
PEDOT:PSS-52 wt% PEO.
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crystallinity y, is evaluated as defined in Section 2.1 in Eq. (2). Based on
Fig. 2a, the area of the crystalline peaks A. was measured as 211.72,
while the total area A. +A, was measured as 8350.90. As a result, the
degree of crystallinity for the dry PEDOT:PSS-52 wt% PEO composite
was calculated as 2.54 %. The TA universal analysis by means of TGA
was employed to analyze the degree of hydration of dry PEDOT:PSS-52
wt% PEO. Fig. 2b illustrates the weight reduction of the dry PEDOT:PSS-
52 wt% PEO composite from room temperature to 200 °C, representing
water removal of approximately 8.06 % (8 % at 92 °C).

3.2. DFT results on the electronic structure of PEDOT, PEDOT:PSS, and
PEDOT:PSS-PEO systems

In this section, the electronic structure of crystalline and polymer
variants of PEDOT, PEDOT:PSS, and PEDOT:PSS-PEO blends is

(b)

Energy (eV)
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calculated using the DFT calculations. First, the electronic characteris-
tics of crystalline PEDOT and PEDOT:PSS are addressed. While
comprehensive details pertaining to these materials are available in
existing literature, the aim here is to recalculate the electronic structure,
which stems from a desire to validate the present computational meth-
odology and to ensure a robust alignment with previously reported re-
sults. Establishing this alignment instills confidence in the reliability and
consistency of the present calculation approach and paves the way for
further calculations aiming at polymeric PEDOT:PSS and PEDOT:PSS-
PEO blends. As it is mentioned above, the experimental PEDOT:PSS-
PEO polymers have an amorphous structure, that is why after estab-
lishing and validating our DFT calculation against crystalline literature
available results, we proceed with calculations of amorphous structures.
Thus, the DFT-derived band structures of the polymer form of PEDOT:
PSS blended with PEO are discussed after the crystalline structure

PEDOT

20— T
3 Ap.= _0.47.__9_\}/
05, «:

> 05 |/

§ o.o\

% -0.5 \\\
-1.0 \

r X

Fig. 3. Atomic structures and DFT-calculated band structures of crystalline (a) PEDOT and (b) PEDOT:PSS blend. Grey spheres depict carbon atoms, red spheres are
oxygen atoms, yellow spheres are sulfur atoms, and white spheres denote hydrogen atoms. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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calculations. Accordingly, the influence of varying PEO content on the
electronic structure is carefully studied. Such an investigation is para-
mount to shedding light on how the incorporation of PEO alters the
electronic properties of the blends, thereby offering insights into the
potential benefits of PEO not only as a rheological modifier, but an
electronic-performance enhancer in device applications. In the subse-
quent subsections, the computational details are outlined, the corre-
sponding results are presented, and comparisons are drawn not only
regarding successful comparisons with the established literature and our
experimental results but also regarding the nuanced effects of PEO
content on the electronic properties of PEDOT:PSS-PEO blends. At the
end of the paper, the mechanical properties of blends and the discussion
on the nature of electronic conductivity are presented.

3.2.1. Crystalline structures

Fig. 3 illustrates the atomic arrangement and the DFT-calculated
band structures of crystalline PEDOT and PEDOT:PSS blend. The
upper panel presents the atomic structure of crystalline PEDOT, delin-
eating its distinct lattice arrangement. Adjacent to this depiction is the
DFT-calculated band structure for the same material. The vertical axis in
the right-hand side image represents the energy levels, measured in
electron-volts (eV), spanning the —2.0 eV to 2.0 eV range. The hori-
zontal axis displays the high-symmetry points in the Brillouin zone,
labeled as T, Y, A, Z, T, and X. Several distinct electronic bands, repre-
sented by continuous curves, traverse this energy-k space. The bands
depict the energy of the electronic states as a function of the wavevector,
k, through the high-symmetry directions. The band structure reveals a
conspicuous band gap of 0.47 eV, highlighting the semiconducting na-
ture of crystalline PEDOT. This band gap represents the energy differ-
ence between the valence band (the highest occupied band) and the
conduction band (the lowest unoccupied band). The Fermi level is
indicated by a dashed horizontal green line that intersects the vertical
axis at 0 eV. This line demarcates the energy level up to which the
electronic states are occupied at absolute zero temperature. The
inherent band gap corresponding to PEDOT suggests its potential as a
semiconductor in electronic devices, especially in organic electronics
and rechargeable batteries. However, the crystallinity in pure PEDOT
might introduce challenges in terms of flexibility and processability,
which are often sought after in wearable electronics and flexible dis-
plays. The reference to “pure” PEDOT serves as a simplified model to
better understand the intrinsic properties of the PEDOT polymer, and is
not meant to overlook the essential role of counterions (e.g., PSS) in real-
world synthesis and applications of PEDOT.

