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Abstract

Redox-flow batteries are an emerging energy storage technology that can pair with intermittent renewable
energy technologies. There remains a need, however, to understand physicochemical relationships among
the solvent, electrolyte salt, and redox-active molecules that comprise catholyte and anolyte solutions. To
examine this relationship, we detail a systematic study wherein the concentrations of the redox-active
molecule 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) and TBAPF¢ electrolyte salts are varied over
concentrations of 1 mM to over 1000 mM in acetonitrile. Three series were investigated: 1) varying the
concentration of TEMPO while holding the concentration of TBAPFs constant, 2) varying the concentration
of TBAPFs while holding the concentration of TEMPO constant, and 3) varying both the concentration of
TEMPO and TBAPFs with a 5:1 TBAPFs: TEMPO ratio. Cyclic voltammetry data from macro- and
microelectrodes were used to quantify diffusion coefficients and heterogeneous electron transfer rates, and
these metrics were connected to the conductivity and viscosity to develop clear trends over the entire
concentration range. Fundamental chemical interactions that lead to changes in physical properties were
implicated via vibrational spectroscopy and molecular dynamics (MD) simulations. Trends in conductivity
and viscosity for systems were inversely related and correlated to trends in diffusion coefficients and
heterogeneous electron transfer rates. Intuitively, faster diffusion and electron-transfer rates occurred with
lower TEMPO concentrations and higher TBAPFs concentrations, with the majority of conditions falling
in the general proximity of literature values (k” =0.1-0.5 cm/sec, D =~2.0-4.0 x 10~ cm?/sec). At the highest
TBAPFs concentrations, vibrational spectroscopy and MD simulations show that intermolecular
interactions were more nuanced, and solvation and ion-pairing effects begin to influence electrochemical
and physical properties. This functional approach including electrochemical and physical characterization
paired with MD simulations provides a template for methodically studying systems for redox flow battery

applications.
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Introduction

Increased production from installed solar and wind energy sources has increased the demand for high-
capacity and long-term energy storage options. Redox-flow batteries (RFB) have potential to meet this
demand,' as RFB store energy in electroactive species contained in liquid electrolytes, allowing facile
charging and discharging via redox processes.” RFB offer decoupled energy density and power density,
which can be independently modified by adjusting electrolyte tank volumes and electrode sizes,
respectively. This flexibility makes the position of RFB on a standard Ragone plot, which normalizes power
and energy density of various energy storage technologies, to be flexible, and that flexibility is highly

desirable for developing next-generation electrical power grids.’

A wide variety of RFB have been developed with both organic and inorganic redox-active species.
Inorganic vanadium RFB that use multiple oxidation states of vanadium oxide as the catholyte and anolyte
show great viability and have been developed commercially.* Some challenges for vanadium RFB include
required thermal regulation to avoid vanadium precipitation as well as vanadium scarcity and metal waste
generation. Organic RFB are attractive from a sustainability perspective, and they offer more opportunities
to tune redox potential via synthetic design and modification of the redox-active molecules. Some of the
most heavily studied and promising organic molecules explored as catholyte and anolyte include
nitrobenzene, derivatized methyl viologens, 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO), derivatized

quinones, dimethoxybenzenes, benzothiadizoles, and phenothiazines.”"°

While organic RFB offer more tunability than their inorganic counterparts, the solubility of their redox-
active cores can be strongly dependent on the state of charge of the molecule. Additionally, precipitation
of redox-active species and electrolyte can often occur at high concentrations. Maximizing RFB energy and
power density primarily relies on increasing the concentration of redox-active species (RAS) while
maintaining suitable viscosity, diffusion, and electron transfer kinetics.> This necessitates solvent-

electrolyte systems that can support conductivity at high salt and RAS concentrations while minimizing the



deleterious effects of increasing viscosity. Generally, supporting electrolyte concentrations are present in
concentrations at least 5-10x larger than the RAS to mitigate resistance and migration effects.!’ Systematic
electrochemical studies on the impact of analyte and supporting electrolyte concentration have been
performed on systems outside the realm of RFB. Work by Vullev and coworkers highlight the dependence
of supporting electrolyte concentration on redox potential and peak splitting of ferrocene, a well-known
redox probe used as a standard in electrochemisty.'? As supporting electrolyte concentration was increased,
peak splitting narrowed and oxidation potentials shifted considerably to more negative values, suggesting
faster kinetics and favorable thermodynamics for the electron transfer. This general concentration
dependence concept was expanded to operating RFB, as well. Kosswattaarachchi and Cook investigated
battery performance parameters for non-aqueous electrolyte combinations of ferrocene/TEMPO as
catholyte and hexafluorophosphate/N-methylphthalimide as anolyte in concentration combinations ranging
from 10 mM to 1M." Because RFB operate at conditions typically much higher than the dilute conditions
often studied by voltammetric analysis, the study of electron-transfer parameters over wide concentration
ranges is worthy of thorough systematic investigation in the context of RFB. Clearly defined analytical
methodologies to accurately measure these parameters (focusing on operating concentrations > 100 mM)

will be important for optimizing redox-active species and solvent systems for RFB applications.

