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Abstract: This study investigates the charge transport properties of P3HT and poly(ProDOT-a/t-biEDOT)
(PE>) films doped with a set of iron(IlI)-based dopants and as a function of dopant concentration. X-ray
photoelectron spectroscopy measurements show that doping P3HT with 12 mM iron(I1I) solutions leads to
similar extents of oxidation, independent of the dopant anion; however, the electrical conductivities and
Seebeck coefficients vary significantly (5 S cm™ and +82 pV K™ with tosylate and 56 S cm™ and +31 uV
K" with perchlorate). In contrast, PE, thermoelectric transport properties vary less with respect to the
iron(IIl) anion chemistry, which is attributed to PE, having a lower onset of oxidation than P3HT.
Consequentially, PE, doped with 12 mM iron(IIl) perchlorate obtained an electrical conductivity of 315 S
cm™ and a Seebeck coefficient of +7 pV K'. Modeling these thermoelectric properties with the semi-
localized transport (SLoT) model suggests that tosylate doped P3HT remains mostly in the localized
transport regime, attributed to more disorder in microstructure. In contrast perchlorate doped P3HT and PE,
films exhibit thermally deactivated electrical conductivities and metal-like transport at high doping levels
over limited temperature ranges. Finally, the SLoT model suggests that PE; has the potential to be more
electrically conductive than P3HT due to PE>’s ability to achieve higher extents of oxidation and larger

shifts in the reduced Fermi energy levels.



1. Introduction

Doped conjugated polymers are used in a range of applications including photovoltaics,'
(electrochemical)transistors,*¢ thermoelectrics,’ electrochromics,® ° and supercapacitors.'* Systematically
evaluating polymer and dopant chemistries is a means to obtain desired electronic properties for each
application. Poly(thiophene) derivatives, such as poly(3-alkylthiophenes) (P3ATs), poly(3.,4-
ethylenedioxythiophene) (PEDOT), and poly[2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene]
(PBTTT), and derivatives of these basic structures, receive considerable attention because of their tunable
properties and high electrical conductivity when heavily doped (i.e. from 10? to 10° S cm™).'"'? Several
studies have evaluated the transport in doped P3AT,"*""> PBTTT,'*"® and PEDOT derivatives,” '* but more
research is needed on soluble and solution processable dioxythiophene derivatives (XDOTs).* * '*2° For
example, recent studies have shown that these XDOTs have the ability to achieve high electrical
conductivities (ca. 200-700 S cm™), but the precise and quantitative understanding of why certain XDOT
chemistries yield higher electrical conductivities is not well understood or documented.” " *> To better
contextualize the effects of XDOT monomer selection on the resulting structural and thermoelectric
properties, herein we benchmark the properties of chemically doped poly(bis(2-
hexyldecyloxymethyl)propane-1,3-dioxythiophene-alt-bi(3,4-ethylenedioxythiophene)  ((poly(ProDOT-
alt-biIEDOT), PE») against archetypal poly(3-hexylthiophene-2,5-diyl) (P3HT). We chose to benchmark
PE, against P3HT (as opposed to a PEDOT derivatives) because (i) P3HT is one of the most studied
conjugated polymers, (ii) P3HT and PE; have similar alkyl side chains and polymerization routes, and (iii)
PEDOT derivatives can vary significantly depending on the polymerization technique (e.g. oxidative vapor,
electrochemically), processing (e.g. dispersion with sulfonated polystyrene), and side chain chemistry
(e.g. no side chain, hydroxyl, etc.). This benchmarking will serve as the quantitative basis for rationally

understanding and engineering future XDOT derivatives.

Additionally, there is extensive research on the effects of dopant redox potential,’ size,?
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mechanism,”’” and doping method®*>° on the resulting optical and electronic properties in conjugated



polymers. The thermodynamics and kinetics of the dopant solvolysis equilibria®'~*

influences the doping
processes, the residual counterion species, and the resulting electronic properties.”® ** *> One of the most
common p-type dopants is iron(Ill) chloride, but other iron(IlI) salts, such as the tosylate, triflate, and
perchlorate derivatives, are possible alternatives and result in different charge balancing species being
introduced into the polymer films. In the presence of relatively stronger coordinating anions (e.g. chloride
or bromide), the iron(IIT) compound primarily behaves as a complex, leaving a Fe, X, (termed a ferrate
complex anion) as the charge balancing anion following polymer doping.*® In contrast, when weakly or

non-coordinating anion ligands are present, some solvents may substitute nearly all of the ligands around

the iron center to yield a solvent-separated ion pair, leaving only X species as the charge balancing

31-33, 37 31-33

anions. The thermodynamics and kinetics of the solvolysis equilibria influences the doping

processes, counterion species in the doped polymer film, and the resulting electronic properties.”®** > Some
studies have examined the effects of counterion species on the resulting transport properties,”® 2 ** 3 but

the prevailing structure-property relationships are not clear as doping thermodynamics, kinetics, and spatial

incorporation convolute these relationships.

Polymer-dopant and polymer-counterion interactions affect optical and electronic transport
properties. Quantifying these properties in the context of a charge-transport model can lead to deeper
physical insights. Despite their utility, selecting a charge transport model consistent with a polymer-dopant-
processing system is non-trivial because charge transport in polymers is sensitive to carrier density,
electrostatic interactions, and structural order, all of which vary as a function of doping.** ** Previous studies
have utilized either localized (hopping-like) and delocalized (metal-like) transport models, but charge
transport lies on a spectrum.® Therefore, using a semi-localized transport model (SLoT), which spans this
spectrum, one can quantitively compare the underlying transport parameters and make conclusions

regarding the potential for a given polymer-dopant system to achieve the desired electronic properties.*’

