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We have designed molecular structures involving the nixtroxy radical to bring the capability of redox
activity to ethaline deep eutectic solvent which is composed of choline chloride and ethylene glycol.
Specifically, we show how the solubility of the charge carrier can be improved by modification of the
structure with hydroxyl functionality as well as derivatization into salt. This strategy is ultimately
expected to lead to increased energy density in energy storage systems. Furthermore, we investigate
the impact of structure on transport properties and redox reversibility that are critical for redox flow
battery technology. We discuss the opportunities and also the limitations of these solvent systems
to help guide future studies in this field.
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ABSTRACT

The discovery of electrolytes that have low vapor pressures and high solubility towards redox
active species with an ability to undergo multiple electron transfer reactions is a challenge to
realize in large-scale energy storage. Herein, we investigate the feasibility of (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) derived halide salts as redox active species in ethaline
(1:2 ethylene glycol:choline chloride), a deep eutectic solvent (DES). Hydrogen bonding and
electrostatic interactions achieved by the functionalization of TEMPO are shown to improve
solubility in ethaline. This is the first study evaluating the physical properties and electrochemical
behavior of the newly synthesized TEMPO-salts in ethaline providing insight into the impact of

chemical functionality on the utility of these redox active species in DESs.
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INTRODUCTION

Deep eutectic solvents (DESs)'are comprised of a hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) whose mixture at the eutectic composition has depressed melting point
compared to the parent compounds and that of the ideal mixture expectation. DESs have low
vapor pressures and the individual components are biodegradable and non-toxic, making them
great candidates as a “greener” alternative to ionic liquids.' Moreover, compared to ionic
liquids (ILs), DESs are more easily prepared on large scales and are low-cost. Commonly reported
HBAs are halide salts such as the quaternary ammonium-based choline chloride (ChCl).>® The
HBD can be a variety of small molecules, ranging from alcohols’-8to amines® to acids.’® In a DES,
the HBD and HBA form a hydrogen bond network that is believed to account for the depressed
melting point. DESs are highly attractive due to tunable physico-chemical properties. The
simplest route to tune the physical properties of a DES is to vary the HBD using the same HBA.
This formulation produces a large number of DESs with a range of density, viscosity, conductivity
and polarity.¥4%1412 For example, Bahadori et al.l* reported physical properties and
electrochemical stability of seven DESs formed between combinations of a HBA (choline chloride
(ChCl) or N,N-diethylethanol ammonium chloride) and HBD (malonic acid, oxalic acid,
triethanolamine, trifluouroacetamide, or Zn(NQOj3) hexahydrate). Density and ionic conductivity
measurements showed no trend dependent on the HBD identity, however both properties were
temperature dependent. In contrast, the viscosity of the DES did depend on the identity of the

HBD, with an amide HBD exhibiting the lowest viscosity, followed by the metal hydrate.
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With many possibilities of HBA and HBD molecules and very limited design principles, it is difficult
to determine a priori which of the HBA-HBD pairs and at which composition would actually result
in a deep eutectic mixture. Recently, with the availability of new experimental density and vapor
pressure data, it was possible to model DESs with Perturbed-Chain Statistical Associating Fluid
Theory (PC-SAFT) to understand melting temperature!* and solubility of species such as water.1>
Such modeling efforts will be beneficial to understand the physical phenomena in DESs as well
as predicting the suitability of specific DESs for applications such as CO, capture,®
electrodeposition of metals,!”*®and separations.'®>2??2 DESs have been advantageous in
electrodeposition processes specifically for their ability to dissolve metal salts. DESs also have the
potential to overcome solubility issues associated with traditional electrolytes adapted for redox
flow batteries (RFBs), and thus could increase the energy density by dissolving appreciable
amounts of redox active solutes.?> Among the numerous DESs reported, ethaline (a 1:2 molar
mixture of ChCl and ethylene glycol (EG)) has low viscosity, 36 cP at 25 "C.2* For any flow process
utilizing DESs, viscosity is an important property; therefore, ethaline maybe of interest for RFBs.
In RFBs, the electrochemical kinetics depend on the diffusion coefficient (apart from the electron
transfer rate constant at the electrode) of the redox-active molecule, which is dependent on the
viscosity of the electrolyte. Lloyd et al. reported the first all-copper RFB utilizing ethaline as the
electrolyte with 94% charging/discharging efficiency, but only 52% energy efficiency (at 10
mA/cm? at 50 °C), a limitation they attributed to viscosity.?” In a similar vein, Miller et al. studied
the physical and electrochemical properties of solutions of ChCl and EG (including ethaline)
containing FeCl, and FeCls. The authors pointed out the promising aspects of these systems for

