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ABSTRACT: The electronic and optical properties of conductive +q 8
polymers (CPs) are related to the formation of polarons and
bipolarons localized along the polymer backbone. Their concen-

tration is affected by the conformational and morphological : charge

features of the CPs, making it crucial to understand how they are benzoid increase ED
affected by chain conformation and z-electron delocalization. In

this work, we studied the modulation of the concentration of ﬁii 2
polarons and bipolarons in PEDOT:PSS after post-treatment with ’ ﬂ '” l M ( <o N M’ 2 )
hydrazine and H,SO,, which influence the optical and electronic ?z‘t“if w ”l l“ ‘ § e \ FNWV ” l” égt WAt

properties. Through a combination of electron spin resonance _gg}g » o

spectroscopy, UV—vis—NIR spectroscopy, Raman spectroscopy, oo = W ”"g B o6 oow m oW
and conductivity measurements, we evaluate changes in the o o o
properties of PEDOT, which are related to the chain conformation and 7-electron delocalization within the polymer backbone. We
present experimental evidence supporting the recently revised interpretation of the UV—vis—NIR spectrum of PEDOT:PSS, and
through a combination of theoretical and experimental analysis, we propose a new interpretation of the Raman spectrum of
PEDOT:PSS. Furthermore, we provide the first experimental evidence of the presence of polaron pairs in the triplet state in

PEDOT:PSS, which have a spin of S = 1, which were only predicted theoretically up to this point.

B INTRODUCTION by post-treatments will provide a better understanding of how
to modulate the properties of PEDOT, allowing for fine-tuning
of processing techniques to provide the best results for its
intended application.

The electronic and optical properties of conductive polymers
(CPs) are related to the formation of polarons and bipolarons
that represent single and double-charged quasiparticles,

respectively, localized along the polymer backbone due to Raman spectroscopy is a powerful characterization techni-
strong electron—phonon coupling.' In its pristine form (as- que that can provide information about the structural
polymerized), the electrical conductivity () of PEDOT:PSS is arrangement of molecular systems and their chemical
low (~1§ cm‘l)_2 However, its doping level can be tuned by surroundings.11 In the case of polyconjugated materials,
chemical or electrochemical redox reactions (e.g., dimethyl Raman spectroscopy can give information regarding their
sulfoxide or hydrazine (HZ) treatments), making it possible to structural order, long-range interactions, or confinement of 7-
modulate its o. For instance, when it is post-treated with electrons.'” According to the effective conjugation coordina-
mineral acids (e.g, sulfuric acid (H,SO,)), it is possible to tion (ECC) theory postulated by Zerbi et al, the most
reach values close to 5,000 S cm™".> The high ¢ allows for its significant Raman transitions in conjugated molecules are
application in supercapacitors,’ electrodes,” electrochemical associated with the collective C=C/C—C stretching vibra-

transistors,® thermoelectrics,” sensors,® and photovoltaics,9
among others. Similarly, it is also possible to improve the o
of PEDOT:PSS through secondary doping, which promotes
the n—7 stacking of adjacent chains, leading to the formation
of crystalline (lamellar) domains with extended percolation
pathways, which improves charge carrier mobilities (). On
these grounds, it is crucial to understand how chemical
treatments influence the chain conformation and z-electron
delocalization and in turn, how this affects the optical and
electronic properties of PEDOT. Elucidating the effects caused

tions, referred to as 9 modes.'>'* Different works describe
how the 51 modes are affected by the effective conjugation
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length (ECL) of the polymer chains.">~'% As the 7-conjugation
increases, the C=C bonds are weakened and the C—C bonds
are strengthened, causing a frequency downshift of the
modes. Consequently, by comparing the frequency of the
modes of the same polymer with different oxidation levels, it is
possible to assign the most conjugated one to that having the
lower frequency.'® At the same time, when the oxidation level
of PEDOT is varied, there is a concomitant evolution of its
absorption spectra. Generally, undoped PEDOT shows an
absorption peak at ~600 nm, which is attributed to electronic
transitions from the valence band (VB) to the conduction
band (CB). As the oxidation (doping) level increases, there is
an absorption peak that evolves between 700 and 1000 nm,
which has been attributed to transitions from the VB to the CB
of polaronic and bipolaronic states." This is accompanied by
the emergence of a peak at wavelengths >1500 nm, which has
been attributed to transitions from the VB to empty polaronic
and bipolaronic levels.'” Upon further oxidation, the
absorbance peak at ~800—1000 nm reaches a maximum and
then decreases, while the peak at wavelengths >1500 nm
increases and becomes the dominant feature of the spectra.'”