Herein, we report on the chemical, structural, and charge transport properties of poly(3-

hexylthiophene-2,5-diyl) (P3HT) sequentially doped with solutions of iron(III) salts at varying molarities



and counterions, and we use these P3HT properties to benchmark the properties of poly(bis(2-
hexyldecyloxymethyl)propane-1,3-dioxythiophene-alt-bi(3,4-ethylenedioxythiophene)  ((poly(ProDOT-
alt-biEDOT), PE,) (Figure 1).2"?* Using x-ray photoelectron spectroscopy (XPS) we measure the extent
of oxidation and calculate the quantity of (bi)polaronic charge carriers (Figure 1), and corroborate these
calculations with self-consistent thermoelectric transport and optical absorbance spectroscopy
measurements. Furthermore, using grazing incidence wide angle x-ray scattering (GIWAXS)
measurements, we quantify the impact of dopant counterion on microstructure. In P3HT, the extent of
oxidation is weakly dependent on the dopant counterion chemistry, but the dopant counterion chemistry
strongly affects the final microstructure and resulting thermoelectric properties. In PE,, the final
microstructures and resulting thermoelectric properties are not as sensitive to the specific salt used, and
ultimately PE, achieves ca. 3-6 times higher electrical conductivities than P3HT. Using the SLoT model
in conjunction with additional characterization methods, we conclude that PE, can be more electrically
conductive than P3HT as it achieves higher extents of oxidation, which enables both a greater decay in

charge carrier localization, and a greater increase in the reduced Fermi energy level.
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Figure 1. Doping reactions of P3HT and PE,. P3HT and PE, are both susceptible to oxidative doping,
where electrons are removed from the conjugated backbone. Oxidative doping leads to the formation of
positively charged polaronic carriers. Depending on the extent of doping and the chemistries present,
polaron charge carriers (radical cations) can spin pair to form bipolaronic charge carriers (dications).
Polaronic charge carriers are also electrostatically attracted to the counter anion (A’), whose chemical
identity is a function of the polymer and dopant chemistries.



2. Results and Discussion

2.1 Experimental Approach

Our approach to quantifying the effects of dopant counterion-polymer combination on the doping
process and resulting transport properties consists of three steps. First, spectroscopic and thermoelectric
measurements were performed on P3HT sequentially doped at a fixed concentration (12 mM), but with
varying iron(IIl) salts, FeXs, for X = -CI’, -Br’, -CF3SO0;3™ (OTf), -CH3CsH4SO;3™ (Tos), and -ClOs4. These
polymer and dopant chemistries were chosen because of their prevalence in the literature and commercial
availability. Second, Fe(Tos)s and Fe(ClO4); dopants were selected for extensive evaluation because they
produced the highest and lowest electrical conductivities and Seebeck coefficients in the first step. We
performed detailed UV-vis-NIR, XPS, GIWAXS, and thermoelectric measurements on P3HT films
sequentially doped over a wide ferric solution concentration range (which results in a sufficiently wide
range of carrier densities). Similar experiments using Fe(Tos); and Fe(ClO4); were performed on PE,, and
this comparison examines to what extent polymer ordering and oxidation potential may affect doping and
transport properties. Third, the transport properties for all four P3HT and PE; polymer-dopant combinations
were analyzed using the SLoT model. The fundamental transport parameters extracted from the SLoT
model were then related to the chemical and structural properties. Finally, we note that the naming system
used in this study consists of the polymer name followed by the corresponding iron(Ill)-based dopant (e.g.
P3HT-Fe(Tos);). We use this naming system because we find that the counterion chemistry and the
resulting polymer molecular structure is dependent on the chemistry and coordination environment of the
iron dopant. The naming system used herein is slightly different than historical precedents. Oftentimes
(electro)chemical doping reports use only the counterion species in the naming (e.g. P3HT-Tos), but these
precedents usually do not report a complex counterion species and/or molecular changes to the monomer

chemistry.*!



2.2 Initial survey on the effects of various iron (III) dopants on P3HT thermoelectrical properties

Dopant counterions affect the doping kinetics, thermodynamics, and charge transport properties.*®
% Isolating the counterions’ role in each of these processes is difficult because the observable properties
result from their convolution. To quantify the role of the dopant counterion, five iron(IlIl) compounds were
screened, and the resulting carrier density, electrical conductivity, and Seebeck coefficient were measured.
For an initial evaluation, commercially available P3HT was used (Figures S1-S3 show the P3HT gel
permeation chromatography trace, cyclic voltammogram and 'H- nuclear magnetic resonance spectrogram
characterizations.)). P3HT thin-films were sequentially doped by drop casting 12 mM acetonitrile solutions
of iron(III) chloride, bromide, triflate, tosylate, and perchlorate on top of the films and allowing the dopant
to penetrate the film, as illustrated in Figure S4 and demonstrated in previous studies.*” Table S1 shows
that these counterions have different volumes and coordination ability; therefore, they likely have different

effects on the residual anions and resulting transport properties.

First, we examine the electrical conductivity and Seebeck coefficient of P3HT films. In general, as
the extent of doping increases, the carrier density increases, and the electrical conductivity increases as the
Seebeck coefficient decreases.” Figure 2a shows the electrical conductivities of P3HT films sequentially
doped with 12 mM solutions of various iron(IIl) salts. P3HT doped with Fe(ClOs); is the most electrically
conductive (56 S cm™) whereas the P3HT films doped with Fe(Tos); are the least electrically conductive
(5 S cm™). Consistent with this trend, Figure 2b shows that Fe(C104);-doped films have the lowest Seebeck
coefficients (+31 uV K ™), whereas Fe(Tos);-doped films have the highest Seebeck coefficients (+82 uV K-
1. These trends in thermoelectric properties are commensurate with the optical absorbance spectra shown
in Figure S5, which also show that P3HT-Fe(ClO4); has stronger polaronic absorbances than P3HT-
Fe(Tos)s. Therefore, these electrical conductivities, Seebeck coefficients, and optical absorbances are
consistent, and together suggest that P3HT-Fe(Cl0s); has a greater carrier density than P3HT-Fe(Tos)s. We
also note that these observations are consistent with a similar comparison of P3HT doping by FeCls,

