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Functionalized organic molecules are emerging as charge storage materials in electrochemical technologies as the
breadth and diversity of the organic design space offers the possibility of purpose-built materials with property
sets optimized for a particular application. First developed as overcharge protection materials in lithium-ion bat-
teries, substituted dialkoxybenzenes represent a potentially promising molecular platform for advancing soluble
charge storage materials. Here, we systematically substitute a series of halide groups at the 2- and 5-positions of
the 1,4-dimethoxybenzene core, investigate the impact the halide groups have on molecular properties using elec-
trochemical and spectroscopy methods, and compare these results to those of 2,5-dimethyl-1,4-dimethoxyben-
zene (25DDB), a previously reported derivative. In general, we observe that introduction of heavy halogen atoms
leads to decreased gravimetric capacity as compared to 25DDB, but concomitantly improves solubility and redox
potentials. As the halide functional group increases in size, the active material becomes less stable in its oxidized
state as evinced by both cyclic voltammetry and bulk electrolysis cycling. None of the halogenated species are
as stable as 25DDB indicating that these materials may be better suited for applications with more rapid cycling
conditions (e.g., redox shuttling). More broadly, these results may serve as a useful data set for computational

methods for materials discovery and optimization.

© 2019

1. Introduction

Electrochemical energy storage is a pivotal technology in modern
society, underpinning the portable electronics revolution and enabling
emergent efforts to decarbonize transportation and electricity genera-
tion [1-4]. While the optimal device configuration may vary, a ubiq-
uitous feature is the reversible shuttling of electrons, over a range of
timescales, through the oxidation and reduction of metal cations in the
form of inorganic compounds, salts, and/or coordination complexes.
However, for most of these chemistries, the degree to which electro-
chemical and physicochemical properties can be modified is limited,
motivating exploration of alternate redox systems [5-8]. Recently, or-
ganic redox couples have enjoyed a renaissance spurred by the flex-
ibility afforded by molecular functionalization and the potential for
low-cost material synthesis [7,9-21]. The organic design space is rich
and broad offering an elegant but complex toolbox for material design,
which the community is only beginning to understand. In order to ac-
celerate progress, computational methods such as genomic calculations
[22], machine learning [23], and quantitative structure-property rela-
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tions (QSPR) [24] are being utilized to augment traditional discovery
approaches. Still, systematic experimental inputs are needed to inform
and calibrate these tools (e.g., training sets).

While a number of molecular families have been examined includ-
ing nitroxides [18,25,26], phenothiazines [12,27-31], cyclopropeni-
ums [9,32,33], and isonicotinates [10,24], substituted dialkoxyben-
zenes are amongst the most well studied for electrochemical appli-
cations [11,34-42]. One particular dialkoxybenzene,
2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene (DBBB), has been
used and modified for several different applications including over-
charge protection for lithium-ion batteries [38] and a redox active mol-
ecule for flow batteries [42]. Originally designed for overcharge pro-
tection due to its high redox potential and stability in nonaqueous
electrochemical environments, DBBB has provided a promising plat-
form for molecular engineering. To this end, efforts have been made
to increase the solubility and to decrease the overall molecular weight.
Huang et al. adjusted the length and symmetry of the ether chains
on the 1- and 4-positions depressing the melting temperature such
that several derivatives were liquid a room temperature, drastically in-
creasing the solubility/miscibility in common nonaqueous electrolytes
[11]. More recently, Huang et al. sought to identify a stable mini-
mal structure, using DBBB as a starting materials, to increase atom
economy and potentially reduce the active material cost by decreas-
ing the number of synthesis steps [34]. That work lead to the de-
velopment of 2,5-dimethyl-1,4-dimethoxyben-
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zene (25DDB) where the tert-butyl groups, which provide steric pro-
tection for radical cation formed during oxidation, were replaced to
methyl groups and the polyethylene glycol chains, which enable solubi-
lization in polar electrolytes, were shortened to a single methoxy group.
25DDB showed similar stability and solubility to DBBB while doubling
the gravimetric capacity.

