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ABSTRACT: Herein, a route to produce highly electrically conductive doped hydroxymethyl
functionalized poly(3,4-ethylenedioxythiophene) (PEDOT) films, termed PEDOT(OH) with
metallic charge transport properties using a fully solution processable precursor polymer is
reported. This is achieved via an ester-functionalized PEDOT derivative [PEDOT(EHE)] that is
soluble in a range of solvents with excellent film-forming ability. PEDOT(EHE) demonstrates
moderate electrical conductivities of 20-60 S ¢cm™! and hopping-like (i.e., thermally activated)
transport when doped with ferric tosylate (FeTos3). Upon basic hydrolysis of PEDOT(EHE) films,
the electrically insulative side chains are cleaved and washed from the polymer film, leaving a
densified film of PEDOT(OH). These films, when optimally doped, reach electrical conductivities
of ~1200 S cm'! and demonstrate metallic (i.e., thermally deactivated and band-like) transport

properties and high stability at comparable doping levels.



Introduction
Following the development of the 3,4-ethylenedioxythiophene (EDOT) monomer and its

homopolymer, PEDOT, by Bayer in the late 1980s,[!?] this material and its derivatives have been
among the most studied and commercialized conjugated polymers (CPs). Initially, PEDOT, shown
in Scheme la, was designed for improved handling, oxidative dopability, and stability compared
to poly(pyrroles) and poly(thiophenes).?3] Over the past 30 years, PEDOT, as well as PEDOT
derivatives/analogs, have found utility in a wide range of developing applications and is currently
used commercially in electrolytic capacitors and as anti-static coatings.[*M>M6L7] Of the numerous
desirable properties of PEDOT for both solid-statel®®] and in situ electrochemical'® applications,
its high and stable solid-state electrical conductivity (o) when oxidatively doped is likely the most
important. Unfortunately, the tradeoff of these exceptional properties is processability, with
PEDOT being completely insoluble and typically directly electrochemically polymerized onto a
current collector. A significant amount of work has been devoted to optimizing the electrochemical
polymerization conditions for tuning the optical, electrochemical, and morphological

[12L13] Introduction of solubilizing hydrocarbon or oligoether side chains to yield

properties.1OM11]
a processable “soluble PEDOT” has historically resulted in oligomers or polymers with notably
different properties (e.g., bandgap, onset of oxidation, etc.) than PEDOT, likely due to low
molecular weight or steric interactions.['*H!5] While our focuses is on solution processing of
PEDOTs, we note that oxidative molecular layer deposition (OMLD)!!% and oxidative chemical
vapor deposition (0CVD)!!”] methods can provide high ¢ and conformal PEDOT-based films with
excellent thickness control, provided the specialized setups are available and compatible with the

substrates of interest.
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Scheme 1. A) Lewis structures of the homopolymers PEDOT and PEDOT(OH), along with PEDOT:PSS. B) Structure
of the functionalized PEDOT homopolymer, PEDOT(EHE), that can be converted to PEDOT(OH) upon hydrolysis

of the side chains.

The insolubility of PEDOT can be circumvented by forming a dispersion of doped PEDOT chains
with a charge balancing and solubilizing surfactant, with sulfonated poly(styrene) in water being
the most commonly used. This material, poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS, shown in Scheme la), has become ubiquitous in the field of Org.

Electron., serving as both an active material for numerous applications and as interlayers in many

[18 [19]

devices. Importantly, PEDOT:PSS can serve as a flexible electrode!'® for electrochromism,

organic photovoltaics,?") and supercapacitors,?! along with serving as a hole transport layer for

(221 Despite the many successes of PEDOT:PSS, challenges remain when

perovskite solar cells.
using this material, primarily resulting from a poor understanding of the materials’ composition
and structure,® the secondary solution treatments and additives needed to obtain highly
conductive films,!?+24:25] and the residual strongly acidic protonated sulfonate groups in the PSS

that can corrode other components in devices. ¢!

Hydroxymethyl-functionalized PEDOT [referred to as PEDOT(OH) in this text and shown in
Scheme 1a], first synthesized in the early 2000s via an EDOT(OH) monomer with higher water-
solubility compared to EDOT,?”! has gained increased attention in recent years due to its versatility
in a range of redox-, bio-, and energy-related applications. Introduction of the polar alcohol
functionality to the polymer backbone increases aqueous compatibility (as seen by improved film
wetting?®)) and allows for highly stable redox switching in salt water electrolyte-based

supercapacitors.*’! Films of PEDOT(OH) have been used as biocompatible electrodes and organic

Solvent Resistant (Insoluble)



bioelectronic interfaces, with PEDOT(OH) films having been found to reduce impedance on
multichannel neural probes,*% offer improved cell adhesion and viability compared to uncoated
substrates,*!32) and provide electrical stimulation for neurite outgrowth when doped with tosylate
(Tos).331 In addition to these biological applications, PEDOT(OH) has been used in quantum dot-

(341 and as the hole transport material in perovskite solar cells.?>! However,

sensitized solar cells
preparation and deposition of this polymer often relies on electropolymerization or chemical
polymerization in-situ, yielding materials which are not easily characterized and have limited

device application due to the constraints of these preparation methods.

