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Abstract

Electrolytes based on deep eutectic solvents (DESs) coupled with redox active organic molecules
have shown potential as a versatile/andrenergy dense electrochemical energy storage system.
However, progress in these systems has been held back by a lack of understanding of the irregular
behavior displayed when redox. active organic molecules are transitioned from other solvent
systems. In this work, the hydrogen bonding characteristics of a series of redox organic molecules
were investigated through infrared spectroscopy and molecular modeling. New understanding of
these interactions was then used te explain their electrochemical behavior in a DES electrolyte. A
model was used to predict/the behavior of new derivatives towards the design of an optimized
redox organic-DES system. Hydrogen bonding between the redox molecules and the solvent was
found to significantly shift the potential of a redox reaction more positive when a hydrogen bond
forms at the redox activersite. It was predicted that functionalizing a molecule with electron
withdrawing groups to lower the electron density of the redox active functional group lowers the
strength of the hydrogen bond and thus alleviates the undesirable potential shift. This hypothesis
was demonstrated by the.addition of nitro groups to fluorenones.

Introduction

The.demand. for low cost, high performance energy storage has grown rapidly to complement the
growing peénetration of intermittent renewable energy generation and other grid related
applications.’ Electrochemical energy storage in the form of redox flow batteries can meet this
demand due to their potential for low cost, safety, and flexibility, provided an optimal electrolyte
and tedox chemistry system can be developed.*’” Aqueous systems have energy density limitations
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due to the relatively small stable electrochemical window of water, making non-aqueous
electrolyte systems of interest. Their larger potential window can allow for more extreme potential
redox couples and thus higher energy densities without sacrificing safety or perfermance.®2 An
appropriate set of redox couples is also required for a flow battery to fufiction. Deep. eutectic
solvents (DESs) coupled with redox active organic molecules provide opportunities for moelecular
design to tune both the redox organic structure and the accompanying DES components.in concert
to enhance electrochemical, physical and transport characteristics and_enable the electrolyte
system to outperform existing technologies.'**

DESs are a class of non-aqueous solvents prepared by physically mixinghydrogen bond donors
(HBDs) and acceptors (HBAs).12* They have recently gained < interest because their
physicochemical properties can be easily tuned by selecting different HBD/HBA combinations
and mole ratios. DESs are interesting solvents for electrochemical applications,***¢ because they
are more stable at more extreme potentials than water with“conductivities on the order of 10s of
mS./cm, similar to other non-aqueous solvents.**® In additiony they.ean be cheaper than other non-
aqueous solvents such as acetonitrile, and safer due to.their low vapor pressure. Their low vapor
pressure allows them to be operated at elevated temperatures leading to higher conductivity and
lower viscosity. *?° With redox organic-DES systems beingga relatively unexplored concept, a
greater understanding of these systems is necessary to develop these electrolytes into high
performance energy storage systems. ¢Given thewelectrochemically-favorable properties
highlighted above, an appropriately designed redox organic DES can make a meaningful impact
in electrochemical energy storage.?*

To design redox organic-DES systems, we must understand how the redox active component
interacts with the hydrogen bending environment.'®*”2>2* With a redox organic molecule, the
interaction with the solvent can be complicated depending on the functional groups involved in
the hydrogen bond interactions; and “high solubilities (> 4M) can result. For example, methyl
viologen, a commonly studied redox organic, has been utilized as an HBA in an ethylene glycol-
based DES at concentrations up.to 4.2'M. This is of interest for an energy storage system where
the energy density is partially dictated by the concentrations of the two redox active components.?*

Often redox organic molecules start as neutral molecules or stable radicals that are either oxidized
to a cation or reduced to.an anion. The nitroxide radical redox organic molecule known as PTIO
(2-phenyl-4,4,5,5-tetrame- thylimidazoline-1-oxyl-3-oxide) is an example of a molecule that can
be either oxidized toithe cation or reduced to the anion. As such, it can provide both the positive
and negative/couples for.a battery. Other redox active compounds such as methyl viologen are
synthesized as.cations, are dissolved into the electrolyte as salts, and are exclusively reduced and
thereforeused as negative couples. The potential at which these reactions occur for a given redox
couple will be 4deally as far apart as possible to maximize energy density and thus careful
consideration is/placed on the potential at which they can be oxidized or reduced when designing
an/electrolyte system.

