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ABSTRACT

We report on the effects of ionic interaction on the electronic structure of PEDOT:PSS where the oxidation
state of PEDOT is an import aspect for various applications. Additional ionic interactions are introduced
and controlled by varying the fraction of poly(ethylene oxide) (PEO). These interactions are balanced
against the inherent cohesive forces within each of the polymers constituting intertwined networks.
Raman spectra evidenced a peak-shift as high as ~14cm~! for C=C vibrational region which suggested
increasing degree of oxidation of PEDOT for higher PEO fractions. Changes to the single and bipolaronic
absorption bands support the results from the Raman spectra. For highest PEO fraction neutral-PEDOT and
lowered bipolaron density is attributed to localization of PEDOT chains within PEO matrix. Interestingly,
for higher PEO fractions the electronic density of states (DOS) of HOMO and core-levels (S2p, C1s and O1s)
suggested increased degree of oxidation and electron localization on PEDOT. Near and below (~12eV)
Fermi level, contribution to the O2p and C2p atomic orbitals depicted significantly different DOS. Also we
note energetic shift for 02s/C2s and bonding o¢c atomic and molecular DOS, respectively. The correlation
between some surface and bulk-related properties suggests the uniformity of the blend material which

might be vital for the application in electrochemical devices.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate)
(PEDOT™*:PSS™) is one of the various conducting polymers which
occupies a very special role due to its easy processibility and
relatively lower cost. Doping and conduction mechanism of
PEDOT:PSS were studied [3-6] due to its technological importance
[1,2]. PEDOT:PSS forms phase segregated morphology, where
PEDOT* is a hole conductor and surrounded by PSS chains.
Majorly the strength of the electronic coupling between adjacent
PEDOT chains determines the macroscopic electrical conductivity
[3,4]. Within the PSS matrix the ionic conduction may occur
through protons (or Na [5]) which hop from one acid group to
the other [1]. This makes the PEDOT:PSS a complex material from
chemical, morphological and electronic point of view. The elec-
tronic structure/properties of the PEDOT are essentially governed
by oxidation state and organization of PEDOT chains which are
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controllable to an extent [3,4,6]. For instance, in PEDOT:tosylate
(Tos) film when exposed to tetrakis (dimethylamino) ethylene
(TDAE) vapor, two electrons are injected into the PEDOT chain [6].
Otherwise, PEDOT:PSS film/solution can be subjected to solvent
processing (ethylene glycol, ethanol, methanol, isopropanol etc),
see Ref. [4]. and Refs.1-5 therein. In both approaches [4,6], the
electronic structure as well as - 1 stacking of PEDOT are altered
[3], where the solvent or the reducing agent is removed from
the PEDOT:PSS film. In contrast, here we introduce a condensed
phase ionic conductor as a dopant which enables a control on
the extent of oxidation/doping and localization of PEDOT chains.
Previously reported blends of PEDOT:PSS with poly(vinyl pyrroli-
done) (PVP) have shown higher conductivities after cross-linking
[2]. Although there was a clear indication of ionic interactions
between PEDOT:PSS and PEO, poly(vinyl alcohol) or PVP none
of these blends was investigated for electronic properties [2].
Undeniably, there is a clear need for fundamental understanding of
the influence of ionic interactions on the electronic structure of the
conducting polymer blends with PEO-like solid-electrolytes. It is
worth mentioning that DFT studies evidenced distinction between
the unoccupied density of states (DOS) for PEDOT?, PEDOT*%> and
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PEDOT*! [7]. Hence the degree of oxidation is an important aspect
in connection to the electronic structure.

Here we employ surface and bulk sensitive techniques to
experimentally investigate the modifications to the degree of
oxidation, highly occupied molecular orbital (HOMO) and core-
level electronic structure of PEDOT:PSS with varying PEO fraction.
Polymer blends with ionic conductor (PEO) and conducting
polymer (PEDOT:PSS) may have vast application potential in solid-
electrochemical devices where the intertwined polymer networks
exhibit significantly high electrolyte-electrode interface. This study
elevates the understanding of a complex PEDOT:PSS -like organic
conductors and drives the applications in electrochemical devices.