Here, we seek to increase the redox potential of 25DDB to ap-
proach the upper stability limit of nonaqueous electrolytes, thus max-
imizing the available electrochemical window. Specifically, we sub-
stitute a series of halide groups (fluorine, chlorine, bromine, and io-
dine) onto the 25DDB structure on the 2- and 5-positions, in place of
the methyl groups, and evaluate the effect on the physical and elec-
trochemical properties of the molecule. Fig. 1 shows the five mole-
cules examined in this study: 25DDB, 2,5-difluoro-1,4-dimethoxyben-
zene (25FDB), 2,5-dichloro-1,4-dimethoxybenzene (25CIDB), 2,5-di-
bromo-1,4-dimethoxybenzene (25BrDB), and 2,5-diiodo-1,4-dimethoxy-
benzene (25IDB). While this work focuses on adjusting a single property
(i.e., redox potential) with a goal of developing structure-property cor-
relations for halides as functional groups on dialkoxybenzenes that may
ultimately serve as inputs for future computational discovery tools [24],
it also highlights some of the challenges in tuning specific property of a
redox molecule without adversely impacting other properties.

2. Experimental
2.1. Materials and Synthesis

Propylene carbonate (PC, anhydrous, 99.7%), ethylene carbonate
(EC, anhydrous, 99%), dimethyl carbonate (DMC, anhydrous, > 99%)
and 1,2-dimethoxyethane (DME, anhydrous 99.5%) were purchased
from Sigma Aldrich. Bis(trifluoromethane) sulfonimide lithium salt
(LiTFSI, 99.9%) was purchased from BASF Corporation (Florham Park,
NJ). All materials were stored in an argon-filled glovebox (MBraun Lab-
master, O, < 1 ppm, HyO < 5 ppm). Prior to use, all solvents were
dried over activated molecular sieves (3 A beads, Fluka) for at least
24 h.

2,5-dimethyl-1,4-dimethyoxybenzene (25DDB) was synthesized in
house at Argonne National Laboratory following a modified procedure
previously reported [34]. In brief, sodium borohydride (NaBH,, 7.57 g,
0.200 mol, Sigma-Aldrich, > 96%) was added dropwise to a solution of
2,5-dimethyl-1,4-benzoquinone (13.62 g, 0.100 mol, Sigma-Aldrich, >
98.0%) in ethanol (100 mL, ACROS, 99.5%) and water (100 mL) under
nitrogen. The reaction was stirred for 30 min at room temperature. A so-
lution of potassium hydroxide (40 mL, 10 M, 0.400 mol, Sigma-Aldrich,
> 85%) was then added, and the resulting mixture was stirred for an-
other 30 min and was heated under reflux. Dimethyl sulfate (37.85 mL,
0.400 mol, Sigma-Aldrich, > 99.8%) was added dropwise. The resulting
mixture was stirred under reflux for 12 h before being cooled to room
temperature and extracted with ethyl acetate (Sigma-Aldrich, 99.8%).
The combined organic layers were washed with water and dried over
NayS04 (Sigma-Aldrich, > 99.0%). After being concentrated in vacuo,
the residue was purified by flash
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Fig. 1. Chemical structures of 2,5-dimethyl-1,4-dimethoxybenzene (25DDB, black), 2,5-di-
fluoro-1,4-dimethoxybenzene (25FDB, red), 2,5-dichloro-1,4-dimethoxybenzene (25CIDB,
blue), 2,5-dibromo-1,4-dimethoxybenzene (25BrDB, purple), and 2,5-di-
iodo-1,4-dimethoxybenzene (25IDB, orange). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

column chromatogra-

phy (silica gel, eluted with ethyl acetate/hexanes, (Sigma-Aldrich, >
98.5%) = 1/10) to yield the product (14.57 g, 88%) as a white solid.
H NMR (500 MHz, CDCl3) 6 6.68 (s, 2H), 3.80 (s, 6H), 2.23 (s, 6H)
(Fig. S1); 13C NMR (125 MHz, CDCls) & 151.4, 124.3, 113.7, 56.1, 16.1
(Fig. S2). 2,5-difluoro-1,4-dimethyoxybenzene (25FDB, Sigma-Aldrich,
99%), 2,5-dichloro-1,4-dimethyoxybenzene (25CIDB, Sigma-Aldrich, >
98.0%), 2,5-dibromo-1,4-dimethyoxybenzene (25BrDB, Sigma-Aldrich,
97%), 2,5-diiodo-1,4-dimethyoxybenzene (25IDB, Oakwood Chemical,
95%) were used as received.

