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ABSTRACT

Electrochemical and density functional studies demonstrate that coordination of electrolyte
constituents to quinoxalines modulates their electrochemical properties. Quinoxalines are shown
to be electrochemically inactive in most electrolytes in propylene carbonate, yet the predicted
reduction potential is shown to match computational estimates in acetonitrile. We find that in the
presence of LiBF, and trace water, an adduct is formed between quinoxaline and the Lewis acid
BF;, which then displays electrochemical activity at 1 — 1.5 V higher than prior observations of
quinoxaline electrochemistry in non-aqueous media. Direct synthesis and testing of a bis-BF3
quinoxaline complex further validates the assignment of the electrochemically active species,
presenting up to a ~26-fold improvement in charging capacity, demonstrating the advantages of
this adduct over unmodified quinoxaline in LiBFs-based electrolyte. The use of Lewis acids to
effectively “turn on” the electrochemical activity of organic molecules may lead to the

development of new active material classes for energy storage applications.
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1. INTRODUCTION

Stationary energy storage systems are needed to facilitate the widespread penetration of
intermittent renewable electricity generators such as solar photovoltaic and wind turbines, and to
improve energy efficiency of the electric grid'. Redox flow batteries (RFBs) may offer the best
combination of cost, performance, and operational flexibility to meet these needs”. Unlike
enclosed rechargeable batteries which house all components in a single cell, RFBs utilize the
reduction and oxidation of electro-active species in flowable solutions or suspensions that are
housed in external tanks and pumped to a power-converting electroreactor. To date, the vast
majority of flow battery technologies are based on aqueous electrochemistry, with all-vanadium
and zinc-bromine systems being the most successful®*>.

Redox-active organic molecules are particularly promising charge storage materials for RFBs
because relevant properties like potential and solubility can be tuned through modifications of
molecular structure. Aziz and co-workers recently described a bench-scale aqueous flow battery
utilizing quinones as charge storage materials®. Furthermore, they employed quantum chemical
computations to show a correlation between reduction potential and the degree of substitution
with hydroxyl groups and demonstrated good agreement with experimental measurements in
sulfuric acid media*. While the thermodynamic stability window of water is 1.23 V, sluggish
hydrogen and oxygen evolution kinetics on electrode materials can enable higher cell voltages,
for example lead-acid and zinc-bromine batteries. Deploying non-aqueous solvents offers an
even wider window of electrochemical stability which enables non-aqueous RFBs to operate at
cell potentials > 3.0 V, thereby leading to higher energy density and typically higher roundtrip
efficiency, which together reduce the cost of energy. To take full advantage of this extended

potential window, electrochemical couples must be developed with suitably different reduction



Page 3 of 29

RSC Advances

potentials, high solubility, and good long term stability. To date, a selection of non-aqueous
electrochemically active materials have been studied including transition metal centered
coordination complexes’, transition metal centered ionic liquids®, and organic molecules’.

Quinoxalines are a promising family of redox-active materials due to their high intrinsic
capacity (ca. 410 mAh/g for quinoxaline, assuming 2¢" transfer) and high solubility in carbonate
solvents (~7 M). Recently, Brushett ez al. investigated a variety of quinoxaline derivatives as the
negative electrolyte active species (anolyte) for non-aqueous Li-ion RFBs and observed two
coupled electroreduction and oxidation events between 2.4 — 3.2 V vs. Li/Li" in an electrolyte
consisting of 0.2 M lithium tetrafluoroborate (LiBF,) in propylene carbonate®. Interestingly,
Ames et al. reported a single redox event between 1.4 — 2.0 V vs. Li/Li" for similar derivatives in
0.1 M tetracthylammonium perchlorate (TEAP) in dimethylformamide’. Comparable results to
those of Ames e al. were obtained by Barqawi et al.' in 0.1 M tetracthylammonium
hexafluorophosphate (TEAPFg) in acetonitrile and Angulo et al in 0.1 M tetra-n-
butylammonium hexafluorophosphate (TBAPFg) in acetonitrile or dichloromethane.

To design and optimize quinoxalines for non-aqueous RFBs, their electronic properties as well
as interactions with different electrolytes must be understood, controlled, and eventually
manipulated. Moreover, given the sheer number of possible quinoxaline derivatives and
electrolyte compositions, incorporating an understanding of electrolyte interactions into
molecular design rules is critical to guiding future research directions. Here we describe the role
of the Lewis acid BF3 in the electrochemical behavior of quinoxaline in LiBF, - propylene
carbonate electrolyte solutions. We used electrochemical studies in combination with explicit
computational models to demonstrate the effect of various electrolyte constituents on the

voltammetry and cycling behavior of quinoxaline. First, we characterized the effect of electrolyte
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composition and decomposition products on the electrochemical behavior of quinoxaline.
Second, we modeled the impact of electron-donating and electron-withdrawing substituent
groups, as well as adducts formed from different types of electrolyte salts, on the thermodynamic
and related electrochemical properties of quinoxalines. Third, the confluence of these
experimental and computational efforts resulted in the design and synthesis of a novel substituted
quinoxaline molecule exhibiting a 26-fold improvement in charging capacity compared to bare

quinoxaline.