2. Experimental

Poly(ethylene oxide) (PEO, My =~1,000,000) and PEDOT:PSS
(1:1.6) dispersion (1.3 wt%) in H,O were purchased from Sigma-
Aldrich and used as received. Aliquot amount of PEO was added to
the PEDOT:PSS aqueous dispersion without any additional H,O and
stirred for ~48 h at room temperature. No precipitation or phase
separation is observed in these solutions when left undisturbed for
months. We have investigated 10, 20, 30 and 40 wt% of PEDOT:PSS
(PP) in PEO apart from their pure counterparts. These four sam-
ples were annotated respectively in short as PP10, PP20, PP30, and
PP40 for convenience. Spin casted (~1200 rpm) films were dried at
35°C in vacuum oven for a minimum of 48 h to remove any resid-
ual solvent. XRD patterns were recorded using PANalytical X'Pert
Pro MPD X-ray diffractometer (CuKa, A =1.5418 A). Raman spec-
tra were recorded with WITec instruments (Alpha 300S, 532 nm
laser) within 500-1600 cm~!. Optical absorption spectra from 350
to 3000nm were recorded from Varian Cary 5000 UV-vis-NIR
spectrophotometer. Scanning electron microscopy (SEM) was per-
formed with FEI-Quanta 200 FEG. Contact angles were measured
with (OCA30, Dataphysics Instruments) for three different liquids
(H;0, CH,I5, and ethylene glycol) of 0.1 mL each (droplet method).
The surface chemical nature was determined by X-ray photoelec-
tron spectroscopy (XPS, Thermoscientific, AlKo = 1486.6 eV) while
the peak fits with Shirley background were performed via Avantage
software. Fermi level (Eg) is set to zero on the binding energy (BE)
axis. Peak fits for XRD patterns and Raman spectra were performed
with Origin 8.5 where the number of peaks is fixed and all other
parameters are allowed to vary until convergence.

3. Results and discussion
3.1. Structural and electronic properties of the bulk

Analyses of the XRD patterns unfold changes to the macro-
molecular ordering due to blending. The XRD pattern from pristine
PEDOT:PSS film is shown in Fig. 1a. The shoulder at 7.110° corre-
sponds to (200) while (100) is not explicitly observed. However
a clear peak is identified at 4.789°. Furthermore, two peaks are
noted at 16.644° and 24.366° where the latter corresponds to
- stacking distance of the aromatic rings of PEDOT (010) [8].
In terms of length units, the stacking distance is about 3.6 A which
is slightly higher than an earlier reported value of 3.5A[3]. This
can be attributed to the difference in ratios of PEDOT to PSS where
the polymer chains run parallel to each other (Fig. S1) [9]. The
random coils of PSS define the PEDOT polymer grains and the inter-
face between the grains is filled by excess PSS. Also the excess PSS
accumulates at the surface (as we will see from the XPS results)
there by developing a thin negatively charged layer, in the back-
ground of obvious electrostatic repulsion. Hence the granularity
and disorder govern the conduction where doped PEDOT has shown
increased molecular order when compared to the un-doped case
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Fig.1. X-ray diffraction patterns from the PEDOT:PSS/PEO blends and pristine coun-
terparts. (a) PEDOT:PSS (3-30°), (b) PEO (12.5-16°), (c) PP10 (12.5-16°) and (d) all
blend samples (17-25°). Peak list for parts (b) and (c) are A-13.529°, B-14.699°, C-
15.086°, D-13.258°, E-13.693°, F-14.791° and G-15.250°. The angular positions of
selected peaks on part (d) are annotated in the units of degrees. Env-fit envelop.

[10]. Furthermore, the difference in the stacking distance is con-
vincing in the view of their conductivities (1S/cm Vs 2 S/cm from
Ref. [3]). Moving onto the blends, (010) stacking of PEDOT is not
observed due to the predominant diffraction/scattering signal from
PEO. Nevertheless, the diffraction pattern from the blend is quite
interesting, which establishes any changes to the crystallinity due
to ionic interactions. Within 12.5-16°, the peaks corresponding to
PEO have shown a notable reduction in the FWHM values (Fig. 1b
and c) which indicate the decreased crystallite size of PEO in PP10
sample. Interestingly, (200) reflection from PEO has been split into
two peaks at 13.258° and 13.693°. The shift of 20 suggests that the
PEO crystallites were subjected to compressive stress (Bragg’s law).
However, as the PEDOT:PSS concentration is increased further the
signatures of PEO peaks within 12.5-16° are extinguished (Fig. S2)
due to the loss of long range order of PEO chains and increased
scattering from PEDOT:PSS. Depleted long range ordering of PEO
can be due to the interaction with PEDOT:PSS. As shown in Fig. 1d,
(120) reflection from PEO has shifted to higher 26° until PP20 which
again shifted to lower 20°for PP30 and PP40. The shift to higher
diffraction angle (lowered interplanar spacing) is due to the inter-
action between PEO and PEDOT:PSS. The highest shift is noticed
for PP20 sample as a result of the strongest interaction between
PEDOT:PSS and PEO. For PP10 we can expect some excess PEO and
hence the cohesive interaction within PEO chains is predominant
as seen in a smaller shift. For PP30 and PP40 the condition is recip-
rocated where PEDOT:PSS determines the results of interplanar
spacings of PEO. Essentially, the effective/apparent interaction is
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Fig. 2. Raman spectral response (1300-1600cm~") from PEDOT:PSS/PEO blends
and pristine counterparts. The spectral location and the shift with respect to
PEDOT:PSS are annotated in the units of cm~!. Env-fit envelop.