The neutral (or radical) to cation reactions seen with TEMPO, the viologen derivatives, and the
oxidation of PTIO appear reversible in DESs, but even if stable and soluble only comprise one
half of'the battery. Neutral (or radical) to anion couples in DESs often exhibit either irreversible
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behavior and/or extreme shifts in their apparent thermodynamic potential.?>? Often this behavior
manifests as an extreme potential shift in only one of the redox peaks when compared to their
electrochemical behavior in acetonitrile. Understanding these changes in behavior as a function
the molecular structure of the various types of redox organic molecules is cfitical to the.design of
high energy density electrolytes for energy storage.

While surface adsorption may be the cause of some anomalous behavior, as common DES
components are known to surface adsorb to both carbon and platinum_ electrode surfaces,?’ it is
also possible that new hydrogen bonds are being formed in DESs as the oxidation state of the redox
organic molecules is changed. It has been reported that the strength’of a-hydrogen bond can be
correlated to the electron density at a hydrogen bond critical point, i.e4/the outermost section of
the molecule where a hydrogen bond is formed. Hydrogen bonds, of differing strengths can have
drastically different physical properties.?®*? This correlation has been modeled using ab initio
methods and could be used to predict changes in the natute of a molecule’s hydrogen bond
interaction as it is functionalized and electron density neaf any redox functional group’s changes.

In this work, various redox molecules were investigated that exhibit a variety of different behaviors
in an acetonitrile electrolyte in comparison to a/DES, electrolyte. Voltammetry and infrared
spectroscopy were performed on acetonitrile systems with and without the presence of ethylene
glycol to determine the presence of hydrogen bonding, which functional groups are participating
in hydrogen bonding, and if these effects can be correlated to changes in electrochemical behavior.
High and low surface area electrodes were usedito parse surface effects from bulk solution effects.
Molecular modeling was then used to predict hydrogen bond strengths and positions to correlate
to the known effects on electrochemical:behavior. The creation of a predictive model based on
these results was proposed to guide the design of redox organic molecules to maximize their
effectiveness in a redox organic-DES energy storage electrolyte.

Experimental and Computatiohl Methods

Voltammetry was performedin a dry nitrogen glove box with an approximate dew point of -75 °C.
Choline chloride (ChCl;,99%), ethylene glycol (EG, Certified), sodium perchlorate (NaClOs),
ethyl viologen, PTIQy N-methylphthalimide, fluorenone, 2,7 di-nitro fluorenone and acetonitrile
(HPLC) were all purchased from Fisher Scientific. Due to its deliquescent character, choline
chloride was dried in.a vacuum oven overnight at 90°C. EG was dried by stirring at 80 °C in a dry
glove box. All other chemicals were used as received. A 1:4 molar ratio mixture of ChCl:EG, from
here on referredto as the DES, was formulated in the dry box by heating the mixed components
to 80 °C for 2 hours:** This molar ratio was chosen for its increased conductivity, reduced viscosity,
and increased solubility of certain redox organic molecules as compared to the more commonly
studiedy1:2molar ratio known as ethaline.?* The DES solutions were then further dried by allowing
them to equilibrate with the nitrogen dry box atmosphere while being stirred and heated to 50°C
overnight. The water content of the prepared DES solution was measured using a Metrohm
Coulometric KF 899 D and found to be less than 200 ppm.
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Voltammetry was performed on a 1.6 mm diameter platinum disk working electrode, or a3 mm
glassy carbon disk as noted. All voltammetry was performed at room temperature (20°C +/- 2.C)
for >10 cycles and are a representative steady state voltammetry after several,cycles unless
otherwise noted to display transient effects. Electrodes were purchased from BASI. A platinum
mesh counter electrode was used. An in-house reference electrode was used, consisting of a
platinum wire immersed in 10 mM silver nitrate when working in acetonitrile or a chloridized
silver wire immersed in neat DES inside a fritted glass tube when working with DES. All
electrochemical experiments were performed on a Solartron 1280B poténtiostat,