Fe(OTf)s, and Fe(Tos); reported by Wu et al.*®



To directly quantify the extent of doping and carrier density, we used XPS. Measurements of S-2p
spectra were deconvoluted and used to calculate the ratio of polaronic sulfur signals to total sulfur signal,"
#. 4 which is indicative of the extent of oxidation and carrier ratio (c)."”* This carrier ratio is used to
calculated the carrier density (). ***° Although UV-Vis-NIR and thermoelectric measurements indirectly
suggest that P3HT-Fe(ClO4); may have more charge carriers than P3HT-Fe(Tos); when sequentially doped
with 12 mM solutions, XPS calculated carrier ratios actually show that the carrier ratios are within error for
these two salts. These comparable carrier ratios indicate that these ferric dopants have comparable doping
efficacies with these experimental procedures, which is reasonable considering that these salts having
comparable reduction potentials.* *° Furthermore, Figure S6 shows that the carrier ratio for this series of
salts varies little, with carrier ratios of ca. 0.22-0.30 (corresponding to 1 carrier for every ~4 thiophene
rings) independent of the ferric dopant. Although the carrier ratios are comparable, there are several
differences amongst these dopant systems. FTIR measurements in Figures S7-10 show that P3HT films
doped with Fe(ClOs); uniquely exhibit thiophene oxide formation.”” Table S2 shows that iron was not
detected by XPS in films doped with Fe(ClOs); and Fe(OTf)s, likely because both salts contain weakly
coordinating anions. In contrast, some iron was detected in all the other films, up to a maximum of § atomic
percent with FeCls; FeCl; having the most residual iron is consistent with Cl being the most strongly
coordinating counterion in this study (Table S1) and is consistent with previous reports.*’ Finally, Table
S1 shows that counterion sizes vary substantially, and the largest difference is between tosylate anions and

chloride anions (154 vs. 66 A®).

It is fully expected that the above listed differences affect the electrical conductivity and Seebeck
coefficients, and this is especially apparent between P3HT-Fe(Tos); and P3HT-Fe(ClO4)s. These two
systems have approximately an 11 and 3 times difference in electrical conductivity and Seebeck coefficient,
respectively, that cannot be explained solely by the small differences in carrier ratios (carrier densities) nor

solely with delocalized transport models.*”*** Therefore, it is important to acknowledge that the varying



dopant counterion coordination ability, counterion size, and polymer-counterion interactions all affect

optical and charge transport properties*™ ** ' and requires further investigation.

(a) 60 -
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Figure 2. Survey thermoelectric properties of P3HT films sequentially doped with 12 mM solutions of
different iron(III) salts in acetonitrile. (a) Electrical conductivity and (b) Seebeck coefficients averaged over
at least 3 separate films, with error bars representing sample-to-sample standard deviation.
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2.3 Spectroscopic analysis of P3HT and PE; doped with Fe(Tos); and Fe(ClO4);

To quantify to what extent counterion identity and concentration affect transport properties, we
sequentially doped P3HT with Fe(Tos); and Fe(ClOs); over a wide range of solution concentration, 1.5 to
100 mM. Additionally, we sequentially doped PE, with Fe(Tos); and Fe(ClO4); solutions with
concentrations ranging from 0.1 to 12 mM. Offset doping concentration ranges were used because P3HT
and PE, have different doping susceptibilities and electrical conductivities, and our instrumentation
necessitates sheet resistances less than ca. 10 MQ  for reportable thermoelectric measurements.
Additionally, this offset doping range is needed for us to capture a sufficiently large range of S, o values to
use the SLoT model for these polymers. Furthermore, the SLoT model uses carrier ratio (carrier density)
as the independent variable, and not dopant solution concentration, so this dopant solution concentration
offset does not impede our primary goal of quantifying the interrelationships between chemical structure,

microstructure, and charge transport properties.

The extent of doping was first qualified with UV-Vis-NIR spectroscopy (Figure S11). Figure S11
shows that with increasing solution concentration, polaronic absorption in the mid-infrared (MIR) increases
and neutral absorption in the visible decreases, and this is indicative of increasing extent of oxidation.
Additionally, these spectra show that PE; is more susceptible (i.e., is oxidized to the same extent at lower
dopant molarities) to doping than P3HT. Explicitly, PE, pristine n-n~ absorbances bleach near 3 mM
Fe(Tos); or Fe(ClO4); and remains bleached through 12 mM. In contrast, P3HT pristine n-n~ bleaching
requires at least 25 mM Fe(ClO4)3, and Fe(Tos); cannot effectively bleach the pristine n-n” peak. The ability
of less concentrated solutions to bleach the pristine n-n* absorption of PE, is consistent with its lower

oxidation potential (onsets of oxidation are 0.3 V and -0.7 V vs. ferrocene for P3HT and PE,).?"-*

To quantify the carrier ratio and the doping mechanisms in P3HT and PE; films, we used XPS.
Figure 3a-c shows representative deconvoluted spectra for pristine and 12 mM doped P3HT films, and
Figure 3d-f shows similar spectra for PE; films. For the P3HT spectra (Figure 3a-c), pristine and neutral
thiophene peaks occur between ca. 163 and 164.5 eV, polaronic thiophene peaks (polaronic charge carriers)

11



occur between ca. 164.5 and 166 ¢V, and S=0 peaks (from tosylate or sulfones) occur between ca. 167 and
170 eV. Notably, doping with Fe(C104); yields sulfur with binding energies at ca. 167 eV, consistent with
chemically oxidizing thiophenes to thiophene oxides; this observation is further confirmed with FTIR
measurements, has been previously reported in literature, and is discussed in detail in Note S3. *"** To
approximate the carrier ratio, the thiophene S-2p feature was deconvoluted into neutral sulfur contributions
and polaronic sulfur (denoted as S*) contributions. The ratio of the S* peak area to the total thiophene (and
thiophene oxide, where applicable) peak area is assumed to be equal to the number of holes per thiophene
unit, which is equal to the carrier ratio." *>*** Although a single polaronic cation charge carrier is likely
delocalized over multiple thiophene moieties, XPS can be used to quantify the average extent of oxidation
and carrier ratio. For example, the carrier ratio for P3HT calculated from rigorously deconvoluted XPS S-
2p spectra using a single neutral doublet and a single oxidized doublet is consistent with P3HT carrier ratios
measured using cyclic voltammetry.* Additionally, for Fe(Tos)s;-doped films, the extent of oxidation was
also quantified using the abundance ratio of tosylate counterions (using the sulfoxide doublet at ca. 168 eV
for Fe(Tos); doped films) with respect to thiophene, which is commonly employed in the PEDOT
literature.'? Finally, for P3HT-Fe(ClO,); films, the extent of oxidation was also calculated by deconvoluting
the C-1s spectra (Note S3). The pristine sp> and sp” carbon are convoluted near ca. 284.6 eV, but as the
doping level increases a new peak 286.2 eV emerges, increases, and is attributed to oxidized aromatic

carbons.>* >’