Electron spin resonance (ESR) spectroscopy can be used to
determine the nature of the spins of the charge carriers present
in PEDOT. Additionally, the signal obtained provides a spin
count that can be used to determine the concentration of spin
carriers. According to density functional theory (DFT)
calculations, polaron signatures correspond to doublet states
having a spin § = 1/2, while some bipolaronic states can
promote the formation of polaron pairs corresponding to a
triplet state having a spin § = 1.""” The formation of the
polaron pair is due to the increase of the 7-conjugation which
imparts a weakening of the double bonds. At the same time, as
the number of thiophene rings in the quinoidal conformation is
increased, the total potential energy gained by total
aromatization also becomes greater. Together, the weakening
of the double bond and the aromatic stabilization causes the
existence of a number of rings for which the quinoidal closed-
shell structure is unstable, promoting the cleavage of a double
bond to become aromatic and form a polaron pair
(biradical)."® Once the polaron pairs are formed, the double-
spin polarization (DSP) accounts for the z-conjugation of
electrons in the doubly occupied orbitals into the singly
occupied molecular orbitals, accounting for the triplet state.”’
Sahalianov et al. demonstrated through DFT calculations that
in the case of polythiophenes, the singlet state is energetically
higher than the triplet state,'” supporting the notion of the
presence of polaron pairs. However, up to this point, their
presence has not been confirmed experimentally.

In this work, we modulate the concentration of polarons and
bipolarons in PEDOT:PSS films through post-treatment with
HZ and H,SO,, which can effectively reduce and oxidize the
PEDOT films, respectively. After varying the oxidation levels
by doping, changes in the optical and electronic properties are
observed. We analyzed the modulation of polarons and
bipolarons through a combination of ESR spectroscopy,
UV—vis—NIR spectroscopy, Raman spectroscopy, and o
measurements. Our ESR measurements provide the first
experimental evidence of the presence of polaron pairs in the
triplet state in PEDOT:PSS, having a total spin S = 1. These
results provide evidence that strongly supports the revised
interpretation of the UV—vis—NIR spectrum of PEDOT:PSS
proposed by Zozoulenko et al.' Additionally, through a
combination of theoretical and experimental analysis, we

propose a revised interpretation of the Raman spectrum of
PEDOT:PSS, where we find that it is more pertinent to analyze
and discuss it in terms of electron delocalization (ED) instead
of the conformational change between quinoidal and benzoidal
structures.

B METHODOLOGY

Reagents. Acetonitrile, hydrazine (HZ), sulfuric acid
(H,S0,), and isopropanol were procured from Sigma-Aldrich.
Poly(3,4-ethylenedioxythiphene):poly(styrene sulfonic acid)
(PEDOT:PSS, PH1000) was purchased from Ossila. All
deionized (DI) water used was ultra pure (>18 MQ cm). All
materials were used as received unless otherwise noted.

Thin Film Fabrication. PEDOT:PSS was filtered with a
0.45 pm nylon syringe filter prior to deposition for all thin
films. The films for the UV—vis—NIR and Raman character-
ization were prepared by depositing 200 uL of PEDOT:PSS
onto 20 mm X 20 mm plasma-cleaned glass, afterward they
were spin coated at 1k rpm for 60 s followed by annealing at
120 °C for 2 min. For the ESR measurements, 20 uL of
PEDOT:PSS was deposited onto plasma-cleaned quartz
substrates of approximately 10 mm X 4 mm and dried at
120 °C for 2 min. The films for the ¢ measurements were
prepared by drop casting 40 uL of PEDOT:PSS onto thin film
analyzer (TFA) chips and drying at 60 °C. After the complete
evaporation of water, the temperature was raised to 120 °C
and left to anneal for 5 min.

Thin Film Post-Treatment. For the HZ post-treatment,
different HZ solutions with concentrations of 0.2, 0.4, 0.6, and
0.8 M, were prepared by adding different amounts of a 1 M HZ
stock solution in acetonitrile to achieve the desired
concentrations. Afterward, each sample was treated with 40
#L and left to react for 2 min, then the samples were rinsed
with isopropanol and dried at 120 °C for 5 min. For the H,SO,
post-treatment, the 3.7, 7.4, 11, and 14.7 M solutions were
prepared by diluting concentrated H,SO, (18.4 M) with DI
water. Afterward, each sample was treated with 40 uL and left
to react for 2 min, then the samples were rinsed with
isopropanol and dried at 120 °C for S min.

UV—vis—NIR Spectroscopy. UV—vis—NIR absorption
measurements were performed on a Cary 5000 UV—vis—
NIR spectrophotometer from Agilent. The spectra were
recorded in the range from 300 to 2,500 nm, measuring with
an interval of 1 nm and acquisition time of 1 s.

