PAPER

www.rsc.org/materials | Journal of Materials Chemistry

Synthesis, computational and electrochemical characterization of a family
of functionalized dimercaptothiophenes for potential use as high-energy
cathode materials for lithium/lithium-ion batteriest
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We present a family of a novel class of organosulfur compounds based on dimercaptothiophene
and its derivatives, with a variety of functional groups (electron-donating or electron-withdrawing
groups) and regiochemistries, designed as potential high-energy cathode materials with sufficient
charge/discharge cyclability for lithium/lithium-ion rechargeable batteries. This study uses as a
point of departure the electrochemical and computational understanding of the electrocatalytic
effect of poly(3,4-ethylenedioxythiophene) (PEDOT) towards the redox reactions of
2,5-dimercapto-1,3.4-thiadiazole (DMcT). The effective redox potentials of these materials
exhibited good correlation with the highest-occupied molecular orbital (HOMO) levels predicted
via computational modeling. Furthermore, the redox reactions of all the compounds studied were
electrocatalytically accelerated at PEDOT film-coated glassy carbon electrodes (GCEs), although
some materials exhibited higher energy output than others. By using this approach we have
identified several compounds that exhibit clear promise as potential cathode materials and have
characterized the molecular interactions between the organosulfur compounds and PEDOT film

surfaces involved in the electrocatalytic reactions.

Introduction

For over fifteen years, the investigation of sulfur-based
polymer cathodes for lithium/lithium-ion batteries, with higher
energy density than conventional lithium metal oxide-based
cathodes, has garnered much scientific and technological
interest.''® A key electrochemical reaction in the field has
been the redox chemistry of thiolates (RS™), which can be
oxidized to give the corresponding radical (RS") which can,
in turn, couple to form disulfides (RSSR). For instance,
2,5-dimercapto-1,3,4-thiadiazole (DMcT), which is one of the
most promising organosulfur compounds due to its high
theoretical capacity (362 A h kg™ 1), forms a disulfide polymer
by coupling reactions of the electrochemically-generated
radical species (Scheme 1).

Organic materials also offer the advantage of being
relatively low cost and derived from abundant resources, as
opposed to conventional lithium metal oxides. Moreover,
chemical tunability of organic compounds has made them even
more attractive. That is, organic materials can be modified
(designed) to give additional chemical and/or electrochemical
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properties of interest. In addition, the capability of this redox
system to capture lithium ions during discharge (due to forma-
tion of the thiolate, which subsequently traps the lithium ions)
allows their easy incorporation into the so-called ‘“‘rocking-
chair”-type system employed in commercial lithium-ion
rechargeable batteries. However, the charge transfer kinetics
of both oxidation and reduction of these materials tend to be
too sluggish at room temperature for use in viable lithium/
lithium-ion batteries.'”* In order to accelerate these redox
reactions, our group has previously investigated the use of
conducting polymers as electrocatalysts and shown that the
redox reactions of DMcT can be dramatically accelerated by
the conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT)'® as well as by polyaniline (PANI).> However,
composite cathodes, composed of a thiolate compound such as
DMCcT and a conducting polymer, often exhibit poor charge/
discharge cyclability due to dissolution of the reduction
products (typically monomer) of the disulfide polymer when
an organic liquid electrolyte is employed.”!*> Therefore, in
order for organosulfur compounds to be of practical use (i.e.,
repeated charge/discharge cycles) as high-energy cathode
materials, procedures and/or materials capable of preventing
such dissolution must be developed.

In this study, with the aim of designing materials to improve
the charge/discharge cyclability of organosulfur compounds, a
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Scheme 1 Redox reaction scheme for 2,5-dimercapto-1,3,4-thiadia-
zole (DMcT).

4366 | J. Mater. Chem., 2007, 17, 4366-4376

This journal is © The Royal Society of Chemistry 2007



novel class of organosulfur compounds based upon dimercap-
tothiophenes®  (thiophene-2,5-bis(thiolate), TBT), with a
variety of functional groups (electron-donating or electron-
withdrawing groups) and regiochemistries has been synthe-
sized, and the relationships between the structures and
electrochemical activity, as well as the effects of the structures
on the electrocatalytic activity of PEDOT towards the redox
reactions of these materials, have been investigated. As shown
in Fig. 1, these compounds are synthetically tunable, unlike
DMCcT, and thus offer the promise of covalent bonding either
to themselves or to a conducting polymer backbone in order to
prevent the materials from leaching into an electrolyte solution
during charge/discharge cycles. Moreover, TBT and its
derivatives were chosen based on the electrochemical and
computational understanding of the thermodynamics of the
electrocatalytic effects exhibited by the DMcT/PEDOT sys-
tem.'>>!>2 Therefore, the electrocatalytic activity of PEDOT
towards their redox reactions would be anticipated. From the
above-mentioned strategies, this study enabled both the
investigation of a class of synthetically-tunable organosulfur
compounds, the redox reactions of which should be electro-
catalytically accelerated by PEDOT, and further elucidation of
the kinetic, thermodynamic and electrocatalytic aspects of
reactions between organosulfur compounds and conducting
polymers, and thus could lead to future materials that could
realize high capacity (and energy) with sufficient charge/
discharge cyclability.

The redox behavior of the TBT family and the electro-
catalytic activity of PEDOT towards the compounds have
been characterized in an AN solution via cyclic voltammetry
(CV), rotating-disk electrode (RDE) voltammetry, and double
potential-step chronoamperometry (DPSCA). The redox
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Fig. 1 Organosulfur compounds synthesized and studied, including a
variety of electron-donating and electron-withdrawing substituents to
the basic thiophene-2,5-bis(thiolate) (TBT) 1 structure: thiophene-3,4-
bis(thiolate) (3,4-TBT) 2, 3-methylthiophene-2,5-bis(thiolate) (methyl-
TBT) 3, 3,4-dimethylthiophene-2,5-bis(thiolate) (3,4-dimethyl-TBT)
4, 2,5-dimethylthiophene-3,4-bis(thiolate) (2,5-dimethyl-TBT) 5,
3-methoxythiophene-2,5-bis(thiolate) (methoxy-TBT) 6, 3-acetyl-
thiophene-2,5-bis(thiolate) (acetyl-TBT) 7, 3-bromothiophene-2,5-
bis(thiolate) (bromo-TBT) 8, thiazole-2,5-bis(thiolate) (ThiaBT) 9,
thiophene-2-thiolate (TT) 10, and 3-methoxythiophene-2-thiolate
(methoxy-TT) 11. The acetyl-protected molecules were synthesized to
prevent disulfide formation, and the thiolates were generated in situ
before electrochemical measurements.