The PE, XPS spectra (Figure 3d-f) show similar features to the P3HT spectra, but the doped PE»
films show additional features at binding energies between 166 and 167.5 eV (denoted S** in Figure 3).
Previous works on PEDOT and P3HT have attributed the S-2p energies near 166 eV to multi-polaronic
charge carriers, but the exact assignment is not clear." ** **** For example, Wegner et al. correlated the
presence of higher binding energies in P3HT doped with borate salts with EPR measurements, and they
assigned features at ca. 166 eV to bipolaron formation.'"* Similarly, Marrikar et al. assigned binding

energies near 166-168 eV to heterogeneously doped and oxidized regions in PEDOT films.* In contrast, in

12



PEDOT systems this additional peak area may be ascribed to asymmetric scattering of the ejected
photoelectrons by the more delocalized valence band.'> °* *® Ultimately, we recognize that there is
uncertainty regarding this peak, but here we ascribe the peaks near 166 eV in PE; to polaronic charge
carriers (S™ in Figure 3). Finally, we note that pristine PE, is susceptible to air oxidation; air oxidation of
the pristine may be responsible for some peaks intensities at higher binding energies in Figure 3d at 166
eV. This air doping can result in electrically conductive PE, thin-films (ca. 15 S cm™ at 35 nm)*' and is
notably evident in the S-2p spectra because XPS is a surface sensitive technique; however, thicker PE; films
show lower electrical conductivities (ca. 10* S cm™ at 150 nm),*' and the pristine PE; films in this study
are even thicker (ca. 700 nm thick) and are electrically insulating (< 10* S cm™), suggesting the PE, films

in this study are not substantially air doped.

Now that we deconvoluted and quantified the XPS spectra for P3HT and PE; at 12 mM, we turn to
quantifying these changes at each doping level. For each polymer-dopant chemistry-dopant molarity
combination, we calculate the carrier ratio and the extent of thiophene oxide formation. The carrier ratio is
quantified using the previously described three methods: (1) the ratio of S* and S** (polaronic, oxidized
thiophenes) abundance to total thiophene abundance, (2) the ratio of tosylate abundance to total thiophene

abundance, and (3) the ratio of oxidized aromatic carbons to aromatic carbons.

For P3HT (Figure 4a), as the solution concentration increases, the extent of doping and the
(bi)polaronic abundance increases. Specifically, at high doping levels (> 25 mM), the average extent of
doping (from all deconvolution methods) and carrier ratio begins to saturate at ca. 0.35, corresponding to
one charge carrier for every three rings. These carrier ratio trends and values are consistent with previously
reported spectroscopic and electrochemical P3HT doping studies and are consistent with the trends in
optical (Figure S11) and thermoelectric measurements (vide infi-a) presented herein.® **° Additionally,
Figure 4a shows that at most dopant concentrations, P3HT films doped by Fe(Tos); or Fe(ClO4); have

similar carrier ratios (within error), consistent with the initial analysis in Figure 2 and Figure S6.Finally,
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in the case of Fe(ClO4)3-doped P3HT- films, there is an increasing amount of chemically oxidized sulfoxide

rings present, reaching a maximum near 35%.

Like P3HT, Figure 4b shows that with increasing solution molarity, the PE, films become
increasingly doped; however, doping saturates at a greater carrier ratio of ca. 0.5, or one charge carrier per

two thiophene rings. This carrier ratio is consistent with previous PEDOT reports,> '* %

and this larger
maximum carrier ratio (cpax) may be because PE, is more electron rich and easily oxidized; this is
consistent with previous reports that show increasing the electron-richness of thiophene derivatives
increases their carrier density (extent of oxidation, carrier ratio) and their electrical conductivity when
comparably doped.”* °*®! In contrast, the thiophenes in PE, are less susceptible to chemical oxidation to
sulfoxide by Fe(ClO4); than P3HT, reaching a maximum level of ca. 10% vs. 35%. We speculate that the
non-bonding S—O interactions in the PE> backbone act as a kinetic barrier to chemical oxidation; the O
atoms shield the adjacent S atoms, both sterically and electronically, due to the O lone pair interaction and
the resulting proximity to the S atoms.*> Additionally, PE,’s higher carrier ratios relative to P3HT may also
hinder oxygen-transfer oxidation since the increased positive charge per thiophene ring may make the sulfur
more difficult to chemically oxidize. Similar to P3HT, doping PE, with either Fe(Tos); or Fe(ClO4); result
in roughly the same carrier ratio at a fixed solution molarity. These PE; carrier ratio trends and values are
consistent with the trends in optical (Figure S11) and thermoelectric measurements (vide infra) presented
herein.. Finally, we note that at a comparable extent of doping and carrier density, polymer-dopant systems
may show different optical and transport properties. These differences in properties may be attributed to
differences in extinction coefficients, carrier mobilities, and/or effective masses, which must further

contextualized and confirmed using additional microstructural and charge transport measurements.** '
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Figure 3. Representative XPS S 2p spectra for P3HT and PE,. (a) pristine P3HT. (b) P3HT doped with 12
mM Fe(Tos)s. (¢) P3HT doped with 12 mM Fe(Cl0Os);. (d) pristine PE.. (e) PE, doped with 12 mM Fe(Tos)s.
(f) PE> doped with 12 mM Fe(ClO4);. Additional XPS deconvolution procedures are in Note S5. The range
of binding energies used to fit specific chemical species across all polymer and dopant chemistries is quite
narrow (< 0.5 eV for all thiophene species, see Figure S12,13), suggesting that all deconvoluted peaks used

here are needed and repeatable.
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Figure 4. Relative ratios calculated from XPS spectra as a function of dopant solution concentration for (a)
P3HT. (b) PE,. The S* + S** ratio represents the charge carrier ratio, calculated from the area ratio of
polaronic thiophenes to total thiophenes. The Tos™ ratio represents the charge carrier ratio, calculated from
the area ratio of the tosylate signal to the total thiophene signal. The C* ratio represent the charge carrier
ratio, calculated from the area ratio of oxidized aromatic carbon to total aromatic carbon from the C-1s
spectra. S=0 ratio represents the area ratio of thiophene oxides to total thiophene rings in films doped with
Fe(ClO4)s.Note that data is presented on a logarithmic horizontal axis for clarity.
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2.4 Structural analysis of P3HT and PE, doped with Fe(Tos); and Fe(ClO4)3