Raman Spectroscopy. Raman measurements were con-
ducted using a Renishaw inVia confocal Raman microscope
with a 785 nm laser. To prevent laser damage to the samples,
the measurements were performed with 0.1% laser power and
an exposure time of 60 s for 3 accumulations. The
deconvolution of the Raman spectra was done using Origin
2019 software with a Lorentzian line shape without applying
any constraints to the peak center and line width, i.e., full width
at half-maximum (fwhm). The peak center was left without a
position constraint since its position shifts depending on the
effective conjugation length. In a similar manner, no constraint
for the fwhm was used since its value changes as the
crystallinity of the lamellar domains is modified, where a
small fwhm corresponds to higher crystallinity of the lamellar
domains, and vice versa.

Electron Spin Resonance (ESR) Spectroscopy. Con-
tinuous wave (CW) X-band electron spin resonance spectra
were collected on a Bruker EMXplus Instrument at a frequency
of ~9.64 GHz in perpendicular polarization and ~9.38 GHz in
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Figure 1. UV—vis—NIR spectrum of PEDOT:PSS treated with different concentrations of (a) hydrazine and (b) H,SO,.

parallel polarization using a dual-mode Bruker ER4116DM
probehead. For low-temperature measurements, a liquid
Helium cooling system, coupled to a cryostat, was used.
Before inserting the samples in the resonator, they were placed
inside an ESR quartz tube (4 mm) and then frozen in liquid
nitrogen before measurement. They were measured in a range
from 13 to 20 K. The empty quartz tube was measured as a
blank, to demonstrate that none of the signals arise from it.

Electrical Conductivity (6) Measurements. Conductiv-
ity measurements were performed on a Linseis TFA on test
chips consisting of a four-contact van der Pauw measurement
setup for the determination of the electrical transport
properties.””** All samples were subjected to two heating—
cooling cycles between 20 and 120 °C. All properties were
measured every 10 °C with a heating/cooling rate of 10 °C
min~".

Density Functional Theory (DFT) Calculations. The
geometry optimizations were accomplished using the Gaussian
16 packa%e without imposing any constraints on initial
structures.”* Neutral PEDOT (Q = 0) and p-doped PEDOT
(Q=+1e, +2¢, +3e, +4e) were optimized using the ®B97x-D*
functional with the 6-31G(d,p) basis set.”® The length of the
PEDOT oligomers (12 monomers) was chosen to keep
consistency with other DFT calculations of PEDOT."”” The
@B97x-D functional was chosen as it has been shown to
accurately model molecular geometries, interaction energies,
and electron delocalization for PEDOT:PSS systems.””

B RESULTS

Ultraviolet—Visible—Near Infrared (UV-vis—NIR)
spectroscopy. The most commonly employed method for
following changes in the oxidation level of PEDOT is UV—
vis—NIR spectroscopy, as it allows a qualitative determination
of the majority of charge carriers (polarons or bipolarons)
present in the structure.””® Traditionally, the absorption
spectrum of PEDOT:PSS was divided into three main regions,
namely the neutral region (~500—650 nm), the polaronic
region (~700—1200 nm), and the bipolaronic region (>1200
nm).”” These bands were attributed to optical transitions from
half-filled polaronic bands to the CB for polarons, and from the
VB to empty bipolaronic levels for bipolarons. Nevertheless,
Zozoulenko et al. showed through DFT calculations that the
spectrum is more complex and that the “polaronic” and
“bipolaronic” regions are composed of a mixture of polaronic
and bipolaronic transitions that tend to overlap in the
spectrum.’ In this revised interpretation, the polaronic optical
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transitions correspond to transitions from the VB to empty
polaronic bands and to the CB. Similarly, the bipolaronic
optical transitions correspond to transitions from the VB to
empty bipolaronic bands.

To follow the evolution of the UV—vis—NIR spectrum of
PEDOT as its oxidation level is decreased, we post-treated the
films with HZ.*® As shown in Figure 1a, when PEDOT:PSS is
treated with increasing concentrations of HZ, there is a
concomitant increase in the absorption spectra in the regions
around ~660 nm and ~960 nm and a decrease in the NIR
region at wavelengths >1200 nm. These results follow the
expected evolution of the absorption spectrum as the oxidation
level of PEDOT:PSS is decreased.””>° On the other hand, to
follow the evolution of the absorption spectrum as the
oxidation level is increased, we post-treated the films with
H,S0O,. As shown in Figure 1b, when PEDOT:PSS is treated
with increasing concentrations of H,SO,, there does not seem
to be an apparent change in the absorption spectrum when
concentrations ranging from 3.7 to 11 M were used.
Nevertheless, there is a considerable increase in the absorption
region of ~900 nm and >1200 nm when treated with
concentrations higher than 14.7 M. This gives a first indication
that the overall concentration of polarons/bipolarons is
increasing.”’ To better describe the type of charge carriers
(polarons and/or bipolarons) present in the treated samples,
they were analyzed with ESR spectroscopy.