determined by the weighted strength of each interactions within
the blend (PEDOT Vs PSS, PEDOT:PSS Vs PEO and PEO Vs PEO). Fur-
thermore, within 23.3 and 23.6° PEO depicts two peaks which have
been split into multiple components in the blends. This is also the
case with (200) reflection from PEO (Fig. 1b and c). Although it
is not trivial to assign each of the components, however, we note
some shift to higher 26 in general. The appearance of multiple peaks
is attributed to the formation of intermediate crystalline/different
ordered domains under compressive stress. Interestingly, a broad
feature centered at ~23° shifts to higher 26 and gets relatively more
intense with increasing PEDOT:PSS. For PP40 the lesser intense
diffraction pattern indicates a higher degree of disorder caused by
increased interaction between crystalline domains of two differ-
ent microscopic origins. On the other hand, increased FWHM of the
peaks indicate smaller crystallite size.

Raman spectral responses within 1300-1600cm~! and
500-1300cm~"! are shown in Figs. 2 and S3, respectively. Please
refer to Fig. S1 for assignments of chemically distinct carbon
atoms in PEDOT. PEDOT:PSS depicted a well-structured vibra-
tional response which is consistent with earlier observation. [11].
1300-1600cm™! region represents C=C stretch vibrations which
are particularly sensitive to the presence as well as degree of
localized/delocalized holes. We have deconvoluted this complex
response into various components, viz Cg—Cg stretch deformation
(1365cm™1), Cq =Cg symmetric stretch (1397-aromatic and
1433 cm~!-neutral) and asymmetric Cq = Cg bend (1496 and
1531 cm~1). PEO did not depict any spectral features in this region
(flat response in Fig. 2). However, with respect to PEDOT:PSS the
vibrational bands from blends blue-shifted (~7-14cm™!, see Fig. 2
for specifics) which may be attributed to the increased degree
of oxidation. When PEDOT is doped (addition or subtraction of
charge) geometric relaxation can also be expected where the
net charge is redistributed. The geometric relaxation was clearly
evident from XRD analyses where PEO crystallites were under com-
pressive stress. Consequently, the degree of backbone deformation
produces vibrational bands at higher wavenumber. On the other
hand, the net charge may induce polaronic states (singly occupied
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Fig. 3. (a) Optical absorption spectra (350-3000 nm) from PEDOT:PSS/PEO blends
and pristine counterparts where n-neutral, s;, s,-single, by, b,-bipolaron transi-
tions, and (b) neutral, polaron and bipolaron structure of PEDOT. Dash-dot curves
represent AA/A=(App — Appxx)/App, Where the suffix correspond to the respective
sample. Insert of part (a) shows a schematic of n, sy, s, by and b, transitions in
doped-PEDOT.

molecular states) self-localized within the band gap of the neutral
polymer. This is associated with transition between quinoid-
and benzoid-dominated structures (Fig. S4) [7,11]. In the case of
pristine PEDOT:PSS a fraction of charge per monomer is shifted
from PEDOT to PSS however, single and/or bipolaron is expected
at relatively higher oxidation levels. Interestingly, blue-shifts are
evidenced in C=C vibrational region during oxidative doping of
PEDOT with electrochemical method (without the presence of PSS
or any other dopant) [12]. While de Kok et al. [11] employed the
same process, however on PEDOT:PSS. In clear contrast to both
the cases, we increased the doping level with a solid-electrolyte.
It is known that PSS stabilizes the PEDOT via ionic interactions.
When PEO is introduced the additional ionic interactions will
be balanced with that of PEDOT and PSS. The ionic bonds due to
electrostatic interactions are primarily responsible for the physical
cross-linking and subsequent doping [2]. Furthermore the area
ratio between the bands corresponding to aromatic (1397 cm~1)
and qunoid structures (1433 cm~1) is indicative of the doping level
in the polymer chains. Clearly, the quinoid character increases
with increasing PEO fraction. The vibrational modes (v, through
vg) shown in Fig. S3 originate from oxyethylene ring deformation,
symmetric C—S—C deformation, oxyethylene ring deformation,
C—0—C deformation, Co—C, (inter-ring) stretch + Cg3—H bend, and
Co—Cq (inter-ring) stretch, respectively. Please refer to the figure
legend for the frequency values, which notably match with the
literature [12]. No detectable shifts in the resonances are observed
with varying PEO content.