behavior of the TBT family, the effect of substituents on the
redox behavior of TBT, and the electrocatalytic effect of
PEDOT towards the TBT family are discussed in detail.
Moreover, chemical interactions between the TBT family and
PEDOT, and the effects on the electrocatalytic activity of
PEDOT, are also discussed. It was observed that, while the redox
reactions of all the compounds were electrocatalytically accel-
erated when oxidized or reduced at a PEDOT film-modified
electrode, as predicted by computational modeling, the electro-
catalytic activity of PEDOT differed substantially depending
on the specific derivative. Furthermore, several compounds
exhibited clear promise as potential energy-storage sites for
polymer cathodes for lithium/lithium-ion rechargeable batteries.

Experimental

Dimercaptothiophene and a number of derivatives were
synthesized (Fig. 1). Characterization and synthetic details
of the dimercaptothiophene family are available in the
Supporting Informationi. 2,5-Dimercapto-1,3,4-thiadiazole
dilithium salt (DMcT-2Li) was purchased from Toyo Kasei
Co. (Japan) and used without further purification. 3,4-
Ethylenedioxythiophene (EDOT) was obtained from Bayer
Co. (Germany) and used as received. High-purity HPLC-grade
acetonitrile (AN) was purchased from Burdick and Jackson,
and dried over 3 A molecular sieves. Lithium perchlorate
(LiClO4) (99.99%) and ammonium hydroxide (NH4OH)
(99.99+%) were purchased from Aldrich Chemical Co. Inc.,
and used as received.

Cyclic voltammetry (CV), rotating-disk electrode (RDE)
voltammetry, and double potential-step chronoamperometry
(DPSCA) studies were carried out at room temperature using
a potentiostat (Hokuto Denko Co., model HSV-100 and
HABF1510m) with an analog X-Y recorder (GRAPHTEC
Co., model WX4000). In RDE voltammetry studies, linear
sweeps were carried out at 5 mV s~ ! at different rotation rates
using a Pine Instrument Co., model AFMSRX rotator.
The experimental voltametric profiles were compared to those
obtained via simulation using DigiSim® version 3.0
(Bioanalytical Systems, Inc. (BAS)). In DPSCA studies, the
first potential step was carried out from —1.50 V to +0.80 V
and the potential was held at +0.80 V for 60 s. The second
potential step was carried out from +0.80 V to —1.50 V and
the potential was held at —1.50 V for 60 s. Measurements were
taken in a three-electrode cell configuration using glassy
carbon electrodes (GCEs) (BAS, 3.0 mm diameter for CV and
DPSCA, and Pine Instrument Co., 5.0 mm diameter for RDE
voltammetry) as working electrodes, a large area Pt coil
counter electrode, and a Ag/Ag" (0.05 M AgClO, + 0.1 M
LiCIO4/AN) reference electrode without regard to the liquid
junction potential, and against which all potentials are
reported. The working electrode was polished with 0.3 pm
and 0.05 pm alumina slurries (REFINETEC Ltd), rinsed with
distilled water and acetone, and dried prior to use. Unless
otherwise noted, all experiments were carried out in a 0.1 M
LiCIO4/AN solution, which was thoroughly purged using pre-
purified nitrogen gas.

PEDOT films were prepared on GCEs by anodic
electrochemical polymerization of EDOT monomer at a
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concentration of 20 mM in a 0.1 M LiCIO4/AN solution via
potential cycling at 20 mV s~ ! over the potential range from
—0.60 and +0.90 V vs. Ag/Ag*.* After polymerization, the
films were thoroughly rinsed with a 0.1 M LiClO4/AN solution
and subsequently used for the characterization of the electro-
catalytic activity towards the redox reactions of DMcT-2Li
and the dimercaptothiophenes.

Deprotection of the thioacetates to generate the correspond-
ing thiolates was carried out with NH,OH,* producing a
combined 25 mL AN solution composed of 50 mM NH,OH,
1.0 mM of the organothiolate, and 0.1 M LiClOy,. In order to
complete the deprotection, the solution was left for 3 hours (as
discussed below) under an inert atmosphere, followed by
immediate characterization of the redox behavior by CV, RDE
voltammetry, and DPSCA.

Computational methods

All calculations were performed using the Gaussian 03
program.’® All compounds were geometry-optimized using
density functional theory (DFT) with the B3LYP hybrid
functional?’*® and the 6-31G* basis set, followed by B3LYP
single-point calculations using the 6-31++G** basis set for
greater accuracy in treating anionic compounds. For com-
parison, single-point calculations were also performed using
B3LYP/6-31++G** using a conductor polarizable continuum
model (C-PCM) for an AN solution.?*** While HOMO and
LUMO eigenvalues from density functional methods cannot
be formally taken as either the ionization potential or electron
affinity, respectively,® >* previous studies have shown that
B3LYP-derived eigenvalues compare favorably with experi-
mental electron affinities,® *° ionization potentials,35 and
band gaps.*"** The differences between the computed
HOMO/LUMO values and electrochemical formal potentials
are derived from the difference in environments and previous
work has shown that solvent effects such as polarizability and
cavity radius can be used to linearly adjust (via a Kamlet-Taft
relationship)** computed ionization potentials and electron
affinities to compare favorably to electrochemical data.**

Results and discussion

We begin with a general discussion of the electrocatalytic cycle
between DMcT and PEDOT using electrochemistry and
computational modeling of the electronic structure of the
species involved. The thermodynamics of the electrocatalytic
cycle suggest that some organodisulfide compounds could be
similarly electrocatalyzed by PEDOT. We discuss the synthesis
of DMCcT analogues (i.e., TBT and its derivatives) suggested by
computational modeling, the redox behavior of these com-
pounds, and the electrocatalytic activity of PEDOT films
modified on GCE surfaces towards the redox reactions of the
compounds in solution.