Side chain removal following solution processing has been demonstrated using several methods
of cleavage (e.g., thermal-,3®! photo-,37! base-induced!®®)) for various structures and targeted
applications. Building off the work of Reeves and coworkers,*8! we have reported that, post-
processing removal of ester-based side chains via basic hydrolysis significantly increases the o of
CP films.*”1 Upon hydrolysis, the cleaved side chains (now carboxylate salts in solution) are
removed from the film, leading to overall mass loss and volumetric contraction due to denser
packing of the remaining minimally substituted conjugated backbones. This results in solvent
resistant polymer films with a higher density of electroactive material compared to the ester
functionalized precursor polymer. The films show lower onsets of oxidation (£,x), higher ¢ (up to
11-fold increases), and lower Seebeck coefficients (S) compared to their parent ester polymers.
Using a combination of measurements, it was determined that the increased ¢ and decreased S are
due to an increased charge carrier density resulting from a similar number of charge carriers

populating a smaller volume in the contracted solvent resistant films.

Herein, we detail a route to highly electrically conductive PEDOT(OH) films via a solution
processable precursor polymer. We report the synthesis of a 2-ethylhexyl ester side chain
functionalized PEDOT homopolymer, termed PEDOT(EHE), that is highly soluble in typical
organic solvents. Application of our previously reported film hydrolysis method!*”] converts films
of this soluble material to solvent resistant films of PEDOT(OH), as shown in Scheme 1b and in
more detail in Scheme S1. Doping films of PEDOT(EHE) with ferric tosylate (FeTos3) results in
moderate ¢ values of 18-65 S cm!, depending on processing conditions. In comparison,

PEDOT(OH) films, obtained via hydrolysis of PEDOT(EHE) films, show exceptionally low Eox



values and high ¢ (~300 S cm™) from air-doping in ambient conditions. Further doping of
PEDOT(OH) films with FeTos3 or FeCls results in o ranging from 680-1200 S cm™!, depending on
doping concentration. Seebeck coefficient measurements, volumetric film contraction, X-ray
photoelectron spectroscopy (XPS), and grazing-incidence wide-angle X-ray scattering (GIWAXS)
are used to explain these differences in electrical conductivity. Finally, temperature-dependent
measurements are used to examine the change in transport mechanism upon hydrolysis, with doped
PEDOT(EHE) showing thermally activated (localized, hopping) transport and PEDOT(OH)
showing thermally deactivated (delocalized, metallic) transport. This study outlines a material and
method that allows for both typical solution processing and exceptionally high electrical

conductivity with metallic transport properties.

Results and Discussion

Synthesis

The synthetic pathways to the EDOT derivatives used in this work are outlined in Figure S1 and
are briefly discussed here, with full synthetic and characterizations details in the Supporting
Information. The ester functionalized EDOT monomers were prepared, as shown in Figure S1,
starting from 3,4-dimethoxythiophene and (%)-3-chloro-1,2-propanediol to form EDOT(CH>Cl) as
a mixture of (£) enantiomers. This species was then alkylated via an Sn2 reaction with (%)-2-
ethylhexanoic acid to form the EDOT(EHE) monomer. Halogenation of this monomer, yielding

EDOT(EHE)-Br», was achieved by electrophilic bromination.

PEDOT(EHE) was prepared via direct heteroarylation polymerization (DHAP) using an adapted
version of the polar DHAP conditions found to be effective for XDOTs,*?! as shown in Figure 1,
and employing a recently developed temperature ramp found to produce larger molar mass
polymers with highly reactive EDOT-based monomers.*!! The polymer composition was
confirmed by elemental analysis, the repeat unit structure was confirmed by proton NMR, and the
molecular weight (M, = 10.9 kg/mol, D = 1.2) was estimated by chloroform GPC relative to
polystyrene standards, with full synthetic details reported in the Supporting Information. Matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry was used to
provide further confirmation of the polymer structure, with peaks corresponding to expected chain

masses in intervals consistent with the repat unit mass, with no Br end groups being observed.



PEDOT(EHE) was isolated as a blue/black solid with a gold, metal-like reflection, as seen in
Figure S2. To assess the reproducibility of the synthesis of this polymer and its resulting properties,
a second polymerization was set up using a slightly different experimental setup, as detailed and
discussed in the Supporting Information, and yielded a second batch of PEDOT(EHE) nearly
identical to the first batch in terms of molecular weight (M, = 11.3 kg/mol, & = 1.3) and purity.
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Figure 1. Synthetic approach to the alkyl ester functionalized PEDOT homopolymer, PEDOT(EHE), and subsequent
hydrolysis of polymer films to PEDOT(OH).

As a result of the branched side chains on every EDOT ring, the polymer is soluble in a range of
organic solvents (e.g., chloroform, toluene, hot THF, etc.). It should be noted this polymer is both
atactic and regiorandom, illustrated in Figure S3, due to the mixture of () isomeric monomers and
lack of selectivity between the 2- and 5-positions of the EDOT ring during polymerization.
Thermogravimetric analysis (TGA, Figure S4a) indicates that the ester polymer is thermally stable
to ~320 °C, and by differential scanning calorimetry (DSC, Figure S4b), no distinct thermal
transitions are observed between -50 °C and 300 °C, as expected based on the previously discussed

disordered nature of the side chains.