To investigate the structural impact of doping, GIWAXS diffractograms and in-plane linecuts of
pristine and increasingly doped films are examined (Figure 5). Figure 5a shows the in-plane linecuts
Fe(ClO4)s-doped P3HT films. As the doping molarity increases, the alkyl side chain packing’s (100) peak
shifts to smaller ¢ values (larger d spacing in real space,)) and the n-7 stacking’s (010) peak shifts to larger
g values (smaller d spacing in real space.)). Furthermore, the concomitant expansion of the alkyl packing
and contraction of the m-m stacking suggests that ClO4 counterions are intercalated in the side chains and
not in the m-m stacks.®® Similar trends are observed with P3HT-Fe(Tos); (Figure 5b), but there are two
distinct differences. First, Tables S3,4 shows that the n-m stacking ranges from 3.51 A to 3.54 A in 12 mM
and 100 mM P3HT-Fe(ClOy); films, but the n-m stacking ranges from 3.6 A to 3.59 A in 12 mM and 100
mM P3HT-Fe(Tos)s films. The n-wstacking distance influences molecular orbital overlap and charge carrier
mobility between chains, with smaller distances yielding increased delocalization and mobility.*
Therefore, a seemingly small difference in m-n stacking may contribute towards notably different transport
properties. Second, the intensity of P3HT-Fe(Tos); peaks is substantially reduced with respect to the P3HT-
Fe(ClO4)s peaks. The intensity of these linecuts is indicative of the doped films’ propensity for ordering.
Therefore, the lower peak intensities in the P3HT-Fe(Tos)s films indicates that Fe(Tos)s disrupts the ordered
regions to a greater extent than Fe(ClOs)s. This is likely because the perchlorate anions are approximately
half the volume of tosylate ions (which could be larger tosylate complexes due to residual Fe signal in XPS,
(Table S2)),and therefore perchlorate anions disrupt the microstructure less.>® Interestingly, the formation
of thiophene oxides via perchlorate chemical oxidation does not seem to significantly alter ordering, and
this could indicate that the chemical oxidation mostly occurs in amorphous regions of the films, which is
not observable using GIWAXS. Overall, these observations are consistent with those reported by Wu et al.,

who similarly found that Fe(Tos); disrupts the P3HT microstructure to the greatest extent.*®

Next, we turn to analyzing the structural changes in PE,. Figure 5S¢ shows the in-plane linecuts for

PE,-Fe(ClO4)s, and Figure 5d shows the in-plane line cuts for PE;-Fe(Tos);. Initially, pristine PE; is heavily
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disordered, as seen by the broad (100) peak; however, as the doping level increases, the (100) peaks become
increasingly defined, and higher order (up to (400)) reflections are observed. We note that this is an
exceptionally high ordered reflection for an XDOT polymer (with® > ?* or without side chains®> ), and
this indicates that PE, can achieve a comparatively high extent of ordering. Additionally, the (100) peak
narrows and shifts to lower g values with increasing doping. These trends indicate that the crystallite size
increases, the lamellar spacing increases, and that the dopant counterions likely incorporate in the alkyl
region. Notably, in both P3HT and PE; the alkyl side chains expand and the m — 7 stack with increased
doping level, and this suggests that doping occurs via integer charge transfer and not via charge transfer
complex formation.>* ¢ Ultimately, these trends suggests that doping increases the extent of ordering in

PE,, which contrasts the observations of P3HT reported herein and of other doping studies.”*”- %
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Figure 5. GIWAXS in-plane linecuts and diffractograms for P3HT and PE; films sequentially doped with
Fe(Tos)s and Fe(ClO4)3 at varying solution molarities. (a) P3HT-Fe(ClO4)s. (b) P3HT-Fe(Tos)s. In these
linecuts, the blue arrows and vertical dashed lines help guide the eye to show the general trends for the
(100) peaks and m-mt peaks. Note that the P3HT diffractograms are located left of center and range from
1.5 to 100 mM. (c) PE»-Fe(ClO4)s. (d) PE>-Fe(Tos)s. The peaks in PE; are broader and less commonly
reported, so individual diffraction peaks are labeled and highlighted. Note that PE, diffractograms are
located right of center and range from 0.2 to 12 mM. Figures S20,S21 show nearly out-of-plane linecuts,
and Table S3, S4 tabulate d-spacings.

19



2.5 Effect of dopant selection on P3HT and PE; transport parameters, analyzed through the SLoT

model

In the previous sections, we showed that P3HT and PE, polymers doped with Fe(Tos); and
Fe(ClO4)s have distinct chemical and structural differences. These differences likely affect the resulting
transport properties. Therefore, we succinctly highlight the most notable five differences before using the
SLoT analysis to quantify how these differences affect measurable transport properties. (1) PE, is more
electron rich and likely has more delocalized charge carriers than P3HT because PE, has dioxy- donating
groups that promote a more quinoid-like structure;’ electrochemical and spectroscopic measurements
suggest that these donating groups increase doping susceptibility and the maximum extent of oxidation
(maximum carrier ratio). (2) XPS measurements and deconvolutions show that at a fixed solution
concentration of Fe(ClO4); and Fe(Tos); yield a comparable number of polaronic charge carriers. (3)
Furthermore, Fe(Cl0O4); can chemically oxidize to yield thiophene oxides; this chemical oxidation is more
prominent in P3HT than in PE,. (4) GIWAXS measurements show that pristine P3HT is more ordered than
PE,, but P3HT ordering decreases with increased doping level while PE; ordering increases with increased
doping level. (5) Additionally, doping with Fe(Tos); disrupts the ordering in P3HT to a greater extent than
doping with Fe(ClOs)s, likely because of the difference in counterion sizes, but there is not an observable

difference with PE,.