L. Electrocatalytic effect of PEDOT towards the redox reactions
of DMcT

Since the redox behavior of thiol compounds at both bare*>4¢

and PEDOT film-coated GCEs?! is strongly affected by the
presence of protons (RSH or RS™), DMcT-2Li was employed

in this study to focus solely on the redox behavior of thiolate
species and compare the behavior with those of our new
dimercaptothiophene family shown in Fig. 1, which was
generated in situ from the acetyl-protected materials synthe-
sized.” Fig. 2b shows a representative CV (obtained at the
fifth cycle) for | mM DMcT-2Li at a bare GCE in a 0.1 M
LiCIO4/AN solution. Oxidations of the thiolates to generate
the radical species, resulting in the formation of the corres-
ponding dimers and oligomers (polymers) via the coupling
reactions, were observed over the potential range from —0.60 V
to +0.80 V with current peaks at —0.39 V and —0.27 V, and
with a corresponding reduction current peak at —0.80 V vs.
Ag/Ag*®. The very large peak-to-peak separation (>400 mV),
AE,, clearly indicates that this redox process is electrochemi-
cally irreversible. In addition, the following chemical step
(coupling reactions of the radicals) might have an effect on the
electrochemical irreversibility. The oxidation peak current, i,
was proportional to the square root of the scan rate, indicating
that this is a diffusion-limited process. On the other hand, the
fact that the reduction peak current, i, was directly propor-
tional to the scan rate indicated that the reduction process
involved the reductive stripping of a DMcT oligomer film
that was generated on the GCE surface during the anodic
potential sweep.>! Furthermore, as anticipated and previously
reported,>'** it was observed that the oxidation of DMcT-2Li
(dithiolate form) was thermodynamically more favorable than
that of its dithiol form, DMcT-2H.

Fig. 2a shows a CV for a PEDOT film-coated GCE in a
0.1 M LiCIO4/AN solution in the absence of DMcT-2Li. The
PEDOT film was obtained by oxidative electropolymerization
of EDOT in a 0.1 M LiCIO4</AN solution as described in the
Experimental section. Over this potential region, p-type
doping and dedoping processes were observed as previously
reported.>**"* Oxidation of the PEDOT film (doping)
started at —1.08 V and a current peak was observed at
—0.33 V followed by a plateau current response due mostly to
its capacitance.”> The corresponding reduction (dedoping)
current peaks were observed at —0.18 V and —0.84 V, respec-
tively.>® The oxidation peak current was directly proportional
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Fig. 2 (a) Representative CV for a PEDOT film-coated GCE in a
0.1 M LiCIO4/AN solution. Representative CVs for | mM DMcT-2Li
at (b) bare and (¢) PEDOT film-coated GCEs in 0.1 M LiCIO4/AN

solutions. The scan rate in all cases was 20 mV s~ .
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to the scan rate, indicating that, as would be anticipated, the
redox reactions of PEDOT are surface processes and charge
propagation is facile.

Fig. 2c shows a representative CV (obtained at the fifth
cycle) for a 1 mM DMcT-2Li solution at a PEDOT film-
coated GCE in 0.1 M LiCIO4/AN. Two oxidation current
peaks corresponding to formation of the radical species of
DMcT-2Li, resulting in the formation of the corresponding
dimers and oligomers (polymers) via the coupling reactions,
were observed at —0.44 V and —0.28 V, respectively, and the
corresponding reduction peaks were observed at —0.63 V and
—0.37 V, respectively. This dramatic decrease in AE,, points to
the high electrocatalytic activity of PEDOT towards the redox
reactions of DMcT-2Li as well as those of the doubly
protonated DMcT-2H."> In addition, the reduction peak
(shoulder) observed at —0.89 V was assigned to the reduction
of PEDOT. Furthermore, a small redox couple was observed
at +0.41 V. This couple is observed reproducibly in 1 mM
DMcT-2Li solutions, but not in 5 mM DMCcT-2Li solutions
under otherwise identical experimental conditions. At this
time, we are not certain as to its origin.

I1. Computational modeling of dimercaptothiophene and
dimercaptothiazole analogues of DMcT

Based on the electrochemical and computational understand-
ing of the thermodynamics of the DMcT/PEDOT electro-
catalytic cycle, it would appear that any aromatic organosulfur
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Fig. 3 Schematic of the electrocatalytic cycle between DMcT and a
PEDOT film-coated electrode showing the oxidative (charge) pro-
cesses: (a) neutral EDOT (monomer unit within the PEDOT film)
species is electrochemically oxidized, forming [EDOT],* followed by
(b) oxidation of the DMcT monomer (or oligomer), regenerating
neutral EDOT species followed by (c) proton-coupled polymerization
of DMcT monomers (or oligomers) into oligomers/polymers.

compound with a HOMO level between the neutral PEDOT
HOMO level and cationic PEDOT singly-occupied molecular
orbital (SOMO) level should exhibit oxidative electrocatalysis
by PEDOT (Fig. 3).>! Similarly, compounds with a LUMO
level approximating the PEDOT HOMO level should show
reductive electrocatalysis by PEDOT (Fig. 4). Since the
thiadiazole ring in DMcT makes synthetic variations impos-
sible, synthetically modifiable thiazole and thiophene analo-
gues with varying electron-donating and electron-withdrawing
substituents were studied in order to establish the applicable
range of the PEDOT electrocatalytic cycle to new aromatic
organosulfur compounds, as illustrated in Fig. 5. With the
exception of dimercaptothiazole 9, all of the DMcT analogues
exhibited very similar orbital energetics to DMcT and thus, the
redox reactions of the analogues were anticipated to be
electrocatalytically accelerated by PEDOT. As Fig. 5 illus-
trates, a polymer film of PEDOT is not one homogeneous
species with well-defined redox levels, but rather it consists of
multiple chain lengths, resulting in energy level broadening. In
addition, PEDOT consists both of neutral (unoxidized) and
cationic (oxidized) forms.