Film Processing and Post-Processing

Thin films (see Figure S5a) of PEDOT(EHE) were prepared by blade-coating concentrated
solutions (15-30 mg mL") onto substrates (either borosilicate glass or undoped silicon) at different
blade speeds and heights over the substrate to control film thickness (generally producing
PEDOT(EHE) films 0.8-1.2 pm thick). Typical films for transport measurements were cast from
a 4:1 chloroform/chlorobenzene solution on 1x1 cm glass substrates, as detailed and discussed in

the Supporting Information.



Initially, our previously reported®** hydrolysis conditions were used for preparation of these films;
however, many of the PEDOT(EHE/OH) films delaminated (peeled partially/completely off the
glass substrate) using these unoptimized and relatively harsh conditions. Consequently, to access
films for this study, several alternative hydrolysis conditions were tested, and a new mild
procedure was developed that yielded the same effective side chain removal and increased
electrical conductivity, but without film delamination, as discussed in detail in the Supporting
Information. Photographs of hydrolyzed films of PEDOT(OH) and the hydrolysis setup are shown

in Figures S5b and c, respectively.

Upon hydrolysis of PEDOT(EHE), the cleaved carboxylate salt-terminated hydrocarbon chains
dissolve into the bulk solution, leading to a volumetric contraction of the resulting solvent resistant
PEDOT(OH) films, as previously observed.?*! As seen in Figure S6 for a representative sample,
optical profilometry maps of several samples show a volumetric reduction of 51 + 2 % going from
PEDOT(EHE) to PEDOT(OH) in thick (0.8 and 1.2 um) polymer films. The larger volumetric
change relative to the expected mass change (43%, based on side chain molecular weight and
assuming full side chain removal) is likely due to the higher density of the minimally
functionalized aromatic backbones (e.g., crystalline PEDOT, 1.47 g cm™)*l relative to
hydrocarbon functionalized polymers (e.g., P3HT, 1.10 g cm).1*3] Additionally, the hydrolysis
and introduction of polar alcohol functionalities in the film results in a decrease in the water contact
angle (see Figure S7), with a reduced contact angle for the cleaved polymer (59°) compared to the

parent ester polymer (78°).

Charge Transport Properties and Doping Level

The solid-state electrical properties (o and S) of blade-coated PEDOT(EHE/OH) films were
evaluated using a four-point Van der Pauw method and temperature-controlled Peltier stages. As-
cast films of PEDOT(EHE) show no appreciable conductivity, as expected for an undoped polymer
film. Surprisingly, as-hydrolyzed PEDOT(OH) films that have been exposed to an ambient
atmosphere have relatively high o values of 325 + 48 S cm™! and moderate S values of +33 = 2.9
uV K- without any additional chemical doping or anion exchange. This suggests that the films are
doped by air during the hydrolysis and/or drying process (additional details and discussion of

doping under ambient conditions can be found in the Supporting Information). Sulfur XPS



analysis, as seen in Figure S8 and discussed in the Supporting Information, of the as-hydrolyzed
films indicate a doping level (i.e., extent of oxidation or the carrier ratio) of 0.28 + 0.06 charges
per EDOT ring (approximately one charge per 3-4 EDOT rings), consistent with computational
work showing a minimum Gibbs energy for PEDOT at a doping level of 0.33, independent of the
anion.[**] Treatment of these films with hydrazine [0.15 M in acetonitrile (ACN) for 1 minute]
resulted in a reduction of the o values to 130+ 42 S cm™!, with a corresponding increase in S values
to +43 + 4.4 pV K'!, indicating partial, but incomplete, de-doping of the polymer films and
suggesting a high level of stability in the doped state.

Solution doping of PEDOT(EHE/OH) films with 50 mM FeTos3 in ACN was used as a first test
to assess the transport properties of these materials, with the resulting ¢ and S values shown in
Figure 2a. Doping of PEDOT(EHE) results in modest ¢ values of 18.5 + 5.5 S c¢cm’!, with
corresponding S values that are exceptionally low, on the order of +11 pV K-!, compared to many
other CP systems, but are similar to those reported for dioxy-substituted heterocycles3?-43146]
which attain high doping levels. PEDOT(OH) films doped in a comparable way yield significantly
higher o values of 695 + 88 S cm™!. The S values of this PEDOT(OH) system are even lower and
metal-like, on the order of +2 uV K'!. Reproducibility of this system and methodology was
demonstrated by processing and measuring films of a second batch of PEDOT(EHE) in the same
way as previously discussed. As seen in Figure S9, the excellent agreement in ¢ and S values
between polymer batches, both for the moderately conductive ester films and the highly conductive
solvent resistant films, illustrate the reproducibility of this polymer system and post-processing
method. Based on these results, the two polymer batches are used interchangeably for other

experiments presented here.
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Figure 2. a) Electrical conductivity and Seebeck coefficients of blade coated PEDOT(EHE) and PEDOT(OH) doped
using 50 mM FeToss/ACN. Error bars represent sample-to-sample standard deviation. b) Extent of oxidation for
PEDOT(EHE) and PEDOT(OH) films doped with 50 mM FeTos3/ACN, as determined by XPS analysis. Error bars
represent sample-to-sample standard deviation in the calculated area ratios for oxidized thiophene and tosylate

counter-ion of two unique samples.

