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A synergistic radical concentration increase
in eumelanin—PEDOT:PSS blends: mammalian
pigment-based doping for thermopower
improvementy
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Moving from a previous investigation of eumelanin and PEDOT:PSS blends we decided to explore the
possible contribution of eumelanin to thermopower improvement of PEDOT:PSS in light of the well-
known radical character of the mammalian pigment. Determination of the Seebeck coefficient and
conductivity showed an effective contribution of eumelanin blending to the PEDOT thermoelectric
properties. Notably, these effects correlate with a marked modification of paramagnetic features of both
PEDOT and eumelanin after blending. A possible model for the interaction of PEDOT radical cations and
eumelanin radical anions is proposed based on the chemical properties of the materials and the
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Introduction

The growing diffusion of organic electronic devices is rooted
in several factors, ranging from the design and fabrication of
new architectures to the development of advanced materials
tailored for a wide range of applications in optoelectronics,’
energy storage” and sensing,® just to mention a few. Energy
conversion can also take advantage of organic materials;
for example, thermoelectric devices based on conducting
polymers are promising tools for several applications, chiefly
self-powered health monitoring devices* and more generally
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fabrication protocol of the blends.

wearable devices that require conformable substrates.” In this
scenario, valuable thermoelectric conversion imposes strict
requirements on the electronic structures of the active organic
materials, whose rational design and precise modulation are
producing new state-of-the-art thermoelectric devices.® Indeed,
great advancements are emerging by the integration of differ-
ent conjugated polymers.” However, the intrinsic semiconduct-
ing nature inherent in the macromolecular architecture
of common conjugated polymers requires some doping to
increase electrical conductivity as well as to optimize thermo-
electric performance.” Therefore, the search for new materials
(mainly polymers) featuring tunable properties, possibly by
doping with easy-to-handle sustainable additives and by facile
protocols, is gaining interest in the field of organic electronics
and bioelectronics. In particular, in thermoelectric devices
based on conducting polymers (CPs), a side effect of CP doping,
to increase electrical conductivity, involves the Seebeck coeffi-
cient decrease,® which is highly undesired for the conversion
efficiency.

In this perspective, recent observations suggest that the
addition of a tailored open-shell system significantly increases
the Seebeck coefficient S in a material involving a single
species’ as well as allows the systematic manipulation of
the thermoelectric properties of non-traditional CP thermo-
electric systems, resulting in an optimized power factor above
10 uW m ™' K2, one of the largest values reported.'® Moreover,
a combination of open-shell small molecule dopants and
macromolecules bearing stable radical groups is also emerging
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as a tool to control charge transport, reduce thermal conduc-
tivity and enable improved behavior in polymer-based thermo-
electric systems.'®'*

Eumelanin polymers'® possess an intrinsic radical popu-
lation'® whose persistence is consistent with stabilization
of unpaired electrons via multi-center delocalization within
the polyindole backbone.™ This radical population is directly
detected and characterized by electron paramagnetic resonance
(EPR) spectroscopy."’

Eumelanins are the black-brown subgroup of melanins, the
natural nitrogen-containing pigments responsible for the skin
and hair pigmentation in mammals and widely distributed
throughout the animal kingdom.'® In vivo, the formation of
eumelanins is the final outcome of the oxidative metabolism
of the amino acid tyrosine (Fig. 1), and in vitro, a number
of synthetic protocols have been developed to achieve these
pigments by oxidative polymerization, mainly of the indolic
precursor 5,6-dihidroxyindole (DHI) and its 2-carboxyl deriva-
tive (DHICA)."”

Beyond its radical polymer nature, melanins also exhibit
other peculiar properties, including the broadband UV-vis
absorption, the energy dissipating behavior and a mixed ionic/
electronic semiconducting response toward charge transport.'**?
This last property first reported by Proctor”® and Powell and
Rosenberg®' is at the root of growing interest in the exploitation
of these pigments in organic electronics and, given their bio-
compatibility, in bioelectronics.?>** In fact, several applications
of eumelanin pigments and related materials as electroactive
materials have been reported in recent years, including some
studies addressing the integration of the eumelanin pigment
and PEDOT:PSS.*>** We have recently proposed and system-
atically investigated the integration of commercial PEDOT:PSS
(PH 1000) and eumelanin pigments prepared by oxidative poly-
merization of DHI and DHICA to obtain the two blends EuPH>®
and C-EuPH,*® respectively. Key steps of the PH1000-melanin
blends are the dissolution of appropriate amounts of DHI and
DHICA in the PH1000 commercial preparation, the deposition of
the indole-added PH1000 by spin coating or drop casting, and
the melanization of indole precursors by oxidative polymeriza-
tion into a thin film solid layer.>* The integration of eumelanins
in PH1000 produced a marked modification of the structural
organization of the PEDOT and PSS chains®’ (chiefly) in the
films, which is likely connected with the conductivity properties
of the blends and even allows the fabrication of an ITO-free
OLED.”