Electron Spin Resonance (ESR) Spectroscopy. We
employed CW X-Band ESR spectroscopy to further investigate
the nature of the charge carriers present in PEDOT:PSS
samples after different post-treatments. As described by
Zozoulenko et al,' two types of spins can be detected by
ESR. The first corresponds to the polaronic states (odd
number of charges) corresponding to doublet states having a
spin S = 1/2. The second one corresponds to bipolaronic states
or polaron pairs having an effective charge of +2 and can have
a total spin S = 0 or 1. For the case of S = 0, the state is spin-
degenerate and describes what is called a bipolaron. For the
case when S = 1, the spin degeneracy no longer exists and the
state corresponds to a triplet state, more commonly known as
polaron pair or biradical. It is important to identify the
presence of polarons and/or bipolarons/polaron pairs in
PEDOT films, as they can impact the transport properties.

The origin of the ESR signal of PEDOT:PSS is usually
regarded to originate from polarons, and the reduction of its
intensity is attributed to the formation of bipolarons that are
not detected by the most common ESR technique employed

https://doi.org/10.1021/acs.jpcc.4c05602
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Figure 2. Room temperature ESR spectra of (a) HZ and (b) H,SO, post-treated PEDOT:PSS samples. Low temperature ESR spectra of (c) HZ

and (d) post-treated PEDOT:PSS samples.

(measurements in the perpendicular polarization CW-ESR,
which allows detection of half-integer spin systems).”> To
follow changes in the polaron concentration of PEDOT:PSS
films after post-treatment, we conducted measurements at
room temperature. All the spectra were normalized to the
sample weight to make it possible to compare changes in
polaron concentration. As shown in Figure 2a, there is a
decrease of the polaron signal relative to the pristine sample
when post-treated with HZ concentrations of 0.6 and 1 M,
suggesting a shift from polarons to bipolarons and/or polaron
pairs. On the contrary, when post-treated with HZ
concentrations of 0.2, 0.4, and 0.8 M, there was an increase
in the signal intensity, suggesting an increase of the polaron
concentration.®® Similarly, as shown in Figure 2b, the samples
post-treated with H,SO, in concentrations of 3.7, 7.4, and 14.7
M present an increased concentration of polarons, and the
samples post-treated with concentrations of 11 and 18.4 M
show a decreased concentration of polarons. Nonetheless, all
the samples present the typical ESR signal that is expected to
arise from PEDOT:PSS samples, corresponding to polarons
with spin S = 1/2 and a g-value around 2.00.***> The g-values
of all samples were calculated from resonance using eq 1:

e

_— m
where h is the Planck constant, v is the microwave frequency,
ug is the Bohr magneton, and B is the resonance magnetic
field.*® The obtained g-values for all samples are presented in
Table S1.

In an attempt to detect polaron pairs in a triplet state with S
= 1, we employed measurements using parallel polarization
CW-ESR. This is a useful technique to observe ESR spectra of
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integer spin systems due to the possibility to record transitions
with Amg = +2. Low temperature (~13—20 K) was employed
in the parallel-mode measurements to enhance the chances of
seeing the above-mentioned transitions, as it is known that
low-temperature measurements facilitate the detection of
electron spins that present fast relaxation times.>” Additionally,
the signal from triplet states is greatly enhanced when the
microwave radiation is applied parallel to the magnetic field,
due to selection rules.’® As shown in Figure 2c,d, all of the
measured samples in the ESR parallel mode present a signal
between 155 and 160 mT, and we posit the possibility that this
signal corresponds to polaron pairs in a triplet state having S =
1. The corresponding g-values are presented in Table SI.
These results are in agreement with the predictions made by
Zozoulenko et al. through DFT calculations of the presence of
triplet states with S = 1 in polythiophene systems."'” These
results will be further addressed in the discussion section. Also,
it is possible to see that, depending on the treatment
employed, there is no complete conversion between polarons
and bipolarons, as some of the samples measured in the parallel
polarization showed signals around g & 4, corresponding to the
triplet state, together with the signal around g = 2,
corresponding to the doublet state, as shown in Figure SI.
These results agree with the DFT calculations done by
Sahalianov et al, where they predict the coexistence of
polarons and bipolarons within the same oligomers."”
Raman Spectroscopy. The main symmetric C,=Cy
stretching band of PEDOT:PSS is composed of different
contributions of the collective vibrations of PEDOT chains
with different effective conjugation lengths (ECLs). Generally,
vibrational modes related to short ECLs tend to appear at
approximately 1450 cm™ and as the ECL is increased, the
vibrations downshift.””~*" The mixture of different ECLs that

https://doi.org/10.1021/acs.jpcc.4c05602
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gives rise to the main symmetric C,—~Cy peak can be
correlated to the charge carrier mobility (#) of the samples. It
has been reported for different polythiophene systems that the
ECL and position of the symmetric C,—Cj peak are related to
the chemical structure of the thiophene backbone.'®**