The lower panel in Fig. 3 presents the atomic structure of the

PEDOT (Polymer)
2.0——=

Energy (eV)
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crystalline PEDOT:PSS blend, illustrating the integration of PSS within
the PEDOT lattice. This is complemented by the corresponding DFT-
calculated band structure. Contrasting with pure PEDOT (Fig. 3a), the
PEDOT:PSS band structure does not manifest a band gap, alluding to its
conductor-like behavior. The absence of a band gap in the PEDOT:PSS
blend points to its potential use in applications that require conductive
materials, such as electrodes in organic light-emitting diodes (OLEDs),
or as transparent conductive films in touchscreens. The integration of
PSS could improve the solubility and processability of PEDOT, making it
more compatible with solution-based fabrication methods. Nonetheless,
the blend’s conductor-like nature might compromise its use in applica-
tions where semiconducting behavior is essential, such as in field-effect
transistors.

3.2.2. Polymer structures

Fig. 4 presents the DFT results for polymeric PEDOT structure. On the
left, the intricate polymer structure of PEDOT is depicted, revealing its
macromolecular arrangement. On the right, the DFT-calculated band
structure for PEDOT is presented. The band structure distinctly dem-
onstrates a band gap of 1.32 eV. Notably, this value aligns well with
experimental data reported in the literature [1,29], reaffirming the
computational precision. PEDOT’s observed band gap of 1.32 eV posi-
tions it as a potential candidate for various electronic applications. This
energy range is particularly favorable for organic photovoltaics, where
the alignment of the band gap with the solar spectrum can enhance light
absorption and conversion efficiencies. Furthermore, the polymer na-
ture of PEDOT often translates to inherent flexibility, making it a valu-
able material for emerging applications in flexible and wearable
electronics. However, while the polymer structure offers advantages like
flexibility and potential for solution-based processing, it might also
present challenges. The macromolecular arrangement can sometimes
lead to issues related to batch-to-batch variability, impacting the
reproducibility of device performance. Additionally, the organic nature
of PEDOT may pose concerns regarding long-term stability, especially
when exposed to environmental factors such as moisture and oxygen.

In Figs. 3a and 4, the atomic and molecular configurations of crys-
talline and polymer PEDOT are illustrated, with their corresponding
DFT-derived band structures elucidating the inherent electronic char-
acteristics of each form. The difference in the band gap values, 0.47 eV
for the crystalline form and 1.32 eV for the polymeric counterpart, in-
dicates their distinct electronic behavior attributable to the inherent
structural variations. The narrower band gap of crystalline PEDOT
suggests its potential effectiveness in applications necessitating near-
infrared absorption, encompassing specialized photodetectors or

— —Bandgap=1h2eY]

|

I

b
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Fig. 4. Polymer structure (left) and DFT-calculated band structure (right) of PEDOT. A significant band gap of 1.32 eV is observed. Grey spheres depict carbon atoms,
red spheres are oxygen atoms, yellow spheres are sulfur atoms, and white spheres denote hydrogen atoms. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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specific photovoltaic configurations. Conversely, the pronounced band
gap of the polymeric form of PEDOT aligns more favorably with the solar
spectrum, emphasizing its prospective deployment in organic photo-
voltaic applications. Evidently, the observed disparities in the band
structures can be traced back to the intrinsic differences in the atomic
and molecular alignments between the two PEDOT conformations. The
crystalline structure exhibits periodic and regimented atomic place-
ments, revealing unique electronic band configurations. In association,
the macromolecular structure of polymers can instigate a spectrum of
electronic interactions, potentially ending in varied band gap magni-
tudes. It is imperative to highlight that the deduced band gap of 1.32 eV
for polymer PEDOT exhibits commendable alignment with available
experimental data. Such an agreement underscores the robustness of
computational methodologies in predicting the electronic comportment
of organic polymer substrates.