III. Synthesis of the TBT family

Since it has been reported that dimercaptothiophenes are
unstable even for short periods of time at low temperatures®>>>
and handling of thiols can be problematic due to disulfide
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Fig. 4 Schematic of the electrocatalytic cycle between DMcT and a
PEDOT film-coated electrode showing the reduction (discharge)
processes: (a) cationic EDOT (monomer unit within PEDOT film)
species is electrochemically reduced, forming neutral EDOT species
followed by (b) reduction of the DMcT oligomers/polymers, regener-
ating cationic EDOT species followed by (c) proton-coupled disulfide-
bond cleavage of DMcT oligomers/polymers into monomers. Note
that step (b) is computed to be slightly endothermic, but this is within
the accuracy of the method used.
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Fig. 5 Computed B3LYP/6-31++G** orbital energies for protonated
DMcT and EDOT oligomers, showing relative thermodynamics of the
DMCcT/EDOT electrocatalyic cycles shown in Fig. 3 and 4.

formation,> the protected thioacetate derivatives were synthe-
sized.>* This protecting group has been widely used for thiols,
is known for its facile deprotection, and allows easy isolation,
characterization, and storage for long periods of time without
decomposition. Characterization and synthetic details can be
found in Supporting Informationi.

Previous studies claimed that the N-C-S motifs (e.g., in a
thiazole or thiadiazole ring) exhibit faster charge transfer
kinetics than C-C-S motifs (e.g., in a thiophene ring).>*
Therefore, several attempts were made to synthesize thiazole-
2,5-bis(thiolate) 9 and related thiazole derivatives, but the
compounds were never isolated. The thiazole compounds
are expected to prefer the thione tautomer.>® Therefore, the
electrochemical characterization of the DMcT analogues
below is confined to the family of thiophene-bisthiolates 1-8
and thiophene-thiolates 10 and 11.

IV. Deprotection of thioacetates by ammonium hydroxide and
cyclic voltammograms for the TBT family at bare GCEs

Fig. 6b shows a CV for a 1 mM acetyl-protected TBT 1
solution at a bare GCE in 0.1 M LiClO4/AN over the potential
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Fig. 6 (a) CV for 50 mM NH4OH at a bare GCE in a 0.1 M LiClO,4/
AN solution. CVs for 1 mM acetyl-protected TBT 1 at bare GCEs in
0.1 M LiCIO4/AN solutions containing (b) 0 and (c) 50 mM NH,OH.

The scan rate in all cases was 200 m s~ '

range from —1.50 to +0.80 V vs. Ag/Ag". Protected TBT
showed no significant redox responses over this potential range.
As expected, upon deprotection, redox reactions of deprotected
TBT were clearly observed, as shown in Fig. 6¢ (the baseline is
also shown in Fig. 6a). Similar results were obtained for all
compounds in the TBT family. Furthermore, the redox current
magnitude did not change significantly between 3-6 hours,
although the current response appeared to degrade after
significantly longer times (e.g. 7-9 hours) (Fig. S1). Thus, it
was evident that the protecting groups were cleanly and
completely cleaved by NH,OH within ~3 hours, giving rise
to the electroactive dithiolates. In addition, the redox behavior
of TT 10, which possesses a single thiolate group, was compared
with that of TBT 1. Relative to TT, TBT exhibited approxi-
mately twice the anodic/cathodic charges, indicating that
both thioacetate groups in TBT were cleaved (Fig. S2).

Fig. 7 shows CVs for all members of the TBT family 1-8 at
bare GCEs in 0.1 M LiCIO4/AN solutions containing 50 mM
NH4OH. Since their electrochemical behavior involves
multiple oxidative processes (e.g., formation of dimers and
oligomers), it is difficult to establish a formal potential, EY, for
the oxidation/reduction of the isolated monomer. Therefore,
we define an effective formal potential, £ ® oas:
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Fig. 7 CVs for | mM thiophene-bis(thiolate) monomers at bare
GCEs in 0.1 M LiCIO4/AN solutions containing 50 mM NH,OH.
The scan rate in all cases was 200 m s '. Thiophene-bis(thiolate)
monomers: (a) TBT 1, (b) acetyl-TBT 7, (c) bromo-TBT 8, (d)
methoxy-TBT 6, (¢) methyl-TBT 3, (f) 3,4-dimethyl-TBT 4, (g) 2,5-
dimethyl-TBT 5, and (h) 3,4-TBT 2.
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Table 1 Electrochemical and computed properties of the TBT family
including peak separation, AE,, effective formal potentials, E™ (as
defined in eqn (1)), and computed DFT HOMO and LUMO orbital
energies for dithiolates under the C-PCM solvation model

Electrochemical — Theoretical
Compound HOMO/ LUMO/

Compound number AEJV E®IV eV eV
TBT 1 0.66 —0.84 —4.04 0.07
3,4-TBT 2 — — —4.47 0.06
Methyl-TBT 3 0.67 -0.89 —3.97 0.11
3,4-Dimethyl-TBT 4 0.42 -0.88 —3.88 0.01
2,5-Dimethyl-TBT 5 0.78 -0.59 —4.33 0.04
Methoxy-TBT 6 — — —4.04 0.01
Acetyl-TBT 7 1.11 -049 -430 —1.05
Bromo-TBT 8 0.81 -0.78 —421  —0.30

where E,°* is the potential at the oxidative peak current and
E, is the potential at the reductive peak current. This
effective potential E™ was used to make comparisons between
the redox properties of compounds 1-8 as compiled in Table 1.
While we acknowledge that this analysis is not strictly
thermodynamically rigorous (due to coupled chemical reac-
tions), comparisons among this restricted group of materials is
likely valid if one assumes similar reactions.