Flow cell electrolysis was performed using an in-house 2.5 cm? flow'eelldesign. The cell uses a
flow through carbon felt configuration.® Impervious graphite curtent ¢ollectors were purchased
from Graphite Store and machined in house. Morgan Advan¢ed Materials WDF 3 mm thick
graphite felt compressed to 2.5 mm was used as the high surface area electrode material. The
graphite felt electrodes were heat treated at 400 °C for 4 hours,prior to use. Daramic 175 (200 um
wetted thickness) was used as a porous separator. The Daramic was‘soaked in 2-propanol for 10
minutes to remove residual oil resulting from the manufacturing process, and then dried in air prior
to use. All cells were operated at flow rates in excess.of 20 times the stoichiometric minimum to
minimize mass transport overpotentials. N

Fourier transform infrared spectroscopy attenuated total reflectance (FTIR-ATR) samples were
transferred from the glove box in sealed sample vials, but measurements were performed in
ambient air conditions. ATR measurements were petrformed using a Nicolet iS50 FT-IR (Thermo
Scientific, USA) with a diamond cfystal. Thirty-two scans were collected per measurement.
Background subtractions were performed using Omnic 9 software, version 9.8.372 (Thermo
Scientific, USA).

Finally, all quantum chemistry caleulations reported in this work were performed using the open-
source, freely available software packagetNWChem (V6.8).%¢%” The geometry of each monomer
(acetonitrile, EG, and the redeximolecules at each oxidation state) was optimized in a double-stage
fashion, with an initial run using Hartree-Fock (HF) and the def2-SVP basis set, followed by a
DFT run with the B3LYP functional®®, the Grimme DFT-D3 dispersion correction®, and the def2-
TZVPD basis set. Three-dimensional electronic densities and electrostatic potentials were
calculated using a resolutionof20 pm. Dimer geometries (EG or acetonitrile interacting with each
redox active molecule) were also optimized using the aforementioned procedure and interaction
energies (E) were calculated as the difference between the DFT energy of the dimer (Ep;per-) and
that of each monomer (Ejy;; and E};,), according to:

E = Epimer— (Ey1 + Enz) (1)

Results and Discussion
Electrochemical Behavior: Acetonitrile vs DES Comparison

To determine redox activity and approximate reaction potentials, cyclic voltammetry, in which we
sweep the potential of an electrode across a range of interest and plot the corresponding current
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response, was performed on solutions of ethyl viologen di-perchlorate (0.05 ‘M), n-
methylphthalimide (0.05 M), or PTIO (0.1 M) in acetonitrile with 1 M NaClO4. Voltammetry was
performed on both glassy carbon and platinum electrodes and was found to be qualitatively similar
to voltammograms previously presented in the literature.*>** Voltammetry ©of all three:xmolecules
was then performed in DES and different behavior types were identified. The wvarious
electrochemical reactions and voltammetry can be seen in Figure 1. The types of behayior shifts
observed when changing the electrolyte from acetonitrile to DES generally fall.into one of three
categories: 1) no change (Figure 1 “Ethyl Viologen”) 2) a shift in the redox potential, but without
adverse effects on reversibility (Figure 1 “PTIO”), or 3) a shift to highly irreversible behavior
Figure 1 “n-methhylphthalimide). Ethyl viologen and the PTIOwositive reaction
(PTIO->PTIO">PTIO) show no change in reaction potential or peak current while the PTIO
negative reaction (PTIO->PTIO - PTIO) appears reversible but undergoes a significant potential
shift to more positive potentials. This can be seen in figure 1, indicated by the bar showing distance
between the peak-to-peak midpoint for each reaction.. Finally,/the n-methhylphthalimide
compound shows a +1V potential shift in the peak potential of the re-oxidation from the anion
form back to the neutral molecule, relative to the peak potential for the reduction reaction, i.e., a
shift to highly irreversible behavior. The reduction and oxidation peaks for each reaction are
indicated with black arrows. We see that in the acetonitrile ele%trolyte both redox peaks exist with
a very small separation. In the DES electrolyte, no oxidation peak is observed at the expected
potentials, but a new oxidation peak is observedat much more positive potentials.