Optical absorption spectra (350-3000 nm) are shown in Fig. 3a.
Various plausible optical transitions (w-7*, n, s1, S, by and by) are
annotated on the spectra, where n-neutral, s1, S-single polarons
and b1, bo-bipolarons [13,14]. The relative changes to the optical
absorption (A) were obtained from AA/A (dotted lines in Fig. 3a)
defined by (App — Appxx)/App, Where the suffix corresponds to the
short-name of the sample. Insert of Fig. 3a schematizes each of
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the optical transitions. Chemical structures of neutral, polaron and
bipolaron in PEDOT are shown in Fig. 3b [15]. For PEDOT:PSS we
note sy, S, by, and b, which is consistent with the observation from
Raman spectrum. As expected, n is not the strongest absorption
band as the PEDOT is in its doped form, while flat m-7* transi-
tion suggests delocalized m-electrons. However, XPS evidenced a
small fraction of neutral PEDOT which will be discussed later. The
increased localization of m-electrons caused the slight increase of
m-* absorption while reducing the density of sy, s, by, and b,
bands. In the case of PEDOT:Tos, polaronic and bipolaronic optical
transition (IRregion) are eliminated after reduction with some new
visible transitions [6]. Here new absorption bands are not observed
[16] in the presence of PEO apart from variations in AA/A. 7-m*
absorption from PP10 is relatively higher than the other samples.
The electron localization is increased in PP10 sample creating neu-
tral PEDOT. Furthermore, the decreased absorption of s1, 5, by and
b, is attributed to the lower density of polarons. As mentioned ear-
lier, with increasing doping level (0, +0.5 to +1) the localization
of LUMO shifts from PEDOT? to PEDOT*%> and then to PEDOT*!
[7]. For PP10, s; and b, are more affected than s; and b; bands
where the former pair is energetically close to the HOMO (insert
of Fig. 3a) [17]. Polarons can be are transformed into neutral seg-
ments [6], however in the present context Raman spectroscopy
evidenced increased doping. Hence the lowered absorption of s,
and b, is attributed to decreased transition probability or the loss
of density of unoccupied bands. Absorption bands b; and s; from
PP40 are stronger than other samples due to higher density of bi
and single polarons. However, the stronger absorption (relative to
other absorption bands within the spectrum) resulted in merging
of b1 and s; which appeared to be relatively less-featured band. On
the other hand PP40 has more or less sustained the intensity of the
band b,. Absorption bands close to the HOMO of the polymer are s,
and b, which are not significantly affected for PP20 and PP30. These
variations can be explained within the lines of earlier discussion on
PP10. More interestingly, the b; and s; (energetically close to the
LUMO) have broadened after PEO addition.

3.2. Morphological and electronic properties of the surface

Prior to the discussion on the surface electronic characteris-
tics surface morphologies are briefly addressed. SEM images from
PEDOT:PSS and blend samples are shown in Fig. S5. Morphology
appears to evolve as the PEO fraction changes from 90 to 10 wt%.
PEDOT:PSS depicted grainy morphology without any cluster for-
mation. In contrast, the morphology of PP10 is rather rough with
relatively bigger grains. This might be due to the ionic interactions
predominantly determined by the morphology of PEO. PP20 has
shown relatively smoother morphology in clear contrast to PP10.
Interestingly PP30 and PP40 have depicted a clear transition from
rougher to smoother morphology. These changes were closely asso-
ciated with an earlier observation on the blends of PEDOT:PSS and
PVP [2]. Notably, grainy surface was evolved in PEDOT:PSS and
Pt nanoparticles blends where the latter forms a polar bond with
PEDOT [18]. Furthermore, the changes in the morphology may be
correlated to the surface free energy. Please refer to SFIG 5, 6 and
discussion therein related to some preliminary results.

XPS survey spectra (Fig. S8) unveiled the surface atomic compo-
sition of the samples. The analyses indicated the presence of O, C
and/or S as major elements (Table 1). Nitrogen (1.5 at%) is present
in the case of PEDOT:PSS and attributed to contamination from
ambience. While Na is about 0.80 at% originating from the residual
oxidizing agent (Na,S,0g) during the polymerization of PEDOT. O
and C contain fractional contributions from PEDOT, PSS, PSSH, PEO
in addition to Na,S,0g to the former. While for S and Na the contri-
butions are as follows: S (PSS, PSSH and Na;S,0g)and Na(Na,S,0g).
Also, C percentages from the blend samples fall in between that

Table 1
XPS survey analyses from the PEDOT:PSS/PEO blends and pristine counterparts are
tabulated in atomic percent.

Element Sample name
PEDOT:PSS PP10 PP20 PP30 PP40 PEO
0] 23.30 31.62 30.38 28.52 30.99 38.00
C 67.20 66.75 66.05 62.44 65.51 62.00
S 7.20 1.63 3.57 9.04 3.50 0.00
PSS PEDOT
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Fig. 4. S2p core-level spectra from PEDOT:PSS/PEO blends and pristine PEDOT:PSS.
The spectral location of the peaks and shifts with respect to PEDOT:PSS are annotated
in the units of eV. Env-fit envelop.

of pristine counterparts. The survey analysis integrates each of
the elements irrespective of their chemical environments. Hence
it should be treated as a first glance at the surface while the sur-
face accumulation (of PEDOT, PSS and/or PEO) from blends will be
identified with core-level spectroscopy.