Fig. 5 demonstrates the atomic structures and the DFT-calculated
band structures of polymer PEDOT:PSS in blends with varying PEO
content. The figure unfolds over five vertically arranged panels, labeled
from (a) to (e). Each panel is split, with the left segment portraying the
atomic structure of polymer PEDOT:PSS, incorporating distinctive PEO
content levels. The adjacent right segment of each panel depicts the
corresponding DFT-calculated band structure, highlighting the conse-
quential band gap alterations due to PEO integration. The PEDOT:PSS
ratio of structures depicted in Fig. 5 corresponds to those experimentally
studied in the present work 1:2.5 (cf. Experimental results).

In panel (a) in Fig. 5, the PEDOT:PSS structure devoid of PEO is
presented, revealing a band gap of 0.22 eV. Progressing to panel (b), a
17 % PEO content in the polymer matrix leads to a slightly increased
band gap value of 0.26 eV. However, as the PEO content increases to 38
% in panel (c), there is a marked reduction in the band gap to 0.08 eV. A
further increment in the PEO content up to 52 % (cf. Fig. S2 for the
atomic structure) corresponding to panel (d) results in a minimal band
gap of 0.04 eV. Intriguingly, panel (e) exhibits an uptick in the band gap
value to 0.25 eV, corresponding to a PEO content of 59 %. This sys-
tematic presentation highlights the particular relationship between the
PEO content in blend with PEDOT:PSS and its impact on the electronic
properties, as is evidenced by the varying band gaps. The 59 % PEO
content is the largest PEO content possible in the present DFT calcula-
tions, because this atomic conformation consists of 502 atoms. The data
presented in Fig. 5 underscores the capability to alter the electronic
characteristics of PEDOT:PSS through strategic incorporation of PEO,
potentially tailoring the material for specific optoelectronic applica-
tions. The modulation of the band gap in PEDOT:PSS as a function of
PEO content can be attributed to the intricate interplay of molecular
interactions and electronic structure modifications within the composite
material. As PEO is introduced and its content is increased, it can affect
the spatial arrangement of PEDOT and PSS chains, leading to alterations
in their conjugation lengths and electronic interactions. The introduc-
tion of PEO, especially at low contents, might lead to an enhanced
separation between PEDOT chains, resulting in a slight increase in the
band gap as observed in the transition from 0 % to 17 % PEO content.
However, as the PEO content continues to increase, an increased poly-
mer matrix disorder and potential disruption of n-conjugation in the
PEDOT chains can lead to a more pronounced reduction in the band gap,
as evidenced by the values at 38 % and 52 % PEO content. Interestingly,
the resurgence in the band gap at 59 % PEO suggests a potential reor-
ganization or stabilization of the PEDOT chains, possibly due to an
optimal interaction or encapsulation by PEO. Additionally, PEO has
been incorporated into the crystalline matrix of PEDOT:PSS to ascertain
its impact on the material’s electronic characteristics and to facilitate a
comparison with its polymeric form. Fig. S3 shows the corresponding
structures of PEDOT:PSS with 19 % PEO (Fig. S3a) and PEDOT:PSS with
38 % PEO (Fig. S3b). As could be expected, the addition of PEO enhances
electronic conductivity of the crystalline structure of PEDOT:PSS.
Comparing these results with the corresponding polymer based PDEOT:
PSS-PEO (Fig. 5 b, ¢), we can conclude that the increase of PEO content
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Fig. 5. Atomic structures and DFT-calculated band structures of polymeric
PEDOT:PSS blends with varying PEO content. Grey spheres depict carbon
atoms, red spheres are the oxygen atoms, yellow spheres are sulfur atoms, and
white spheres denote hydrogen atoms. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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enhances electronic conductivity.