We now consider the origin of the ¢ increase and S decrease in the PEDOT(EHE/OH) system,
which is a notably larger change in ¢ (~38-fold) compared to our previous ProDOT-based
model.*”! The increase in o is intuitive: removal of the insulative side chains results in a larger
volume fraction of conductive domains. Conversely, the decrease in S is less obvious, as the value
of S is less dependent on microstructure; rather, S is anticorrelated with the carrier density and with
the symmetric filling of frontier electronic states. Therefore, to determine the decrease in S between
50 mM FeTos3 doped PEDOT(EHE) and PEDOT(OH) films, we employed X-ray photoelectron
spectroscopy (XPS) to quantify doping level and carrier density. Discussions of the XPS

measurements and deconvolution procedures are detailed in the Supporting Information. Sulfur
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(2p) XPS spectra were collected for PEDOT(EHE) and PEDOT(OH) films in their pristine (as-
cast/as-hydrolyzed) and 50 mM FeTos3 doped states, with representative spectra shown in Figure
S8. Deconvoluting these spectra, we calculate that the doping level in the 50 mM FeTos3 doped
states for both PEDOT(EHE) and PEDOT(OH) is ~ 0.4 (see Figure 2b), indicating two charges
distributed across five EDOT rings. Therefore, with this analysis, we conclude that the extent of
chemical doping is effectively independent of the side chain chemistry, and the extent of doping
is not responsible for the differences in Seebeck coefficients. However, optical profilometry maps
taken of the films (Figure S6) show that hydrolysis contracts the thickness and volume of the film
by ~50%, as previously discussed. Therefore, based on the comparable extents of oxidative doping,
but ~50% thinner films, we calculate that the 50 mM FeTos; PEDOT(OH) films have a carrier
density of 1.3 (= 0.2) x 10*! carriers cm?, which is ~50% larger than that for comparably doped
PEDOT(EHE) films [0.83 (+ 0.1) x 10?! carriers cm?] (see the Supporting Information for
additional notes on the calculation methodology). Ultimately, these XPS and optical profilometry
measurements indicate that the hydrolysis procedure increases the volumetric charge carrier
density, which is consistent with the decrease in the Seebeck coefficient, as proposed and discussed

in more detail in our previous report.”]

Electrochemical and Optical Properties

To better understand the large changes in charge carrier density and transport following side chain
cleavage, we turn to probing the electrochemical and optical properties of the PEDOT(EHE/OH)
system. Electrochemical analysis was used to assess changes in the electron richness of the
PEDOT(EHE/OH) system before and after hydrolysis, providing insight into the effectiveness of
doping these species. 1-Ethyl-3-methylimidazolium tosylate (EMITos) was selected as the
electrolyte salt to provide a matching anion to that from FeTos; dopant in solid-state experiments.
Cyclic voltammetry (CV, Figure 3) measurements of polymer films on glassy carbon button
electrodes show broad electrochemical responces and low E,, values, as expected from polymers
with a high EDOT content.[*}4”] We observe significant changes (i.e., differences in peak current
density, peak location, onset of oxidation) in the electrochemical response of the polymer films
following side chain cleavage, consistent with previous studies.*?* The E,. values of the
polymer films before and after cleavage were monitored by differential pulse votammetry (DPV),

as seen in Figure S10. While PEDOT(EHE) has an Eo (-0.67 V vs. Fc¢/Fc") comparable to
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previously reported soluble PEDOT analogs,[*”] PEDOT(OH) has an exceptionally low Eo of -
1.33 V vs. F¢/Fc', significantly lower than any other polymer we have observed. It is believed this
low E,, is the underlying cause of the significant doping under ambient conditions of PEDOT(OH),

and consistent with other observations of the spontaneous oxidation of EDOT-rich polymers.[°]
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Figure 3. Cyclic voltammograms of a drop cast PEDOT(EHE/OH) film before and after hydrolysis, on a glassy
carbon button in a 0.1 M EMITos/PC electrolyte solution using an Ag/AgCl reference electrode (427 mV vs Fc/Fc*)

at a scan rate of 50mV/s.

Additionally, E,x value for PEDOT(OH) films processed from our soluble precursor (-1.44 V vs.
Fc/Fc', Figure S11) are lower than reported values for electropolymerized films of PEDOT(OH)
(~-0.93 V vs. Fc/Fc¢"HPTHB or unfunctionalized PEDOT (-1.0 V vs. F¢/Fc¢*)#7] measured in the
same electrolyte [tetrabutylammonium hexafluorophosphate (TBAPFe)]. While all three systems
have the same conjugated polymer backbone, the relatively low Eox value of PEDOT(OH) resulting
from this method is hypothesized to be due to improved microstructure of the solution-cast films
(e.g, potentially better chain extension) versus the electropolymerized films and/or a relatively
higher degree of polymerization; however, further investigation is needed to elucidate differences

in E,x film values prepared by either solution-processing or electropolymerization.