RFBs due to the high concentration of iron (6.3 M), large voltage window, and low volatility.2®
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In a recent review on organic RFBs by Luo et al.,?” several advantages of redox-active organic
molecules over inorganics such as metal halides are discussed. In particular, organic redox active
molecules are earth-abundant and low-cost, making them attractive as scalable systems, and are
also synthetically tunable, and thus ideal to systematically understand how chemical structure
relates to properties and performance. A common redox active organic molecule is 2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPQ), a stable organic radical with a well-defined, single-
electron redox reaction.?®?° Using cyclic voltammetry (CV), Nishide et al.?® showed that in
acetonitrile, TEMPO undergoes a reversible, single-electron redox reaction at a half-wave
potential (E;/;) of +0.63 V vs. Ag/AgCl. The authors identified that the anodic and cathodic peaks
corresponded to the oxidation of the nitroxide radical to oxoammonium cation and subsequent
reduction back to the nitroxide radical, using electron spin resonance spectroscopy (ESR) to
elucidate the redox mechanism (ESR detected the disappearance and re-appearance of the
unpaired electron). The separation between these two peaks was narrow (AE < 70 mV) which is

indicative of a reversible system.

Aside from Nishide’s work demonstrating the redox behavior of TEMPO in acetonitrile, other
investigations evaluated the effect of molecular structure on redox behavior of modified TEMPO
derivatives for both aqueous3®32and non-aqueous electrolytes33-3°. 4-hydroxy-TEMPO (4HT), for
example, is a TEMPO derivative with a hydroxyl (-OH) functional group at the 4 position. 4HT has
been reported to have appreciable solubility in an aqueous electrolyte (2.1 M in 0.5 M NaCl),
suggesting that the -OH functional group on 4HT increases solubility.3°In a report by Chang et
al.,3! a TEMPO derivative modified with a 1-methyl-imidazolium chloride salt was studied using

CV and its redox behavior was compared with 4HT in aqueous NaCl electrolyte solutions. The
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half-cell potential, E;/, of 4HT was reported to be +0.56 V vs. Ag quasi-reference electrode (QRE)
and the E;;, of the imidazolium-modified TEMPO was +0.71 V vs. Ag QRE. This study
demonstrated that by chemically modifying the TEMPO unit, the redox potential for formation
of the oxoammonium cation can be shifted. The authors attributed this change to the electron-
withdrawing nature of the imidazolium unit. In a similar study by Janoschka et al.,3¢ a TEMPO
derivative bearing a trimethyl ammonium chloride functional group was studied using CV and
compared with 4HT. The reported E;, for the trimethyl ammonium-modified TEMPO derivative
was +0.79 V vs. Ag/AgCl, which was more positive than 4HT at +0.64 V vs. Ag/AgCl in 0.1 M NaCl
aqueous solution. Similar to the imidazolium-modified TEMPO, the trimethyl ammonium TEMPO
derivative has a more positive redox potential, again attributed to the electron-withdrawing
nature of the new functional group (trimethyl ammonium). The authors also noted a significant
increase in solubility in the aqueous electrolyte upon functionalization: the maximum
concentration for 4HT was 0.5 M and that of the trimethyl ammonium-modified TEMPO was 3.2
M. As such, modification of the chemical composition of the TEMPO unit influences both redox
potentials and solubility in aqueous electrolytes; to date, the impact of chemical modification on

solubility and redox activity of organic small molecules in DES electrolytes are unknown.

Herein, we discuss the physical properties, impact of structure on the solubility, impact of HBD
on the stability, and electrochemical redox behavior of an all-organic redox active electrolyte
containing TEMPO as the redox active unit in the DES ethaline, thus providing insight into the
feasibility of such systems in RFBs. Specifically, we evaluate ethaline solutions of TEMPO, 4HT,
and TEMPO modified with imidazolium, ammonium, and pyridinium chloride salts (referred to as

1,2, and 3, respectively). These newly formulated redox active DES solutions based on the TEMPO
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unit and ethaline highlight the importance of solvation and the critical need for improved

electrochemical stability in DESs for the next generation of large-scale energy storage systems.