Herein, we explore the electrochemistry of TEMPO, a promising and well-known stable aminoxyl radical
used as the redox-active molecule in RFB catholytes. The TEMPO radical undergoes electrochemical
oxidation to generate TEMPO", an oxoammonium species that can be reduced back to TEMPO. The
reversible electron transfer exhibits a positive redox potential and fast electron-transfer kinetics, all
advantageous properties for a RFB catholyte.'* !> The first electrochemical characterization of TEMPO
dates back to the 1970s by Tamura and coworkers.'® Since then, TEMPO has been used as a catholyte in a
variety of both aqueous and non-aqueous RFB systems.'”!” Recent approaches have expanded to
investigate a variety of TEMPO derivatives as well as the incorporation of ionic liquid as the supporting

electrolyte. Outcomes from work by Izgorodina and coworkers showed that the redox potential of TEMPO



can be changed through both derivatizing the molecule itself as well as using different ionic liquids as
supporting electrolytes.”>** As new combinations are explored with TEMPO, analytical methodologies that
can measure relevant electrochemical parameters at battery operating concentrations will provide insight

into the viability of emerging systems.

We report electrochemical and physical studies for a series of systematic variations of TEMPO and
tetrabutylammonium hexafluorophosphate (TBAPFs) concentrations in acetonitrile. Diffusion coefficients
and heterogeneous electron transfer rates are calculated across all concentration conditions with both a
macroelectrode and microelectrode. These data are interpreted with corresponding molecular dynamics
(MD) simulations, conductivity and viscosity measurements, and vibrational spectroscopy to provide
quantitative data on the TEMPO system at a range of concentrations. We also provide guidance on optimal
analytical methods to measure electrochemical parameters over large concentration ranges, and specifically
higher than the typical 100 mM upper limit. Our results and insights on this system and the methods applied
can be expanded to improve understanding of other redox-active species and electrolyte systems that would

be used in RFB.

Experimental and Computational Methods

Solution Preparation

Solutions were prepared on the benchtop with an analyte of 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO)
(Aldrich>98%) and an electrolyte of tetrabutylammonium hexafluorophosphate TBAPF¢ (Aldrich >99.0%)
in acetonitrile (MeCN). The MeCN was dried and degassed with a Pure Process Technologies Solvent
Purification System and water content < 1000 ppm for all solutions was verified by a Metraohm 831 Karl
Fischer Coulometric Titrator. Stock solutions were prepared for the highest concentration for each series,
and dilution was performed to prepare subsequent solutions. For the highest stock concentrations of

TBAPF, sonication was used to dissolve all solid.



Conductivity

Conductivity experiments were performed on a Mettler Toledo SevenCompact S230 Conductivity meter.
A three-point calibration was performed with the conductivity probe with Conductivity Standards (Aldrich)
prior to obtaining measurements. The electrode was rinsed with acetonitrile and completely dried between

measurements.

Viscosity
Viscosity measurements were taken on a Brookfield cone and plate DV2T-LV Viscometer with a TC-550

Temperature Control Circulating bath. Measurements were acquired at 25°C with a CPA-40Z spindle.

Cyclic voltammetry

Cyclic voltammetry (CV) was performed on the benchtop in air-tight, 3-electrode cells connected to a CH
Instruments CHI660D potentiostat. Experiments were carried out with an analyte of 2,2,6,6-
tetramethylpiperidine N-oxyl (TEMPO) (Aldrich>98%) and an electrolyte of tetrabutylammonium
hexafluorophosphate TBAPFs (Aldrich > 99.0%) in acetonitrile (MeCN), which was dried and degassed
with a Pure Process Technologies Solvent Purification System. Water content < 1000 ppm was verified by
a Metraohm 831 Karl Fischer Coulometric Titrator. The electrochemical cell included a platinum working
electrode (d =2 mm) (CHI102) or platinum working ultramicroelectrode (diameter = 10 um) (CHI107), a
non-aqueous Ag/Ag" reference electrode (CHI112) filled with the supporting electrolyte, and a platinum
coil counter electrode (99.999% metals basis, Alfa Aesar). The platinum working electrodes were
mechanically polished in an aqueous slurry of 1.0 um followed by 0.3 um alumina powder on microcloth
PSA pads (Buehler). Between grit sizes, the electrodes were sonicated for five minutes in ultrapure water
(Milli-Q Advantage A10 system, 18.2 MQ/cm, TOC < 3 ppb). The platinum counter electrode was flame
polished in a hydrogen flame (Linde UHP H, 99.999%) before each use. All potentials are reported versus
the non-aqueous Ag/Ag’ redox couple. In-depth details for electrochemical methods used to calculate
diffusion coefficients and heterogeneous electron-transfer kinetics for macroscopic electrodes and

ultramicroelectrodes is contained in the Supplementary Information (SI).



Attenuated total reflectance-Fourier transform infrared spectroscopy ATR-FTIR

A Thermo-Nicolet iS50 Fourier transform spectrometer with liquid N2 cooled MCT-A detector and PIKE
MIRacle ATR attachment with ZnSe crystal was used to acquire FTIR spectra. For ATR measurements, a
ca. 200 uL aliquot of the sample was deposited on the ZnSe crystal and held in place via a fluid retaining
ring. Spectra were averaged over 32 scans at 4 cm’ resolution. Duplicate spectra were obtained for each
sample. The ZnSe crystal was cleaned using copious ultrapure ethanol rinses and allowed to dry under

ambient conditions between measurements.