2.2. Electrolyte preparation and viscosity measurements

All electrolyte formulations and subsequent experiments were per-
formed in an argon-filled glove box at ca. 29 °C. All electrolytes were
prepared in volumetric flasks to account for the volume change associ-
ated with the high concentration of supporting salt and active material.
Electrolyte viscosity was measured using a vibrational viscometer probe
(Viscolite V-700, +0.1 cP accuracy) and electrolyte density was deter-
mined using an analytical balance (Metler-Toledo XP105, +0.1 mg ac-
curacy) and a known electrolyte volume.

2.3. Voltammetry

Cyclic voltammetry (CV) was performed in a three-electrode electro-
chemical cell with a 3 mm diameter glassy carbon disk electrode (CH
Instruments) or an 11 *+ 2 ym diameter carbon fiber microelectrode
(UME, CH Instruments) as the working electrode, a gold coil counter
electrode (CH Instruments), and fritted lithium foil (99.9%, Alfa Aesar)
as the reference electrode. Before each measurement, the working elec-
trodes were polished on a MicroCloth pad with 0.05 pm alumina pow-
der (Buehler Ltd.), rinsed with deionized water (Millipore), and wiped
dry with lens paper (VWR). Before being placed in the fritted tube with
a 1 M LiTFSI in PC fill solution, the lithium reference electrode was
scraped with polypropylene to clean the metal surface. For the disk elec-
trode experiments, all data was collected using a Bio-Logic VSP-300 po-
tentiostat, applying 100% automated iR compensation. The resistance
measured for each experiment was about 100 Q, which corresponds to a
correction of ca. 10 mV at the highest currents. The scan rates used were
10, 20, 30, 40, 50, 75, and 100 mV/s.

The disk electrode experiments were used to calculate the redox po-
tential, peak separation (reversibility), and diffusion coefficient. The re-
dox potential was calculated by taking the average of the anodic and
cathodic peak potentials while peak separation was determined by tak-
ing the difference between these two peak potentials. The diffusion co-
efficient for the neutral species was estimated using the Randles-Sevcik
equation:

nFD )0,5

i, = 04463nFAC( 220
RT

(€9)
where i, is the peak current (A), n is the number of electrons transferred
(n = 1), F is the Faraday constant (96485 C/mol e™), A is the electrode
area (0.0707 cm?), C is the bulk concentration (1 X 1075 mol/cm3), R
is the universal gas constant (8.314 J/mol-K), T is the absolute temper-
ature (302.15 K), D is the diffusion coefficient (cm?/s), and v is the scan
rate (V/s). The peak current was obtained by using the peak current
from the cyclic voltammogram and subtracting an extrapolated back-
ground current [34].

All data using the UME was collected with a 630 E potentiostat (CH
Instruments, Inc.) at a scan rate of 10 mV/s. The steady-state currents
were obtained from the UME voltammetry to estimate the active species
concentration in solution:

iy, =4nFrDC (2

where i is the steady state current obtained at high overpotentials (A),
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n is the number of electrons transferred (n = 1), F is the Faraday con-
stant (96485 C/mol e7), r is the UME radius (5.5 x 10~ cm), C is the
bulk concentration (mol/cm3), and D is the diffusion coefficient (cm?/s).