The evaluation of mechanical properties using the DFT calculations
revealed that Young’s modulus of PEDOT:PSS without the PEO (Fig. 5a)
is 478.15 MPa, followed by 597.38 MPa for 17 % PEO addition, 763.39
MPa for 38 % PEO, 765.93 MPa for 52 % and 769.37 MPa for 59 % PEO
content. The Young’s modulus for PEDOT:PSS without the PEO is in
good agreement with the literature-reported value of 500 MPa [30]. Tan
et al. [30] have performed tensile strain test experiments, where samples
were standard rectangular test pieces, and the tests were conducted in a
controlled environment at 25 °C with a relative humidity of 40-45 %.
These tests involved stretching the samples at a tensile speed of 50 mm/
min to various strain percentages, and the data were collected from
multiple tests of the same sample to ensure statistical relevance. The
variation in Young’s modulus with differing PEO concentrations is
indicative of the material’s altered intermolecular interactions and
structural compactness. The increment in modulus with higher PEO
content suggests enhanced rigidity and potentially augmented inter-
chain forces within the polymer blend. The relatively marginal increase
in Young’s modulus following a 38 % PEO concentration may be
attributed to a saturation point in the PEDOT:PSS-PEO blend’s capacity
to accommodate additional PEO without significant alteration in me-
chanical reinforcement. This phenomenon can be explained by the
concept of diminishing returns in the composite matrix where, beyond a
certain threshold of filler content — in this case, PEO — the matrix’s
ability to effectively translate the addition of filler into mechanical
strength enhancement is reduced.

From an application standpoint, the variable band gap offers both
opportunities and challenges. A reduced band gap, as revealed at the
higher PEO contents, positions the material for enhanced absorption in
the near-infrared range, potentially benefiting applications like infrared
photodetectors, rechargeable batteries or specialized solar cells.
Conversely, the wider band gap at the lower PEO contents is more
aligned with the visible spectrum, suggesting suitability for organic
light-emitting diodes or specific organic photovoltaic cells. Neverthe-
less, while tailoring the band gap via PEO content manipulation pro-
vides versatility, it also brings forth potential drawbacks. The
introduction of PEO can influence the mechanical and thermal proper-
ties of the composite, which might compromise its structural integrity or
longevity in certain environments. Moreover, variations in PEO content
could cause challenges related to reproducibility and consistency of
electronic properties, potentially impacting device-to-device perfor-
mance uniformity. In brief, while the strategic integration of PEO into
PEDOT:PSS composites offers a promising avenue to engineer their
electronic properties, it is imperative to holistically evaluate a specific
material’s characteristics to ensure its aptness for targeted optoelec-
tronic applications.

Fig. 6 presents atomic structures and the DFT-calculated band
structures of polymer PEDOT:PSS with varying PEO content at a PEDOT:
PSS ratio of 0.32 corresponding to the PEDOT:PSS ratio of crystalline
structure depicted in Fig. 3b. The same as with the previous results
depicted in Fig. 5, Fig. 6 is organized into five vertically oriented panels,
sequentially labeled from (a) to (e). Each panel is split: the left segment
delineates the atomic structure of polymer PEDOT:PSS, reflecting
varying PEO content levels, while the right segment offers the corre-
sponding DFT-calculated band structure, emphasizing the resultant
band gap variations due to PEO integration. Panel (a) presents PEDOT:
PSS without PEO incorporation, revealing a band gap of 0.08 eV.
Transitioning to panel (b), the integration of 17 % PEO yields a band gap
value of 0.15 eV. Notably, in panel (c), corresponding to 38 % PEO, the
band structure indicates a conductor-like behavior, marked by the
absence of a discernible band gap. A subsequent increase in the PEO
content to 52 %, corresponding to panel (d), results in a band gap of
0.28 eV. Strikingly, panel (e) reveals a dramatic band gap surge to 1.09
eV, commensurate with the PEO content of 59 %.

This dataset dramatically contrasts the observations from Fig. 5,
where the PEDOT:PSS ratio was 2.5, as experimentally reported. The
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Fig. 6. Atomic structures and DFT-calculated band structures of polymer
PEDOT:PSS in blends with different PEO content at a PEDOT:PSS ratio of 0.32.
Grey spheres depict carbon atoms, green spheres — fluorine atoms, red spheres —
the oxygen atoms, and white spheres denote hydrogen atoms. (For interpreta-
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pronounced difference in the PEDOT:PSS ratio, changing from 2.5 for
Fig. 5 to 0.32 for Fig. 6, profoundly impacts the composite’s electronic
properties. The lower PEDOT:PSS ratio corresponding to Fig. 6 would
require a greater PEDOT content, which, in conjunction with PEO, yields
a more intricate modulation of the PEDOT electronic environment. This
manifests in the wider band gap values observed in Fig. 6, especially the
emergence of a conductor-like state at 38 % PEO and the substantial
band gap at 59 % PEO.