As the neutral thiophene is oxidized into a polaron, the
thiophene oligomer tends to shift from a benzoidal to a
quinodal conformation. As it is further oxidized, the formation
of a bipolaron (polaron pair) is promoted, resulting in a full
quinoidization of the thienyl backbone due to the strong
electrostatic repulsion between the positive charges confined in
a relatively small molecule.*”**** By deconvoluting the main
symmetric C,=Cj stretching band of the pristine and post-
treated PEDOT:PSS, it is possible to estimate if the stretching
band is composed of one or more ECLs, with the number of
deconvoluted peaks corresponding to the number of ECLs in
the polymer domain. At the same time, the fwhm of the
deconvoluted peaks indicates the crystallinity of the domains,”!
and the relative intensities reflect the contribution of each ECL
to the whole. In our previous study,”* we demonstrated the
importance of determining the different contributions from the
ECL that make up the main symmetric C,—Cp stretching
band and its role in modulating the y of the samples, making it
an important parameter when considering the modulation of o.

Figure 3 shows an example of the deconvolution of the
symmetric C,=—Cj peak of pristine PEDOT:PSS. From here it

T T T T T Data
A ——Fit
1428.7 | —— Residuum|

Intensity (arb. units)

1100 1200 1300 1400 1500 1600 1700
Raman shift (cm™)
Figure 3. Deconvolution of the main C,=Cj symmetric stretch of

pristine PEDOT:PSS. The inset corresponds to the schematic
representation of the chemical structure of PEDOT.

can be seen that the main vibrational mode can be
deconvoluted into five different contributions centered at
1391.5, 1404.5, 1428.7, 1454.2, and 1494.2 cm™'. From this, it
is evident that the pristine PEDOT:PSS film consists of a
mixture of different ECLs, having a considerable contribution
of short ECLs located at higher wavenumbers.*""* In the same
manner, the multiple contributions of the deconvoluted C,=
Cy asymmetric stretch, C4=Cj stretch, and C,=C, inter-ring
stretching correspond to the same vibrational modes of
different sections of the PEDOT chain, e.g, central and
terminal thiophene rings, with different ECLs.* Figures
showing the deconvoluted Raman spectra of all PEDOT:PSS
samples treated with different concentrations of HZ and
H,SO, can be found in Figures S2 and S3, respectively, of the
Supporting Information. The results from the deconvolution of
the main symmetric C,=—Cj peak are summarized in Table S2
and addressed further in the discussion section.

DFT Simulation of the Raman Spectrum of PEDOT.
Generally, the shifts observed in the Raman spectrum of
PEDOT are attributed to a conformational change from the
benzoid to the quinoid (aromatic) structure, Figure 4, with

Benzoid Quinoid

Figure 4. Schematic representation of the benzoid and quinoid
chemical structures of PEDOT.

PEDOT being purely in one of the two conformations.*” ™!

Also, while it is true that there is a conformational change as
the oxidation level of PEDOT is varied, there is always a
mixture of benzoid/quinoid conformations present in the
PEDOT chain regardless of its oxidation level.""?

To better understand the variation of the Raman spectrum
of PEDOT as its oxidation level is varied, the Raman spectrum
was simulated through DFT. It has been established that
Raman spectroscopy is sensitive to the extent of electron
delocalization (ED) along the conjugated backbone of
polymers, as explained by the ECC."** According to the
definition established by the IUPAC, ED is a quantum
mechanical concept most usually applied in organic chemistry
to describe the m-bonding in a conjugated system. This
bonding is not localized between two atoms. Instead, each link
has a “fractional double bond character” or bond order, and
some degree of delocalization is always present and can be
estimated by quantum mechanical calculations.>”

To this end, the bond-length alternation (BLA) parameter
can give direct information regarding the ED of the conjugated
polymer. The BLA is defined as the average distance of
consecutive single and double bonds in a #-delocalized system,
see Figure Sa. A value of BLA of zero or close to zero indicates
a high degree of aromaticity and ED. On the contrary, larger
BLA values indicate electron localization and consequently, the
absence of aromaticity.''®>® Figure Sb—f shows the calculated
BLA obtained from geometry-optimized PEDOT oligomers
with charges 0, +1, +2, +3, and +4. From here, it can be seen
that as the charge of PEDOT is increased, there are some
regions of the BLA pattern that have values close to zero which
can be assigned to the monomers where the charge is
delocalized, and thus are present in the quinoid conformation.
Kim and Zozoulenko, reported a similar behavior for PEDOT
chains composed of 6, 9, and 12 oligomers, where the
backbone adapts a quinoid conformation as the charge is
increased.’