To understand the change in behavior from acetonitrile electrolyte to ChCl:EG, an experiment was
devised in which voltammetry was taken in acetonitrile for each of the three species with various
additions of the hydrogen bond donor. EG was used in place of the complete DES (ChCl:EG) due
to the insolubility of choline chloride in acetonitrile. Remaining in an acetonitrile electrolyte while
introducing the presence of a hydrogen bond donor eliminates the difficulty of trying to compare
different reference potentials when switching from one solvent to another. This type of analysis
can be used to quantify potential shifts rather than make qualitative statements about voltammetry
in dissimilar systems. With these samples created at EG to redox organic molar ratios of 0:1,
1:10, 1:1 and 10:1, we alsoused FTIR to monitor the formation of hydrogen bonds by looking for
shifts to lower wave number in the stretching frequencies of known functional groups as the
hydrogen bond donoris,added and to correlate the presence of any new hydrogen bonds to changes
in electrochemical behavior.**

FTIR-ATR PealShift Analysis

FTIR-ATR was performed on neutral PTIO in acetonitrile electrolyte with molar ratios of 0:1,
1:10, 1:1,and 10:1 EG to PTIO, respectively and can be seen in Figure 2. Literature reports that
puté EG doestiot have any strong peaks that overlap in the region we examine.*® This is confirmed
by the lack of additional peaks when EG is added to the pure acetonitrile sample in these regions.
The majority of the FTIR peaks associated with PTIO remained unshifted and were subsequently
used to normalize spectra to each other. However, the peak associated with the nitroxide radical
stretching frequency (identified in the literature as 1218 cm™)* had a small red shift that increased
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with increasing EG concentration. This implies that even the uncharged radical forms,weak
hydrogen bonds with the electrolyte at the redox active functional group. FTIR-ATR was also
performed on N-methylphthalimide in acetonitrile, and no shift was observed in the carbonyl
stretching frequency (1710 cm™) suggesting that no hydrogen bonds are formed with.the fedox
active functional group in this case. The N-methylphthalimide spectra do show»a small shift to
lower wave number associated with a C-N stretching frequency (1410 cm™). These résults can be
seen in Figure 3.

To determine the change in hydrogen bonding as a molecule is reduced, and thus its electron
density at the redox active functional group is increased, N-methylphthalimide in acetonitrile was
charged in a flow cell with PTIO->PTIO" as the positive reaction (a§ descfibed above) at a constant
potential of 2.5V. The charged negative electrolyte, now concentrated in the phthalimide anion,
was divided into two samples. One was dosed with EG to create a,10:1 molar ratio of EG to
phthalimide and the other was left unaltered. FTIR-ATR was performed on the charged electrolyte
with and without the ES addition. It was observed that a shift.to lowet wave number does occur in
both the newly observed C-O stretching frequency (<1100 em:') and the formerly unshifted
carbonyl stretching frequency (1710 cm™') which can.be seen in Figure 3. This suggests that the
anion group is now forming a hydrogen bond that did not existjin the uncharged, neutral molecule
and that a resonance effect may be sharing the bond between both the conjugated oxygen
containing functional groups.