COOH HO HO
oo T D)oo
HO Ox N N
tyrosine Ho H DHI HO H DHICA
v Oxidative
polymerization
HO.
eumelanins N
N
HO ph

Fig. 1 Schematic outline of early steps in eumelanin synthesis.
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Capitalizing on this experience, we combine here the study
of the Seebeck coefficient of EuPH blends and the analysis
of their EPR profiles, eventually identifying a possible role
for eumelanin pigments as radical dopants of PEDOT:PSS for
thermoelectric applications.

Results

EuPH thin films were fabricated based on minor modifications
of a reported solid state protocol involving the preparation of
DHI/PEDOT:PSS mixtures at different weight ratios. The key
difference with respect to previously adopted procedures is the
use of DMSO rather than isopropyl alcohol to veiculate DHI in
PH1000. This choice was made to simplify the procedure where
the doping effect of DMSO was not relevant. The mixtures were
used to fabricate thin films for chemical, physical and electrical
characterization. Drop casting and spin coating were used to
obtain the desired films featuring thicknesses in the range
of 200-500 nm. To permit straight characterization, films were
fabricated on quartz and glass substrates via solid state
ammonia-induced oxidative polymerization. Blends with DHI/
PEDOT ratios of 25, 50 and 75%, designated as EuPH25,
EuPH50 and EuPH75, respectively, were investigated and films
of sole DHI-eumelanin and PEDOT:PSS were also prepared for
comparison (blanks).

Preliminary characterization included UV-vis and surface
analysis to confirm the conversion of DHI to eumelanin and
to provide information about the contact surface for electrical
measurements. In Fig. 2, UV-vis profiles of EuPHs at different
weight ratios are reported along with the profiles of sole
PEDOT:PSS and eumelanin for comparison.

The surface analysis of the thin films was carried out by AFM
for the samples intended for electrical measurements. The
films were prepared by drop casting and inspected in tapping
mode imaging to obtain both topographical and phase images

6.00E-03 ;4
\ ——PEDOT:PSS  —o—EUPH25
AU —A— EUPH50 —=—EUPH75
e \elanin
Vi\\
4.00£-03 |!
2.00E-03 -
-5.00E-07
200 250 300 350 nm 400

Fig. 2 UV spectra of (a) DHI-melanin, (b) EuPH75, (c) EuPH50, (d) EuPH25
and (e) PEDOT:PSS thin films on quartz. Absorbances are normalized to the
thickness.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Top panel: Seebeck coefficient (left axis) and conductivity (right
axis). Bottom panel: power factor (left axis) and power factor normalized to
the PEDOT content (right axis).

(Fig. S3, ESIt). The films with a low content of eumelanin
exhibit a decrease in the surface roughness compared to the
sole PEDOT:PSS film or the sole eumelanin film. No relevant
roughness variation could be noted with the eumelanin content
variation in the blends.

For thermoelectric property measurements, a Linseis thin film
analyser system was used for the determination of both the
electrical conductivity ¢ and the Seebeck coefficient S. From the
measurements of these quantities, the thermopower S°c was also
calculated to estimate the efficiency of the thermoelectric conver-
sion. Details of the experimental procedure are reported in the
ESI;t in brief, thin films of blanks and blends were mounted on a
holder equipped with electrodes and a temperature sensor.

Consistent with previous studies,® the conductivity of
the blends decreased with the eumelanin content (Fig. 3,
top panel), while the blanks values were 750 and 4.5 x 10 °
Siemens per centimeter for the sole PEDOT:PSS and DHI-
melanin, respectively. At the same time, the Seebeck coefficient
showed an increase with the eumelanin content in the blends
containing PEDOT:PSS, although the growth profile did not
follow the eumelanin content but asymptotically reached a
value of 23 pv K™ ' in EuPH75 (Fig. 3, top panel).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To evaluate the improvement of the thermoelectric response
of the blends, the power factor (PF) was reported as a function
of the eumelanin content, showing an optimal value for
EuPH25, and when the PF is normalized to the PEDOT content,
EuPH50 also showed a higher value than that of the sole
PEDOT:PSS (Fig. 3, bottom panel).