PEDOT:PSS consists of two chemically distinct sulfur groups
(majorly) each belong to thiophene ring and sulfonate group of
PEDOT and PSS, respectively. S2p core-level spectra from blends
are shown in Fig. 4 with peak BE values annotated in eV. The peak
values of electron BE of S2p core-level from PEDOT:PSS match with
the literature [6,11,18]. By considering the whole S2p region both
PEDOT and PSS regions were influenced by the presence of the PEO.
PEDOT:PSS exhibited PSS rich surface (1:1.8 at%) when compared to
the data from Sigma Aldrich (1:1.2 at%). In the process of film prepa-
ration the excess PSS accumulates at the surface to minimize the
Coulombic repulsion. As the PEO fraction increases PEDOT to PSS
ratios are 1:1.6, 1:1.5, 1:1.6 and 1:1.5 at% for PP40 to PP10, respec-
tively. The presence of PEO decreased the electrostatic repulsion
thereby reducing the accumulation of PSS. Coulombic repulsion
can be screened by introducing a dielectric material however in
the present context it is the ionic interaction which predominantly
decreased the repulsion. As mentioned earlier, PVP forms inter-
twined network via ionic interactions [2], while S in PEDOT forms
polar bond with Pt nanoparticle. Essentially the type of interac-
tion between PEDOT:PSS and the guest (PVP or Pt) determines
degree of doping and preferential accumulation at surface which
are vital aspects in the context of device fabrication as well as
its performance. In the presence of Pt nanoparticles PEDOT rich
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surface is observed along with S3-—Pt®* polar bonds (S belongs
to PEDOT) [18]. Cluster formation between Pt nanoparticles and
PEDOT:PSS was attributed to the PEDOT rich surface. As another
example, in P3HT:PCBM blend P3HT is accumulated at the sur-
face due to lower surface energy where the components of the
blend were under weak Van der Waals interactions [19]. When
compared to these two cases [18,19], the present blends depicted
PSS accumulation despite of strong ionic interactions resulting in
an intertwined polymer network (see the discussion on Cls and
O1s spectra). S2p spectrum from PEDOT:PSS depicted some neu-
tral PEDOT (shaded peaks at 162.72 and 161.63 eV). This is limited
to the surface as the band ‘n’in optical absorption (bulk sensitive) is
not observed within the detection limits. In the neutral PEDOT low-
energy endpoint of the LUMO is localized on PEDOT (DFT studies
[7]) and hence it would, in principle show the absorption if suffi-
ciently dense. PP40 and PP30 samples did not depict the signature
from neutral PEDOT (162.72 and 161.63 eV doublet) due to dop-
ing effect from PEO on neutral segments. The disappearance of this
doublet is convincing by given the fact that the increased b; and
sq absorption for PP40 and PP30 samples. Apart from the effect
of doping one should also consider the formation of intertwined
network. Note that such networks may decrease (enhance) the
electron delocalization (localization) where the geometric struc-
ture of the polymer plays an important role. In the present context
the absence of neutral PEDOT (at the surface) and increased opti-
cal absorption of b; and s; bands (in the bulk) for PP40 and PP30
suggest more delocalized electrons along the polymer chain. Inter-
estingly, PP20 sample depicted a small fraction of neutral PEDOT
in S2p spectrum (not deconvoluted for spin-orbit doublet). Inter-
estingly PP10 also depicted this neutral component however at
relatively higher BE than that of PEDODT:PSS and PP20. This might
be due to increased localization, confinement of neutral segments
in the predominant PEO matrix, and/or the ionic state of PEDOT
[7,18]. Localized positive charge on sulfur atom of PEDOT depicts
a component at the higher BE side (filled area in red) [12]. This
is noted for all blends, however, the BE in general depicted an
increasing trend. The delocalization of electron on S atom spans
several adjacent rings, meaning a spread in the values of the bind-
ing energies. While the magnitude of the positive charge on PEDOT*
ring depends on the distance from PSS~ counter ions as well as
PEO. Notably, PP10 sample exhibited smallest width/FWHM for the
peaks corresponding to doped PEDOT. The atomic spin-orbit cou-
pling splits the 2p level which would otherwise be degenerate. This
splitting is a small perturbation however, it may play relatively
more important role on the bands close to the Eg. This splitting
was found to vary between 0.9 eV (PP10) and 1.3 eV (PEDOT:PSS).
In the presence of PEO, S2p from PSS blue-shifted while the split-
ting between S2p;, and 2ps); varied within 1.16 and 1.25eV. The
changes in spin-orbit splitting can be understood from the sensi-
tivity of sulfur to the chemical environment [20]. The PEDOT chains
can be differently doped ranging from no monomer to nearly a third
of the total. This additional charge is delocalized over several adja-
cent monomeric units which changes the DOS on the sulfur atoms
in PEDOT. These changes shift the BE of electron from S2p level.
As described earlier PEDOT is surrounded by PSS chains stabiliz-
ing the water dispersion. Since PSS and PEO are both hydrophilic
in nature they share the solvent in solution state, which of course
influences the morphology and chemical nature of the film dur-
ing and after drying (Fig. S6). The interactions viz PEO Vs PEDOT,
PEO Vs PSS and PEO Vs PEDOT:PSS affect the electronic structure of
PEDOT. Convincingly, the BE of electrons from S2p has shown rel-
atively larger shifts for PSS than that of PEDOT. Since PEDOT grains
are surrounded by PSS, PEO undergoes ionic interaction with PSS
there by also influencing the degree of oxidation of PEDOT. It might