Electrochemical Behavior in Acetonitrile with EG Additions

The voltammetry recorded in acetonitrile withnadditions of EG tells a similar story. Results of a
similar experiment were previously reported.for PTIO and can be seen in Sinclair et. al. * Those
results show that the shift in the peak potentials of both the oxidation and reduction of the negative
reaction of PTIO are related to the concentration of EG with a larger potential shift as the EG
concentration was increased. No shift was observed in the positive reaction of PTIO (neutral to
cation). This is consistent withsboth.the neutral and anion forms forming hydrogen bonds that shift
the potential of their respectiveaeactions more positive while the cation does not form hydrogen
bonds with EG and does not'have/its reaction potential affected. Similarly, the ethyl viologen
voltammetry, seen in Figure 4, does not change with EG addition, suggesting it does not form a
hydrogen bond in either the radical or cation form that would affect its behavior. In the case of n-
methylphthalimide, it was found that any addition of EG (even 5 mmol) to acetonitrile immediately
shifts the potential of the oxidation peak of n-methylphthalimide suggesting a possible surface
adsorption of EG. type effect the causes the environment near the electrode to always form
hydrogen bonds{ Future work is needed to fully understand this phenomenon at such low
concentrations.

Polarity and Electrostatic Potential Maps

To gain.abetter understanding on the mechanism behind the voltammetry differences reported
throughout this work for redox species solvated in either ethaline or acetonitrile, we examined the
electrostatic potential (ESP) maps of these molecules. Because the previous sections demonstrated
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that EG alone induces the observed potential shift, the impact of choline chloride (the second
component of ethaline) is ignored. The use of ESP maps is a computationally/mexpensive
framework that qualitatively probes the polarity of molecules at different functional groups and
their likelihood of establishing intermolecular interactions.***’ The ESPsfof each molecule of
interest were computed and mapped on the 0.002 a.u density isosurface. These results, obtained
using DFT at the B3LYP-D3/def2-TZVPD level of theory, are depicted in Figure 5. Note that a
density isovalue of 0.002 a.u. is generally considered an accurate representation of the van der
Waals size and shape of molecules, hence being suitable to study intermolecular. interactions.*®*°

Figure 5 confirms that EG possesses both negative and positive ESP surfaces at its hydroxyl
functional group sites, thus behaving both as a hydrogen bond donor and acceptor. On the other
hand, acetonitrile is an aprotic solvent with a clear negative electrostatic/potential at its nitrile
functional group but only a faint positive ESP surface at its methyl.group. As such, while both
solvents will interact favorably with positive ESP surfaces(e:g., hydrogen bond donor sites and
positively charged ions), EG possesses the additional abilitysto establish strong interactions with
negative ESP surfaces (e.g., hydrogen bond acceptor sites :and negatively charged ions);
acetonitrile will generally not interact with negative ESP surfaces.

Focusing on the redox molecules studied in this worky/Figure’5 reveals that the neutral forms of
PTIO and N-methylphthalimide contain only neutral and megative ESP surfaces, with the latter
becoming much more negatively charged in their reduced (negatively charged) forms. As such,
these redox molecules, particularly their reduced (anionic) forms, are expected to interact more
favorably with EG than with acetonitrile. Furthermore, the hydrogen bond donor sites of EG are
expected to interact with the most negatively charged surfaces of PTIO and N-methylphthalimide,
which are located on top of their redox-able,functional groups. In turn, this strong interaction
hinders the necessary electron transfer during a redox reaction, leading to the voltammetry
potential shifts observed and<reported in the previous sections for the re-oxidation of

methylphthalimide and the PTIO negative reaction (PTIO —PTIO™ —PTIO).
N

To validate the usefulness of{the/ESP map framework and the accuracy of its qualitative
predictions regarding solvent-solute interaction energies discussed above, ESP maps were
explicitly calculated using DFT at the B3LYP-D3/def2-TZVPD level of theory, as described in
the Methods section:"The ESP‘maps were used as guides to select the initial geometries of the
dimers. That is, the molecules were packed such that their main contact occurred between the most
negative ESP of the redox molecule and the most positive ESP of the solvent. These results, which
are in full agreement with.the FTIR results reported in the previous sections, are reported in Figure
6, confirming that the interactions with EG are, indeed, stronger than those with acetonitrile,
particularly for thesréduced forms of the redox molecules. This type of analysis is introduced and
briefly discussed at this point only to validate the qualitative approach of the ESP map framework
and will berevisited in the last section of this work to build a semi-empirical correlation.