2.4. Bulk electrolysis

Extending cycling experiments were performed in a commercial bulk
electrolysis cell (BASi) controlled by the VSP-300 potentiostat
(Bio-Logic). The working, counter, and reference electrodes were retic-
ulated vitreous carbon (BASi), lithium foil (Alfa Aesar), and fritted
lithium foil (Alfa Aesar), respectively. All extended cycling experiments
used 30 mL of 1 M LiTFSI in a 1:1 by weight mixture of EC:DMC with
0.001 M active species and were stirred at a rate of 900 rpm. The cur-
rent for the galvanostatic cycling was set to 0.402 mA (equivalent to a
0.5 C rate) and the solutions were charged between 0 and 50% state of
charge (SOC). Each solution was charged and discharged for 1 h each or
until a predetermined potential cutoff was reached (150 mV above and
below the corresponding peak potentials obtained from CV), whichever
occurred first. The potential cutoff was set in order to avoid accessing
additional irreversible faradaic reactions involving either the active ma-
terial or the supporting electrolyte.

Decay analysis of the 25FDB was performed at higher active species
concentration and thus a custom H-cell with a higher surface
area-to-volume ratio for electrolysis experiments was used. A similar
configuration has been described in previous reports [24,27,43]. The
cell consisted of two electrolyte chambers (3.5 mL), separated by an ul-
tra-fine glass frit (P5, Adams and Chittenden) to minimize crossover. In
these experiments, 3.5 mL of 0.01 M active species in 1 M LiTFSI was
loaded into each side of the cell. Both chambers were stirred continu-
ously during cycling experiments (1400 rpm). Two reticulated vitreous
carbon electrodes (ERG Aerospace Corp.), one in each chamber, were
used as the working and counter electrodes with a fritted lithium foil
(Alfa Aesar) reference electrode housed in the working electrode cham-
ber. These experiments sought to access the full SOC range (0-100%)
thus potential cutoffs were set 0.25 V above and below the redox poten-
tial to charge and discharge the working solution. The current was set
to 0.938 mA such that the theoretical charging and discharging times
were 1 h each (equivalent to a 1 C rate). CV was performed before cy-
cling and after each cycle using a 3 mm glassy carbon electrode inserted
into the bulk electrolysis working electrode chamber. Reticulated vitre-
ous carbon and fritted lithium foil served as the counter electrode and
the reference electrode, respectively. Liquid phase nuclear magnetic res-
onance (NMR) experiments were conducted at room temperature using
a Bruker Avance-400 NMR Spectrometer. Prior to NMR analysis, all so-
lutions were mixed in a 1:1 ratio with deuterated dimethyl sulfoxide
(99.9 atom % D, anhydrous, Aldrich).

2.5. Solvated Diameter

The Stokes-Einstein equation was used to experimentally estimate
the solvated diameter of the active species:

_ kT
- 67 ur 3

Where D is the diffusion coefficient (m?/s), k is the Boltzmann con-
stant (1.38 x 10723 J/K), T is the absolute temperature (K), x is the dy-
namic viscosity (kg/m-s), and r is the Stokes radius (m). The diffusion
coefficient was previous determined using the Randles-Sevcik analysis
(Equation (1)). The viscosity of the supporting electrolyte (solvent and
1 M supporting salt) was used as it was assumed that a 0.010 M con-
centration of active species would have a negligible contribution on the
solution viscosity.

2.6. Computation

The molecular diameter was calculated using Chem3D Pro. The opti-
mal structure was calculated using MM2 energy minimization. The dis-
tance between the centers of the atoms was then calculated using the
Cartesian coordinates provided by the Chem3D Pro. For each of the
structures, the van der Waals diameter [44] (for hydrogen, fluorine,
chlorine, bromine, and iodine) was added to the calculated distance in
order to account for the additional radius of each of the molecules. Den-
sity functional theory (DFT) was used to calculate the wave functions
and bond lengths for each active material using BSLYP with a basis of
6-31 + G(d) in a polarizable continuum model of water. The iodine-sub-
stituted species could not be computed accurately because of the large
number of electrons.

3. Results and discussion

The electrochemical properties and cycle stability of a series of
halide substituted 1,4-dimethoxybenzenes (25FDB, 25CIDB, 25BrDB,
and 25IDB) are measured using voltammetric and electrolytic tech-
niques in combination with density functional theory (DFT) analysis and
nuclear magnetic resonance spectroscopy (NMR). The characteristics of
these molecules are compared to each other as well as to 25DDB to cor-
relate trends in performance-relevant properties with molecular struc-
ture.