2. EXPERIMENTAL
2.1 Electrochemical Details

Anhydrous propylene carbonate (PC, 99.7%, Sigma-Aldrich), acetonitrile (ACN, 99.8%,
Sigma-Aldrich), quinoxaline (Q, 99.0%, Sigma-Aldrich), 2,3,6-trimethylquinoxaline (2,3,6-
TMQ, 97.0%, Alfa Aesar), anhydrous lithium tetrafluoroborate (LiBF4, 98.0%, Acros Organics),
lithium trifluoromethansulfonate (L1 triflate, 99.5%, Sigma-Aldrich), lithium
bis(perfluoroethylsufonyl)imide (Li BETI, 3M), tetrabutylammonium tetrafluoroborate
(TBABF4, 99.0%, Fluka), tetracthylammonium tetrafluoroborate (TEABF4, >99.0%, Fluka),
lithium perchlorate (LiClO4, 99.99% trace metals basis, Aldrich), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95% trace metals basis, Aldrich), sodium
tetrafluoroborate (NaBF,4, 97%, Sigma-Aldrich) and boron trifluoride diethyletherate (BF;*OEt,,
46.5 % BF;, Sigma-Aldrich) were used as received. All chemicals except BF;*OEt, were opened
and stored in an argon (Ar)-filled glovebox (MBraun Labmaster). When not in use the BF;*OEt;
was stored in a refrigerator, and was used only inside of the glovebox. All electrolyte solutions

were prepared in the glovebox. The water content of solutions for electrochemical measurements
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was quantified with Karl-Fischer titration by a C20 Coulometric K-F Titrator (Mettler-Toledo)
with Hydranal® Coulomat-AG (Fluka) as the reagent.

Electrochemical experiments were performed in the glovebox using either a CHI760E
potentiostat (CH Instruments, Inc.) or a 1470E Solartron Analytical Instrument. Two different 3-
electrode electrochemical cells were used in this report. An electrochemical cell consisting of a 3
mm diameter glassy carbon (GC) working electrode (CH Instruments, Inc.), a lithium metal
counter electrode, and a lithium metal reference electrode was used for collecting the data
displayed in Figure 1. For all other cyclic voltammetry experiments, the electrochemical cell
consisted of a 3 mm GC working electrode, a Pt wire counter electrode (CH Instruments, Inc.),
and a Ag/Ag" quasi-reference electrode (BASi) housed in a fritted glass container. Prior to use,
the GC electrode was sequentially polished with 0.3 pm and 0.05 um alumina grit on a
MicroCloth pad (Buehler Ltd.), thoroughly rinsed with water that was deionized at 18.2 MQ
(Millipore) and dried under Ar before transfer to the glovebox. The reference electrode
compartment, a Vycor™ fritted glass tube, was filled with a saturated solution of AgNO3 in PC
(Sigma Aldrich). The reference electrode potential was determined using ferrocene as an internal
standard. The internal standard was measured after each sample to account for drift in the
reference electrode potential. All potentials for electrochemical experiments are reported versus
the Li/Li" reference couple (-3.04 V vs. SHE), and were placed on the Li/Li" reference scale by
directly measuring the formal potential of ferrocene (0.64 V vs. SHE, 3.68 V vs. Li/Li").
Constant-current chronopotentiometry was performed in a bulk electrolysis cell (BASi, Inc.,
Indiana) comprised of a reticulated vitreous carbon working electrode, a Li foil counter electrode
held in a fritted compartment, and a Li foil reference electrode housed in a fritted glass tube

(BASI, Inc., Indiana) filled with a 1 M LiClO,4 / PC electrolyte. For studies involving the addition
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of water to non-aqueous solutions, the reference electrode consisted of a Li metal foil housed in a
Vycor-fritted tube (BASi) filled with a 1 M LiTFSI / PC electrolyte. This configuration was used
to prevent water from attacking the reference electrode. Pt and Au working electrodes (2 mm

diameter, CH Instruments) were used in some studies presented in the Supporting Information.