In contrast with the negative and neutral forms of N-methylphthalimide and PTIO, Figure 5 reveals
that the.exidized forms of PTIO and ethyl viologen display only positive electrostatic potentials
(to_be expected given their positive charges), while the neutral form of ethyl viologen is mostly
apolar, with little electrostatic potential beyond that of its aromatic m orbitals. As such, the
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interaction strength between these species and acetonitrile or EG are similar, which is in line with
the absence of changes in reaction potential or peak current for the reduction/oxidation of ethyl
viologen and the positive reaction of PTIO (PTIO —PTIO" —PTIO) reported above.

Molecular Design and Addition of Electron Withdrawing Functional Groups

Despite their qualitative nature, the results shown in Figure 6 suggest thatseducingthe electrostatic
potential of hydrogen-bond-capable redox functional groups should decrease the interaction
strength between those sites and the solvent which, in turn, should mitigate Or even eliminate
voltammetry potential shifts and irreversible reduction/oxidation cycle; This is particularly
relevant when dissolving redox molecules in DESs, as these solvents are'typically mixtures of
strong HBAs and HBDs and, thus, can establish strong hydrogen bonds with solutes. These design
considerations are vital in enabling the use of neutral/anion tfedox couples in which only the anion
form creates a hydrogen bond causing apparent extreme irreversibility. To test this hypothesis, the
voltammetry of fluorenone was compared to that of the commereially available but less soluble,
di-nitro fluorenone. Fluorenone is known to undergo.two reduction reactions in acetonitrile but is
also reversible in other electrolyte systems.**>? Similarly to N-methylphthalimide, the molecule
reduces from a neutral species to an anion but fluorenone can additionally be reduced to a di-anion.
For the purposes of this study only the first feduction was.investigated. Nitro groups are an electron
withdrawing group which have been reported toralso shift reaction potentials positive but in a
reversible manner.>*** The electrostatic potential maps of these molecules are depicted in Figure
7.

Figure 7 reveals that fluorenone possesses an almost neutral molecular surface except for its
carbonyl functional group site, where it displays a highly negative electrostatic potential, akin to
that observed for N-methylphthalimide (Figure 5d). However, upon functionalization with electron
withdrawing agents (nitro groups), the intensity of this negative ESP is greatly reduced. In fact,
Figure 7b shows that this eléctromt withdrawing effect leads to the appearance of a positive ESP
surface that spreads through the aromatic hydrogens of the molecule. The electron withdrawing
effect of the nitro groups also produces a remarkable effect in the reduced forms of these redox
molecules, with the negative ESP at the carbonyl site of di-nitrofluorenone being drastically lower
than that of fluorenone.

Given the polarity differences between fluorenone and di-nitrofluorenone discussed above, the
former is anticipated to establish stronger hydrogen bonding with EG than the latter. Of course,
both molecules are still expected to interact less favorably with acetonitrile. To confirm these
predictions, solvent=Solute interaction energies were again computed in the same fashion as the
calculations performed in the previous section (DFT at the B3LYP-D3/def2-TZVPD level of
theoryswithmolecules being packed such that their main contact occurs between the most negative
ESP of the s/edox molecule and the most positive ESP of the solvent). These results are listed in
Figure 8.

The interaction energies reported in Figure 8 confirm that i) EG interacts more favorably with the
redox molecules than acetonitrile and ii) the addition of electron withdrawing groups to fluorenone
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greatly reduces its ability to hydrogen bond with the solvent. More precisely, while the energy
difference between the neutral dimers and EG is small (a nearly negligible reduction of 1.4k J/mol
from fluorenone to di-nitrofluorenone), the energy difference for the anions is remarkable (28.7
kJ/mol).