It has been established, through the ECC, that there is an
accompanying redistribution of the C=C/C—C bonds as the
m-conjugation is increased, causing a frequency downshift of
the strongest Raman vibrational modes.'® Because of this, it is
possible to compare the strongest vibrational mode of the same
oligomer with differing ED, i.e. the symmetric C,=C;y
stretching mode of PEDOT, where the vibrational frequency
of the most conjugated molecule will appear at a lower value.
Figure S4 shows the simulated Raman spectra of PEDOT with
increasing net charge. From here, it can be seen that there is an
expected increase in the number of vibrational modes in the
Raman spectra as the charge on PEDOT is increased from 0 to

https://doi.org/10.1021/acs.jpcc.4c05602
J. Phys. Chem. C 2024, 128, 18612—-18621


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05602/suppl_file/jp4c05602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05602/suppl_file/jp4c05602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05602/suppl_file/jp4c05602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05602/suppl_file/jp4c05602_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05602?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
a) b) 0.8 "o { ¢) 0.08 T ]
0.06 17 0.06] ]
0.04 0.041 ]
g 002 1z 00z ]
< 0.00] 1< ooo

@ -0.02] 1 @ -002] ]
-0.04] -0.04 ]
-0.061 -0.061 |

BLA = (Ry — R)) + (R4 — R3) -0.08 ' ‘ ' ‘ -0.08 | ' ‘ ' '

2 0 10 20 30 40 0 10 20 30 40

Bond number Bond number

d) .08 ' T2 1 e) 0.08] |+3] 1 f) 0.08] ' T ]
0.061 1 " 0.06] 0.06 ]
0.04 1 0.04] 0.04 ]
< 002 1z 002 1z 00z ]
< o.oo-/\/\[/\/J\N\/-\/\V\q/\\/\/\- < 000 0.00 ]
@ -0.02 1 @ -0.02 1 @ -0.02 J
-0.041 1 -0.04] -0.041 ]
-0.061 1 -0.06] -0.061 ]
-0.08 1 -0.08] -0.08 ]

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Bond number Bond number Bond number

Figure S. (a) Definition of the BLA in PEDOT. BLA calculated for PEDOT with charges of (b) 0, (c) +1, (d) +2, (e) +3, and (f) +4 obtained from

the optimized molecular geometries.

a)5.5-
5.0
E 451
o
4.0
£35-
=
é 3.0
c 2.5
o

02_0_

—.—

1.5

1.0 T T T T
0.2 0.4 0.6 0.8

Hydrazine (M)

Figure 6. Conductivity of (a) HZ and (b) H,SO, post-treated PEDOT:PSS samples at 20

O

Conductivity (S/cm)

)

1000 T T T T

800

600

400 A

2004

-

3.7 7.4 1
H,S0, (M)

14.7

°C.

+4. It is important to note that the calculated frequencies are
expected to reflect the experimental values better than their
corresponding intensities, and these can therefore be used to
understand the trends observed experimentally.'® By analyzing
the region between 1400 and 1500 cm™, it is possible to assess
the effect that increasing charge has on the C,=C; stretching
mode. As the charge is increased from 0 to +3, there is a
downshift of the main peak followed by an upshift when the
charge is +4. This trend follows the evolution observed in
Figure 5, where the BLA is reduced going from charge 0 to +3,
and then it increases at charge +4.

We stipulate that the observed differences in the intensity
between the experimental spectra and the simulated ones is
due to the fact that the simulated spectra is calculated only
from one chain when in reality the PEDOT:PSS films are
composed of a mixture of amorphous and crystalline domains
consisting of several s—n stacked chains promoting an
interchain coupling. It is known that the interchain coupling
can lead to modifications of the polaronic/bipolaronic states,
causing the stacked chains to present physical effects that
would not be considered during the simulations.’ In addition,
we did not include the presence of counterions in our
simulations, which are known to cause a strong localization of

18617

polarons/bipolarons in the PEDOT chain, which will also
affect the intensity of the simulated spectra.'” Nevertheless,
this model represents a good starting point for the
interpretation and understanding of how the morphological
conformation of the PEDOT chains (benzoid/quinoid) affects
observed shifts in the vibrational modes. As stated above, the
vibrational frequency of the symmetric C,=Cj stretching
mode of PEDOT tends to downshift as the conjugation length
is increased. Based on the results shown in Figure S, the
symmetric C,—~Cj stretching of PEDOT?*" and PEDOT?*
should appear at lower frequencies relative to those of other
charge states, as they are the species with the lowest BLA
values. The results presented in Figure S4 are in agreement
with the expected shifts.

There is a common misconception in the PEDOT literature
where observed Raman shifts are interpreted as being based on
a complete transition from benzoid to quinoid conformations,
and vice versa.”>~>® However, as shown in Figure §, it is clear
that the only case where the PEDOT chain is present in a
single conformation (benzoid) is in its neutral state. For all the
other cases where PEDOT has a charge, there are always
mixtures of the benzoid/quinoid configuration. These results
provide useful information regarding the assignment of the
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observed shifts of the vibrational modes present in the charged
PEDOT chains, making it clear that there is a need to revise
the common interpretation of the Raman spectrum, where it is
more pertinent to discuss it in terms of the ECL (ED) rather
than the benzoid/quinoid conformation.