2.2 Computational Details

We employed the B3LYP/6-31+G(d) level of theory to compute the structure and energetics of
all species using Gaussian 09 Software. The same level of theory was used to calculate zero
point energies, free energy corrections (298 K, 1 atm pressure) and solvation energies. The SMD
model was used to compute the solvation free energy by a single point energy calculation on the
gas phase optimized geometry using water as the dielectric medium'?. We find that this is an
effective approximation for computing free energies of electrochemically active species in
solution. We have optimized selected systems using the SMD solvent with a water dielectric
medium model to include the solvation effects in determining the geometry and energy. For this
study, changing the dielectric medium to acetone, dimethylsulfoxide, or methanol did not
significantly affect the computed reduction potentials of quinoxaline derivatives (Table S1). The
Gibbs free energy (298 K) in solution is computed as the sum of the free energy in the gas phase
and the solvation energy. Upon computing the solution phase free energy change for reduction or
oxidation process (4G.q0x), the reduction potential (£ V,edox) is calculated via the following
identity, E V,edox = -AG,eqo/nF, where n is the number of electrons involved in the reduction
reaction and F is the Faraday constant. Thereafter, the computed reduction potential is referenced
to a Li/Li" electrode, a typical standard used for non-aqueous Li-ion electrochemistry, via the

4

following equation, £ deox (Li/Li+) = E" jedox — 1.24 V, where 1.24 V represents the difference

between the standard hydrogen electrode (SHE, -4.28 V ') and Li/Li" reduction couple (-3.04
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V). The addition of the constant ‘-1.24 V’ is required to convert the free energy changes to
reduction potential (Li/Li" reference electrode), a commonly used convention to compute the
reduction potentials in solution'*. The change in electron energy when going from vacuum to
non-aqueous solution is treated as zero, similar to other reports'”. Further details regarding the
computation of reduction potential can be found elsewhere'™'®.

It should be noted that the binding of the second electron to the mono-anion in the gas phase is
thermodynamically uphill (negative electron affinity), while inclusion of solvation contributions
favors the binding of the second electron. The negative electron affinities result in less accurate
reduction potential, but agreement is reasonable in cases where experimental values are
available. It was found that finite basis sets gives reasonable results in comparison to gas phase
experimental results for gas phase temporary anions with negative electron affinities due to a
cancellation of errors'”. In general, quantum chemical calculations are able to compute the
influence of different salt and solvent molecules on the reduction potential of a material of

interest!*™!8,

23 Synthesis of Quinoxaline (bis)trifluoroborane

Unless otherwise stated, all chemical reagents were obtained from commercial suppliers and
used without purification. Solvents were purified in a solvent purification system with alumina
columns. The synthesis procedure was modified from Martin et a/'’. Quinoxaline 0.5 g (3.8
mmol) was dissolved in 50 mL anhydrous dichloromethane (CH,Cl,, Sigma-Aldrich) in a
Schlenk flask under dry nitrogen; the flask was then immersed in liquid nitrogen. To this, 3.16
mL (25.0 mmol) of BF3;*OEt, were injected by a syringe through a rubber septum. The etherate
froze as a top layer in the flask. The contents of the flask were allowed to warm slowly to room

temperature with stirring, during which a yellow solid precipitated. The reaction mixture was
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stirred for additional 3 h after which the flask was brought inside a glove-box where the solid
was collected on a vacuum filter and washed with ca. 10 mL CH,Cl,. The solid was then dried
under vacuum to give 538 mg (52.6% yield) of the complex as a yellow solid. 'H, *C, ''B and
"F NMR spectra were collected using a Varian 500 or 400 MHz spectrometer in the VOICE
NMR laboratory at the University of Illinois; the residual solvent proton and carbon, and
BF;°OEt; were used to reference the chemical shifts. High-resolution electrospray ionization
(HR-ESI) mass spectra were obtained through the Mass Spectrometry Facility, School of
Chemical Sciences, University of Illinois. For the yellow solid: 'H NMR (500 MHz, CD3;CN): o
(ppm) 9.29 (s, 2H), 8.53 (dd, J = 3.2 Hz, 2H), 8.18 (dd, J = 3.2 Hz, 2H). *C NMR (125 MHz,
THF-ds): & (ppm) 146.2, 145.9, 131.9, 130.0. ''B (128 MHz, CDsCN): & (ppm) -1.6. "°F (470
MHz, CD;CN): o (ppm) 145.7. HRMS-ESI (m/z): calculated for CgH;BF;N, [M-BF3+H]+:

199.0649; found: 199.0634.