RESULTS AND DISCUSSION

Synthesis of the modified TEMPO derivatives salts 1, 2 and 3 is shown in Scheme 1. First, 4HT was
converted to an a-chloro acetate intermediate by reaction with chloroacetic acid to form the
ester. This intermediate was then converted to the imidazolium, ammonium, or pyridinium
TEMPO-based salts by nucleophilic displacement of the chloride with N-methyl imidazole,
trimethyl amine, and pyridine, respectively. The solubility limits of 1, 2, 3, TEMPO, and 4HT in
ethaline were determined using UV-Vis absorption spectroscopy (see Figure S1 for details). The
solubility limit of TEMPO (0.17 M) was significantly lower than that of 4HT (1.93 M) whereas the
TEMPO salts had intermediate solubility, being more soluble than TEMPO and less soluble than
4HT. For the different cations, the solubility limit increased from trimethyl ammonium (1.35 M)
> imidazolium (0.94 M) > pyridinium (0.85 M) for compounds 2, 1, and 3, respectively (see Table
S1). The specific advantage of the salts over 4HT is their potential to address the challenge of
crossover of active redox active components through the separator membrane in RFBs.
Functionalizing TEMPO with imidazolium, ammonium and pyrrolidinium salts introduces charge
to the redox active specie while also increasing its molecular size; both strategies have been
shown to suppress crossover compared to charge-neutral redox species in flow systems.23¢ To
study the physical and electrochemical properties of TEMPO, 4HT, and the modified TEMPO

derivatives in ethaline, three concentrations within the solubility limit of each compound were
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studied. For comparisons to be made, similar concentrations were evaluated when available, and

the water content for each system was determined prior to use (all <400 ppm, Table S1).
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Scheme 1. Synthesis of ethaline and TEMPO derivatives (a) ethaline synthesis, (b) Compound 1-
synthesized in acetonitrile at 60°C for 48 hrs, (c) Compound 2- synthesized in tetrahydrofuran at

room temperature for 24 hrs, (d) Compound 3- synthesized in acetonitrile at 60°C for 72 hrs.

The measured densities of ethaline solutions of TEMPO, 4HT, 1, 2, and 3 in the temperature range
of 25 — 55 °C are shown in Figure 1. The incorporation of either TEMPO or 4HT led to decreased
density as their concentration increased; this observation suggests an increase in the molar
volume of the liquid. Specifically, in the case of 4HT (Figure 1b), considering its high solubility in

ethaline, the hydrogen bonding network may be altered in a way that increases the molar
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volume. This is opposite to what is generally expected from solutes with H-bonding ability, where
increased H-bonding promotes an increase in density as a result of stronger intermolecular
interactions.3” These differences may be attributed to replacement of some of the H-bonds
between ChCl and EG and between EG molecules, with H-bonds between ChCl and 4HT or 4HT
and EG; thus, a rich H-bonding network in terms of liquid heterogeneity may be formed. In these
micro environments, replacement of the more flexible aliphatic chains in ChCl and EG with the
more rigid structure of 4HT can lead to an increase in the void size. On the contrary, the addition
of TEMPO salts 1, 2, and 3 all led to an increase in density. This observation can possibly be
explained by the occupation of the salts within the existing free volume of ethaline. Out of the
three TEMPO salts studied, compound 2 has the least influence on density, as seen in Figure 1d,
and it has the highest solubility. Compounds 1 and 3 both have aromatic groups that promote
tighter packing, thus leading to higher densities in solution. Therefore, both aromaticity and
increased Coulombic interactions result in larger entropic gain for 1 and 3 compared to the other
solutes evaluated. For all systems studied, density decreased with increased temperature,
following a linear trend (Figure 1); this is consistent with general trends seen for ILs and DESs.
The linear fit parameters to express the temperature dependence of the measured densities can

be found in Table S2.
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Figure 1. Temperature dependence of the measured densities for (a) TEMPO, (b) 4HT, (c) 1, (d)

2, and (e) 3 dissolved in ethaline.