- +0.61
RO e

5.51__

DOANANANAAANAAAND,

» PP30

Intensity (cps*10°)

290

Binding energy (eV)

Fig.5. Clscore-level spectrafrom PEDOT:PSS/PEO blends and pristine counterparts.
The energetic shifts are annotated in the units of eV with reference to PSS or PEO.
Env-fit envelop.

also be the case that PEO replaces some of the PSS chains apart from
disrupting the bonding between PEDOT and PSS.

C1s spectra from blends and pristine counterparts are shown
in Fig. 5. Pristine PEO depicted two components where the most
intense peak at higher BE is attributed to —C—0—C—, while the lower
BE peak is attributed to hydrocarbons (C—C—C). Hydrocarbons can
be short chain monomers and/or carbon contamination during the
sample preparation and subsequent transfer. C1s from PEDOT:PSS
depicted three components each originate from PSS, C-S (filled
region) and PEDOT in the order of increasing BE. Clearly the peak
BE values corresponding to PEO and PEDOT are spectrally close to
each other (C1s/PEO=286.82 eV vis-a-vis C1s/PEDOT=286.34 V).
One has to keep this in mind in the context of peak deconvolu-
tion of the spectra from blends where PEDOT, PSS and PEO are
under the competitive —ionic and —cohesive interactions. Despite,
we identify three components (refer to Fig. S9a and discussion
therein) and two of which belong to PEO, viz PEOpp, PEOpss and
PSSpgo in the view of the presence of excess PSS. The component
denoted in the subscript indicates its interaction with the corre-
sponding argument. The most intense contribution is attributed to
PEOpss depicting some red-shift with reference to pristine PEO. PSS
donated its proton to PEDOT and being in —ve charge state (-SO3~,
see Fig. S1) it repels PEO moieties with electron donating nature.
The lowered BE in fact hints such an interaction where the highest
red-shift is observed for PP40 with most PEDOT:PSS fraction. It is
also observed that the decreasing PEOpss contribution is consistent
with decreasing PEDOT:PSS fraction (PP40 to PP10). On the other
hand PSSpgo depicted significant blue-shift (0.32-0.69 eV for PP40
to PP10, respectively) with respect to pristine PEDOT:PSS. This is
attributed to the attractive interaction between -SO3H and PEO.
The corresponding blue-shifted PEO component is not identified
(Fig. S9b and discussion therein). The magnitude of the blue-shift
increases with increasing PEO fraction which is attributed to the
newly introduced ionic bonds. Since PEDOT and PSS co-exist, the
presence of the latter is an indication of the former. Please refer
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Fig. 6. O1s core-level spectra from PEDOT:PSS/PEO blends and pristine counter-
parts. Env-fit envelop.

to Fig. S9b and discussion therein which deals with the number of
components and reproducibility of experimental DOS. Also, PSSpgg
is relatively intense for PP30 sample which is consistent with the
observation from S2p spectra (Fig. 4, middle panel). This eliminates
the possibility of PSSpgg being hydrocarbon component from PEO.
We attribute the PEOpp to the localization of PEO chains. As the
PEDOT:PSS fraction decreases (PP40 to PP10) the blue-shift is also
found to decrease. XRD patterns from blends evidenced decreased
crystallite size as well as some significant compressive stress on
PEO phase. i.e. the PEO chains are localized under compressive
strain. Hence PEOpp component is blue-shifted ~0.61 eV (PP40 and
PP30) with respect to pristine PEO. The cohesive force within PEO
increases with its fractional contribution and it can be expected that
this peak energetically merges with that of pristine PEO along with
that of PEOpss. The blue-shift of PEOpp decreases with decreasing
PEDOT:PSS fraction which is a clear indication of PEDOT:PSS influ-
ence on PEO. If PEOpp is argued to be the counterpart of PEOpss then
relatively higher -shift and -fractional contribution are expected
for higher PEDOT:PSS content. This is not the case as the intensity
ratio of PEOpss to PEOpp are ~4, 5.3, 6.7 and 12.5 corresponding to
PP10-PP40 samples, respectively. In the case of blend samples it
can be concluded that PEO (PEOpp + PEOpss) is accumulated at the
surface.