3. Results and Discussions
3.1 Electrochemical Analysis of Quinoxaline-Electrolyte Interactions

Quinoxaline is electrochemically active at 1.4 V vs. Li/Li" in ACN, in accordance with
previous results and theoretical predictions (vide infra), yet does not display comparable
electrochemical activity in PC (Supporting Information, Figure S1). Our previous studies
revealed that quinoxaline derivatives are electrochemically active in carbonate-based electrolytes
at more positive potentials (ca. 2 to 3 V vs Li/Li")*. To better understand the relationship
between local electronic structure and experimentally measured properties, the electrochemical
behavior of 2,3,6-trimethylquinoxaline (2,3,6-TMQ), the best performing quinoxaline derivative
from ref. 8, was analyzed in the presence of four Li salts with different anions. Figure 1 shows

cyclic voltammograms of 2,3,6-TMQ in the presence of 0.2 M LiBF,, LiPFg, Li triflate, and Li
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BET]I, all in PC, and clearly indicates that the choice of anion has a pronounced effect on the
observed 2,3,6-TMQ electrochemical behavior. The largest reduction and oxidation currents are
observed for 2,3,6-TMQ in 0.2 M LiBF,4 / PC electrolyte which also show two electron transfer
events, consistent with previous results.® Similarly, two electron transfer events are observed in
0.2 M LiPFg / PC, albeit at significantly lower currents. The current responses observed in 0.2 M
Li triflate / PC and 0.2 M Li BETI / PC are comparable to those of the baseline electrolytes
indicating no electrochemical activity in the scanned region. Interestingly, 2,3,6-TMQ did not
show any activity above background current levels in 0.2 M TBABF, / PC (Supporting
Information, Figure S2) which suggests that the presence of the BF, is not solely responsible
for the activation. Changing the working electrode from GC to Pt or Au did not significantly

alter the voltammetry of 2,3,6-TMQ in 0.2 M LiBF,4 /PC (Supporting Information, Figure S3).
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Figure 1. Cyclic voltammograms of 5 mM 2,3,6-TMQ in various 0.2 M Li-ion salt/PC electrolytes. All experiments
were performed in a GC / Li/ Li cell at a scan rate of 10 mV/s.

To further study the promotional effect of LiBF4 on the reduction current of quinoxalines, the
concentrations of two quinoxaline species (2,3,6-TMQ and quinoxaline) and LiBF4 were varied

relative to each other. Figure 2 shows the change in peak current of the well-defined second
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reduction wave (Epc.ij) which corresponds to the reduction wave at ~2.45 V vs. Li/Li" (Figure 1)
of 2,3,6-TMQ and quinoxaline as a function of active species and LiBF4 concentration. Figure
2a shows that increasing the 2,3,6-TMQ concentration from 5 to 50 mM, while holding the
LiBF, concentration constant at 0.2 M, results in only slightly more than a two-fold increase in
the current. In comparison, increasing the LiBF; concentration, while holding 2,3,6-TMQ
concentration constant at 50 mM, leads to directly proportional increases in observed current.
Similar trends were observed for quinoxaline (Figure 2b). The voltammetry corresponding to
these data points is presented in the Supporting Information (Figure S4). These results
indicate that the magnitude of the reduction current is due to an interaction between the active
species and supporting electrolyte which, at these concentrations, has a stronger dependence on

salt concentration.

10
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Figure 2. Peak reduction current of the 2" wave of 2,3,6-TMQ (a) and quinoxaline (b) as a function of either active
species and LiBF, concentration. In all experiments, PC was used as a solvent. Peak currents were obtained from
CV measurements taken in a GC / Pt/ Ag/Ag" cell at a scan rate of 10 mV/s.

LiBF, weakly dissociates in PC due to the strong ion-pairing between Li" and BF, *°. LiBF,
also decomposes into BF; via thermolysis and hydrolysis with trace water *'. BFs, a strong Lewis
acid, is expected to complex with quinoxaline, which acts as a Lewis base. Similarly, LiPFg, a
common Li-ion battery salt, undergoes a similar thermal decomposition process (LiPF¢ <> LiF +
PFs) which in turn leads to a number of undesirable reactions that limit the battery life*. Others
have shown that introduction of Lewis base additives (e.g., pyridine) dramatically increases the

thermal stability of the electrolyte by binding the reactive PFs intermediates™.

11
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To determine if the presence of BF; is linked to the observed reduction current of
quinoxalines, we spiked the electrolytes consisting of 2,3,6-TMQ or quinoxaline in Li triflate /
PC with BF;*OEt; (Figure 3). Recall that 2,3,6-TMQ did not display any significant
electrochemical behavior in the Li triflate / PC electrolyte (see Figure 1). Figure 3a shows the
impact of adding 0.2 M BF;+OEt; to electrolyte solutions consisting of 5 mM 2,3,6-TMQ in 0.5
M Li triflate / PC (red line) and 0.5 M LiBF,4 / PC (black line). In the presence of BF; the
observed reduction current is slightly increased and the two electron transfer waves are further
separated and shifted towards more positive potentials. Figure 3b shows the impact of adding
0.1 M BF;+OEt; to electrolyte solutions consisting of 5 mM quinoxaline in 0.2 M Li triflate / PC
(red line) and 0.2 M LiBF,4 / PC (black line). In this case, the addition of BF;*OEt, has a more
dramatic effect on the observed electrochemical behavior. Specifically, the reduction current
increases by an order of magnitude and the voltammogram includes new reduction and oxidation
peaks spaced closely together in energy. Moreover, the addition of BF3;°OEt; to solutions
containing only quinoxaline in PC without any supporting electrolyte resulted in reduction
currents well above the background currents measured in solutions of PC containing only

BF;+OEt; (Supporting Information, Figure S5).