To quantify how the structural and chemical differences between P3HT and PE, doped with
Fe(Tos); and Fe(ClO4)s affect charge transport, temperature dependent Seebeck coefficients, electrical
conductivities, and carrier ratios were analyzed within the SLoT model.** The SLoT model uses a
Boltzmann transport formalism with a semi-localized transport function (og) to isolate hopping-like and
metal-like contributions to the observable S and o, and the SLoT model quantifies how these contributions

vary with respect to carrier ratio (¢). The SLoT model transport function is,
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0, E<E,

o5(ET,c) = 0y exp (_M;HT(TC)) X (%), E>=E\" (M

Therefore, the resulting expressions for the electrical conductivity and Seebeck coefficient, are
= Wr(c) too (E-By) (_ df
g = Oo €Xp (_ kgT ) X fO (kBT) ( dE) dE )

and

5= () SR e

o (B (- )ae

3)

e

Eq. 1 shows that charge carriers with energies (E) located below the transport edge (E;) do not contribute
to charge transport. Evaluating Eq. 1 within the Boltzmann transport integrals enables a mathematical
convenience, where this transport edge can be used as the zero-energy reference level and lower integral

bound for Eq. 2 and Eq. 3.* In contrast, charge carriers with E > E, contribute to transport, and their

contribution is weighted by g, exp (— M;H—(TC)) (%) 0y 1s the SLoT transport function prefactor. g, has
B B

units of S cm™, is independent of doping level and carrier density, and laterally shifts the S(o) curve. In
ideal systems, o, can be related to electron energy independent parameters, such as the curvature of the

density of electronic states,” and systems with larger o, values typically exhibit larger electrical

Wy (c)
kgT

conductivities (Eq. 2). exp (— ) captures localized contributions to the observable transport

properties. Wy is the localization energy and captures charge carrier localization due to polaronic effects,
disorder, and electrostatic interactions, akin to localized transport formalisms like the Mott polaron model
and Marcus theory. This localization precludes metal-like transport, but localization generally decreases in

magnitude as the carrier ratio increases, as calculated using XPS. Additionally, as Wy decreases,

o increases, and ¢ becomes less thermally activated. (%) is electron-energy dependent contribution to
B

transport and is akin to the transport models used for crystalline inorganic semiconductors.*®*’ As the extent

of doping increases and Fermi energy level increases with respect to the transport edge, charge carriers
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occupy increasingly higher electronic states with respect to the transport edge and contribute more to charge

transport. Additionally, as the extent of doping increases, the Fermi energy increases with respect to the

Ep—E, . . .
kF Tt, the electrical conductivity increases, and the Seebeck coefficient
B

transport edge, denoted by 1 =
decreases (Eq. 3). Notably at 300 K, even if the Fermi energy level is below the transport edge (Er <
Ei,n < 0) with a distribution and population of carriers whose energies are less than the transport edge and
do not contribute to transport, there will be a distribution and population of carriers that have energies

greater than the transport edge and meaningfully contribute to charge transport carriers (as governed by the

Fermi-Dirac distribution and density of electronic states). Eq. 3 also shows that the Seebeck coefficient is

independent of g, exp (— M;”—(TC)) and that the Seebeck is only a function of 5. Lastly, note that (— %) is
B

the first derivative of the Fermi-Dirac distribution with respect to energy, also known as the selection
function, and weighs charge carriers’ contributions to the observable transport properties. Ultimately, all
parameters in the SLoT model are experimentally measurable and calculable, and we can quantify
fundamental transport relationships such as, how quickly does localization decrease with increasing carrier
ratio (Wy(c)), how quickly do the electron states become populated with charge carriers with increase

carrier ratio (n(c)), and the characteristic g, that is constant for a polymer-dopant system.

First, we examine the 1(c) relationship. Figure 6a and Figure 6d plot the (c) for P3HT and PE-,
respectively, as a function of carrier ratio; 7 values were calculated from Seebeck coefficient measurements
using Eq. 1 and Eq. 3, and carrier ratios were calculated from XPS deconvolutions (Figure 3,4, S11-17,
SLoT Model-P3HT and PE2 Study.xlsx). These n(c) curves are significantly different, suggesting that
dopant and polymer chemistry affect the distribution and filling of electronic states. The x-intercept in an
n(c) plot is the charge carrier ratio (c;) needed for the for the Fermi energy level to exceed the transport
edge and captures the onset of appreciable charge transport. Table 1 shows that ¢; for P3HT-Fe(Tos); is
0.02, which is similar to ¢, for P3HT-FeCl; and P3HT-NOPF," *° but ¢, is 0.18 for P3HT-Fe(ClO4); . This

large ¢, for P3HT-Fe(ClO4); is similar to those for PE, and PEDOT?> %’ and indicates that these systems
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need to be heavily oxidized to achieve appreciable thermoelectric properties. Interestingly however, P3HT-
Fe(ClO4)s has a steeper slope in comparison to P3HT-Fe(Tos); and obtains higher n values Notably, at
similar charge carrier ratios (ca. 0.33), 1 is ca. 6 and 14 for P3HT-Fe(Tos); and P3HT-Fe(ClO4)s,
respectively. At this equivalent carrier ratio, P3HT-Fe(ClO4)s has a higher n value, which is consistent with
its higher electrical conductivities and mobilities (Figures 2, 6¢, S23). P3HT-Fe(ClO4); may obtain higher
n values because thiophene oxide formation alters the thiophene ring planarity and intra-ring aromaticity,®
thereby promoting charge carrier delocalization inter-ring. Increased charge carrier delocalization is
oftentimes concomitant with an increasing electronic bandwidth,* which is consistent with the higher n
values and lower effective masses (Figure S23). Additionally, at ¢ = 0.33 PE,, doped with either chemistry,
obtains 1 values comparable to P3HT-Fe(ClOs)s; however, PE; can obtain higher extents of oxidation, up
to ¢ ~ 0.5, likely because of its increased electron-richness. Furthermore, the oxygen lone pairs in EDOT
can also participate in -donation into the thiophene ring and thereby promote a quinoid structure and
charge carrier delocalization inter-ring as well. For PE,, as ¢ continues to increase beyond 0.33 to 0.5 (a

50% increase), 1 triples to ca. ~42, which also triples o.