The viscosities of ethaline solutions of TEMPO, 4HT, 1, 2, and 3 are shown in Figure 2. Unlike the
different density trends of the neutral and salt solutes, viscosity increased irrespective of the
identity of the redox active solute. While it is difficult to make comparisons between TEMPO and
4HT solutions due to the large differences in solubility, the —OH in 4HT clearly promotes its
integration to H-bonding network. What is interesting is that while the density decreases,
viscosity increases with 4HT in ethaline (Figure 2b), despite the increased molar volume. This
suggests that H-bond dynamics are slowed. Yet, the increase in viscosity with 4HT in ethaline is
still small compared to the TEMPO salts. In the case of the TEMPO salts, 2 showed the lowest
increase in viscosity (Figure 2d), whereas 1 and 3 had similarly increased viscosities, consistent

with the observation in densities and attributed to the aromaticity of the cations. The increase in
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measured viscosity for the TEMPO salts can be rationalized by the hole theory,3® where the
probability of finding holes of suitable radius for movement of ions and molecules in solution is
hindered due to densified liquid structure.3® The activation energies for all of the solutions
obtained by the Arrhenius fits are about 30 kJ mol?, consistent with previous reports for
ethaline,*® with no sensitivity to the type of redox active solute in ethaline within the
concentration ranges studied. The lines in Figure 2 represent the Vogel-Tammann-Fulcher
(VFT)*fit to the measured viscosities as a function of temperature. DESs are known to be glass

formers*?>~** and their viscosity behavior is well represented by VFT; fitted parameters are given

in Table S3.
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Figure 2. Temperature dependence of the measured viscosities for (a) TEMPO, (b) 4HT, (c) 1, (d)

2, and (e) 3 dissolved in ethaline.
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Measured ionic conductivities for all solutions, shown in Figure 3, follow an opposite trend to the
viscosities for the redox active solutes in ethaline: as the solute concentration is increased,
conductivity decreased. Therefore, as the viscosity increased, conductivity decreased irrespective
of whether the solute is neutral (TEMPO, 4HT) or charged (compounds 1, 2, and 3). However, the
inclusion of TEMPO salts resulted in lower conductivities compared to TEMPO and 4HT. In dilute
or ideal electrolytes, increasing the salt content would increase conductivity.* With ethaline,
increasing the salt content with the addition of 1, 2 and 3, resulted in stronger ionic associations
(between the already present ChCl and the TEMPO salts), likely due to unavailability of the
solvent molecules (EG) to dissociate the salt. The temperature dependence of conductivities can

also be expressed by VFT as seen in solid lines in Figure 3. The fitted VFT parameters are given in

Table S4.
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Figure 3. Temperature dependent of the measured ionic conductivities for (a) TEMPO, (b) 4HT,

(c) 1, (d) 2, and (d) 3 dissolved in ethaline.

The redox behavior of 50 mM TEMPO in ethaline is shown in Figure 4. Two, single-electron
reduction reactions are observed at +0.70 and -0.58 V vs. Ag/AgCl (denoted as E; and E;). The
first reduction (E;) has its corresponding oxidation peak at +0.78 V, resulting in a half wave
potential of +0.74 V vs. Ag/AgCl. The 80 mV separation of the reduction and oxidation reaction
peaks and the roughly equal anodic and cathodic current densities suggest that this first redox
reaction is reversible, at a first glance. This redox couple likely corresponds to the oxoammonium
cation formation by the reduction of TEMPO, consistent with Nishide et al.’s?® study of TEMPO in
acetonitrile. Our own voltammetry study of TEMPO in acetonitrile confirms a +0.80 V vs. Ag/AgCl
half wave potential (Figure S2), as reported in the literature. The negative shift by 60 mV in the
redox potential of TEMPO to form an oxoammonium cation in ethaline as compared to
acetonitrile can be attributed to the increased polarity of the solvent. This conjecture is
supported by Manda et al’s*® report where the one-electron oxidation reaction of
oxoammonium is shown to shift to more negative potentials as the solvent polarity increases.

Comparing the CV of TEMPO in ethaline to the CV in acetonitrile reveals an additional redox peak
in ethaline at -0.58 V (E;), which is due to the aminoxyl anion formation (see inset of Figure 4).
This observation is consistent with TEMPO-based redox species reported in various electrolytes
ranging from methanol to phosphate buffer upon cathodic polarization.3>#’48 The second
electron transfer reaction (E,;) appears irreversible or quasi-reversible as evident from the

reduced anodic current intensity on the oxidative scan and the broad oxidation peak.