12
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Figure 3. Effects of adding BF3, in the form of BF;°OEt,, on the redox activity of (a) 5 mM 2,3,6-TMQ, and (b) 5
mM quinoxaline at scan rates of 10 mV/s and 20 mV/s, respectively.

Quinoxaline is soluble and electrochemically active in select aqueous solutions®*; thus, it is
imperative to consider the role of water contamination in the electrochemical behavior of
quinoxalines in non-aqueous electrolytes. We note that the as-prepared (without subsequent
drying) solutions contained significant amounts of water (> 100 ppm), even when the solvent and
electrolyte were dried using activated molecular sieves. Therefore, we dried some of the
solutions of quinoxaline after mixing it with electrolyte and then compared the voltammetry to

as-prepared solutions. Following drying with activated molecular sieves, the peak reduction

13
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current of 0.05 M quinoxaline in 0.5 M LiBF, is only 0.5 pA (Black line, Figure S6). This is
approximately an order of magnitude /ower than as-prepared solutions in which the water
content is 150 ppm (Red line, Figure S6). Although the voltammetry of the dried and as-
prepared quinoxaline display similar features (two reduction and oxidation waves), the
magnitude of the reduction current corresponding to the dried quinoxaline is comparable to that
of the baseline current seen in the presence of TBABF, (Supporting Information, Figure S2),
indicating that quinoxaline is barely electrochemically active in the absence of water.
Importantly, the electrochemistry of quinoxaline in as-prepared Li triflate, which contained 200
ppm water, is comparable in magnitude to dried quinoxaline (Black line, Figure S7) and the
background current as well (Supporting Information, Figure S2), indicating that water alone
does not render quinoxaline electrochemically active.

To better understand the role of water in the non-aqueous electrochemistry of quinoxaline,
we examined the effects of intentional water contamination on quinoxaline voltammetry. Adding
water to the dried quinoxaline / LiBF,4 solution resulted in significant enhancement of the
reduction current (Supporting Information, Figure S8a) and lead to a similar voltammetric
fingerprint as described earlier by Brushett and co-workers® and is supported here by our
computational results. Adding water to the quinoxaline / Li triflate solution (Figure S8b) did not
show a comparable effect on the quinoxaline voltammetry. Specifically, the magnitude of the
reduction current and the shape of the voltammogram were not profoundly changed following
water addition.

Our observation that trace water promotes the electrochemical properties of quinoxaline in
some electrolyte but not others suggests that water itself does not directly electrochemically

activate quinoxaline. Instead, the electrochemical behavior under study depends on a reaction

14
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between water and components of the LiBF, / PC electrolyte solution. Contamination by water is
a well-known cause of degradation of LiBF, / PC electrolyte.”' Furthermore, the aging of as-
prepared solutions of quinoxaline in LiBF4 / PC, which contained 150 ppm of water, lead to
increased reduction current as well, presumably due to the gradual degradation of the electrolyte
following exposure to the water present in the quinoxaline stock (Figure S9). These results
justify our application of computational studies to predict the interaction of quinoxaline with
various LiBF,4 degradation products, and the comparison of the calculated reduction potentials to

the electrochemical data.

3.2 Computational Analysis of Quinoxaline-Electrolyte Interactions

Quantum chemical calculations are employed to better understand the quinoxaline-electrolyte
interactions, particularly the role of BF; in the observed electrochemical behavior. Being a Lewis
acid, BF; form adducts with basic quinoxalines which will, in turn, exhibit different
electrochemical properties. A number of such scenarios are modeled for quinoxaline and 2,3,6-
TMQ and the computed reduction potentials are compared to experimentally measured values.
Broadly, the scenarios are: quinoxaline interacting with electrolyte, interacting with the salt and
solvent (i.e., LiBF4/PC), and interacting with varying numbers of Lewis acid species (i.e., BF3,
PFs). In Table 1, computed energetics (enthalpies and free energies) for the formation of likely

adducts of quinoxaline and 2,3,6-TMQ and their reduction potentials are shown.

15
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Table 1. Computed enthalpies (AH) and free energies (AG) of complex formation between quinoxaline (Q) and
2,3,6-trimethylquinoxaline (2,3,6-TMQ) with Lewis acids (LA) such as BF; and PFs. Computed first (E(Red1)) and
second reduction (E(Red2))) potentials (vs. Li/Li") of these complexes are also given. Note that, the reduction
potentials of entries 1 to 7 is also shown in Figure 4.