3.1. Voltammetric analysis

Cyclic voltammetry (CV) measurements were performed to deter-
mine the redox potential, reversibility (chemical and electrochemical),
and diffusion coefficient of each compound. In all experiments, the ac-
tive species were dissolved in a supporting electrolyte consisting of
1 M lithium bis(trifluoromethane)sulfonimide (LiTFSI) in either propy-
lene carbonate (PC, background scan, Fig. S3) or 1,2-dimethoxyethane
(DME, background scan, Fig. S3). PC was initially selected as a sol-
vent due to its wide electrochemical stability window and low volatility;
however, as 25IDB was found to be insoluble in the PC-based electrolyte,
DME was also used as a solvent. Fig. 2 shows cyclic voltammograms of
all compounds in 1 M LiTFSI in DME (solid lines) and 1 M LiTFSI in PC
(dashed lines).

Based on the analysis of the CVs, electrochemical and transport prop-
erties can be extracted (Table 1). As expected, each of the halide de-
rivatives has a redox potential 300-400 mV more positive than that
of 25DDB as the more electron-withdrawing halides lower the electron
density around the aromatic core, resulting in a greater ionization po-
tential (calculated by DFT, Table 1) and, consequently, an increased
oxidation potential. As weak electron-withdrawing substituents, halides
impart both induction and resonance effects which manifest as elec-
tron-withdrawing and electron-donating behaviors, respectively. There-
fore, though fluorine is the most electronegative substituent, due to its
strong resonance effect, 25FDB does not afford the highest potential, but
rather the lowest of the halide-substituted molecules. 25BrDB demon-
strates the highest redox potential in both electrolytes, followed by 25-
CIDB, 25IDB, and then 25FDB in agreement with the Hammett sigma
constants for the substituent groups [45,46]. We note the slight offset
(15-30 mV) in redox potential across all tested species in the two elec-
trolytes, which we attribute to a combination of different junction po-
tentials between the electrolyte solution and the reference electrode as
well as different interactions between the electrolyte solution and the
solubilized redox molecules.

Analyses of the oxidative and reductive peaks of the CV, as a func-
tion of scan rate and electrolyte composition, provide insight into the
stability of the charged species, as well as the kinetic and transport
characteristics of the redox species. Of the halide-substituted mole-
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Fig. 2. Cyclic voltammograms from top to bottom of 25DDB (black, gray), 25FDB (red),
25CIDB (blue), 25BrDB (purple), and 25IDB (orange). The solid and dashed lines corre-
spond to supporting electrolytes of 1 M LiTFSI in DME and 1 M LiTFSI in PC, respectively.
All data was collected with a scan rate of 20 mV/s with 0.01 M active species. The work-
ing, counter, and reference electrodes used were a 3 mm glassy carbon disk, a gold coil,
and a fritted lithium foil. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the Web version of this article.)

cules, 25FDB has the smallest peak separation of 61.0 + 0.6 mV at a
scan rate of 10 mV/s, with peak separation increasing with increas-
ing halide size (Table 1). Over all of the scan rates tested, the peak
separation for each molecule only increases by about 2 mV from scan
rates of 10-100 mV/s after 100% iR compensation; the slight increase
in the peak separation indicates that the electrochemical reactions are
quasi-reversible, but still have relatively large kinetic rate constants, that
could not be resolved by the techniques used in this work. Further, as
the halide becomes larger, the peak current ratio increasingly deviates
from unity, signifying that either the oxidized species is less stable for
the larger halogenated species or oxidative electrolyte decomposition
is convoluting the electrochemistry at these high potentials. As all of

the halogenated species have a similar redox potential and the elec-
trolyte background scans (Fig. S3) do not show a significant current
at these potentials, it appears more likely that the derivatives with the
large halide groups are reacting with the electrolyte, reducing the ox-
idative stability. As expected the diffusion coefficient, as determined by
Randles-Sevcik analysis, decreases as the substituted halide size, and
thus Stokes radius, increase (Table 1).