Electrical Conductivity (6) Measurements. To evaluate
the effect that the HZ and H,SO, post-treatments have on the
o of PEDOT:PSS, each sample was evaluated by measuring
two heating/cooling cycles between 20 and 120 °C. Figures SS
and S6 of the Supporting Information show the ¢ of
PEDOT:PSS in its pristine state and after post-treatment
with HZ and H,SO,, respectively. The reported error arises
from a combination of measurement errors as reported by the
instrument manufacturer alongside the thickness deviation of
the sample as determined by profilometry, a full description of
the error calculation can be found in the Supporting
Information. As the ¢ of the samples only presents a small
variation in the whole temperature range, the results presented
in Figure 6a,b, and the following discussion, only report the
values obtained at 20 °C.

As shown in Figure 6a, there is a 41% decrease in ¢ from the
pristine PEDOT:PSS (4.93 + 0.29) S cm™' to that of the
PEDOT:PSS post-treated with a 0.2 M HZ solution (2.03 +
0.13) S cm™". However, there are only marginal differences in
o with increasing concentrations of HZ up to 1 M. The lowest
6 (1.53 + 0.16) S cm™ is reached when post-treated with a 0.6
M HZ solution. In the case of the H,SO, post-treatment,
shown in Figure 6b, there is an increase in ¢ with increasing
concentration of H,SO,, reaching its highest value of (877.88
+ 70.11) S cm™ when post-treated with a concentration of
147 M H,SO,. Due to processing problems, it was not
possible to measure the sample post-treated with 18.4 M
H,SO,, see Figure S7 of the Supporting Information for further
information. The increase of the ¢ after H,SO, post-treatment
is in agreement with the results reported by Kim et al.”’

B DISCUSSION

By analyzing the results obtained from the UV—vis—NIR
absorption and the ESR spectra, it is possible to have a
qualitative evaluation of how the UV—vis—NIR absorption
spectra are modified by modulating the concentration of
polaron/bipolarons (polaron pairs). As seen in Figure 1a, after
the samples were treated with increasing concentrations of HZ,
there is the expected evolution of the absorption peak at ~660
nm corresponding to the neutral portion of PEDOT. In the
same manner, there is a concomitant increase in the absorption
at ~960 nm. In the case of the H,SO, post-treatment, shown
in Figure 1b, all the samples show an increased absorption in
the range between 700 and 900 nm and an increased
absorption in the NIR region. Based on the revised
interpretation of the absorption spectrum of PEDOT reported
by Zozoulenko et al,,' the peak at ~960 nm corresponds to the
optical transition from the VB to empty polaronic/bipolaronic
states and to the CB. The absorption in the NIR region
corresponds to transitions from the VB to empty polaronic/
bipolaronic states. As shown in the room temperature ESR
results in Figure 2a,b, all the samples show the expected signal
corresponding to polarons having a spin S = 1/2, which gives a
g-value around 2. Additionally, the low-temperature ESR
measurements in Figure 2¢,d, provide experimental confirma-
tion of the presence of the predicted polaron pairs in the triplet
state having a spin § = 1."'? As mentioned above, absorption
between 700 and 900 nm and in the NIR region, both

correspond to polaronic/bipolaronic states, which is in line
with the UV—vis—NIR and ESR results presented. Together,
these results help to consolidate the revised interpretation of
the UV—vis—NIR spectrum of PEDOT.

Similarly, based on the results obtained from the DFT
calculated BLA of PEDOT as the charge increases in Figure S,
we propose a revised interpretation of the Raman spectrum of
PEDOT. The intention here is that it will help to clarify the
common misconception of the origin of the shifts of the
vibrational modes of PEDOT proposed in 1999°° that is still
commonly found in recent articles.”*~* The results presented
in Figure S do not agree with the common conclusion that the
complete conformational change between quinoidal and
benzoidal conformations causes the Raman shifts. Instead,
they should be discussed in terms of ED. It is possible to
estimate the number of different ECLs present in the samples
by performing a deconvolution of the main C,=Cj symmetric
stretching band. When PEDOT:PSS was post-treated with
concentrations of HZ greater than 0.4 M (Table S2), the
number of different ECL contributions is reduced from 5 to 4
with an accompanying reduction of their fwhm, indicating that
there is a simultaneous ordering of the adjacent PEDOT chains
as the ED is increased. This is accompanied by a change in the
relative intensity of the main contributions to the C,=C;
symmetric stretching band as the concentration of HZ is
increased, where the dominant deconvoluted peak shifts from
~1424 cm™" for pristine PEDOT:PSS to ~1406 cm™" for the
highest concentration of HZ, giving further indication of the
growth of the ED.