Entry Complex Lewis Acid (LA) Energetics (eV) Reduction potential (V)
AH (soln) AG (soln) E(Redl) E(Red2)

1 None N/A N/A 1.55 1.01

2 (PC);-LiBE, 0.01 0.57 1.41 0.91

3 Q-LA one BF; -0.81 -0.25 2.40 1.80

4 two BF; -1.35 -0.24 3.20 2.77

5 two BF; (one side) -0.85 0.11 2.18 2.18

6 three BF; -1.38 0.11 3.20 3.01

7 four BF; -1.41 0.47 3.20 3.07

8 one PF; -0.80 -0.28 2.61 2.00

9 two PF; -1.21 -0.20 3.52 2.95

10 None N/A N/A 1.30 0.73

11 2,3,6- one BF; -0.51 0.06 2.18 1.71

12 T™Q- two BF; -0.81 0.28 2.98 2.59

13 LA three BF; -0.43 0.89 3.23 2.83

14 four BF; 0.11 1.68 3.71 3.11

15 one PF; -0.37 0.17 2.40 1.90

16 two PFs -0.43 0.38 2.92 2.92

In Table 1, the entries 1 to 9 and 10 to 16 show different adducts of quinoxaline and 2,3,6-TMQ,
respectively. The computed reduction potentials, corresponding to entries 1 to 7 of Table 1, are
shown in Figure 4 along with the schematic structures of these complexes. Entries denoted as
exp a and exp b in Figure 4 are from the experimental studies of Ames et al.” and the present
study. Ames et al. reported the quinoxaline reduction at -1.8 V vs. SCE (ca. 1.5 V vs. Li/Li") in
0.1 M TEAP in dimethylformamide’. This is qualitatively consistent with the experimental
studies by Barqawi and Atfah who reported -1.62 V vs. SCE (ca. 1.7 V vs. Li/Li") in 0.1 M
TBAPF; in acetonitrile (not shown)'®. While neither of the previous authors reported a second
electron transfer, cyclic voltammograms by Ames ef al. show a lower potential second redox

event which was not discussed.’
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Figure 4. Comparison of computed first (E(Red1) and second reduction potentials (E(Red2) of quinoxaline (Q)
with various adducts such as salt (LiBF,) and salt decomposition products (BF3).

The computed reduction potentials of bare quinoxaline (entry 1 in Figure 4) are 1.55 and 1.0 V

respectively, consistent with previous experimental results”'°

. When explicit lithium salt and
solvent (three PC molecules) were included (entry 2), computed reduction potentials are 1.41 and
0.91 V respectively, similar to the values for quinoxaline alone (entry 1). The computed
reduction potentials of quinoxaline-BF; adducts with one or more BF; molecules are shown in
entries 3-7. In general, the first reduction potentials are observed at higher potentials (by > 1 V)
when BFj is present indicating a significant influence of BF5 towards the electrochemical
behavior. The electron deficient Lewis acid, BF3, binds strongly with the nitrogen atoms of the
quinoxalines and increases the electron affinity of the resulting Lewis acid-base adduct compared
to the bare molecule. The computed electron affinities (EA) of quinoxaline and quinoxaline-
2BFj; are 2.29 and 4.54 eV, respectively, indicating a significant increase in the electron affinity

of the complex. In particular, the computed reduction potentials of quinoxaline-2BF; (entry 4,

Figure 4), 3.20 and 2.77 V, are in reasonable agreement with the experimentally measured values
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(exp b, Figure 4). Similarly, the 2,3,6-TMQ-2BF; adduct (entry 12 in Table 1) is consistent with

the experimentally observed reduction events of 2,3,6-TMQ in 0.2 M LiBF, / PC (Figure 3a).

Ion-pairing effects on the electrochemical mechanism and reduction potentials of carbonyl-
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containing molecules have been examined in non-aqueous media by others”. The formation of

an ion-pair with the cation from the electrolyte stabilizes the electrochemically reduced anion,

therefore shifting the electroreduction event towards positive potentials. We found that the

calculated reduction potential of bare quinoxaline can be compared to previous results from

Ames et al. in TBAPFg in acetonitrile.” In accordance with expectations from theory and the

aforementioned previous studies, we observed that the electrochemical reduction potential of

quinoxaline in LiBF,; and LiPFs electrolyte was positively shifted compared to previous

measurements. We found that quinoxaline did not appear electrochemically-active in TBABF, or

NaBF, in propylene carbonate solution (Supporting Information, Figure S10).