In order to elucidate the effects of electron-withdrawing and
electron-donating substituents on the redox behavior of TBT,
TBT derivatives with acetyl, bromo, methoxy, methyl, and
dimethyl substituents were studied. Fig. 7a shows a CV for a
1 mM TBT 1 solution at a bare GCE in 0.1 M LiCIO4/AN
containing 50 mM NH4OH. The oxidation and reduction peak
potentials were observed at —0.51 V and —1.17 V, respectively,
and the resulting effective redox potential was —0.84 V vs.
Ag/Ag*. The peak separation of 660 mV indicated that this
redox system is electrochemically irreversible at the bare GCE,
similar to DMcT-2Li. In the case of an electron-withdrawing
group such as acetyl-TBT 7 (Fig. 7b), the oxidation and
reduction peak potentials were shifted in the positive direction
and the effective redox potential was —0.49 V. In addition, the
oxidation peak current of acetyl-TBT was greater than that
of TBT. We believe that this difference in the magnitude of
the current is due, at least in part, to hydrogen bonding
interactions of the acetyl group in acetyl-TBT with surface
functional groups (such as hydroxyl) known to be present on
the surface of glassy carbon electrodes. Furthermore, in the
case of bromo-TBT 8 (Fig. 7c), although the reduction peak
potential was not shifted significantly, the oxidation peak
potential was shifted in the positive direction (similar to acetyl-
TBT), yielding an effective redox potential of —0.78 V. The
effective redox potential shifts in the positive direction were
consistent with the electron-withdrawing nature of the
substituents, as would be anticipated.

For TBT derivatives with electron-donating groups such as
methyl-TBT 3 (Fig. 7e¢) and dimethyl-TBT 4 (Fig. 7f), although
the oxidation and reduction peak potential shifts were
modest in magnitude, the effective potentials were shifted
in the negative direction (—0.89 V and —0.88 V, respectively)
consistent with the electron-donating properties of the
substituents. On the other hand, in the case of methoxy-TBT
6 (Fig. 7d), no clearly developed oxidation and reduction
waves were observed over this potential range.

Next, in order to assess the effects of regiochemistry, the
redox behavior of 2,5-dimethyl-TBT 5 (Fig. 7g) was compared
to that of 3,4-dimethyl-TBT 4 (Fig. 7f) and 3,4-TBT 2 (Fig. 7h)
to TBT 1 (Fig. 7a). Fig. 7g shows a CV for a 1 mM 2,5-
dimethyl-TBT 5 solution at a bare GCE in 0.1 M LiCIO4#/AN
containing 50 mM NH4OH. With the thiolates at the 3,4-
positions versus the 2,5-positions the reduction peak potential
did not shift significantly, but the oxidation peak potential did
shift to be more positive, resulting in an increased peak
separation and a shift in E™. Fig. 7h shows a CV for a 1 mM
3,4-TBT 2 solution at a bare GCE in 0.1 M LiCIO4/AN
containing 50 mM NH4OH. Compared to the parent
compound, TBT 1, it was observed that the oxidation peak
potential shifted in the positive direction and the reduction
peak potential shifted in the negative direction, far enough that
the reduction current peak was not observed over this
potential range. From these increases in the peak separations,
therefore, it was deduced that the electron transfer kinetics for
the redox reactions of 3,4-dimethyl-TBT and TBT are faster
than those of 2,5-dimethyl-TBT and 3.4-TBT, respectively,
and indicated that the thiolates at 2,5-positions are more
reactive and thus preferred for fast charge/discharge cycles.
This effect illustrates the importance of the proximity of the
ring heteroatoms to the thiolate (ie., S-C-S versus C-C-S
bonding patterns), a point previously indicated by Visco and
co-workers.>?

Furthermore, mass transport properties for TBT 1, acetyl-
TBT 7, methyl-TBT 3, and dimethyl-TBT 4 were investigated.
Table 2 shows diffusion coefficients for the compounds,
obtained from plots of the anodic peak current, i, as a
function of the square root of the scan rate for the compounds
in 0.1 M LiCIO4/AN solutions containing 50 mM NH4OH.
While the values seemed to be reasonable, the value for acetyl-
TBT was significantly greater than the others.

V. Comparison of experimental to theoretical results

Since the use of computational modeling suggested that the
redox reactions of the entire TBT family (Fig. 1) would be
electrocatalytically accelerated at PEDOT film-coated electro-
des, it was important to compare the computed gas-phase and
dielectric continuum model HOMO energy levels with experi-
mental electrochemical data at bare GCEs. In the dielectric
continuum model calculations, the use of computational
predictions offers the ability to rationally target novel
organosulfur compounds and elucidate the redox properties
of the compounds, such as methoxy-TBT 6, which exhibited
little oxidation current at a bare GCE. As illustrated in Fig. 8a,
the computed HOMO energy levels in the gas phase showed
poor correlation while the dielectric continuum model (Fig. 8b)
showed a reasonable correlation with experimental E™.

Table 2 Diffusion coefficients for TBT 1, acetyl-TBT 7, methyl-TBT
3, and dimethyl-TBT 4

Compound Compound number  Diffusion coefficient/cm® s~
TBT 1 35 x 10°°¢
Acetyl-TBT 7 1.5 x 107°
Methyl-TBT 3 47 x 107¢
Dimethyl-TBT 4 8.5 x 10°°
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Fig. 8 Comparison between computed B3LYP/6-31++G** HOMO
energy levels and experimental E™ oxidation energies from Table 1 for
(a) dithiol (i.e., protonated) compounds in gas-phase, showing low
correlation and (b) dithiolates (i.e., deprotonated) using the C-PCM
solvation model for AN. The solid lines indicate the best-fit linear
regressions with the equations indicated. Note that the largest outliers
are the acetyl-TBT 7 species for (a) as well as acetyl-TBT 7 and bromo-
TBT 8 species for (b). For the gas-phase oxidation energies in (a), the
slope of the trend line is physically incorrect since species with higher
computed ionization potentials should have more positive experi-
mental oxidation potentials. On the other hand, the solvation model in
(b) indicates a qualitatively correct trend line.

The gas-phase calculations exhibited poor correlation in
Fig. 8a because the protonated dithiols showed different
conformations of the thiol protons across the series (i.e.,
coplanar with the thiophene ring versus nonplanar), which had
a pronounced effect on the computed electronic structure and
resulting energies. Consequently, not only were the gas-phase
HOMO levels poorly correlated with the experimental E™
values, but the trend was qualitatively (physically) incorrect,
implying that a more negative computed HOMO energy (i.e.,
large ionization potential) would correlate to a more negative
experimental oxidation potential (i.e., easier to oxidize). On
the other hand, deprotonated dithiolate compounds exhibited
poor correlation between gas-phase HOMO energy levels and
experimental electrochemical data because the dianion com-
pounds were poorly described by the gas-phase calculations
(i.e., the computed HOMO energies were >0 eV, implying
oxidation of the dithiolate in the gas phase was favorable).