In the case of the H,SO, post-treated samples, the observed
changes in Raman deconvolution follow the opposite trend. As
the concentration of H,SO, increases, there is an increase in
the number of contributions corresponding to different ECLs,
and they tend to shift to higher frequencies, indicating a
shortening of the ED. Furthermore, as the number of different
ECLs increases, there is a concomitant increase in the fwhm of
the main contribution, suggesting a disruption of the ordering
of adjacent PEDOT chains. Together, the combination of the
theoretical and experimental results obtained from the BLA
and deconvolution of the Raman spectra, respectively, support
a revised interpretation of the vibrational shifts in Raman
spectra for PEDOT with different oxidation levels.

From the results presented in Figure 6a, it can be found that
there is only a small change in the o values for samples post-
treated with concentrations higher than 0.4 M HZ. This result
is surprising since HZ is a strong reducing agent, and it has
been reported to greatly reduce the ¢ of PEDOT:PSS.* To
better understand the changes observed in the o of
PEDOT:PSS, a combination of ESR and ¢ measurements is
necessary. As seen in Figure 2a, the modulation of the polaron
concentration does not follow the expected trend where the
polaron concentration gets periodically reduced with increas-
ing concentration of HZ. Additionally, Figure 2c shows that
the samples post-treated with HZ give rise to the signal
corresponding to polaron pairs having a spin § = 1.
Zozoulenko at el. demonstrated that polarons and bipolarons
present very similar band structures, charge localization, and
wave functions, suggesting that the features of electron
transport are the same for polarons and bipolarons, and both
contribute to the overall 6." These results help to explain the
observed trend in the variation and stabilization of the ¢ of
PEDOT:PSS post-treated with different concentrations of HZ.
As depicted in Figure 6b, there is a noticeable increase in the ¢
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of the PEDOT:PSS samples as the concentration of H,SO,
increases. Similar to the HZ post-treated samples, all the
measured H,SO, samples present the S = 1/2 and S = 1 ESR
signals, as shown in Figure 2b,d, respectively, where the
increasing concentration of H,SO, does not follow the
expected transformation of polarons into bipolarons as the
oxidation level of PEDOT is increased. These results further
support the theory that both polarons and bipolarons
contribute to the overall 6. Furthermore, we cannot exclude
the possibility of removal of excess PSS and the formation of
PEDOT-rich crystalline nanofibers by H,SO,, post-treatments,
contributing to the increase of the & of PEDOT.”” As pointed
out by Zozoulenko et al, the interpretation of transport
experiments that attribute different transport behaviors to
differences in the nature of the charge carriers (polarons vs
bipolarons) should be revisited."*’

B CONCLUSIONS

By analyzing the variations observed in the UV—vis—NIR
spectra of PEDOT:PSS in conjunction with the ESR results, it
was possible to corroborate and validate the proposed revised
interpretation of the UV—vis—NIR spectrum postulated by
Zozoulenko et al.' Additionally, low-temperature ESR
measurements provided the first experimental evidence of
the presence of polaron pairs in the triplet state (g-value > 2)
in PEDOT:PSS, having a spin S = 1, which previously were
only predicted theoretically. Furthermore, based on the results
from the calculated BLA, we presented a revised interpretation
of the shifts observed in the Raman spectra of PEDOT:PSS
with varying oxidation levels. The proposed interpretation is
accompanied by an experimental methodology that facilitates
the analysis and evaluation of the different ECLs that are
directly related to the ED in the oligomers.

Additionally, the o measurements showed that even after
post-treating PEDOT:PSS with increasing concentrations of
HZ up to 1 M, the samples remained conductive, and it was
possible to detect the presence of polarons and bipolarons. On
the other hand, the H,SO, post-treatment promotes an
increase in the o as the concentration of H,SO, increases.
Nevertheless, all samples showed the presence of polarons and
bipolarons, and these results do not follow the “traditional”
interpretation that there is a concomitant transformation of
polarons into bipolarons, causing a decrease of the ESR signal
as the oxidation level of PEDOT increases. Together, these
results showcase that the features of electron transport of
polarons and bipolarons are similar in PEDOT and that both
contribute to the overall 0. Consequently, the notion that CPs
composed of a bipolaron network (semimetallic) have better
conduction properties than those with a polaron network
(metallic) needs to be revisited.

This work provides valuable insights into the modulation of
polarons and bipolarons present in PEDOT:PSS and presents
a combination of theoretical and experimental methodologies
that will help to better characterize the changes observed in the
UV—vis—NIR spectroscopy, ESR spectroscopy, Raman spec-
troscopy, and ¢ measurements. These results underscore the
importance of integrating theoretical and experimental
analytical techniques that allow us to gain a deeper
understanding of PEDOT behavior, providing the opportunity
to tailor its properties for a range of different applications.
While this study focuses on PEDOT, these strategies are
relevant to various communities working with different CPs
and organic semiconductors.
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