In order to investigate whether and to what extent the
properties discussed above are correlated with the configu-
ration and delocalization of free electrons in the polymer
molecules present in the samples, an EPR investigation was
undertaken. A CW X-band spectrometer was used to record the
spectra of the samples. The spectrum of the PEDOT:PSS sample
treated with ammonia vapors shows a broad, slightly asym-
metric singlet resulting from the quinoid configuration of
conjugated m-bonds,?® at a g-value of 2.0023 + 0.0002, corres-
ponding to that of free electrons (the black line in Fig. 4). The
large peak-to-peak distance value (AB) indicates a statistical
distribution of the radicals and their wide delocalization®
along the conjugated aromatic system. Line shape analysis of
this signal reveals a fair agreement with a Lorentzian profile,
which is related to the high mobility of electrons. In fact, a
better fit of the spectrum is obtained by using a Dysonian line
shape, which is typical of conducting samples.** The ammonia
treatment step (described in the Experimental section) resulted
in no significant change of the spectral features, see the ESLT
As previously reported for PEDOT samples, the area of the
absorption spectrum (i.e., the double integral of the experi-
mental derivative spectrum) increases with the microwave
power without evidence of saturation (Fig. 5).*

On the other hand, the spectrum of the DHI-melanin
sample (red line in Fig. 4) shows a relatively narrow singlet at
a slightly higher g-value (2.0035 £ 0.0002). This spectrum
is satisfactorily fitted with a Lorentzian line shape and only a
limited fit improvement is obtained by using a Voight line

DHI-melanin
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PEDOT:PSS

T T T T T T T T T T T
3460 3480 3500 3520 3540 3560
B/G

Fig. 4 EPR spectra of DHI-melanin, EuPH75, EuPH50, EuPH25, and
PEDOT:PSS. Darker lines represent the experimental spectra and lighter
lines represent the best fit.
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Fig. 5 Power saturation curves corresponding to (a) DHI-melanin,
(b) EuPH75, (c) EuPH50, (d) EuPH25 and (e) PEDOT:PSS.

shape (combination of Lorentzian and Gaussian curves),
suggesting the presence of weakly interacting spin systems
with weak exchange interactions.®® A detailed analysis of
DHI-melanin spectra was performed by Paulin et al,"”’ who
found the coexistence of three components, two of which are
carbon-centered radicals and the third is the semiquinone free
radical. In our sample, the results indicate the prevalence of
a single species which, considering the g-value, is a carbon-
centered one. Unlike PEDOT:PSS, the signal intensity reaches a
maximum with the increasing microwave power, above which it
decreases slightly (Fig. 5).**

The spectra of the blends (dark lines for EuPH75, EuPH50,
and EuPH25 in Fig. 4) show the superposition of the signals
due to PEDOT and DHI-melanin. Spectra analysis was per-
formed using the Bruker X-EPR software. The best fit of the
spectra, shown as light lines in Fig. 4, was obtained by adding a
broad Dyson line due to the PEDOT and a relatively narrow line
due to the melanin (see ESIT). Interestingly, all our attempts to
use a Lorentz or Voight line for the latter signal resulted in an
unsatisfactory fit to the experimental spectrum. A good fit
was obtained only by using a Dysonian line shape also for
the melanin contribution. This evidence suggests a strong

View Article Online
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influence of the PEDOT on the electron features of the melanin
in the blends whose EPR spectrum becomes similar to those
found for conducting polymers. Details of the two signals
whose sum gives the best fit are reported in Table 1. The ratio
between the double integrated area of the two contributions
shows that a strong increase of the DHI content in the sample
does not lead to a similar increase of the DHI-melanin con-
tribution to the EPR signal: increasing from 25 to 75% of the
DHI content results in an increase of the melanin contribution
from 9 to 12%. Although the variation of the component
contributions is limited, the quantitative analysis of the spec-
tral features shows clear trends: the PEDOT signal remains
fixed at a constant g-value, but its width, in terms of the AB
value, decreases with the increasing melanin content. At the
same time, as the PEDOT contribution increases, the g-value of
the DHI-melanin gradually decreases and tends to assume the
value typical of free electrons, and the AB value also decreases.
Table 1 also shows the concentrations of unpaired electrons
in the systems, expressed as the number of radicals per gram of
the sample. These values, obtained by double integration of the
experimental derivative signal in the presence of a standard as
reported in the Experimental section, are usually subjected to a
large uncertainty. To make the situation even more difficult,
this parameter strongly depends on the sample hydration, as
discussed in detail for melanin signals.** To increase the
reliability of the experimental values, for all the systems stu-
died, we repeated the determination on three independently
prepared samples and checked whether the water content in
the samples was within a narrow range of variability for all of
them (see the Experimental section). Thanks to all these pre-
cautions, we estimate that the uncertainty of the quoted values
does not exceed 30%. The values reported in Table 1 show that the
radical concentrations in the blends are higher than those found
for the single component, thus indicating a synergistic effect
between PEDOT and DHI-melanin in radical stabilization.
Finally, in the power saturation curves (Fig. 5) obtained by
plotting the normalized area of the absorption spectrum as a
function of the square root of the microwave power, the PEDOT
contribution predominates and the curves show a monotoni-
cally increasing trend, which is completely different from that