In contrast, using the acetonitrile C-PCM solvation model,
the calculated HOMO energies were well described and Fig. 8b
showed good correlation between the computed HOMO
energies and experimental E™ values. However, it is also
worth noting that the correlation includes some error in the
experimental E™ (i.e., an error bar for the y-coordinates),
which is due to overpotentials involved in the irreversible
redox processes at a bare GCE. The largest outliers were
acetyl-substituted 7 and bromo-substituted 8 species. Similar

trends can be observed for EJ¥, suggesting that even though
the electrochemical oxidations are observed to be highly
irreversible, this effect is strongly consistent across the TBT
family. Additionally, while several of the compounds studied
had local minima geometries corresponding to different
conformers, the effect on the computed HOMO energies for
the dithiolate forms using the C-PCM solvation model was
relatively small.

As mentioned above, the main outliers showing relatively
poor correlation between the computed solvation energy levels
and experimental electrochemical measurements were com-
pounds 7 and 8. Since conformational effects did not appear to
cause significant changes in the computed electronic structure,
a likely reason for the differences in computed and experi-
mental values for these species was the distribution of
electrostatic charge density, rationalized by m-resonance forms.
One resonance form for acetyl-TBT 7 illustrates (see below)
how a thiolate group can also exist as a thione resonance form,
resulting in increased anionic character on the carbonyl oxygen
and decreased anionic charge on the sulfur atom.

=)
o} o}
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© N\ o e [
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In contrast, although halide substituents exhibit some
electron-withdrawing effects, these are mostly o-inductive,
while the «t electron density is electron-donating—suggesting a
net stabilization of the oxidized form of bromo-TBT 8. As
illustrated in Fig. 8b, bromo-TBT 8 is actually easier to oxidize
than was computed (i.e., it lies below the least-squares trend
line), while acetyl-TBT 7 is experimentally harder to oxidize
than was computed (i.e., it lies above the least-squares trend
line). Since the first-principles methods such as DFT implicitly
include simple valence-bond resonance pictures as described
above, the error is likely due to problems in the treatment of
polar solvents interacting with anions in the C-PCM dielectric
model.

VI. Characterization of the electrocatalytic activity of PEDOT
films towards the redox reactions of the TBT family

The electrocatalytic activity of PEDOT films towards the
redox reactions of the TBT family was also characterized by
CV, RDE voltammetry, and DPSCA. The potential range
employed for CV was from —1.50 V to +0.80 V vs. Ag/Ag",
since the electrocatalytic reactions are expected to occur over
the potential region where a PEDOT film is conductive (i.e., in
the p-doped state). PEDOT film-modified electrodes exhibited
electrocatalytic activity towards both the oxidation and
reduction of all the compounds characterized in this study.
In this section, we exemplify the electrocatalytic activity of
PEDOT films by focusing on the TBT 1 (Fig. 9) and methyl-
TBT 3 (Fig. 10) systems, while the rest can be found in the
Supporting Information (Fig. S3-S8)i.

Fig. 9b and 9c present representative CVs fora 1 mM TBT 1
solution at a bare GCE (Fig. 9b) and a PEDOT film-coated
GCE (obtained at the fifth cycle, Fig. 9¢) in 0.1 M LiCIO4/AN

4372 | J. Mater. Chem., 2007, 17, 4366-4376

This journal is © The Royal Society of Chemistry 2007



45 40 05 00 05 10
E 'V vs. Ag/Ag*

Fig. 9 (a) CV for a PEDOT film-coated GCE in a 0.1 M LiCIO4/AN
solution. Representative CVs for 1 mM TBT 1 at (b) bare and (c)
PEDOT film-coated GCEs in a 0.1 M LiClO4/AN solution containing
50 mM NH4OH. The scan rate in all cases was 20 m s~ .
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Fig. 10 (a) CV for a PEDOT film-coated GCE in a 0.1 M LiCIO4/AN
solution. Representative CVs for 1 mM methyl-TBT 3 at (b) bare and
(¢) PEDOT film-coated GCEs in a 0.1 M LiCIO4#/AN solution

containing 50 mM NH4OH. The scan rate in all cases was 20 m s~ .

containing 50 mM NH4OH. Fig. 9a shows a CV for a PEDOT
film-coated GCE in a 0.1 M LiClIO4/AN solution for
comparison. For the oxidation of TBT at a PEDOT film-
modified GCE, the onset potential shifted towards negative
values and the current response increased relative to a bare
GCE. On the other hand, for the reduction, the peak potential
obtained at a bare GCE shifted with the increase in the current
magnitude from —1.06 V to —0.85 V (AE = 210 mV) at a
PEDOT film-modified GCE. Thus, PEDOT is capable of
electrocatalyzing both the oxidation and reduction processes
of TBT as well as DMcT-2Li, as shown previously (Fig. 2).
Furthermore, the amount of the increase in the TBT redox
current responses is likely smaller than would be found in
practical lithium/lithium-ion batteries. In such applications, an
organosulfur compound (e.g., TBT) would be incorporated
into a composite cathode with PEDOT, rather than freely
diffusing towards a PEDOT film from the electrolyte solution
as studied in this work. Consequently, these composite
electrodes limit the deposition of an insulating layer of TBT
polymer over a PEDOT film, which diminishes electron

exchange between TBT and PEDOT. Therefore the use of a
composite cathode in practical lithium/lithium-ion batteries
would retain high electrocatalytic activity of PEDOT and thus
higher TBT redox currents.

Fig. 10b and 10c present CVs for a 1 mM methyl-TBT 3
solution at a bare GCE (Fig. 10b) and a PEDOT film-coated
GCE (obtained at the fifth cycle, Fig. 10c) in 0.1 M LiClO4/
AN containing 50 mM NH4OH. As was the case for TBT 1,
both the oxidation and reduction reactions were electrocata-
lyzed at the PEDOT film-modified GCE. For the oxidation
(oligomerization process), the current response obtained due
to the oxidation of methyl-TBT clearly increased at the
PEDOT film-modified GCE. Moreover, the reduction process
was greatly electrocatalyzed. This is most evident by noticing
the shift in the reduction peak potential from —1.15 V to
—0.89 V (AE = 260 mV) and the increased current magnitude
at —0.89 V.