Second, we turn to examining the Wy (c) relationships. Figures 6b and Figure 6e plot the Wy (c)
for P3HT and PE,, respectively, as a function of carrier ratio, and Wy is calculated from temperature
dependent thermoelectric measurements (Eq. 2, Eq. 3, and Figure S22). These Wy(c) curves are again
substantially different, suggesting that polymer chemistry (e.g. electron richness) and polymer ordering
(e.g. the microstructure after doping) affect the spatial and electrostatic localization of charge carriers.
Table 1 tabulates the modeled maximum localization energy in the dilute carrier limit (Wy"®), the rate at
which localization diminishes (WHS l°pe), and the carrier ratio where localization is minimal (c4). Figure 6b
shows that at high carrier ratios (¢ = 0.33), P3HT-Fe(ClO4); has minimal localization and achieves metal-
like transport (Wy < 25 meV) while P3HT-Fe(Tos)s still has substantial localization with substantial
thermal activation energy (see Figure S22 for temperature dependent plots). This trend is likely because

the P3HT-Fe(Tos)s microstructure is more heavily disrupted in comparison to P3HT-Fe(ClOs)s, as seen in
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the GIWAXS in Figure 5. Next, we turn to PE,, which has a comparable ¢4 as P3HT-Fe(ClO4); (Figure
6b,e). We also note that PE; has a larger cq than that for previously reported oxidatively polymerized
PEDOT-Fe(Tos); (~0.34 vs. 0.2).'**“This difference in cq may be due to electrically insulating side chains
in PE,, which are not found in the oxidatively polymerized PEDOT-Fe(Tos)s, and we note that cleaving the
side chains from XDOT derivatives can significantly enhance the electrical conductivity.”> Additionally,
heavily doped PE; films (¢ £ 0.35) can exhibit thermally deactivated and metal-like (T properties over
multiple doping levels (Figure S22). Other polymer-dopant systems exhibit metal-like (T) values, but

oftentimes these studies report an isolated doping level and/or do not report carrier densities;'” '®

this report
compliments previous studies by more systematically sweeping doping levels and (reduced) Fermi energy
levels and quantifying the carrier ratios (densities) in the vicinity of this insulator to metal ¢(T) transition.
Furthermore, this study demonstrates that increasing c,,,x and decreasing cgq is a strategy to promote metal-
like electrical conductivities and mobilities. Finally, we note that the systematic decrease and eventual
absence of localization in P3HT-Fe(ClO4); and PE; is concomitant with the increasing and then plateauing
of drift mobilities and weighted mobilities a function of increasing ¢ and 7, as shown in Figure S23.
Oftentimes, ideal delocalized inorganic semiconductors have a nearly constant weighted mobility as the
carrier density increases, especially in comparison to drift mobilities calculated using a carrier density.*

Therefore, the concomitant absence of localization and plateaued weighted mobility in P3HT-Fe(ClO4)3

and PE: is consistent with transport dominated by delocalized charge carriers.

Finally, we turn to analyzing the S(o) curve and oy. Figure 6¢ and Figure 6f shows the
experimental S(o) datasets, the delocalized (metal-like) curve calculated using the Kang-Snyder s = 1
model,* and the SLoT model calculated using the n(c) and Wy(c) relationships with no freely adjustable
parameters.*’ In the regime where the SLoT model is not colinear with the delocalized model curve, charge

transport can be thought as dominated by localized contributions, and the electrical conductivity is

Wh(c)

P ) When Wy(c) S kgT, localized contributions are
B

systematically reduced by a factor of exp (—

minimal and the SLoT curve becomes colinear with a delocalized curve. The P3HT-Fe(ClO4); S(o) dataset
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and SLoT curve coincide with the delocalized curve in the high doping limit, but the converse is not true
for P3HT-Fe(Tos);. This is consistent with the previous localization and (weighted) mobility analysis.
Additionally, the value calculated for g, from the S(a) curve must be consistent for both the localized and
delocalized regimes and be consistent with the calculated values for g, from temperature dependent
thermoelectric measurements (Figure S22). Table 1 shows that o, = 30 S cm™ for P3HT-Fe(Tos); and 7 S
cm’ for P3HT-Fe(ClO4); . This is a significant difference, and at first, these o, values may seem
counterintuitive because P3HT-Fe(Tos); is less electrically conductive than P3HT-Fe(ClO4); in the high
doping limit, yet P3HT-Fe(Tos); has the larger g, value; however, recall here that g, is (ideally)
independent of doping level, carrier density, electron energy, and localization contributions. This difference
in g, is most clear when both systems have the same transport properties and parameters. For example,
whenc~02,1n~3, S~85uVK', Wy~85meV,P3HT-Fe(Tos); has a o of ~1.6 S cm™ while P3HT-

Fe(ClO4); has a 0 of ~0.5 S cm™ (see the gap between the SLoT models in Figure 6¢ near 1-50 S cm™).

Figure 6f shows that the SLoT model also captures the curvatures, slopes, and nominal coordinates
for most PE, data points. Additionally, both PE, doped with Fe(Tos); and Fe(ClO4); have similar curvatures,
slopes, and coordinates, so the same SLoT model curve with the same SLoT transport function prefactor
(0o =9 S em™) models both data sets. Using the same SLoT model curve is consistent with the previous
observations that both PE, data sets have similar Wy (c) and n(c) curves. Despite this consistency, a
shortcoming in the SLoT model for this PE; system is that the SLoT model does not as accurately capture
the slope in the high-doping regime as it does for P3HT and PBTTT.* Explicitly, SLoT models a gradual
slope in the delocalized regime in Figure 6¢, f, but the PE; data sets arguably show a precipitous decrease
in Seebeck coefficient. We believe that the highly doped PE: slope is not as accurately captured because
the energy dependence of the transport function may not always be linear.*” **7° Capturing a changing

energy dependence is an area of current research and may also explain the large n values.

Finally, we examine why PE; -Fe(ClO4); obtains higher ¢ values than P3HT-Fe(ClO4); (Table 1).