Table 1 EPR spectral parameters of EuPH blends. The table includes the percentage contribution of DHI-melanin and PEDOT to the blends, the
associated g-factor for each contribution, the width in terms of AB, and the radical concentrations

%PEDOT

Radical
concentration x 10 '®

Sample %DHI-melanin g-Factor AB (G) (spin per g)
DHI-melanin 2.0035 4.5 1.8
88% 2.0023 9.2
EuPH75 12% 2.0031 2.9 6.1
89% 2.0023 9.4
EuPH50 11% 2.0026 2.6 1
91% 2.0023 10
EuPH25 9% 2.0025 2.5 8.7
PEDOT:PSS 2.0023 14 6.9
6970 | Mater. Adv,, 2024, 5, 6967-6973 © 2024 The Author(s). Published by the Royal Society of Chemistry
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of pure DHI-melanin, appropriate for the free radical species
with long relaxation times.

Discussion

In order to investigate the possible exploitation of eumelanin
for the thermopower improvement of PEDOT:PSS blends and
the possible link between the eumelanin radical content and
the electrical properties of EuPHs, we looked for correlations
between the electrical and EPR data of the blends with different
relative eumelanin contents, starting from the analysis of sole
eumelanin and PEDOT:PSS.

The EPR profile of PEDOT:PSS is reported in several studies
and is characterized by a large peak-to-peak distance value (AB)
due to the radical wide delocalization.>® In EuPHs, after the
introduction of eumelanin, the linewidth of EPR lines is affected
by the magnetic interaction between paramagnetic centers in the
sample®® resulting in a signal narrowing,* (Fig. 4) likely ascribed
to increased interactions that reduce radical delocalization. It may
be argued that ionic pairing between the positive charges of
PEDOT and the negative charges of phenoxy semiquinones within
the eumelanin backbone can result in some obstacles to radical
delocalization, as radicals and ions in the polymers are linked in
the © system (Fig. 6).

(0] 00 00 00 00 00 O

/ \

Fig. 6 Schematic outline of possible interactions between PEDOT polar-
ons and indole semiquinone anions. Polaron generation after oxidative
doping and semiquinone deprotonation after pH increase are shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Indole semiquinone redox equilibrium and pH dependent
ionization.

Notably, the signal narrowing pairs with the increase of the
radical concentration (Table 1), a finding that further supports
the model of PEDOT™-eumelanin™~ pairing. Indeed, the
(phenol + quinone)/semiquinone equilibrium in eumelanin is
pH sensitive®® as the acidity of the phenoxy form is increased
with respect to that of the phenol form (Fig. 7).*°

Since the EuPH preparation protocol involves exposure to
ammonia vapors, the resulting increase in thin film pH
shifts the redox equilibrium of the indole semiquinone toward
the comproportionation, which in turn leads an increase in the
radical concentration in the semiquinone deprotonated
anionic form.

Radicals in PEDOT are produced after the oxidative doping
of the polymer (Fig. 6), which is mandatory to achieve high
conductivity levels,’” and are considered to be associated with
the formation of polarons whose charge is stabilized to some
extent by the anionic groups of PSS. This picture is partially
modified by the introduction of eumelanin, which is formed
in situ after the polymerization of small DHI units dispersed in
the PEDOT:PSS mixture and, according to the X ray data from
previous studies,”” intercalates between the PEDOT and the
PSS. This intimate mixing is also supported here by the lack of
relevant variations in the phase images of AFM, which allows
to assume homogeneity of the film bulk properties, thus
supporting the affordability of macroscopic measurements/
characterization of the films.

Such proximity can be invoked in a possible model for the
blending-induced increase in the radical concentration.
Indeed, the positive charges of polarons can pair with the
anionic conjugate base of radical semiquinone moieties in
eumelanin polymers and in turn favor the redox comproportio-
nation of catechol and quinone units.*> This dynamics is
similar to the pH-induced quinone-indole comproportionation®
but is not (or not only) due to the effect of the basic nature of
ammonia, but also due to the driving force provided by the
charge pairing.