O1s spectra from blends and pristine counterparts are shown in
Fig. 6. Pristine PEO depicted two O1s components. The most intense
peak at 533.04 eV corresponds to —C—0—C—, while the minor peak
is assigned to —OH end groups of PEO noting an intensity ratio of
1:0.12. PEDOT:PSS depicted two chemically distinct oxygeneous
groups corresponding to PEDOT and PSS at 532.98 eV and 531.41 eV,
respectively. Due to dioxyethylene bridge O1s component from
PEDOT occurs at higher BE than that of PSS. It should be noted
that the component from PSS is more intense than the PEDOT due
to surface accumulation. This is consistent with the observation
from S2p spectra. Also we note a high energy peak at ~535.6eV
(~2 eV of FWHM) which is attributed to oxygen from residual H,O.
It might be the case that this peak is rather broad to be from

residual H,O, however, the apparent width may have some contri-
bution from the background. In connection to the background of the
spectrum, we have employed Shirley-type functionality which pre-
sumably replicates the inelastic scattered electrons (background).
As in the case of C1s, the main O1s spectral features from PEO and
PEDOT are rather close to each (533.04eV and 532.98 eV, respec-
tively). In blend samples, O1s components from PEDOT and PEO
were not distinguishable and hence we have considered a single
peak for the discussion (PEOpp, see Fig. S10 and discussion therein).
The major and minor components from the result of ionic interac-
tion are represented with PEOpp and PSSpgg, respectively. PSSpgo
depicted nominal blue-shift mostly associated with some minor
ionic interactions, in contrast to that of C1s. The intensity of PSSpgo
is consistent with the analyses of S2p spectra from blends (eg. S2p
intensity levels from PP30 sample) which make this attribution
consistent. PEOpss depicted some initial red-shift (PP40) and then
blue-shift (PP30-PP10) as the PEO fraction increases. By given the
fact that the spectral features from PEO and PEDOT are energetically
rather close to each other, the shifts have weighted contribution
and hence should be treated as first approximation. The peak shifts
and relative intensities can be understood in the lines of discussion
given for C1s spectra. Nevertheless, it is clear that the surface is PEO
rich in the case of blend samples.

As mentioned earlier electronic and geometric affects are
inevitable when an organic material is subjected to doping such
as addition or subtraction of charge mediated by a redistribution
of the net charge. The positive charge is localized on the carbon
atoms in the conjugated PEDOT chain [7]. Doping (counter ion)
changes a double bond into a single bond across carbon atoms
and hence the C—0—C bond is in its charged state where the oxy-
gen atom is less negatively charged (incomplete oxidation state)
[18]. Also a theoretical study indicates that the benzoid structure
is transformed into quinoid when the neutral PEDOT is doped by
negatively charged PSS, see Fig. S4 [7]. Although the conductivity is
improved due to the increased interchain coupling [3,4], the inter-
action between the dipole (originated due to polar group) of the
dopant with the dipoles, or positive charge of PEDOT is unavoidable
[4]. These interactions impose significant changes either in terms of
charge delocalization, polymer chain conformation or both. This is
the case when the interacting species like PEO is contained within
the composite. The interaction between the dipoles (or charges)
causes a flip from benzoid to quinoid structure in PEDOT [4].