The effects of side chain cleavage and/or doping on PEDOT(EHE/OH) films were monitored in
the solid-state using UV-vis-NIR measurements on glass substrates, as seen in Figures 4a and 4b.

In the pristine/as-cast state of PEDOT(EHE), the charge neutral n-n* transition (300-700 nm) is

12



primarily observed, with only trace polaronic absorbance (700-1200 nm). In contrast, the
pristine/as-hydrolyzed state of PEDOT(OH) shows a nearly depleted n-n* transition and large
charge carrier band absorbances across the near-IR, suggesting an “intrinsic” change in
electrochemical properties.>!l Treatment of the films with a hydrazine solution effectively
dedoped PEDOT(EHE), as seen by suppression of the previously mentioned polaronic absorbance.
However, hydrazine was ineffective at causing any notable change in the absorbance of
PEDOT(OH) films due to the low E,. of these films, as consistent with previously discussed
transport measurements on pristine (as-hydrolyzed) films in section 2.3. FeTos3 (50 mM in ACN)
doping of PEDOT(EHE) leads to a complete loss of the n-n* absorbance and formation of a broad
bipolaron band. Similarly, FeTos3 doping of PEDOT(OH) under the same conditions bleaches the
residual m-n* absorption and produces a bipolaron band. Further discussion of the hydrazine

treatment and doping methodology can be found in the Supporting Information.
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Figure 4. UV-vis-NIR spectra of blade coated a) PEDOT(EHE) and b) PEDOT(OH) films on glass in the pristine (as-

cast or as-hydrolyzed), hydrazine dedoped, and FeTos; doped (50 mM in ACN) states. Spectroelectrochemistry of

spray cast ¢) PEDOT(EHE) and d) PEDOT(OH) films on ITO glass electrodes using the same cell conditions as

CV/DPV experiments. Potentials reported vs. Fc/Fc*. Full details on both experiments are outlined in the Supporting

Information.
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As PEDOT(OH) films could not be dedoped using conventional reducing agents,
spectroelectrochemistry was utilized to observe the evolution of charge carrier bands in polymer
films as a function of doping, with EMITos again serving as an electrolyte to provide a consistent
anion species across measurements. The PEDOT(EHE) was spray cast onto ITO glass and then
either used directly or hydrolyzed to form PEDOT(OH). In Figure 4c, we note that pristine
PEDOT(EHE) has an obvious polaron peak in the near-IR in its pristine state, consistent with
spectra of EDOT-containing polymers processed via spray-coating due to the increased exposure
of polymer chains to air.*! Following electrochemical conditioning (also termed “break-
in”),52M531 the films were reduced to their charge neutral (reduced) states and then oxidized
stepwise with increasing potentials to the fully doped (oxidized) states. For PEDOT(EHE),
increasing the potential causes gradual loss of the m-n* transition with concomitant appearance of
charge carrier bands in the near-IR, as seen in Figure 4c. Polaronic absorbances, centered around
1000 nm, seen at intermediate potentials, are then fully converted to a bipolaron band absorbance
at higher doping levels. The resulting fully doped films are colorless to the eye (Figure S12) in
agreement with spectra (Figure 4) showing transmission across the visible and absorption in the
near-IR. While application of a large negative potential was able to significantly dedope
PEDOT(OH) films, as seen in Figure 4d, residual polaronic absorbance at ~900-1300 nm indicates
the presence of residual charge carriers. Direct comparison of the neutral (reduced) state
PEDOT(EHE) and PEDOT(OH) spectra (Figure S13a) shows little change in optical bandgap and
Amax. In the oxidized state of these films (Figure S13b), however, polaron and bipolaron absorptions
are dissimilar with regards to peak location and shape. Potentials used to reach equivalently
oxidized states also differ [e.g., 0.17 V vs. Fc/Fc* for PEDOT(OH) versus 0.67 V vs. Fc/Fc¢* for
PEDOT(EHE) to reach the bipolaronic state]. Ultimately, these observations allude to differences
in the density of electronic states and/or oscillator strengths (i.e., extinction coefficients) for the

PEDOT(EHE/OH) system based on side chain cleavage.54-5°]

Charge Transport Optimization
We now turn to optimizing processing and doping parameters to increase the o of
PEDOT(EHE/OH) films, focusing primarily on PEDOT(OH). Specifically, solvent selection,