Both these effects are expected to operate in EuPHs as a
consequence of the chemical nature of the components and the
fabrication protocol and can provide a solid model to justify
the measured properties. Indeed, if we plot the radical concen-
tration vs. the Seebeck/conductivity ratio (Fig. 8), we can
observe some similarities in the trends, suggesting a possible

Mater. Adv., 2024, 5, 6967-6973 | 6971
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direct contribution of eumelanin doping to the thermoelectric
properties of PEDOT.

Conclusions

The chemical properties of the semiquinone moieties within the
eumelanin backbone allowed expanding the literature applica-
tions of radical species for the thermopower enhancement of
conducting polymers. The pH dependence of semiquinone redox
equilibrium combined with the acidity of the polymer resulted
in a synergistic increase in the radical concentration in EuPH
blends, a parameter that appears to correlate with the Seebeck
coefficient and the improvement in the PEDOT thermopower.
Based on knowledge of the materials chemistry and EPR investi-
gation of the blends, a model was proposed that invokes the
interaction between PEDOT radical cations and eumelanin radical
anions as the underlying observed synergism. Although more
systematic investigations need to be designed and carried out
before a quantitative model can be defined, this study disclosed
how eumelanin can play a role in modulating the Seebeck
coefficient vs. conductivity in PEDOT-based conductive materials
and opens an entirely new scenario for the application of a
natural biocompatible product in organic electronics for energy
conversion.

Experimental section

More details concerning materials and methods are reported in
the ESL.{

Film preparation and EPR measurements

EuPH thin films were prepared by spin coating the corres-
ponding mother solution containing DHI and PEDOT:PSS.
DHI/(PEDOT:PSS) mother solutions, at ratios of 0.25/0.75, 0.5/
0.5 and 0.75/0.25 w/w, were obtained by mixing two solutions:
(a) DHI in isopropyl alcohol (8 mg mL ") and (b) PEDOT:PSS
in water (a Clevios™ PH 1000 commercial product featuring

6972 | Mater. Adv, 2024, 5, 6967-6973
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1-1.3% weight content of polymers, with a PEDOT : PSS ratio of
1:2.5).*® To enhance the conductivity of the pristine PEDOT:
PSS, 5% DMSO was added to PH 1000.>® Prior to use, the
solutions were vortexed in an oxygen-free atmosphere, filtered
through a 0.45 um Whatman membrane, and spin-coated on
quartz substrates using a Laurell WS-650MZ-23NPP/LITE spin
coater. After drying and annealing (80 °C for 10’ on a hot plate
in air), the resulting film thicknesses, measured with a KLA
Tencor P-10 surface profiler, were in the range of 100-150 nm.
Once prepared, the layers were subjected to the ammonia-
induced solid state polymerization (AISSP) protocol® to finally
obtain the desired EuPH thin film by exposing the DHI-
PEDOT:PSS films for 1 h to air-equilibrated gaseous ammonia
from an ammonia solution (28% in water) inside a sealed
chamber at 1 atm pressure and at a controlled temperature
(25-40 °C). The film of sole PEDOT:PSS was subjected to the
same treatment as a control.

CW EPR measurements were conducted using an X-band
Bruker Elexys E-500 spectrometer that was equipped with a
highly sensitive probe head. As humidity is known to affect
signals,’ films were scraped from substrates, manually ground
to powder, and equilibrated for at least 1 h in a laboratory with
a controlled temperature (25 + 2 °C) and relative humidity
(70 £ 5%). This procedure resulted in samples with approxi-
mately the same water content (see Fig. S6, ESIT) not exceeding
10%. Then, the samples were placed in flame-sealed glass
capillaries, which were inserted into a standard 4 mm quartz
sample tube. The measurements were performed at room
temperature with specific instrument settings: a sweep width
of 140 G, a resolution of 1024 points, a modulation amplitude
of 1.0 G, a conversion time of 20.5 ms, and a time constant of
10.24 ms. The field modulation amplitude was preliminarily
checked to avoid signal overmodulation. The microwave power
was optimized to avoid saturation of the resonance absorption
curve. In power saturation experiments, the microwave power
was gradually increased from 0.001 to 127 mW. The signal line
width, known as AB, was calculated as the peak-to-peak dis-
tance of the first derivative signal, while the g-factor and spin
concentration parameters were determined using an internal
standard, Mn**-doped MgO, a weighted amount of which,
sealed in a capillary, was introduced into the quartz tube
alongside the capillary containing the sample.*>*' By repeating
the measurements for each system considered on three inde-
pendently prepared samples, uncertainties of 30% were estimated
for the radical concentration and 3 x 10~* for the g-factor value.
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