13
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Additionally, a third, very low intensity reduction peak at -0.07 V is observed after the 15t CV scan
from the open circuit potential (OCP) to -1.5 V. Although the water content is low (140 ppm),
hydroxyl formation with the aminoxyl anion following water electrolysis cannot be ruled out. It
is also possible that the anion interacts with EG through H-bonding which can slow the redox
reaction and result in the declination of its oxidation as seen from its wider potential with
reduced peak current. Further electrokinetic experiments and careful analysis should be

performed to verify this. However, this additional peak is consistently observed for all TEMPO

species studied in ethaline, as seen in Figure 5.
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Figure 4. Cyclic voltammograms of 50 mM TEMPO in ethaline with 100 mV s scan rate; showing
3 cycles. CV performed with a glass carbon working, a coiled Pt wire counter around Ag/AgCl

reference electrodes. Inset shows electrochemical reduction of TEMPO to oxoammonium (E,)

and oxidation of TEMPO to aminoxyl anion reduction (E;).
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Figure 5 shows the 1%t, 2" and 50t CV cycles for 4HT, 1, 2, and 3. The two, single—electron redox
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reactions of TEMPO, E; and E,, are observed for all derivatives. It should be noted that the

solutions of compound 3 in ethaline had the lowest water contents (70-100 ppm) and the current

intensity of the additional reduction in between E; and E; is negligible, as seen in Figure 5d. The

pyridinium unit in 3 likely undergoes a reduction reaction where pyridinyl radical forms (Scheme

2) at -1.09 V,* more negative to the aminoxyl anion formation of TEMPO at -0.73 V. Due to its

multi-electron redox capability, 3 could be an interesting compound for energy storage.

However, the preliminary assessment of reversibility by the repeat of 50 CV cycles (Figure 5d)

showed reduced reductive currents for both TEMPO and compound 3, and very small oxidative

currents of aminoxyl anion and pyridinyl radical upon cycling. On the other hand, 4HT, 1, and 2

demonstrate greater redox stability over 50 cycles.
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Figure 5. Cyclic voltammograms of (a) 4HT, (b) 1, (c) 2, (d) 3 at a concentration of 0.5 M for the
1st, 27 and 50t cycles. Scan rate was 100 mV s, CV performed with a glass carbon working, a

coiled Pt wire counter around Ag/AgCl reference electrodes.

Scheme 2. Reduction of pyridinium to pyridinyl radical

In ethaline, the reduction and oxidation peak separation of the reversible oxoammonium
formation of 4HT is 170 mV, compared to 80 mV for TEMPO (Table S5). CVs with full potential
range for electrochemical stability are shown in Figure S3. For the TEMPO salts 1, 2, and 3, the
peak separation is 160, 170 and 160 mV, respectively. Further, 1 and 3 demonstrate the greatest
shift for the first reduction to oxoammonium at 0.76 and 0.75 V, respectively, compared to 0.70
V of TEMPO, 0.71 V of 4HT, and 0.72 V of 2. These results indicate that substitution of TEMPO
results in increased separation between the redox potentials. Furthermore, the aromatic cations
of 1 and 3 create a more positive shift in the reduction potential of TEMPO compared to trimethyl
ammonium 2 and neutral 4HT. The redox couple of TEMPO radical and oxoammonium cation was
isolated in CV experiments by restricting the potential window to 0.5 - 1.1 V vs. Ag/AgCl,
eliminating the quasi-reversible formation of the aminoxyl anion, and thus allowing the diffusion
coefficients of the redox solutes to be estimated. Figure S4 shows the plots of cathodic reduction
current as a function of squared root of scan rate for compound 2 as an example. The linear fits
in these plots, representing the Randles-Sevcik equation,>®°! suggest that solution species diffuse

to the electrode surface. The estimated diffusion coefficients are summarized in Table S5. While
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the absolute values of diffusivity may not be accurate due to the possible mass transport
limitations, as the experiments were not performed with a micro-electrode, the trend follow the
opposite of viscosities, where the 0.5 M 4HT in ethaline has the largest diffusion coefficient (4 X
10 ~8cm? s1) and the lowest viscosity. This is not surprising since 4HT has the smallest size and
lacks charge to promote stronger associations with ethaline. Among the TEMPO salts, the
diffusivity estimated for trimethyl ammonium compound 2 (2 x 10 "8cm? s) is twice the
diffusivity of 1 and 3. Clearly, the solvation of TEMPO-salts in ethaline has a significant impact on
the transport properties that ultimately influence the redox behavior. Furthermore, solvation can
influence redox kinetics and this should be further investigated when engineering these

processes.