Voltammetry for these two molecules can be seen in Figure 9. While fluorehone shows an even
larger peak separation than N-methylphthalimide (1.5 V), the addition of the nitro groups causes
a slight positive shift of the reaction potential but more importantly causes the reaction to now be
reversible as predicted by our hypothesis. This demonstrates that reducing the strength of the
hydrogen bond interaction at the redox active site is crucial for enabling the reversibility of many
redox organic molecules in DES. -

Correlating Interaction Energies with Voltammetry Potential

Having demonstrated that certain electron withdrawing groups ean modify redox organic behavior
in DES for more desirable traits, it is crucial to accurately predict how any such modifications can
affect a wide variety of redox molecules. Such a médel s important as it helps avoid costly trial
and error synthesis. y

So far, electrostatic potential maps and dimer interaction-énergies were used as tools to reconcile
the voltammetry potential shifts of different redex molecules in acetonitrile or EG with the
intermolecular interaction strengths in these systems. Of course, these methodologies are crude
approximations of the highly complex selvation,environment of redox molecules in deep eutectic
solvents, particularly ethaline. However, despite their simplistic nature, the guidelines developed
in this work succeeded in the ratienal functionalization of a known redox molecule (fluorenone)
to prevent its irreversible reduction in ethaline. As such, and to both underpin the results reported
throughout this work and reinforce the importance of studying and understanding solvent-solute
interactions in DES-mediatedredox reactions, the dimer interaction energies reported in Figures 7
and 9 were complemented with those for the remaining redox molecules whose oxidation was
studied in this work and correlated against their voltammetry potential from acetonitrile to ethaline.
This semi-empirical correlation is depicted in Figure 10. Although the number of data points is
small, there is clearly»a trend between voltammetry potential shifts and the energy difference
between EG-neutral and EG-reduced dimer pairs, which can be used in future work to design new
solvent-redox molecule systems.

Conclusions

We have shown through electrochemical, spectroscopic, and molecular modeling techniques that
a correlation exists between the redox potential shift of redox organic molecules and their
hydrogen bonding behavior in deep eutectic solvent electrolytes. We have shown that this behavior
is a funetion of the electron density near the redox active functional group and can change with
oxidation state of the molecule. An electrochemical reduction of the molecule increases local
electron density which can increase the strength of, or create a wholly new hydrogen bond to, the
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redox active site. The presence of these newly formed hydrogen bond has been confirmed through
FTIR analysis. This bond now interferes with the redox behavior of the molecule causing a
significant positive shift in its oxidation potential. Molecular modeling was used to characterize
the strength of these bonds based on the interaction energies of the redox'moleculesat various
oxidation states. The characterization of these hydrogen bond interactions paints the following
picture: when a bond is made to a redox functional group, and that bond is above a certain
minimum hydrogen bonding energy, there is a positive shift in potential that can be correlated to
the strength of the hydrogen bond. Using this correlation to guide intelligent rédox molecule
design, we show that functionalizing a redox molecule in such a way that lowers the electron
density around the redox active functional group lowers the strength of thethydrogen bonding
interaction. This prevents the hydrogen bond from interfering with the redox reaction, leading to
much greater reversibility in the functionalized molecule than in'the base molecule. While further
work may be necessary to more accurately predict shifts in redox potential related to hydrogen
bonding, this works provides crucial guidance to the design of redox active organic molecules for
use in hydrogen bonding electrolytes like deep eutectic solvents.
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Figure 1. Reactions and voltammetry for PTIO, N-methylphthalimide and ethyl viologen in both
42 acetonitrile and a 1:4 molar ratio mixture of choline chloride and EG, respectively, exhibit three
43 distinct types of behavior. PTIO exhibits a 700 mV shift in the Ei» of the negative reaction when
44 transitioning to.DES: N-methylphthalimide shows 1 V increase in peak separation while ethyl
viologen remains unaffected.
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and a lesser shift in'the carbonyl stretching peak (right).
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