In terms of the BF; binding with quinoxalines, from Table 1, the complexation enthalpies of
one (entry 3), two (entry 4), three (entry 6), and four (entry 7) BF; molecules with quinoxaline
molecule is exothermic by 0.81, 1.35, 1.38, and 1.41 eV, respectively. Similarly, the
complexation enthalpies of one (entry 11), two (entry 12), and three (entry 13) BF; molecules
with 2,3,6-TMQ are exothermic by 0.51, 0.81, and 0.43 eV, respectively. The binding of two
molecules of BF; (one molecule each with the nitrogen atom) appears optimal with the
quinoxaline in solution (all optimized structures are shown in Figure S11). The binding of two
BF; to the same nitrogen atom (entry 5), a model which we note has unrealistic bonding, is
energetically less favorable compared to two nitrogen atoms on opposite sides of the pyrazine
hetereocycle in the quinoxaline. Based on the calculations, Lewis acids such as BF; bind more

strongly with the quinoxaline than 2,3,6-TMQ due to the steric interaction from the methyl
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groups at positions 2 and 3 of the latter species. This is reflected in the complexation enthalpy of
BF; with quinoxalines and in the N-B bond length in the quinoxaline-BF; complex. In their
optimized geometries, shown in Figure 5, the N-B bond lengths are 1.72 A and 1.75 A for
quinoxaline and 2,3,6-TMQ based complexes, respectively. This is also consistent with a

relatively stronger coordination of quinoxaline with the BF; than the TMQ.

Quinoxaline-2BF; 2,3,6-trimethyl quinoxaline-2BF;

Figure 5. Optimized structures of quinoxaline and 2,3,6-TMQ complexed with two BF; molecules computed at the
B3LYP/6-31+G(d) level of theory. Selected bond lengths, in A, between nitrogen and boron at the neutral state are
also shown.

Calculations presented in Table 1 suggest that the binding of BF; with quinoxaline and TMQ is
different and the extent of binding may affect the redox properties of the molecule. To
understand the ability of other quinoxaline derivatives to become active in the presence of BF3,
we have computed enthalpies and free energies of complexation of BF; to seven selected
quinoxaline derivatives, which are shown in Table 2 (entries 1 to 11). The binding of BF3
molecules with quinoxaline containing electron withdrawing substituents such as chloro (entries
1 & 2) or trifluoromethyl (entry 3) are not energetically favorable, suggesting that these
molecules are less likely to exhibit electrochemical behavior similar to quinoxaline or 2,3,6-
TMQ, which is consistent with the results reported here and in earlier work®. Quinoxaline with

acetyl (entries 4,5), phenyl (entries 6,7), or etheric groups (entries 8 to 11) are likely to show
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augmented electrochemical properties in the presence of LiBF, due to the binding of BF3
molecules. The enthalpy of complexation of these molecules (entries 4 to 11) with BF3 is not as
strong as either quinoxaline or 2,3,6-TMQ indicating that the effect of salt or salt decomposition

products in enhancing the electrochemical properties are minimal for these molecules.

Table 2. Enthalpies and free energies of complex formation between selected quinoxaline (entries 1 to 11) and BF;
molecules in the solution computed at the B3LYP/6-31+G(d) level of theory.

Energetics (eV)

Entry Quinoxaline Derivative Lewis Acid (LA)
AH(soln) AG(soln)
1 ) ) ) one BF; -0.06 0.46
2,3-dichloroqumoxaline
2 two BF3 0.13 0.9
3 2.3-di-trifluorome thylquinoxaline two BF; 0.1 0.87
4 2-acetylquinoxaline one BF; -0.36 0.2
5 2.3-diacetylquinoxaline two BF; -0.43 0.63
6 ) ) ) one BF; -0.42 0.14
2,3-diphenylquinoxaline
;- two BF3 -0.59 0.51
8 ) ) _ one BF; -0.44 0.12
2 3-dimethoxyquinoxaline
9 two BF3 -0.38 0.5
10 ) ) one BF3 -0.52 0.07
2-ethoxymethoxyquinoxaline
11 two BF; -0.48 0.64

3.3 Validation of Quinoxaline-2BF3; Complex Activity

Having predicted the formation of an electro-active quinoxaline-BF; adduct through
electrochemical experiments and quantum calculations, we sought to further verify the presence
of this species by directly synthesizing and testing a quinoxaline (bis)trifluoroborane ((2BF3)Q)
complex. The complex was synthesized as described above, and evaluated in Li triflate / PC

electrolyte, in which quinoxalines were previously shown to be inactive (see Figure 1). Figure 6

20



Page 21 of 29 RSC Advances

shows the cyclic voltammograms for 5 mM (2BF3)Q in 0.2 M Li triflate/PC as compared to 5
mM quinoxaline in 0.2 M LiBF, / PC. The (2BF3)Q demonstrates an order of magnitude increase
in current as compared to quinoxaline at the same concentration. The reduction waves around 3.2
V and 2.7 V are in good agreement with the range of computed reduction potentials for various
(2BF3),-adducted quinoxaline structures (Table 1 & Figure 4). The presence of more than 2

reduction waves may indicate the presence of multiple electro-active species.
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Figure 6. Cyclic voltammetry of 5 mM quinoxaline (bis)trifluoroborane ((2BF;)Q) and 5 mM quinoxaline (Q) in 0.2
M Li triflate / PC and 0.2 M LiBF, / PC respectively. Experiments were performed at a 20 mV/s scan rate.