Next, in order to gain some insight on the charge transfer
kinetics of the redox reactions of the dimercaptothiophene
compounds at bare and PEDOT film-modified GCEs, the
dimerization process of TBT was characterized quantitatively
and compared with that of DMcT-2Li using Koutecky—Levich
(K-L) plots obtained vie RDE voltammetry. In these
electrochemical kinetics studies, the PEDOT film was treated
as an extension of the electrode.’* We feel that this is a
reasonable assumption since in the potential region of interest,
the PEDOT film is present in the conducting (p-doped) form.
TT 10, which possesses a single thiolate group, was employed
in this study to avoid any complications caused by poly-
merization process present in TBT. As discussed in Section IV,
unlike DMcT-2Li, it is difficult to establish a formal potential
for the dimerization of TBT because of the following
polymerization process as well as the sluggish charge transfer
kinetics.

Fig. 11 shows the K-L plot for the oxidation of TT 10 at a
bare GCE in a 0.1 M LiClO4/AN solution containing 50 mM
NH4OH. In this experiment the limiting current, 7i;, was
measured at —0.25 V vs. Ag/Ag" at different rotation rates. A
Levich plot of iy versus »'"? (not shown) exhibited curvature,

indicating that the reaction is kinetically limited. A plot of 1/i;.
—-1/2

versus (K-L plot) was linear, and from the intercept the
50
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Fig. 11 Koutecky—Levich plot for the oxidation (dimerization) of TT

10 at a bare GCE in a 0.1 M LiClO4/AN solution containing 50 mM
NH,OH. The limiting currents were measured at —0.25 V vs. Ag/Ag*.
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kinetically limited current, i, was estimated to be 8.1 x
10~* A. The iy value includes the rate constant k(E), which is a
function of applied potentials. The k(E) value for the dimeriza-
tion at —0.25 V was determined to be 4.2 x 1072 cm s~ ! from
which the standard rate constant, k°, was estimated to be
about 2.9 x 107% cm s™!. A simulated RDE voltammogram
with the same rate constant (2.9 x 107% cm s~ !), obtained
via DigiSim™, exhibited behavior quite similar to the experi-
mental data.

Table 3 summarizes the rate constants, determined as
described above, for the oxidation (dimerization) of TT and
DMCcT-2Li at bare and PEDOT film-modified GCEs. The rate
constant for the oxidation of DMcT-2Li at a bare GCE was
determined to be 6.6 x 107° cm s~ !. Therefore, at a bare
GCE, the dimerization process of DMcT-2Li was found to be
~200 times faster than that of TT. The difference in charge
transfer kinetics points to the importance of molecular
structure (i.e., thiadiazole versus thiophene structures) as well
as regiochemistry (dithiolates at 2,5-positions versus 3,4-
positions) as discussed earlier (see Section 1V). At a PEDOT
film-modified GCE, k° for the dimerization of DMcT-2Li was
determined to be 2.9 x 107* cm s~ !, representing a 44-fold
acceleration. On the other hand, £° for the dimerization of TT
was determined to be 2.7 x 107° cm s !, which represents a
93-fold acceleration. It appears that, while the dimerization
process of DMcT-2Li at a PEDOT film-modified GCE is
~ 100 times faster than that of TT, the electrocatalytic effect of
PEDOT is greater (ca. 2-fold) towards TT than towards
DMCcT-2Li.

Finally, in order to compare the electrocatalytic activity of
PEDOT towards the redox reactions of TBT, methyl-TBT,
dimethyl-TBT, and acetyl-TBT with that towards DMcT-2Li,
the anodic and cathodic charges due to redox reactions of the
compounds at PEDOT film-modified GCEs were charac-
terized using Anson plots obtained via DPSCA. The obtained
charges were normalized to the surface coverage (mC cm ™ ?) of
PEDOT since it was found that the catalytic activity was
proportional to the charge consumed during the electro-
chemical polymerization of EDOT over the range of charges
employed in this study (~180-215 mC cm 2). As a com-
parison, the normalized charges for the DMcT-2Li/PEDOT
system were set to 1 for the anodic and cathodic charges,
respectively.

Fig. 12c and 12d present Anson plots for (c) anodic and (d)
cathodic reactions of DMcT-2Li at a PEDOT film-coated
GCE in a 0.1 M LiClO4/AN solution. Fig. 12a and 12b show
Anson plots for (a) anodic and (b) cathodic reactions of the

Table 3 Standard rate constants for the oxidation (dimerization) of
TT 10 and DMcT-2Li at bare and PEDOT film-coated GCEs. The
transfer coefficient, «, for both reactions was assumed to be 0.5, and an
effective formal potential, E™, was employed (—0.98 V and —0.61 V
for TT and DMcT-2Li, respectively) in order to determine the
standard rate constants

Standard rate constant, k%cm s~

Acceleration
Compound E™/V At bare GCEs At PEDOT films factor

2.7 x 107° 93
29 x 1074 44

TT -0.98 29 x 1078
DMcT-2Li —0.61 6.6 x 10°°
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Fig. 12 Anson plots for (a) anodic and (b) cathodic reactions of a
PEDOT film-coated GCE in a 0.1 M LiCIO4/AN solution. Anson
plots for (¢) anodic and (d) cathodic reactions of | mM DMcT-2Li at a
PEDOT film-coated GCE in a 0.1 M LiCIO4/AN solution. Theta in
the x-axis legend is equal to "2 + (¢t — 1)'2 — "> (t = 60 s in this
experiment).

PEDOT film-coated GCE in a 0.1 M LiCIO4/AN solution as
background responses. The anodic and cathodic charges due
to the redox reactions of DMcT-2Li can be estimated by
subtracting the redox charge of PEDOT (Fig. 12a and 12b)
from the redox charge of the DMcT-2LI/PEDOT system
(Fig. 12c and 12d). The anodic and cathodic charges due to the
redox reactions of DMcT-2Li were determined to be 1.03 mC
and 1.02 mC, respectively, indicating high coulomb efficiency
(~99%) at a PEDOT film-modified GCE.