From a broader perspective, the differences between the two figures
(Fig. 5 vs Fig. 6) underscore a multifaceted interdependence between
polymer ratios, additive content, and the resulting electronic properties.
While both PEDOT:PSS ratios offer avenues to modulate band gaps by
means of PEO content, the PEDOT:PSS ratio of 0.32 presents a more
pronounced and dynamic range of electronic behavior. This insight is
paramount for researchers and engineers aiming to tailor PEDOT:PSS
blends for niche applications, balancing the intrinsic properties of such
polymer blends with the additive’s impact.

The evolution of a conductor-like state in the PEDOT:PSS polymer
blend with 38 % PEO content is representative of a profound alteration
in its electronic structure. The absence of a band gap suggests that the
valence and conduction bands overlap, permitting electrons to move
freely without requiring any additional energy to jump between these
bands. This behavior is starkly different from semiconductors, where
finite energy (the band gap) inevitably hinders electronic transitions.
One possible explanation for the emergence of this conductor-like state
might be in an increased disruption in the n-conjugation of the PEDOT
chains due to the combined influence of PSS and PEO. This could lead to
a scenario where localized states merge and form continuous bands,
resulting in the observed conductor-like behavior. From an application
standpoint, the emergence of a conductor-like state broadens the utility
of such a polymer blend. This material could potentially serve as
conductive pathways in electronic circuits or as electrodes in electronic
devices, given its ability to readily transport electrons. Accordingly, this
could be especially advantageous in applications where both high
electrical conductivity and the inherent benefits of polymers, like flex-
ibility and lightweight, are sought. For instance, such a structure could
be used as an interfacial layer in Li metal batteries to prevent Li den-
drites formation, while still allowing Li ions to pass for electrodeposi-
tion. While the conductor-like behavior augments the electrical
conductivity, it could be detrimental in applications where a distinct
band gap is essential, such as for photon absorption and charge sepa-
ration. A conductor-like state would be unsuitable there, as it would
inhibit the device’s primary function of light absorption and conversion
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Fig. 7. Comparison of the experimentally measured electrical conductivity (left
y axis) and the inverse band gap obtained from the DFT calculations (right y
axis) for PEDOT:PSS with different PEO content.

136

Journal of Colloid And Interface Science 674 (2024) 128-138

to electricity.

Fig. 7 illustrates a comparative analysis of the experimentally
measured electrical conductivity and the DFT-calculated band gaps for
polymer PEDOT:PSS blends with different PEO contents. This figure
contains two pivotal parameters: the experimentally measured electrical
conductivity (cf. Fig. 1) and the computed inverse band gap values
derived from the present DFT calculations are presented in Fig. 5. The
vertical axis on the left expresses the conductivity values, while on the
right — the inverse of the band gap. The horizontal axis expresses PEO
content in the PEDOT:PSS blend. A salient observation from this
comparative visualization is a potential correlation between the exper-
imentally determined electrical conductivity and the computed inverse
band gap. While the direct derivation of the electrical conductivity from
DFT calculations poses significant challenges due to the intrinsic limi-
tations of DFT in capturing electron—electron scattering and other many-
body effects, the inverse band gap serves as a plausible proxy. A
diminishing band gap, or equivalently an increasing inverse band gap,
typically corresponds to a heightened electronic states’ availability for
conduction, possibly corroborating the observed rise in the experimental
measured electrical conductivity.

The congruence between our experimentally measured conductivity
(cf. Fig. 1) trend and the DFT-derived inverse band gap illustrated in
Fig. 7 ascertains the merit of such indirect comparisons. The observed
correlation not only underscores the relevance of band gap modifica-
tions in affecting the electronic transport properties but also provides a
computational avenue to elucidate types of material behavior that might
be experimentally inaccessible or challenging to measure. In brief, Fig. 7
offers a compelling narrative of the interplay between experimentally
measured electrical conductivity and computed electronic properties of
PEDOT:PSS blends with different PEO content. Such insights bridge the
gap between theoretical predictions and empirical observations, paving
the way for more focused material design and optimization of organic
electronics.