Molecular dynamics (MD) Simulations

Molecular dynamics (MD) simulations were performed for select TEMPO-electrolyte concentrations with
the TEMPO in either the neutral or positive (+1) state of charge. Initial simulation configurations were
generated using Packmol® with a box with the size of 102.0x102.0x102.0 A*. The numbers of molecules
for the simulations at different concentrations are noted in Table S4. All MD simulations were carried out
using GROMACS 2020 software package.”* The OPLS-AA (optimized potential for liquid simulations —
all atom)> forcefield was used for the simulations, and parameters were defined using the LigParGen
server’ and literature.”” Molecular geometries and electrostatic potential (ESP)-derived partial charges
were obtained from density functional theory (DFT) calculations at the ®B97XD/aug-cc-PVDZ level of

theory using the CPCM implicit solvation model*

with MeCN as the solvent, as implemented in the
Gaussian 16 software suite.’® Partial charges were scaled by a factor of 0.8 to compensate for the charge

screening effects that are not captured through non-polarizable forcefields such as OPLS-AA.*! This scaling

reproduces the experimental density of these systems to within 1% error.

The simulated systems were initially subject to energy minimization with the steepest descent algorithm up
to 100,000 steps followed by a 500 ps simulation under NV T (constant number of molecules, volume, and
temperature) conditions with 1 fs time steps using velocity rescaling with a stochastic term to control the
temperature at 298.15 K with a 0.1 ps coupling constant.>* Two simulations under an NPT (constant number

of molecules, pressure, and temperature) ensemble were performed, the first applying the Berendsen®



pressure coupling for 30 ns to equilibrate the system and the second applying the Parrinello-Rahman®
pressure coupling for 50 ns. Time steps of 2 fs were used, and the same temperature parameters as
mentioned above were used. All NPT simulations used for data collection were performed in triplicate. A
further 10 ns NVT simulation with 1 fs timesteps without any bond constraints was performed and velocities
at every 2 fs were collected to obtain velocity autocorrelation values to calculate the vibrational density of

states.

Given that properties such as viscosity are macroscopic, it is essential that the model systems are large
enough and simulation timescales are sufficiently long to capture these effects when using classical MD.
Forcefield parameterization plays an important role in the credibility of results, since electrons are not
explicitly included in the calculation. Preliminary validation of the forcefield parameters used here included
calculating densities of the equilibrated systems at NPT conditions that were comparable to the
experimental densities as shown in Table S5. Numerical values and trends of viscosity were compared to
experimentally derived values of the TEMPO-electrolyte systems at different concentrations, as discussed
below. Further details on the MD methods, including periodic boundary conditions, visual comparison of

all calculated vs experimental properties (Figure S49), and additional analyses are available as SI.

Results and Discussion

TEMPO was chosen as the redox probe for this work due to well-established electrochemical behavior and
applicability to RFB. The organic solvent acetonitrile and non-aqueous electrolyte TBAPF¢ were selected
because they are commonly used for electrochemical analyses and are electrochemically inert within the
potential window required for these studies. To provide a comprehensive study of concentration conditions,
three unique series of solution conditions were investigated: 1) varying the concentration of TEMPO while
holding the concentration of TBAPF¢ constant, 2) varying the concentration of TBAPFs while holding the
concentration of TEMPO constant, and 3) varying both the concentration of TEMPO and TBAPF¢ with a

5:1 ratio of TBAPFs to TEMPO. Table 1 lists each concentration condition measured, along with molar



ratios of solutes (TEMPO, TBA", and PF¢) to solvent (acetonitrile). When determining molar ratios, the
TBA" and PFs were considered as independent ions. Presenting molar ratios enables comparison between

experimental electrochemical data, physical trends, and solvation.

Bulk solution properties of conductivity and viscosity were characterized at each concentration condition
and values for each series are plotted as a function of mole ratio in Figure 1 with supporting molecular
dynamics (MD) simulation data in Table 2 and Table 3. Trends in conductivity (Figure 1, top) largely
depend on changing the concentration of TBAPFs, with higher concentrations of supporting electrolyte
generally leading to higher conductivity values (conditions 2 and 3). At the highest concentrations of
supporting electrolyte, which is ~1000 mM or 0.1 mol ratio solute-to-solvent, there is a plateau around 28
mS/cm followed by a decrease in conductivity. MD simulations reasonably reproduce numerically the
measured conductivities, as general conductivity trends as a function of concentration were captured,
including the plateau region followed by a decrease in conductivity. Capturing these trends serves as an

important validation of the theoretical approach (Table 3).

The plateau in conductivity is attributed to decreased transport velocity of ions at high concentrations,
effects of ionic association, and solvation. At high electrolyte concentrations, oppositely charged ions can
become forced into close contact and undergo ion pairing, which effectively neutralizes the solution and
inhibits electrical conductivity, resulting in the plateau.*® The conductivity does still remain relatively high
in these cases due to the high concentration of TBAPF¢ present, which provides ample ions to conduct

charge despite this ion pairing effect.