We start the discussion on HOMO structure of PEO where the
contributions from various atomic orbitals are annotated on Fig. 7.
HOMO edge position is estimated with a tangent extrapolation of
the leading edge of the HOMO (Fig. S7a). For PEO, a low intensity
broad feature extends toward the Eg. The molecular confirma-
tion (planar zigzag, helix, zigzag I and zigzag II) of PEO is known
to determine the DOS [21]. However, it is not trivial to find the
molecular confirmation experimentally with the predictions from
theory. Peak A is due to O2s atomic orbital, while its higher inten-
sity can be attributed to relatively higher atomic photoionization
cross-section (Ref [21]. and Ref.24 therein). Peaks B1 (o¢c bonding
orbital), B2 and B3 (o¢c and o¢p antibonding valence levels) are
due to C2s and O2s atomic orbitals. One should note that the atomic
orbitals in fact originate from molecular levels. It is interesting that
B3 is more intense than B1 and B2, similar to an earlier observa-
tion (Ref. [21] and Ref. 24 therein). 02p and C2p atomic orbitals
depict the peaks C1 and C2 which are rather featureless however,
specifically consist of ocg, and ocy characters as a result of com-
bination of C2p, O2p, and H1s atomic orbitals. D1 is attributed to
0O2p and C2p while D2 is mostly from lone pair of O2p. In con-
nection to the HOMO of PEDOT:PSS, PSS unit injects two excess
positive charges over six monomer units making the HOMO pop-
ulation on PEDOT. HOMO around 5.5 eV below Eg is the brightest
feature in the spectrum (within this energy range). This intense
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portion of the spectrum is attributed to O2p/C2p and O2p atomic
orbitals. DFT studies evidenced distinction between the density of
occupied states for PEDOT?, PEDOT*?> and PEDOT*! [7]. viz PEDOT?
(HOMO on PEDOT), PEDOT*?-> (HOMO is partially filled and majorly
localized on PSS and small contribution from PEDOT) and PEDOT"!
(occupied parts of the partially filled bands are localized on PSS).
Notably, for PEDOT*!, Lenz et al. [7] found that HOMO occupancy
slightly less than double while LUMO and LUMO +1 are also par-
tially occupied. In the context of blend samples there are some
significant changes to the structure of the HOMO. Apart from the
shifts of B1, B2, and A1 bands the effect of ionic interaction is found
to be significant on the valence states where a pronounced signa-
ture from PEO is observed from the blends. The FWHM values of A1
increase from PEO until PP20 which then decrease (Fig. 7). However
the broadening of A1 has contribution from 02s (major) and C2s
atomic orbitals of PEDOT:PSS. Furthermore, Al is red-shifted with
respect to that of PEO. Essentially, this broadening and shift suggest
a chemical interaction including some charge transfer. Further-
more, significant changes occurred to the structure of the HOMO
until 12 eV below the Er due to PEO. Starting at the edge of HOMO,
the DOS vary significantly within the samples (Fig. S7a). PEDOT:PSS
depicted higher DOS until 1eV which were then extended until
Eg. In contrast, the DOS from PEO are relatively higher until Eg.
Until 3 eV blend samples have significant DOS, however lower than
pristine PEO and PEDOT:PSS (Fig. S7b). When examined the region
closer to Eg, PP20 resembles the features as that of PEO and depicted
highest DOS among blend samples. The differences in the DOS close
to the Er (composed of O2p atomic orbitals) can be attributed to the
changes in the relative populations of single and bipolarons on the
PEDOT chain. These O2p atomic orbitals have contribution from

PEDOT:PSS, PEO, PEOpp, PEOpss and PSSpgg apart from conforma-
tional changes [21]. However, Raman and optical absorption probe
the bulk of the sample, in stark contrast to photoelectron spec-
troscopy. Hence, the results from the bulk measurements may not
directly explain the DOS observed in the XPS. Nevertheless, they
support the existence of neutral segments, single and bipolarons of
varying densities. Furthermore, the electronic character of the -
system is controlled by electron donating or withdrawing groups
which adjust the HOMO and LUMO levels. The degree of m-overlap
via steric interaction determines the band gap of a conjugated
chain. In conjunction with this, the degree of doping and localiza-
tion increase with increasing PEO fraction. Consequently we may
expect some confinement effects on the polarons as corroborated
by the increasing degree of oxidation (Raman) and compressive
stress of PEO (XRD-discussion). Na2p signature occurred at 30.29 eV
and its energetic position matches with that of literature [22]. Apart
from the DOS contribution to the deeper HOMO, Na contributes to
the conductivity of PEDOT:PSS [5].

4. Conclusions

Organic/organic interfaces are generally associated with weak
Van der Waals interactions. In clear contrast we observe ionic inter-
action between PEDOT:PSS and PEO. The blend dispersions of PEO
and PEDOT:PSS are stable for more than two months without any
precipitation. No phase separation is observed in the films. Investi-
gation on macromolecular crystallinityrevealed compressive stress
on PEO crystallites. Apart from higher degree of disorder, forma-
tion of intermediate crystalline/different ordered domains were
observed. Vibrational spectra revealed significant blue shift of C=C
bands with respect to PEDOT:PSS. This shift is associated with the
increased degree of oxidation of PEDOT as well as geometric relax-
ation of the backbone. Relative changes to the absorption of single
and bipolaron bands were attributed to the changes to the degree of
oxidation which are corroborated by Raman measurements. Specif-
ically, sample PP10 exhibited relatively higher m-m* absorption
due to localization of PEDOT chains within the PEO matrix. We
found that for relatively lower PEO fractions the transferred charge
from PEDOT:PSS to PEO is delocalized over several adjacent PEDOT-
monomers and changes the electron density. This charge transfer
interaction caused the shift in BE of core-levels including S2p and
C1s. Investigation on HOMO of blends and pristine counterparts
indicated significant changes to the O2p, C2p atomic orbitals. These
changes were attributed to the consequence of interaction between
PEDOT:PSS and PEO in addition to the conformational changes.
The results of this investigation would enhance the understanding
of ionic interactions among conducting polymers and ionic con-
ductors while providing crucial insights for surface engineering of
solid-electrochemical devices.
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