thermal annealing, dopant chemistry, and dopant molarity are investigated. Figure S14 shows the
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resulting ¢ of PEDOT(OH) films (doped with 50 mM FeTos3) cast from various solvents,
including chloroform (CHCIs), chlorobenzene (CB), tetrahydrofuran (THF), toluene (Tol), and a
test “green” solvent system, 2-methyl tetrahydrofuran (2-MeTHF).’%) Halogenated solvents
(CHCIs and/or CB blends) yielded slightly higher average o (~650 S cm™'); however, there is no
statically significant change observed in ¢ when changing solvent. We attribute these slight
changes in ¢ and sample to sample variation to chlorinated solvents more effectively dissolving
the polymer and producing smoother films, with the 4:1 CHCI3/CB solvent system selected for
further experiments as it produced the highest quality films, likely resulting from optimal drying
rates. We next examine whether thermal annealing could further increase the electrical
conductivity. For PEDOT(OH), thermal annealing at 100 °C, before or after doping, did not lead
to any change in ¢. Thermal annealing of PEDOT(EHE) prior to doping similarly yielded no
observable electrical conductivity changes. In contrast, thermally annealing PEDOT(EHE) films
at 100 °C following doping leads to an irreversible ~3-fold increase in ¢ (65 + 11 S cm™!) with

essentially no change in S (9.6 = 3.4 uV K'!), as seen in Figure S15.

Next, we turned to varying the dopant chemistry, while holding the 50 mM doping solution
concentration constant. Figure S16 shows the ¢ values for PEDOT(OH) films doped with FeCls,
ferric triflate, AgPFs, KAuCly, FATCNQ, NOPFs, and tris(4-bromophenyl)ammoniumyl
hexachloroantimonate (Magic Blue), along with the FeTos; results. At this molarity, most dopant
chemistries yielded comparable or lower electrical conductivities compared to FeToss tosylate and
similar S values. FeCls is a notable exception, yielding an average o of ~850 S c¢cm™!, but the
substantial overlap in sample-to-sample error with the FeTos; precludes a more robust claim of

increased o using this dopant.

Lastly, with both the FeCl; and FeToss dopant systems, we systematically varied the dopant
solution molarity in ACN. Although 50 mM solutions have yielded high electrical conductivities
in other XDOT-based systems, we recognize that excessively high dopant molarities can lead to

[57] Figure 5a shows the electrical

lower electrical conductivities in some polymer systems.
conductivities for PEDOT(OH) films doped with 1, 5, 10, and 50 mM solutions of either FeCls or
FeToss. In general, we find that PEDOT(OH) films obtain optimized ¢ values averaging ~1,100 S

cm! when doped with 5-10 mM solutions, while undershooting or overshooting the dopant
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solution concentration (i.e., 1 and 50 mM FeToss) yielded lower o ranges, 600-800 S cm!. This
demonstrates the importance of doping optimization, as materials could be easily dismissed based
on unoptimized results. All films show low Seebeck coefficients (less than +10 uV K1),
independent of dopant chemistries and concentration, indicating comparable carrier densities.
Therefore, the extent of doping is not primarily responsible for these changes in electrical

conductivity, and deeper microstructural examination is needed.
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Figure 5. a) Electrical conductivity of PEDOT(OH) films doped with either FeToss or FeCls at various concentrations
in ACN. Error bars represent sample-to-sample standard deviation. b) Electrical conductivities as a function of time
for three unique PEDOT(OH) films doped with FeToss at 10 mM. Conductivities plotted as the ratios of the electrical
conductivity at a given time (or) per the electrical conductivity when first doped (o:=0). A polynomial trend line is

shown to illustrate the trend in conductivity over time.

We note that the ¢ of these films are highly stable over time in air, as expected by the significant
degree of ambient doping and high ¢ following hydrolysis. Shown in Figure 5b, films of 10 mM
FeTos; doped PEDOT(OH) retain their o after weeks of exposure to ambient lab conditions. This
stability, comparable to other highly doped PEDOQOTs, is significantly higher than many commonly
studied conductive polymers. For example, the ¢ of PBTTT films drops in a matter of hours in air,

with a nitrogen atmosphere only extending this to several days.!*®!
X-Ray Morphological Analysis

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was employed to further quantify and