Results from MD simulations confirm that impaired ion movement is likely the cause of the inhibition of
the solution conductivity at higher TBAPF4 concentrations. As the numbers of TBA™ ions increase, clusters
are observed to form in the simulations that have large amounts of TBA". Notably, these clusters have
different relative sizes as a function of the concentrations of the solution components. When the

concentrations of TBA" (TEMPO:TBAPFs = 50 mM:1000 mM) or TEMPO" (TEMPO:TBAPFs = 1000



mM:100 mM) are large, these clusters are relatively small in size (=10 A radius) and contain large numbers
of TBA" or TEMPO" molecules, respectively. On the other hand, with smaller TBA" or TEMPO
concentrations (TEMPO:TBAPFs = 50:500, 100:100, 200:200), larger clusters are formed, and these
clusters are less dense [Figure S54 (iii),(iv)]. These clusters are discussed in further detail below. It is worth
noting that observations of depreciating conductivity at high supporting electrolyte concentrations have

been reported in other similar systems.*®

Changes in the concentration of TEMPO alone (condition 1) have relatively small impact on the
conductivity, with marginal decreases in conductivity with increasing concentrations of TEMPO. For these
conditions, we hypothesize that ionic association and solvation effects could be less prominent due to
smaller and consistent electrolyte concentrations; additionally, the mol ratio of these solutions is also

smaller due to the relative molecular weight of TEMPO to TBAPF.

MD simulations also suggest that at larger concentrations of TBAPFg, the conductivity declines with
TEMPO oxidation. In contrast, at larger concentrations of TEMPO, charged systems show the opposite
effect, with conductivity increasing with the TEMPO concentration (Table S8). This trend generally aligns
well with the plateauing of experimental conductivities at high TBAPF¢ concentrations. Given that
experimental data was conducted on neutral TEMPO, the plateauing phenomenon could possibly be
exacerbated in an operating RFB setup when the oxidation of TEMPO occurs. Estimated bulk diffusivity
values (Table S10) also indicate a decline in diffusivity in charged systems when compared to neutral

systems.

Turning to the viscosity, the trends are significantly affected by TBAPFs concentration but marginally
affected by TEMPO concentration (Figure 1, bottom). There is an increase in viscosity as the concentration
of TBAPF is increased, particularly at the highest concentrations of supporting electrolyte (conditions 2
and 3). Like trends in conductivity, changes in the concentration of TEMPO alone (condition 1) have a

small impact on viscosity. Comparing viscosity and conductivity, a relationship between the two emerges,
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particularly in the impact of the concentration of TBAPF¢ on each parameter. The rise in viscosity with
increasing concentration of TBAPF¢ corresponds directly with the plateau and drop in conductivity at the
highest concentrations of supporting electrolyte. This supports that the movement of ions is likely impaired
at high electrolyte concentrations, inhibiting the overall solution conductivity. This is consistent with the
Walden rule, whereby molar conductivity and viscosity are inversely related as well as the Stokes-Einstein
relation for the diffusion of charged particles with applied forces.”’” Interestingly, the concentration of
TBAPF; largely dictates both conductivity and viscosity trends relative to the concentration of TEMPO,
implying that changes to supporting electrolyte concentration are significantly more impactful to solution
physical properties. As previously mentioned, the molecular weight of TBAPFs is roughly 2.5x greater than
TEMPO, which leads to more atoms and mass being present at a given concentration. This, in combination

with the role electrolyte plays in impacting conductivity, could explain this observation.

MD simulations reasonably predict the numerical values and capture the viscosity trends observed
experimentally for the neutral TEMPO solutions. However, at larger simulated electrolyte concentrations
(TEMPO:TBAPFs = 50 mM:1000 mM), the numerical viscosity predictions deviate substantially from
experimental values. In systems where the contribution of finite size effects is significant and due to the
crowding of the electrolytes, the hydrodynamic behavior of the solutions can be affected.***! The behavior
of viscosity vs k-vectors shows a deviation from the expected symmetric third-order polynomial fit function
used in the transverse current autocorrelation method as the solutions diverge from a dilute liquid to a
thicker fluid.*? Plots of viscosity (1) vs k-vector (Figures S49-50) were extrapolated to k = 0 (k is the wave
vector of the fluctuation) to obtain macroscopic viscosity. As observed experimentally, the viscosity of
these solutions is significantly affected by the concentration of the electrolyte rather than TEMPO. The
number of TBAPFs molecules shows a linear relationship with both experimental and calculated viscosities,
whereas such a relationship between the number of TEMPO molecules is not observed (Figure S52). When
compared to neutral systems, the calculated viscosities show that charged TEMPO solutions are more

viscous, possibly due to the stronger solvent/solute and solute/solute intermolecular interactions facilitated
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by the electrostatic contribution from the TEMPO charge (Table S7). Like conductivity before, this would

have implications in an operating RFB.