Upon examining the effective solvated diameter via the Stokes-Ein-
stein relationship (solution viscosities: 8.5 cP in 1 M LiTFSI in PC and
1.3 cP in 1 M LiTFSI in DME), the solvated diameters for the halide-sub-
stituted compounds appear larger than expected suggesting complexa-
tion between the active species and electrolyte (Table 2). The lone elec-
tron pairs on the halides can be incorporated into conjugation, result-
ing in enhanced electron density, which, in turn, can complex with Li
cations in the supporting salt, increasing the effective solvated diame-
ter [47]. Weaker intermolecular interactions are anticipated for methy-
lated compounds leading to a smaller solvation diameter [48]. This be-
comes particularly evident when comparing the ratio of the effective sol-
vated diameter to the molecular diameter, as calculated from the energy
minimization of the structure, across the series in both supporting elec-
trolytes. Larger solvated diameters are observed in the DME-based elec-
trolyte as compared to the PC-based electrolyte which we hypothesize is
due to differences in the solvent structure. Specifically, DME has many
freely rotating bonds whereas PC has a more rigid ring structure, thus
DME can more easily coordinate with the redox active species and itself
[47].

The active species solubility of both the oxidized and neutral species
is another important property for achieving high-capacity charge-stor-
age solutions. Unfortunately, each oxidized species could not be iso-
lated, and therefore the solubility could not be measured. UV-Vis did
not yield a linear signal for the neutral halogenated structures at low
concentrations (0.1 mM-30 mM), as would be expected from Beer's
Law. Therefore, solubility was estimated using a combination of elec-
trochemical techniques. First, a saturated solution of the active mater-
ial was made by adding an excess of active material to 3 mL of elec-
trolyte and allowing the solution to equilibrate for 48 h. The supernatant
was then probed via microelectrode voltammetry where the measured
steady-state current was used to estimate a saturation concentration
(Fig. S9). Note that this calculation requires knowledge of the active
species diffusion coefficient which can vary as a function of concentra-
tion [49-51]. For the initial measurement, we assume that the diffusion
coefficient measured under dilute conditions (see Table 1) is a sufficient
representation. To validate this assumption, the saturated solution was
diluted by a known amount, based on the previously estimated concen-
tration, and Randles-Sevcik analysis was employed to provide a second
estimate of the saturation concentration. In greater detail, the saturated
solutions are diluted to a concentration between 0.005 and 0.010 M, and
CV measurements are performed, over a range of scan rates to gener-
ate a Randles-Sevcik plot, from which an “actual” concentration can be
determined, again based on the knowledge of the diffusion coefficient
which was previously determined in a similar concentration regime. By
multiplying this “actual” concentration by the dilution factor, a more ac-
curate estimate of saturation concentration can be obtained (Table 2).
We note that all of the refined estimates were within 5% of the initial
estimate from the microelectrode, which is consistent as the overall sol-
ubilities of the compounds were not high enough to significantly impact
the solution viscosity or the intermolecular interactions. When the in-
crease in supporting salt concentration is accounted for, the determined
solubility of 25DDB is in agreement with prior literature in PC [34].

In agreement with prior reports, the solubility of all of the species
is greater in the DME-based electrolytes than in the PC-based elec-
trolytes [52,53]. In general, as the halide substituent becomes larger,
the solubility decreases in both electrolytes as larger local dipoles exist
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Table 1

A summary of electrochemical and transport properties of 25DDB, 25FDB, 25CIDB, 25BrDB, and 25IDB as determined from CV experiments performed in 1.0 M LiTFSI in PC (top) and
1.0 M LiTFSI in DME (bottom), and the ionization potential determined by DFT. All electrochemical experiments were performed in triplicate.