understand how microstructural changes may contribute to the observed differences in ¢ values.
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The two-dimensional diffractograms for PEDOT(EHE) and PEDOT(OH) at various FeTos3
doping and annealing conditions can be seen in Figures S17, with additional discussion of these
results found in the Supporting information. From the diffractograms, pristine PEDOT(EHE)
exhibits a mix of face-on and edge-on orientations for the lamellar and a preferred face-on
orientation for the n-w stacks. After hydrolysis, pristine PEDOT(OH) presents a preferred face-on
lamellar orientation and a more isotropic m-n stacking orientation, resembling PEDOT.[57H60 Ag
extracted from the radially integrated diffractograms, pristine PEDOT(EHE) has lamellar spacing
peaks centered at 0.30 A-'and 0.38 A'! (d-spacing of 20.9 and 16.5 A), corresponding to the mixed
orientations, and a n-m spacing peak at 1.74 A-! (d-spacing of 3.61 A). Side-chain removal results
in the lamellar spacing decreasing to 12.6 A and the n-m spacing decreasing to 3.52 A in as-
hydrolyzed PEDOT(OH), a comparable value to previous reports of PEDOTF?M doped with
tosylate counterions. This huge decrease in lamellar spacing and smaller change in n-n spacing
clearly shows that removing side-chains decreases the distance between the polymer chains in all
directions, and this is consistent with the notable increase in electrical conductivity. Doping and
annealing of PEDOT(EHE/OH) films result in relatively small changes in n-n spacing, as shown
in Table S1; however, there are significant changes in the lamellar spacing. When doped with 50
mM FeToss, the PEDOT(EHE) lamellar peak at 20.9 A narrows, indicating a greater extent of
side-chain ordering, as shown in Table S2. The second lamellar peak shifts from 16.5 to 17.5 A,
indicating some dopant intercalation between lamellae. Additionally, new peaks near 11.4 and
12.6 A (0.50 and 0.55 A"!) emerge with similar orientation to the lamellar, which we ascribe to
ordered tosylate rich domains. After annealing, these tosylate peaks become more ordered, as seen
by the lower peak widths. Additionally, a third population emerges at 15.0 A (0.42 A"), potentially
indicating further dopant intercalation and consistent with the increase in conductivity. A distinct
trend is observed in PEDOT(OH) as a function of doping. Upon doping, the lamellar spacing
incrementally increases from 12.6 A in pristine PEDOT(OH) to 21.7 A in PEDOT(OH) doped
with 10 mM Fe(Tos)s, indicating that tosylate anions are gradually intercalating between
PEDOT(OH) lamellae. At 50 mM, the lamellar spacing decreases to 16.5 A, broadens, and exhibits
the same features found in 50 mM doped PEDOT(EHE) that we ascribe to tosylate-rich domains.
These broad and defect-rich lamellar peaks indicate lower extents of ordering in PEDOT(OH)
doped with 50 mM FeToss compared to the 10 mM doped films, consistent with trends in electrical
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conductivity. Ultimately, these changes in microstructural spacings help contextualize the large

changes in transport properties as a function of side chain chemistry and extent of doping.

To better examine the ordering quality of the n-n stacks, paracrystallinity (gz~) was calculated for
the (020) peak of PEDOT(EHE) and PEDOT(OH) films as a function of doping level and/or
annealing, as summarized in Table S1 and shown in Figure S18. Pristine PEDOT(EHE) has the
highest gr.--value of ~ 13%, where a high gr.x indicates a greater extent of disorder.[’!! Doping
PEDOT(EHE) slightly decreases g to 12%, and subsequent annealing leads to further reduction to
11%. This increase in order upon annealing explains the previously noted increase in ¢ upon
annealing as the minimal change in S suggests little to no change in charge carrier density.
Compared to pristine PEDOT(EHE), as-hydrolyzed PEDOT(OH) exhibited a similar gz, of 13%.
Upon doping, g progressively decreases with increasing dopant concentration (1 to 50 mM FeTos3)
for PEDOT(OH) to 12%, indicating that doping increased the ordering of the m-m stacks of
PEDOT(OH). These low g values of doped PEDOT(EHE) and PEDOT(OH) films are consistent
with a classification between 2D and 3D semi-paracrystallinity.[®!] Additionally, these gr.» values
place this system closer to the more ordered polymers PBTTT (gzr ~ 9%, PFs counterions) and
P3HT (gzx ~ 11%, PFs counterions) than the lower order polymers like IDT-BT (gz-» ~ 24%, PFs
counterions),/%?! despite the random orientation of the side chains/alcohol units. Interestingly,
while the ¢ of PEDOT(OH) is ~20-fold higher than annealed PEDOT(EHE), the corresponding
grr-values are comparable (12% vs. 11%). This is in stark contrast to recent reports of a correlation
between higher paracrystalline order and higher electrical conductivities.!®?! We note that while a
reduction in statistical fluctuation between n-x stacks (lower grr-values) may generally contribute
to an increase in observed transport within a given structural motif (e.g, alkyl functionalized CPs),
this trend cannot account for the significant changes induced by side chain cleavage and is only
informative regarding the crystalline portion of the film and provides little information about the

bulk amorphous phase nor macroscopic ensemble.

Temperature-Dependent Transport
Here, we turn to examining the temperature-dependent electrical conductivity, o(T), for various
PEDOT(EHE) and PEDOT(OH) films as o(T) can provide deeper insights on the transport

mechanisms that are most responsible for the observable electrical conductivity at a static
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temperature, a topic further discussed in terms of fundamental principles in the Supporting
Information. Figure 6 shows the normalized electrical conductivity as a function of temperature
for 50 mM FeToss doped PEDOT(EHE) after thermal annealing and PEDOT(OH) doped with
FeTos; at 5, 10, and 50 mM FeToss3; additionally, Figure S19 shows the nominal electrical
conductivities. a(T) measurements for the PEDOT(EHE) films are thermally activated, with an
Arrhenius-like activation energy of 20 meV, as is expected from hopping-like transport. In
contrast, o(T) measurements of PEDOT(OH) films show thermal deactivation, a feature more
consistent with metallic-like transport. This decrease in activation energy with concomitant
decrease in Seebeck coefficient is consistent with both our previous reports on cleavable ProDOT-
based systems and the semi-localized transport (SLoT) model.?+63] Furthermore, the extent of
thermal deactivation (i.e., the steepness of the downward slope in Figure 6) is indicative of how
metallic the system behaves. We find that as the nominal o at 20 °C increases, the slope decline

increases in magnitude for these doped PEDOT(OH) films. A similar and more pronounced
: . d : : : .
metallic trend, as o increases |£| also increases, is also observed as a function of dopant chemistry,

as seen in Figure S20. For the 5-50 mM doped samples, there is essentially no change in the o
value upon returning to room temperature, as seen in Figure S19a, indicating the heating is not
changing the morphology or doping level of the PEDOT(OH) films. Alternatively, the 1 mM
doped samples show a drop in o after heat, indicating some irreversible process, seen in Figure