To better understand the redox behavior and study the stability and reversibility of these redox
active species in ethaline, CV experiments were repeated with a Pt microelectrode following a
flow-cell experiment. The detailed description of the flow cell can be found in our previous
publications.>2>3 These experiments specifically focused on 4HT which demonstrated the highest
solubility and the lowest viscosity in ethaline. In order to lower the viscosity even further and
eliminate significant mass transfer limitations in a flow cell, a mixture of ChCI:EG with 1:4 molar
ratio was also tested as the solvent. The purpose of the flow cell experiment was to obtain known
concentrations of the oxidized and reduced versions of 4HT and study the E; and E, redox
reactions independently in a symmetric cell configuration. Symmetric cell characterization
involves a single reservoir containing both oxidized and reduced forms of a single redox couple.

This electrolyte is then pumped through flow battery hardware to create a OV open circuit

17
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potential “battery” in which the average resistance of the oxidation and reduction reactions of a
single redox couple can be measured in a flow system separately from any second redox couple
required for a viable flow battery. This method can also be used to investigate degradation effects
of such as capacity fade over time since the electrolyte can be charged indefinitely with no change
in state of charge (SOC).>* First, 0.1 M 4HT in ChCI:EG (1:4) was placed in the positive half-cell and
paired with 0.1 M FeCl; ChCl:EG (1:4) in the negative half-cell. Upon charging, the positive half-
cell oxidizes 4HT to 4HT* while the negative half-cell reduces Fe*3 to Fe*?. To eliminate any
ambiguity originating from the negative half-cell, Fe*3/Fe*? was chosen as a reliable and well-
known redox couple. The concentrations of the various redox active species in the positive and
negative electrolytes were evaluate at 50% SOC by performing CVs, as seen in Figure 6a. The

positive half-cell electrolyte before charging is included for comparison (4HT 0% SOC).

a b
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Figure 6. (a) Cyclic voltammograms of the positive and negative electrolytes of the flow cell
following a 50% SOC for the initial electrolytes of 0.1M 4HT and 0.1M FeCl; in ChCI:EG (1:4),

respectively. The positive half-cell electrolyte before charging is represented by the black curve
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(4HT 0% SOC), the red curve is for Fe*3/Fe*? at 50% SOC, and the blue curve is 4HT/4HT* at 50%
SOC. (b) Cyclic voltammogram of 0.1 M 4HT in 1 M KCl aqueous solution after being charged to
50% SOC (black curve). For comparison, this sample was dosed with EG, urea, or ChCl to a final
concentration of 0.5 M in each. Experiments were performed with a 100 um Pt disk electrode

and at a sweep rate of 5 mV s,

The data in Figure 6a correspond to steady-state currents as evident from the almost overlapping
forward and reverse scans and are consistent with the micro-electrode equation (See eqn. 6 in
Supporting Materials). For the negative electrolyte with Fe3*/Fe?*, the oxidation and reduction
currents are equal indicating equal bulk concentrations of the oxidized (Fe3*) and reduced (Fe?*)
species, consistent with our expectations from the amount of charge passed through the flow
cell (50% SOC). However, the same is not true for the positive electrolyte with 4HT/4HT*. The
oxidation current with a magnitude of 0.4 mA/cm?is obtained (4HT 50% SOC in Figure 6a, blue
curve) with no corresponding steady-state reductive current. The similar behavior is observed for
the positive electrolyte before charging (4HT 0% SOC in Figure 6a, black curve). Comparing the 0
and 50% SOC positive electrolyte, the decrease of the oxidation current by half from 0.8 to 0.4
mA/cm? confirms 50% SOC and proves that the 4HT oxidation reaction involves one electron.
Similar experiments were repeated by replacing the negative electrolyte with 0.1 M 4HT in
ChCI:EG with 1:4 and 1:2 molar ratios brought to 50 % SOC. With the 4HT/4HT" in the negative
side and 4HT/4HT* on the positive side, the same behavior was observed for the 4HT/4HT* couple
while the 4HT/4HT- showed reversibility consistent with one-electron transfer, but with sluggish

kinetics (results not shown). The lack of a steady state reduction current in charged positive
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reservoir suggests that the 4HT* is either no longer electrochemically active or has undergone a
subsequent reaction such that the concentration of 4HT* in the charged electrolyte is essentially
zero. This is unexpected based on the CVs shown in Figure 5 and indicates that while at short
time scales (minutes to 3 hours) 4HT* appears stable in ethaline and electrochemically active, at
longer times (>3 hours) 4HT* undergoes a slow secondary reaction to form an electrochemically

inactive compound.