Electrochemical cyclic voltammetry (CV) measurements at three representative concentrations for each
solution condition are shown in Figure 2. All scan-rate dependent CVs are shown in SI Figures S1-S22.
Several qualitative trends are apparent from the CV data. As the concentration of TEMPO increases (Figure
2, top), there is a simultaneous increase in peak current and peak splitting, corresponding to more TEMPO
diffusing to the electrode surface and accompanying slower electron transfer kinetics at higher
concentrations of TEMPO, respectively.** In contrast, as the concentration of TBAPF; increases (Figure
2, middle), we observe a decrease in peak splitting, corresponding to the increased conductivity of the
electrolyte. Interestingly, there is also a decrease in the peak current at the highest concentrations of
supporting electrolyte. This decrease in peak current suggests impaired diffusion of TEMPO with high
concentrations of TBAPFs, which is consistent with viscosity trends shown in Figure 1. Changing both the
concentration of TEMPO and TBAPF together in a fixed ratio (Figure 2, bottom) results in an increase in
peak current and peak splitting. This trend is similar to condition 1 in which the concentration of TEMPO
is increased; however, in condition 3 the increase in peak current and splitting is less pronounced because

the concentration of TBAPFg is scaling alongside the increase in the concentration of TEMPO.

Diffusion coefficients (D) and heterogeneous electron transfer rates (k) based on CV data were calculated.

Calculations were based on the Randles—Sev¢ik equation, the Nicholson method, or a simulation fitting a
]
regression of 5_0 with AE, to calculate k° depending on the magnitude of peak splitting values. Complete

details for each method are contained in the SI.

Anodic and cathodic diffusion coefficients calculated from 2 mm diameter electrode CV data are shown in
Figure 3 and are plotted as a function of molar ratio of both TEMPO and TBAPF to acetonitrile. Table 1
contains the calculated molar ratio values for each concentration condition. In condition 1 as the

concentration of TEMPO is increased (Figure 3, top left), the diffusion coefficient decreases with
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increasing TEMPO concentration. At the smallest concentration of TEMPO in 1 (1 mM), the measured
diffusion coefficient value matches well to values obtained for TEMPO in literature (~2.0-4.0 x 10°
cm?/sec).”” In condition 2 when the concentration of TBAPF; is increased (Figure 3, middle left), the
diffusion coefficient increases, then plateaus and drops.*’ This plateau in diffusion coefficient is consistent
with trends seen for conductivity and viscosity measurements for condition 2. When the concentration of
TEMPO and TBAPFs are increased together in condition 3 (Figure 3, bottom left) the diffusion coefficient

decreases with larger concentrations of TEMPO and TBAPF; present.

Heterogeneous electron-transfer rates shown in Figure 3 provide quantitative values to evaluate the
qualitative peak splitting changes previously mentioned. A table of numerical values for each concentration
condition is supplied in Table S1. For condition 1, as the concentration of TEMPO increases (Figure 3,
top right), k” decreases rapidly as peak splitting values grow larger. Similar to diffusion coefficient, k° for
the lowest concentration of TEMPO in condition 1 (1 mM) matches literature value heterogeneous electron
transfer rates (~0.1-0.5 cm/sec).*’ In contrast, increasing the concentration of TBAPFs in condition 2
(Figure 3, middle right) leads to an increase in k° with additional TBAPFs present to increase conductivity
and promote charge transfer. However, as the highest concentrations of TBAPF; are reached, k® eventually
plateaus and begins to drop slightly. Similar to the diffusion coefficient trends, k® changes correspond to
the observed rise in solution viscosity and plateau in conductivity at high concentrations of TBAPFs.
Meanwhile, the gradual increase in peak splitting when the concentration of TEMPO and TBAPF¢ are
increased together in condition 3 (Figure 3, bottom right) leads to a gradual decrease in k°, which is similar

to the trend observed for the diffusion coefficient.

In conditions of low TBAPF¢ concentrations and high TEMPO concentrations, we observe irregular CV
curves, decreased diffusion coefficients, and heterogeneous electron transfer rates. We attribute these trends
in part to undesirable effects of migration and uncompensated resistance when there is insufficient
electrolyte concentration or excess analyte concentration. At the higher concentrations of TEMPO,

diffusion limited peak-currents in the CV traces have much larger AEc. values, a result likely due to the
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equilibrium between electrolyzed species generated at the electrode surface and neutral species present in
the bulk solution much more strongly favoring the neutral species in the bulk. As a result, it takes longer to
deplete neutral species near the electrode at high analyte concentrations, which results in wider peak
splitting values and slower k° calculations. Additionally, in low electrolyte conditions, migration and
uncompensated resistance effects exacerbate peak splitting and limit the amount of current that can be
passed. The CVs with peak splitting exceeding 1V between oxidation and reduction features are strongly

impacted by each of these factors, and do not provide accurate or quantitative values for D and k°.

Due to the limitations presented by macroscopic electrodes at extreme concentration ranges, we also
collected data using Pt ultramicroelectrodes, which are known to mitigate effects of migration and
uncompensated resistance and provide comparison in calculated diffusion coefficient and heterogeneous
electron transfer rate values. With an ultramicroelectrode, the current response is mainly dependent on the
size of the electrode, and the mode of diffusion is radial rather than planar in the case of macroelectrodes.**
Because the electrode is so small and passes small amounts of current, uncompensated resistance effects
are minimized. The size of the electrode and the mode of diffusion results in a steady-state current response
through a wide range of applied scan rates, because the amount of material electrolyzed at the electrode
interface is small and can diffuse away quickly without depletion. As such, there is not a diffusion-limited
current response like there is for larger electrodes that undergo planar diffusion (Figure S56)."' Steady-
state current equations can be used to calculate both diffusion coefficient and heterogeneous electron

transfer rates from microelectrode data through a wide range of concentration conditions.