Both P3HT and PE, exhibit increasing o with increasing extents of oxidation, and at a common ¢ value of
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0.33, both PE,-Fe(Cl04); and P3HT-Fe(Cl0s); have comparable 1 values, little to no localization, similar
0, values, and comparable o values near 100 S cm™. Therefore, the primary difference between these two
systems is that PE, can obtain higher ¢ values up to ~ 0.5, likely because of its increased electron richness
due to the dioxy- donating groups. Therefore, consistent with the analysis in Figure 6a, d and parameters
in Table 1, as ¢ continues to increase from 0.33 to 0.5 (50% increase) in PE», 7 triples from ca. 14 to 42,

which also triples o from ca. 100 to 300 S cm™.
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Figure 6: SLoT model analysis of P3HT and PE. doped with Fe(Tos); and Fe(ClO4); solution
concentrations. Individual data points represent doping level average measurements, error bars represent =
one standard deviation from multiple films, and solid lines represent SLoT model regressions. (a) P3HT
and (d) PE; reduced Fermi energy level as a function of the carrier concentration. The transport edge is
labeled at = 0 and represents the onset of electronic transport within the context of the SLoT model. Note
that panels (a) and (d) have the same x-axis but different y-axis scales. In panel (d), the P3HT-Fe(ClO4);
100 mM level is also denoated to help draw comparisons with panel (a). (b) P3HT and (e) PE; activation
energies as a function of the carrier concentration ratio. Activation energy is considered to be minimal when
Wy < ksT, and transport is considered to be thermally deactivated when Wy < 0; both of these tresholds are
labeled and represented by a dashed line. (¢) P3HT and (f) PE, S-o plots. Individual data points are
represented by open data points, and doping level averages are represnted by filled data points. Dashed
lines represent a delocalized curve (Kang-Snyder s = 1 curve), and solid lines represent SLoT model curves,
calculated with no freely adjustable paramters. Measured data points and the modeled SLoT curve approach
colinearity with the delocalized curve when Wy < kgT. Source data, additional notes for calculating SLoT
parameters, and error propogations are in SLoT Model-P3HT and PE2 Study.xlsx and Notes S7,8.
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Table 1: SLoT Transport Parameters for P3HT and PE.. c; is the carrier ratio needed for the reduced Fermi
energy level to be greater than the transport edge. Wy sjope and Wiy max determine the localization energy

at any carrier ratio. cq is the carrier ratio such that Wiy (cq) = 0. cpax 1s the maximum carrier ratio, calculated
from XPS measurements. 7, 1S the maximum average reduced Fermi energy level calculated. pmay is the
maximum average carrier mobility. omax 1S the measured maximum electrical conductivity at a doping level,
averaged from at least three unique films. Finally, o, is the doping independent prefactor for the SLoT
model. Additional notes for calculating SLoT parameters, nonlinear regression, and error propogations are
in SLoT Model-P3HT and PE2 Study.xlsx and Notes S7,8.

WH,max WH,slope Hmax O max Oy
Ce Cq Cmax Nmax
[meV] [meV] [em®*V's!] [Sem™] [Scm]
P3HT-
0.020 290 350 na 033+0.03 6.3 0.23 44 30
Fe(Tos)3
P3HT-
0.18 670 970 0.33 0.33+0.06 14 0.56 107 7
Fe(Cl04)3
PE:-
0.13 600 900 029 046+0.02 32 1.8 250 8
Fe(Tos)3
PE:-
0.20 580 800 038 0.52+0.04 48 2.5 330 10
Fe(Cl04)3
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3. Conclusion

This study compared the doping susceptibility and transport properties of P3HT and PE,, with a
variety of iron(I1I) salts at different concentrations. Among the salts studied, Fe(ClO.); imparted P3HT with
the highest electrical conductivities, lowest Seebeck coefficients, and largest polaronic absorptions while
Fe(Tos); yielded the lowest electrical conductivities, highest Seebeck coefficients, and weakest polaronic
absorptions, despite having comparable charge carrier densities. This indicates that the choice of charge
balancing dopant anion can significantly affect charge transport properties. For PE,, which is more
disordered, easier to oxidize, and can support a higher carrier ratio compared to P3HT, the differences

between Fe(Tos); and Fe(ClO4); are less evident.

Using the SLoT model, we quantified how the charge carriers contributed to the observable
transport properties. P3HT-Fe(Cl04); obtains higher reduced Fermi energy levels in comparison to P3HT-
Fe(Tos)s, likely due to thiophene oxide formation and its reduced aromaticity and increased propensity for
quinoidal character. Additionally, at high doping levels, P3HT-Fe(ClO4); exhibits characteristics of
delocalized transport while P3HT-Fe(Tos); does not, likely because the tosylate ion disrupts the
microstructure to a greater extent. Ultimately, P3HT-Fe(ClOs4); achieves larger electrical conductivities and
lower Seebeck coefficients in the highly doped limit (ca. 107 S cm™ and +20 puV K™ at 100 mM). In contrast,
PE, doped with either Fe(Tos); or Fe(ClO4); achieves similar transport properties and can be modeled
sufficiently well using the same curve on the S-o plot. At the high doping limit, PE;-Fe(ClO4); achieves
transport properties of 314 S cm™ and +7.2 pV K™ at 12 mM, which is 10 times more dilute than that used
in P3HT. A thorough transport analysis suggests that PE,-Fe(ClOs); achieves higher electrical
conductivities and lower Seebeck coefficients than P3HT-Fe(Cl0s); because the PE>-Fe(Cl0O4); system can
achieve higher extents of electrical oxidation (more charge carriers) and higher reduced Fermi energy

levels.

For future studies, it should be noted that the dopant counterion chemistry can significantly alter

the resulting transport properties. Additionally, increasing the extent of oxidation and/or the extent of
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ordering (particularly in the neutral state) are likely good approaches towards high electrical conductivities,
this study shows that these parameters do not necessarily guarantee an increase. Although PE, is solution
processible, achieves 3-6 times higher electrical conductivities and is more susceptible to doping compared
to P3HT, PE; obtains low Seebeck coefficients, and low thermoelectric power factors comparable to P3HT
(~ 10 uW m~1 K~2); therefore PE; is likely not advantageous for thermoelectric devices, akin to P3HT.
However, PE; is a promising candidate for bioelectronic and transport conductor applications because of
its enhanced electrical conductivity and susceptibility to doping. Finally, we note that the SLoT model
provides a quantitative language for fundamental charge transport parameters (e.g., c;, ¢4, Wy (c),n(c), ap),
that is the bedrock for developing future predictive design guidelines, and multiscale modeling, and

structure-property relationships.
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