S19b.
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Figure 6. Relative change in electrical conductivity as a function of temperature for representative PEDOT(EHE) and
PEDOT(OH) (various doping levels) films. The PEDOT(EHE) film was doped using 50 mM FeToss; and thermally
annealed, as previously described, with a resulting o of 63 S cm™ at 20 °C (for this specific film). PEDOT(OH) films
were doped to various doping levels, as outlined in Figure 5, with ¢ values at 20 °C (for these specific films) of 1094,

1177, and 698 S cm! for doping levels of 5, 10, and 50 mM, respectively.

Historically, doping level and main chain chemistries have been systematically engineered to
achieve metallic transport properties; however, here we have the first demonstration that side chain
engineering and removal can be used to access both semiconducting (i.e., thermally activated) and
metallic (i.e., thermally deactivated) transport regimes. We note that most other PEDOT systems
(including PSS and Tos doped samples) are thermally activated, and seldomly obtain metallic
transport even after significant doping and processing optimizations.[®*63] Polyaniline (PANI) is
similar, where most processes and doping levels yield thermally activated electrical conductivities,
but the proper synthesis, processing, and doping can yield thermally deactivated electrical
conductivities.[66H67168] Tn both PEDOT and PANI, it is believed that these processing and doping
optimizations can yield metallic transport because they create a macroscopic percolated pathway
of more metallic and ordered islands in a more disordered and/or insulative matrix. This is most
obvious in studies where electrically insulative PSS is isolated from electrically conductive
PEDOT, but also, this paradigm is akin to what we demonstrated herein; hydrolyzing and
removing the electrically insulative side chains results in marked changes in charge transport by

decreasing localization.
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Conclusion

In summary, we report a fully solution-processable PEDOT bearing cleavable ester-based side
chains. Following film formation and oxidative doping, this material has moderate o (~65 S cm’!
with thermal annealing), the highest of any hydrocarbon functionalized PEDOT, and demonstrates
semiconducting transport properties. Upon hydrolysis, the ester polymer films are converted to
solvent resistant films of PEDOT(OH) with an increased density of electroactive material. These
films, following comparable doping procedures to the parent ester polymer, demonstrate higher o
values (~700 S/cm) and metallic charge transport properties. Optimizing the doping of
PEDOT(OH) leads to o values averaging 1100-1200 S cm!, depending on the dopant used, with
increasing film conductivity showing increased metallic behavior. These values are comparable to
those for ethylene glycol/acid treated PEDOT:PSSI!?H23] or optimized camphor sulfonic acid
(CSA) doped PANL.167]

The o reported here are the highest of any material prepared via direct arylation. Furthermore,
PEDOT(OH) is the first material prepared via this route to show metallic transport, demonstrating
the further potential of this synthetic route. Interestingly, unlike the initial materials studied using
this methodology,*®! PEDOT(OH) films prepared via this method cannot be fully de-doped and
rendered non-conductive using conventional methods (i.e., chemical or electrochemical de-
doping). It is currently believed this is a result of the exceptionally low onset of oxidation for these

films.

The broad use of PEDOT(OH) for applications ranging from charge storage to neural electrodes
make the improved processing and properties presented here of great interest for further
investigation. In contrast to PEDOT:PSS, these doped PEDOT(OH) films are solvent resistant,
while remaining hydrophilic, and not acidic. Additionally, most highly conductive PEDOT:PSS
and PBTTT films are thin (20-60 nm thick), resulting in large sheet resistances despite the high o
values, as shown in Table S3. Perhaps the most comparable systems to this report are solution
polymerized/processed PEDOT:Tos and PEDOT(OH):Tos, which are prepared on substrates by
spin coating the monomers, oxidant, additives, and solvent onto a substate.”’ While
PEDOT(OH):Tos prepared via this method can yield an ¢ of ~900 S cm’!, spin coating limits

control of film thickness and results in higher sheet resistance (see Table S3). In contrast, doped
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PEDOT(OH) films prepared as reported here demonstrate high o (> 1000 S ¢cm™) in thick films
(tested up to ~1 pm thick after cleavage), allowing for greater control of device operation and
access to low sheet resistance films. Further tests are underway to apply this material in various
applications and to probe the further potential of side chain cleavage to access metallic-like, highly

conductive materials.
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ToC Figure:
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ToC Text: Functionalization of poly(3,4-ethylenedioxythiophene) (PEDOT) with ester-based side

chains allow for solution processing and moderate electrical conductivity. Hydrolysis of these side

chains leaves hydroxymethyl functional groups on the polymer, increases the relative amount of

electroactive material, significantly increases electrical conductivity to greater than 1,000 S cm™!,

and changes the transport mechanism from hopping-like to metallic.
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