Using a Pt ultramicroelectrode (diameter = 10 um), diffusion coefficient and heterogeneous electron-
transfer rates were calculated for all concentration conditions. Diffusion coefficients were calculated using
the steady-state current equation for a disk microelectrode’, and heterogeneous electron transfer rates were
calculated using the method developed by Oldham.'"*® Complete details for each method are contained in
the Supplementary Information, and tables of diffusion coefficients and heterogeneous electron transfer

rates and CVs for all concentrations are contained in SI Figures S23-S44.
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Diffusion coefficients measured using the Pt ultramicroelectrode (diameter = 10 um) are shown in Figure
4. It is immediately evident that changes in diffusion coefficients for all cases are more gradual than those
observed with the larger 2 mm diameter electrode and more consistent with the diffusion coefficients for
TEMPO reported from literature.*> Specifically, as the concentration of TEMPO is increased across a
constant electrolyte concentration (Figure 4, top left, condition 1), measured diffusion coefficients for
TEMPO are consistently near literature values, before decreasing at only the highest concentrations of
TEMPO (250 mM and higher). ** This decrease in diffusion coefficient is associated with gradual changes
in conductivity and viscosity for condition 1 as shown in Figure 1. In condition 2 (changing TBAPFs
concentration, Figure 4, middle left) the diffusion coefficient increases slightly with more electrolyte
present and then decreases as the largest concentrations (500 mM and higher) of TBAPF¢ are reached.
Diffusion coefficient values are close to literature values for lower concentrations and then drop slightly at
the highest concentrations of TBAPFs. Lastly, in condition 3 where the concentration of TEMPO and
TBAPFs are changed together (Figure 4, bottom left), there is a decrease in diffusion coefficient with
increasing concentration of redox-active species and supporting electrolyte, with values staying close to
literature values throughout the entire concentration range. These trends suggest that diffusion of TEMPO
is impaired only at the highest concentrations of redox-active material or electrolyte, with low to
intermediate concentrations yielding values similar to what is observed in literature for low concentration

systems.

Heterogeneous electron-transfer rates with the ultramicroelectrode also in Figure 4 follow similar trends to
those observed with the 2 mm diameter electrode; however, they span over only one order of magnitude
and are more consistent with literature values throughout all concentrations.* This is attributed to lower
current values and minimized uncompensated resistance effects with the ultramicroelectrode.*’ In condition
1 as the concentration of TEMPO is increased across a constant electrolyte concentration, (Figure 4, top
right), k° values exponentially decrease as more TEMPO is present, staying close to literature values until

only the highest concentrations of TEMPO are reached. For condition 2 where the concentration of TBAPFg
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is increased with a constant concentration of TEMPO, (Figure 4, middle right) there is an increase in k°
consistent with increased conductivity and charge transfer with more supporting electrolyte, followed by a
plateau and decrease in k° at the highest concentrations of TBAPFs. Like before, this decrease likely
corresponds to the rise in bulk viscosity and decrease in conductivity at the highest concentration of
TBAPF. In condition 3, there is an exponential decrease in k° with more TEMPO and TBAPF; present,
which is consistent with conductivity and viscosity trends. Like condition 1 and 2, k° values for condition

3 reside close to literature values up until the highest concentration conditions.

Trends from Pt ultramicroelectrode diffusion coefficients and heterogeneous electron-transfer rates are
consistent with each other, with general decreases to both as the molar ratio of solute:solvent is increased.
Changes in these parameters for each condition are also consistent with conductivity and viscosity trends
and are more gradual as the ultramicroelectrode mitigates migration and uncompensated resistance effects.
Because of this, it is suggested that using an ultramicroelectrode is the optimal approach for characterizing
extreme concentration combinations of analyte and supporting electrolyte. Analyzing the data, it appears
the definite ‘breaking point’ (>1V peak splitting) for the macroelectrode system was in condition 1 when
the TEMPO concentration exceeded 250 mM and in condition 2 when the TBAPFs concentration was
smaller than 10 mM. This likely stems from the diffusion-limited current response being susceptible to
deviation under non-ideal solution conditions (low supporting electrolyte concentration or high analyte

concentration).**

Emerging trends from electrochemical and physical characterization show that increasing the concentration
of TEMPO (condition 1) leads to marginal increases in viscosity and decreases in conductivity, resulting in
decreases to diffusion coefficient and heterogeneous electron transfer rates. Increasing the concentration of
TBAPFs (condition 2) promotes both increased conductivity and viscosity, facilitating faster diffusion and
heterogeneous electron transfer rates until viscosity and conductivity limitations take over at the highest
concentrations of TBAPFs (1000 mM+). Changes to the concentration of TBAPFs appear to have a larger

overall effect on the system, with physical and electrochemical properties tracking largely along with the
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concentration of TBAPFs, even when the concentration of TEMPO and TBAPF; are changed together in a

fixed ratio (condition 3).