Discussion on the mechanism of electronic conductivity in polymer
blends. PEDOT:PSS is a composite material comprising a conductive
polymer (PEDOT) and a polyelectrolyte matrix (PSS). The electronic
conductivity exhibited by this blend attracted significant attention,
primarily due to its relevance in organic electronics. Several theories
and underlying mechanisms have been proposed to explain this con-
ductivity. [15,17,20,31,32].

In the context of the bipolaron transport theory, the conductive state
of PEDOT chains is characterized by the presence of bipolarons, result-
ing from oxidation processes. These entities serve as the primary charge
carriers, and the resultant electrical conductivity is attributed to the
movement of these bipolarons along the polymer backbone.

The percolation theory implies that within the PEDOT:PSS matrix,
regions enriched with PEDOT create a percolating network, enabling
efficient charge carrier transport. On the contrary, the PSS component,
while behaving primarily as an insulator, enhances the blend’s pro-
cessability and film-forming characteristics.

Microscopically, the phase separation paradigm suggests that
PEDOT:PSS films manifest distinct domains of PEDOT and PSS. This
inherent phase separation facilitates the formation of conductive path-
ways, predominantly in the PEDOT-dominant regions, interspersed
within the insulating PSS matrix. The extent of this phase separation
profoundly impacts the material’s electrical conductivity.

From the perspective of doping mechanisms, enhancing the con-
ductivity of PEDOT:PSS can be achieved through the judicious removal
of certain fractions of PSS, a phenomenon termed dedoping. Further-
more, introducing external dopants can increase the charge carrier
density within the PEDOT chains, thereby amplifying conductivity.

The theory of morphological ordering underscores the significance of
the spatial arrangement and orientation of PEDOT chains. Treatments
that foster chain alignment or crystallinity are likely to bolster charge
transport. Various post-treatment modalities, including solvent anneal-
ing or thermal protocols, have the potential to alter the morphological
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landscape of PEDOT:PSS films, affecting their conductive properties.

The hydration-effect theory elucidates the role of water molecules in
modulating the PEDOT:PSS conductivity. While water can promote
reconfiguration of PSS chains, optimizing charge transport pathways, an
overabundance of hydration or ambient humidity may instigate material
degradation or conductivity attenuation. Alternatively, Wang et al. [4]
have shown that the high-humidity post-treatment increases PEDOT:PSS
conductivity.

Lastly, the notion of secondary doping involves the integration of
supplementary dopants or additives to augment the conductivity of
PEDOT:PSS, either by introducing additional charge carriers or through
morphological modifications.

It should be emphasized that the above-mentioned phenomena are
not isolated but can operate synergistically. The manifestation of spe-
cific electronic properties in PEDOT:PSS and its blends are contingent
upon its synthesis, formulation, and external conditions.

The electronic structure of PEDOT is dominated by polarons and
bipolarons, which arise due to the doping process. Polarons are a singly
charged species, whereas bipolarons are doubly-charged. The under-
standing of polaron and bipolaron formation provides an insight into the
electronic and optical properties of PEDOT. The presence of these
charged species explains the high electrical conductivity of doped
PEDOT. Polarons and bipolarons are highly mobile charge carriers,
which makes PEDOT suitable for various electronic applications. The
possible limitations stem from the fact that polaron and bipolaron
concentrations can be affected by the doping level, temperature, and
other external factors, making it crucial to maintain controlled condi-
tions for consistent electronic properties. Zozoulenko et al. [17] re-
ported DFT calculations of band structure of PEDOT. They discuss the
formation of the polaronic band, which lies between the valence and
conduction bands. When PEDOT is doped, new electronic states emerge,
leading to the appearance of the polaronic and bipolaronic bands. It was
revealed that the position and width of a polaronic band can be tuned by
varying the doping level, offering flexibility in designing PEDOT-based
devices. However, the exact position of the polaronic and bipolaronic
bands can vary depending on the computational method used, poten-
tially leading to discrepancies between the experimental and theoretical
results. Zozoulenko et al. also discuss the role of counterions, and,
especially, the role of counterions in stabilizing polarons and bipolarons.
The choice of a counterion can influence the spatial distribution and
mobility of these charged species. Selecting appropriate counterions is
beneficial because one can tailor the electronic properties of PEDOT for
specific applications. Counterions can also play a role in enhancing the
structural stability of PEDOT films. A limitation could stem from the
interaction between counterions and polarons/bipolarons, which can be
complex and may vary with the nature of the counterion, requiring
detailed studies for each system. Zozoulenko et al. also provide insights
into the optical properties of PEDOT by analyzing its absorption spectra.
The presence of polarons and bipolarons leads to characteristic ab-
sorption peaks. Optical absorption spectra serve as a non-destructive
tool to probe the concentration and distribution of polarons and bipo-
larons in PEDOT. The spectra provide information about electronic
transitions, aiding in the design of optoelectronic devices. However, the
interpretation of the spectra can be complex due to overlapping peaks
and the influence of various factors, such as film thickness and doping
level.