In addition to CV analysis, we performed bulk electrolysis experiments on the two electrolyte
solutions, 5 mM (2BF3)Q in 0.2 M Li triflate / PC and 5 mM quinoxaline in 0.2 M LiBF, / PC.
The solutions were cycled at 5 mA between 2.4 V and 4.0 V using constant-current
chronopotentiometry. Note that these are the same potential limits used for comparison of CV
data in Figure 6. Identical bulk electrolysis conditions were used as well (solution volume, stir
rate). Figure 7 presents capacity curves constructed from the cycling data for eight charge-
discharge cycles, with the last four cycles indicated by dotted lines. Considering the possibility

that 2 electrons may transfer to each molecule (n = 2 ¢") in accordance with the DFT studies in
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the previous sections, the maximum theoretical capacity at 100% state-of-charge (SOC) is 482
mAbh. During the first charging cycle, the quinoxaline-containing solution achieved a capacity of
only 10 mAh, whereas the (2BF3)Q-containing solution reached a capacity of 260 mAh. These
values correspond respectively to 2% and 54% of the maximum theoretical state-of-charge
(SOC), and also indicate a 26-fold increase the amount of electrochemically-active charge-
storage material for the (2BF3)Q species. These results are in agreement with results from cyclic
voltammetry presented in Figure 6 which also showed significant enhancement in the amount of
electrochemically-active species. The charging and discharging capacities increased by about
10% of the maximal theoretical SOC over the course of cycling for both the quinoxaline and
(2BF3)Q species. Interestingly, while the SOC for the quinoxaline-containing solution never
exceeded 10% of the theoretical maximum SOC for an n = 2 ¢ reduction, the SOC obtained for
the (2BF3)Q-containing solution was approximately 50% of the theoretical maximum SOC for an
n = 2 e, or alternatively 100% SOC for an n = 1 e- reduction. Unexpectedly, coulombic
efficiencies in excess of 100% were observed for both molecules and the discharge capacity also
increased with time. Preliminary NMR analysis of the cycled quinoxaline solutions was
inconclusive due to the presence of a large number of new peaks. This indicates that bulk
electrolysis cycling generates electrochemically active side-products. In addition, we observed a
gradual and irreversible change in solution color, from clear to dark blue for quinoxaline and
clear to dark red for (2BF3)Q over the course of cycling, also pointing to structural evolution of
quinoxaline. Therefore, further exploration of quinoxaline stability and the charge mechanisms
are imperative to determining the fitness of quinoxalines as charge-storage materials in non-
aqueous organic RFBs but are beyond the scope of the current paper. We aim to address these

topics more specifically in subsequent studies.
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Figure 7. Capacity curves from the constant-current chronopotentiometry bulk electrolysis cycling of 5 mM
quinoxaline in 0.2 M LiBF, / PC (top) and 5 mM 2(BF;)Q in 0.2 M Li triflate / PC (bottom). The charging and
discharging current was 5 mA. 8 charge-discharge cycles are shown, with dotted lines representing the last 4 cycles.

4. Conclusions

We have investigated the impact of electrolyte composition on quinoxalines in PC solvent

using electrochemical methods and quantum chemical simulations. Lewis acid salt

decomposition products (i.e., BF3 from LiBF,) are found to bind strongly with the nitrogen
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atoms of quinoxaline and increases electron affinity and thus raises the reduction potential. The
observed activity in LiBF, (or LiPFg)-based electrolytes, between 2.4 — 3.2 V vs. Li/Li", is not
due to quinoxaline alone but rather an electro-active quinoxaline-BF; complex. This is
approximately 1 — 1.5 V higher than previous observations of quinoxaline electrochemical
behavior in non-aqueous media. The salt effect is further validated by synthesizing and testing a
quinoxaline-2BF; complex, an optimal configuration according to quantum chemical
calculations. As compared to quinoxaline in LiBF4-based electrolyte, synthesized (2BF3)Q
demonstrates up to a 26-fold increase in charging capacity, using an electrolyte in which bare
quinoxaline is inactive.

These results advance our understanding of the impact of electrolyte decomposition products
on the electrochemical behavior of quinoxaline in propylene carbonate. The insight regarding
electrochemical activation via BF; adduct-forming may lead to new classes of redox-active
materials for non-aqueous flow battery applications. In continuing studies, we will employ more
advanced electrochemical methods, including in situ spectroscopy, to focus on the structural
evolution of quinoxaline during and after electrochemical reduction, as well as the precise role of

the solvent in directing electrochemical properties.
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