Our data shows that the supporting electrolyte plays a large role in influencing the electrochemical and
physical properties for these systems. From a conventional electrochemistry context, having excess
supporting electrolyte relative to analyte mitigates the impact of charge migration and the undesirable
movement of a species due to a potential gradient rather than solely a concentration gradient. While an
intuitive approach may be to add as much supporting electrolyte as solubility permits, our data also
identifies an upper limit to the benefits of electrolyte and deleterious effects that accompany high supporting
electrolyte concentrations including decreased conductivity, increased viscosity, and decreased diffusion
and heterogeneous electron transfer rates. This phenomenon has also been observed in other systems*” 3
whereby the interactions between supporting ions increases at high concentrations, ultimately screening
charge and decreasing the molar conductivity. The interplay between these phenomena leads to a critical
supporting electrolyte concentration that is unique to each electrolyte species and system. In the context of
RFB applications, identifying these critical concentrations for systems and the fundamental chemistry at
play will aid the design and tailoring of redox-active materials and supporting electrolytes. Looking at our
conductivity data, it appears that this critical electrolyte concentration for TEMPO and TBAPFs is around

1000 mM TBAPFs or 0.1 mol ratio solutes:solvent, as the conductivity begins to plateau and decrease at

larger electrolyte concentrations than this.

These trends in electrochemical and physical properties at high concentrations of TBAPFs are likely
connected to changes in the solvation of both TEMPO and TBAPFs by acetonitrile. With the decrease in
conductivity and increase in viscosity at these concentrations, the solvation of each species is presumably
decreasing, which dictates how freely species can diffuse in solution and how TEMPO can undergo electron
transfer. It is likely that at these high electrolyte concentrations, ion pairing interactions are also occurring
between TBA" and PF¢ ions because there is insufficient solvent present to solvate the ions. This ultimately

inhibits electrical conductivity.*
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Shedding some light on these experimental observations, RDF of solute and solvent molecules around a
reference molecule provided by MD simulations reveal interactions between different components in the
solution. These are particularly helpful in identifying important details in crowded electrolyte
environments, such as ion association. Figure 5 summarizes the RDF from the center of mass (COM) of
charged TEMPO [Figure 5(i)] and PF¢ [Figure 5(ii)] to the COM of other molecules in different solutions
simulated. A similar figure for neutral TEMPO systems can be found in the SI (Figure S53). When the
RDF with respect to TEMPO is considered, the neutral systems do not exhibit defined structuring of any
other molecule around TEMPO. However, we observe the structuring of PFs around TEMPO", suggesting
the formation of a solvation shell with PF¢’, with a coordination number (CN) ranging from 0.5 to 1.7 at a
radius of 4.7 A (RDF peak). The solvent shell behavior extends to almost 10 A, where up to 11 PFs
molecules can be found within a radius of 8.0 A for the highest solute concentration (TEMPO:TBAPF¢=
1000 mM:100 mM) simulated (Table 4). This result is at an approximate molar ratio of 0.06 where
heterogeneous electron transfer rate begins to plateau. These MD simulations suggest that, in charged
systems, TEMPO" molecules drift away from each other due to charge repulsion, and TEMPO" and PF¢
ions arrange themselves in close vicinity assisted by their opposing charges. Furthermore, ion pair
formation is suggested by the nearly identical radial distribution profiles portrayed in Figure 5(i) and

Figure 5(ii) with a CN = 1 (Table 4) for the TEMPO'/PFs complex around the 4.7 A RDF peak.

Ion pair formation can also be visualized through the average atomic distances between the N atom of
TEMPO and P atom of PFy’, where the distance for the charged systems varies from 4.11-4.56 A. [Figure
5 (iii)] Analysis of the number of close contacts (intra-atomic distances < 5A) reveals that the contacts of
P atom of PFs” with TEMPO" originates from mostly the O atom and then from N (Table S11). This result
is further supported by RDF plots with respect to specific atoms. Characteristics of both solvent-shared ion
pairs (SIP) and solvent-separated ion pairs (SSIP) are noted. As suggested by the small bump in the MeCN
RDF profile in Figure 5(ii), a MeCN solvation shell could form around PFs surrounding the ion with an

average of 15 solvent molecules for all simulated concentrations. However, the value of g(r) reaching a
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value of 1.0 in Figure 5(i) indicates an evenly distributed MeCN system around TEMPO". Interestingly,
we also observe patterns showing that g(r) for TEMPO:TBAPFs=100 mM:100 mM and 200 mM:200 mM
are higher compared to systems with higher solute concentrations, suggesting that the strongest structuring
(leading to more ion association) of TEMPO/PFgoccurs in equimolar systems. For both neutral and charged
systems, we observe similar MeCN solvation shell behavior and structuring of TBA* around PF¢". This hints

that PFs ions could be surrounded by a shell of TBA*/MeCN, irrespective of the charge of TEMPO.***°