Table 4 summarizes the mean normalized charge ratios for
the oxidation and reduction of TBT, methyl-TBT, dimethyl-
TBT, and acetyl-TBT, compared to the charge obtained for the
DMcT-2Li/PEDOT system under identical experimental con-
ditions. The electrocatalytic activity of PEDOT towards the
oxidations of the compounds (i.e., the anodic charge) in this
family was, in general, greater than that towards DMcT-2Li.
On the other hand, the activity towards the reductions (i.e., the
cathodic charge) was, in general smaller than DMcT-2Li in
most of the trials. Furthermore, the deviations obtained for the
anodic charges for the compounds were wider than those for
the cathodic charges. For the oxidation process, in which the
charge derives from oxidation of the compounds in solution
(i.e., a diffusional process), the charge appeared to be more
dependent on the morphology of the PEDOT film (the
morphology of the electrode surface) rather than its coverage.
Indeed, as illustrated in Fig. S9, the PEDOT film is very rough
and exhibits significant changes in film morphology from film
to film. Consequently, the measured anodic charge was highly
variable from trial to trial, and the mean measured anodic
charges of the compounds studied were relatively similar.

Upon oxidation, a fraction of the oxidized dimercaptothio-
phenes is incorporated into the PEDOT matrix, so that upon
reduction, the oligomers incorporated into the PEDOT film as
well as the ones in solution can be reduced. Thus, the measured
cathodic charge can be strongly dependent on the PEDOT
coverage. Since the normalization process includes the
PEDOT coverage as described above, the cathodic charge
shown in Table 4 was highly consistent across trials for a given
compound. However, while compounds 1, 3, and 4 exhibited
normalized cathodic charge ~0.6 times that measured for
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Table 4 Mean normalized charge ratios (with standard deviations indicated) for the oxidation and reduction of TBT 1, methyl-TBT 3, dimethyl-
TBT 4, and acetyl-TBT 7, compared to the charges obtained in the DMcT-2LI/PEDOT system under identical experimental conditions

Compound Compound number Mean normalized anodic charge ratio Mean normalized cathodic charge ratio No. of trials
TBT 1 1.51 + 0.54 0.66 + 0.08 4
Methyl-TBT 3 1.72 + 0.92 0.69 + 0.08 3
Dimethyl-TBT 4 2.06 + 0.40 0.59 + 0.05 3
Acetyl-TBT 7 1.93 + 1.05 0.31 + 0.05 3
DMcT-2Li — 1 1 —

DMcT-2Li, compound 7 exhibited a significantly lower value
(i.e., ~0.3 times that measured for DMcT-2Li). As described
above, the measured cathodic charge can be highly dependent
on the amount of reduced oligomers incorporated into the
PEDOT film-modified GCE rather than in solution.
Therefore, this measurement is, at least in part, indicative of
the degree of interaction (whether favorable or unfavorable)
between the PEDOT matrix and the oligomeric disulfide
compounds.

Since acetyl-TBT 7 exhibited a significantly smaller cathodic
charge, it was clear that it experienced a less favorable
interaction with the PEDOT film-coated GCE and after
oxidation, less of the oligomeric disulfide material appeared
to be incorporated into the PEDOT film. As described above
(see Section V), an acetyl group has a n-resonance withdrawing
effect on the dimercaptothiophene structure, which results in a
non-aromatic resonance structure (involving an exo-thione
group). Similarly, this resonance structure should have a
higher positive partial charge on the thiophene ring as electron
density migrates into the acetyl group. The consequence of
both effects is an increase in the unfavorable interactions
between the acetyl-TBT oligomers and the positively-charged
PEDOT film. Higher positive partial charges on the thiophene
ring result in unfavorable electrostatic interactions with the
positively-charged PEDOT film, and the decreased aromaticity
of the thiophene ring decreases favorable m—m interactions.
Therefore, it appears that for electrocatalysis between
p-type conducting polymers and organosulfur compounds,
n electron-withdrawing substituents such as an acetyl group
are undesirable.

Conclusions

A family of a novel class of organosulfur compounds based on
TBT and its derivatives, with a variety of functional groups
(electron-donating or electron-withdrawing groups) and regio-
chemistries, has been synthesized, and its redox behavior as
well as the electrocatalytic activity of PEDOT towards the
family has been investigated in detail. As anticipated, the
effective redox potential (E™) shifts, determined experimen-
tally for the compounds, were consistent with the electron-
donating and electron-withdrawing nature of the substituents.
The effective redox potentials of the TBT family exhibited
good correlation with prediction via computational modeling.

Moreover, the redox reactions of all the compounds
synthesized were found to be electrocatalytically accelerated
by PEDOT film-modified GCEs, as predicted, based on the
understanding of the electrocatalytic cycle exhibited in the
DMCcT/PEDOT system. Several compounds exhibited clear
promise as potential cathode materials for lithium/lithium-ion

rechargeable batteries. Therefore, it was found that the
rational electrocatalytic cycle predicted via computational
modeling helped in the design of organosulfur compounds
(thiolates) the redox reactions of which can be electrocataly-
tically accelerated by conducting polymers. Furthermore, the
synthetically-tailorable materials prepared in this study would
also enable the rational design of additional promising
electroactive materials by further chemical modification.

Information about molecular interactions between the TBT
family and PEDOT film surfaces, involved in the electro-
catalytic reactions, was also obtained in this study. The
measured anodic charge, normalized to the PEDOT coverage,
was found to be rather variable (from trial to trial) due to the
solution measurements employed, which are highly dependent
on the morphology of the PEDOT film (the morphology of the
electrode surface) rather than its coverage. On the other hand,
the measured cathodic charge, normalized to the PEDOT film
coverage, was highly consistent for a given compound, since
it largely reflects the amount of an oligomeric disulfide
compound incorporated into the PEDOT film after oxidation
of the thiolate monomers. The electron-withdrawing acetyl
substituent exhibits a markedly smaller reduction charge,
reflecting an unfavorable interaction between the positively-
charged PEDOT film and the acetyl-TBT substrate. This
suggests that for p-type conducting polymer electrocatalysts
such as PEDOT, electron-donating substituents should be
employed to give rise to higher partitioning into the polymer
film matrix, and thus provide greater energy output and better
charge/discharge cycle performance as cathode materials for
lithium/lithium-ion rechargeable batteries.
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