To test our hypothesis and to understand the loss of active 4HT*, an experiment was performed
in which a flow cell was used to charge a solution of 0.1 M 4HT in aqueous 1M KCl to 50% SOC.,
usingof 0.1 M KsFe(CN)g as the negative electrolyte. The positive electrolyte was sampled and
dosed with EG, urea, or ChCl individually to achieve a concentration of 0.5 M of each. The intent
of these additions was to determine if the loss of electrochemical activity of the 4HT* was due to
the presence of common DES components (EG and urea are the HBDs in ethaline and reline
respectively, and ChCl is the HBA salt in both cases). The CVs of these samples are shown in Figure
6b. It can be seen that the unaltered electrolyte (Figure 6b, black curve) is indeed at 50% SOC
due to the equal magnitude of the oxidation and reduction currents (6 mA/cm?) for 4HT and
4HT*, respectively. When the compounds added, the reduction current is decreased in
comparison to a more or less stable oxidation current. Small changes to the oxidation current
may be explained by an increase in the viscosity of the liquid and the dilution of the electrolyte
with the addition of EG, urea, or ChCl. The addition of urea has a smaller effect on the reduction
current than EG or ChCl, which both possess primary alcohol groups, in contrast to urea. It has

been reported that TEMPO* can react with primary alcohols in aqueous systems.>> Therefore, it
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is possible that the alcohol group in EG gets oxidized to an aldehyde in the presence of TEMPO*
as suggested in Scheme S1. Before settling on this suggestion, further spectroscopic and

guantitative studies are needed.

CONCLUSIONS

DESs have advantages for energy storage over aqueous electrolytes and those based on
molecular solvents due primarily to their low vapor pressures and good solvent strength with
capacity to increase the concentration of redox active species, and thus increase energy density.
Here, we have reported the synthesis of three TEMPO salts, incorporated these redox active small
molecules in the DES ethaline (1:2 ChCl:EG), and evaluated their impact on the physical
properties and redox behavior, comparing to TEMPO and 4HT. We varied the identity of the
cation covalently attached to TEMPO, studying the chloride salts of imidazolium, ammonium, and
pyridinium functionalities (compounds 1, 2, and 3, respectively). The TEMPO salts were more
soluble in ethaline as compared to TEMPO, but less soluble than 4HT. Addition of TEMPO and
4HT to ethaline led to a decrease in density, whereas addition of 1, 2 and 3 led to an increase in
density. This can be attributed to differences in H-bonding, Coulombic interactions, and
aromaticity of the cation structure. Addition of all compounds resulted in increased viscosity,
with the TEMPO salts producing a larger increase than TEMPO or 4HT. The opposite trend was
observed for ionic conductivity, where addition of all compounds to ethaline led to a decreased
ionic conductivity. The redox behavior for each of the compounds in ethaline shows two, single—

electron redox reactions corresponding to oxoammonium and aminoxyl anion formations.
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Compound 3 also exhibits a third electron transfer reaction due to the pyridinium functionality.
Compounds 1, 2, and 4HT demonstrate redox stability over 50 cycles at 100 mV/s, while TEMPO
and compound 3 exhibit a reduced reductive current for all redox couples. The stability of the
4HT/4HT* redox couple was further studied by flow cell experiments followed by voltammetry.
The irreversibility of 4HT/4HT* in the presence of ethaline is found to limit the potential utility of
this specific system for RFBs. Nonetheless, this work illustrates that chemical modification of
redox active organic molecules impacts both solubility in a DES electrolyte and their redox
performance and physical properties of the solutions. Importantly, the trends reported here are
in contrast to those identified for salt-modified TEMPO derivatives in aqueous electrolytes.
Further research is needed to understand the molecular level interactions between the dissolved
redox species and DESs, and to explain the macroscopic changes observed in physical properties
as well as to guide molecular structures in these systems towards reversible redox reactions with

improved stability and kinetics.
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