To further investigate this effect experimentally, the solvation environment of PFs” was explored with
vibrational spectroscopy for all solution conditions, and results were compared with MD calculations.
Figure 6 shows the P-F stretching vibration from the PF¢ anion in the TBAPFg electrolyte in each of the
three conditions.’' Full spectra corresponding to each of the three conditions can be found in Figures S45,
S46, and S47 in the Supplemental Information.”' In condition 1 (Figure 6, top) where the concentration of
TBAPFs is held constant, there is no shift in vibrational frequency and a very subtle decrease in absorbance
as the concentration of TEMPO is increased due to a small amount of PF¢ being displaced by additional
TEMPO. Figure 6 (middle) corresponds to condition 2, wherein the concentration of TEMPO is held
constant and the concentration of TBAPF; is varied. A significant increase in absorbance is concomitant
with increasing concentration, but more interesting is a shift to lower vibrational frequency as the
concentration of TBAPF is increased. This same shift is also observed in condition 3 (Figure 6, bottom)
wherein the concentrations of TEMPO and TBAPFs are both varied but kept in the same ratio relative to
each other. Figure 7 shows plots of the peak shifts (top) and changes in absorbance (bottom) with changing
concentration for each of the three conditions, along with a solution containing only TBAPFs in MeCN.
The observed linear trend for the change in vibrational frequency suggests that TEMPO-TBAPFs
interactions have not reached a maximum in this measured concentration range, but the solvent has reached
its carrying capacity for solute due to solubility limitations. The whole spectra for TBAPFs in MeCN can

be seen in Figure S48 in the SI. While the change in vibrational frequency with concentration is observed
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to be a linear trend, the change in absorbance appears linear at low concentrations but deviates from linearity

at high concentrations.

The shift in the P-F stretching vibration to lower frequencies as the concentration of TBAPFs is increased
implies that the P-F bond is in a more stable chemical environment. This shift with concentration is only
observed in the P-F mode, while all other modes in the spectra remain constant. This red shift is not
observed in the presence of increasing TEMPO concentration, which suggests that the PFs ion is not
strongly interacting with TEMPO in solution. In fact, the frequency shift of the P-F mode is observed in the
complete absence of TEMPO (Figure 7, top), implying that increasing intermolecular interactions are due
to the PFs anion interacting with the TBA" cation, acetonitrile, or even possibly a lack of interaction with
the solvent. In terms of interaction with the TBA" cation, previous work has shown that at high
concentrations, ion pairing interactions are observed.*® These spectroscopic results support the RDF data
from the MD simulations and help to begin linking changes in the solvation of ions to changes in viscosity,

conductivity, and electrochemical properties.

Fourier-transformed velocity autocorrelation functions derived from MD trajectories were used to estimate
vibrational spectroscopic data for these conditions. A vibrational power spectrum that represents vibrational
density of states was obtained using this approach, which can be correlated to an IR spectrum. We were
able to reproduce three out of four peak regions that were experimentally observed, including the P-F
stretching peak region (Figure S55). However, the IR peak-shifting of the P-F mode to lower wavenumbers
was not captured through this method. The use of dipole autocorrelation instead of velocity autocorrelation
yields similar results since the OPLS forcefield used is non-polarizable. Using trajectories from classical
MBD simulations for this purpose is limited by the intrinsic limitation of classical MD to not capture the
quantum effects of nuclear motion which affect absorption intensity, peak shape, etc. More complex
methods such as ab initio MD or the application of quantum corrections to autocorrelation functions would
improve these results; however, these were deemed too computationally expensive for the purpose of this

study.?* >3
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Conclusions

The findings from this study show how trends in conductivity, viscosity, diffusion coefficient, and
heterogeneous electron transfer rate change for varying electrolyte and redox-active species concentrations.
Through CV analysis with both a 2 mm diameter electrode and 10 um diameter ultramicroelectrode,
diffusion coefficients and heterogeneous electron transfer rates were determined for all concentration
conditions. Electrochemical trends were experimentally connected to physical properties of conductivity
and viscosity as well as spectroscopic data to provide a comprehensive understanding of the impact of the
concentration of redox-active species and supporting electrolyte on electrochemical performance.
Combined with MD simulations, we present a holistic account of the system and provide chemical

reasoning for observations, including plausible chemical interactions between molecules.

Our results also highlight the best approaches to measure electrochemical parameters over wide
concentration ranges and under conditions that are traditionally difficult to characterize. In agreement with
literature precedence, a 10 um diameter microelectrode is more suitable for non-traditional solution
conditions as it can more accurately measure D and k in conditions of low electrolyte concentration and
high redox-active species.'" *® This performance difference is attributed to the mode of radial diffusion to
the electrode surface rather than planar diffusion in the case of larger electrodes. It is worth noting that the
2 mm diameter macroelectrode performed well under more traditional electrochemical conditions of low

redox-active species concentration and high electrolyte concentration.

While findings from this work pertain to TEMPO, the general approach of using an ultramicroelectrode to
characterize electrochemical parameters over a wide concentration range of redox-active species and
supporting electrolyte is applicable to all electroactive species used in RFB. Additionally, trends in
conductivity, viscosity, and solvation for concentration ranges track well with electrochemical parameters
and could serve as useful characterization for understanding the concentration parameters of chemical

systems of interest. Given the wide range of possible electroactive molecules for RFB, the multifaceted
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characterization approach defined within this work provides a template for comprehensively analyzing and

optimizing systems for RFB applications.

Supporting Information

Additional experimental details, electrochemical, spectroscopic, and computational data and tables are

contained in the Supplementary Information.
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