Upon evaluating our present combined DFT and experimental results
to elucidate the electronic behavior of PEDOT:PSS-PEO composites, the
data inclines towards the manifestation of polaronic rather than bipo-
laronic conductivity. It should be emphasized that these observations
are based on indirect evidence and preliminary data. This assertion is
substantiated by the charge density differential analysis depicted in
Fig. S4, wherein the isosurface of 0.65 eV/A~3 corresponds to the co-
valent radius of an oxygen atom, showing no supplementary density that
would suggest bipolaronic activity. This observation intimates a
polaron-driven conducting mechanism within the blend. Furthermore,
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when considering the intricate geometrical configurations of these
composites, it is plausible to postulate that the percolation theory may
contribute to the elucidation of the conductive pathways. The interplay
of the polaronic mechanism, characterized by the localized distortion of
the polymer chain accommodating a charge carrier, and the percolation
theory, which describes the critical concentration threshold for estab-
lishing a conducting network, collectively facilitates a comprehensive
understanding of the electrical conductivity phenomena within PEDOT:
PSS-PEO blends. Such a dualistic approach enables a more nuanced
interpretation of the electronic transport properties in these sophisti-
cated materials.

4. Summary and conclusions

The present study explores PEDOT:PSS-PEO polymer blends with
different PEDOT, PSS, and PEO content, leading to the discovery of
unexpected electronic properties in these polymer blends. Remarkably,
the introduction of PEO induces a profound impact on the band gap,
particularly near the 52 wt% PEO content. Additionally, the PEDOT to
PSS ratio plays a crucial role in determining the band gap. The DFT-
calculated electronic properties of PEDOT:PSS with the same ratio as
for the crystalline PEDOT:PSS structure revealed the emergence of a
conductor-like state at a 38 wt% PEO concentration. These findings
reveal the sensitivity of the polymer’s electronic behavior to both the
ratio of PEDOT:PSS and the content of PEO additive, demonstrating the
potential for precise electronic property tailoring in applications ranging
from conductive pathways to electrode materials in energy storage de-
vices. In addition, our research revealed that the electronic conductivity
in PEDOT:PSS-PEO composites is predominantly polaronic, as evi-
denced by the charge density differentials and the absent bipolaronic
signatures, with the conductivity phenomena further explicated by the
synergy between localized polaronic distortions and the macroscopic
principles of percolation theory. That offers a dualistic framework for
understanding complex electronic transport behavior in these advanced
polymeric systems. Overall, the present theoretical findings are in
excellent agreement with the independent measurements of the elec-
trical conductivity, which was measured in the present work using films
of PEDOT:PSS-PEO.

In addition, the DFT-based mechanical property evaluation of
PEDOT:PSS-PEO blends has corroborated experimental findings,
describing an increase in Young’s modulus (a stiffening) with an incre-
mental increase in PEO content, with a noted plateau beyond 38 % PEO
indicative of a saturation point in mechanical reinforcement. This study
underscores the critical interplay between filler content and composite
matrix behavior, emphasizing the necessity for optimization of PEO
concentration to achieve desired material properties for targeted
applications.

This combined modeling and experimental approach provides a
physical interpretation of the underlying factors responsible for the
observed variations in the electrical conductivity in PEDOT:PSS-PEO
systems. These insights pave the way for the development of highly
conducting polymer blends suitable for extrusion-based manufacturing
techniques such as DIW, thus contributing to the advancement of e-
textile technologies and other electronic applications.
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