25DDB 25FDB 25CIDB 25BrDB 25IDB
Redox Potential 3.930 = 0.001 4.301 = 0.001 4.359 = 0.001 4.361 = 0.001 -
(Vvs. Li/Li *) 3.964 = 0.001 4.318 = 0.001 4.386 = 0.001 4.388 = 0.001 4.332 + 0.001
Ionization Potential 5.447 5.643 5.663 5.654 -
(eV)
Peak Separation 60.3 £ 0.7 61.0 = 0.6 61 £1 61.7 = 0.9 -
(mV) 62.2 + 0.3 60.3 = 0.3 62.7 = 0.9 65 + 2 80 +5
Peak Current Ratio 1.003 + 0.002 1.03 + 0.01 1.04 = 0.02 1.08 = 0.03 -
(Ip,0/Tp,r) 1.01 + 0.01 1.01 = 0.01 1.05 *+ 0.01 1.06 = 0.03 1.17 = 0.05
Diffusivity 24 0.1 1.6 £ 0.1 1.4 = 0.1 1.3 £ 0.1 -
( x 10 % cm %/5) 12.0 = 0.4 8.6 + 0.9 7.6 £0.2 7.1+ 0.1 55+ 0.2

Table 2
A summary of physical properties of 25DDB, 25FDB, 25CIDB, 25BrDB, and 25IDB in 1 M
LiTFSI in PC (top) and 1 M LiTFSI in DME (bottom).

25DDB 25FDB 25CIDB 25BrDB 25IDB
Molecular Diameter 9.1 8.4 9.7 10.2 11.0
@
Effective Solvated 21 =1 32=+1 36 =2 41 =2 -
Diameter 28 +1 40 = 44 = 1 48 + 1 62 + 2
ey
Solubility 0.10 0.19 0.10 0.05 Insol.
(mol/L) 0.35 0.42 0.27 0.18 0.03

with smaller halides, due to increased electronegativity, which increases
the solubility in polar solvents. The polarity of the C-F, C-Cl, C-Br, and
C-I bonds are 1.43, 0.61, 0.41, and 0.11, respectively [44]. Addition-
ally, the solubility of 25FDB is greater than that of 25DDB due to its
smaller size and the greater electronegativity of the substituent groups
[54].

3.2. Electrolytic analysis

Bulk electrolysis cycling was performed to investigate the cyclabil-
ity of the halogenated compounds over longer time periods (~1 day).
For these experiments, the electrolyte composition was changed to 1 M
LiTFSI in a binary solvent mixture of ethylene carbonate (EC) and di-
methyl carbonate (DMC) in a 1:1 wt ratio (background scan, Fig. S3).
This electrolyte was selected in an attempt to reduce the presence of
asymmetric background processes that convolute analyses of the charge
storage efficiency and species decomposition, which are present, to a
greater extent, in both PC and DME (Fig. S3). All redox species ex-
hibit similar voltammetric and solubility behavior in the mixed carbon-
ate electrolyte as compared to in the PC electrolyte, including the insolu-
bility of 25IDB. Therefore, all active materials except 25IDB were tested
at 0.001 M in 30 mL of solution with a current of 0.402 mA (0.5 C) and
charged to 50% SOC. Fig. 3 shows the voltage profiles for cycles 2 to 6
for each compound tested with a full set of voltage profiles (20 cycles)
available in the supporting information (Figs. S10-S13).

From the 2nd to 6th cycles, a trend of the stability can be inferred
because the potential cutoff for all halogenated compounds is reached
whereas the 25DDB molecule always reaches the time cutoff. This trend
is confirmed by examining the charging capacity as a function of cy-
cle number (Fig. 4) because as the halide substituent becomes larger,
the faster the capacity fades. The coulombic efficiency of the cycles
that reach the time cutoff further support the decomposition trend (Fig.
S14). The average coulombic efficiency of 25FDB, 25CIDB, and 25BrDB
is 65%, 33%, and 26%, respectively. When compared to the coulom-
bic efficiency of the 25DDB (96%), it is consistent that the halide sub-
stituted species are much less stable than 25DDB, and as the substi-
tuted halide becomes larger, the charged species becomes less stable. Be-

cause the coulombic efficiencies are so low and the cycling lifetime is
short, it is likely that the charged active material decays to a new species
which is not redox active in the potential window used in these exper-
iments. Note that the first bulk electrolysis cycle is not shown here as
it does not display representative charging/discharging behavior. This is
an artifact of cycling between 0 and 50% state-of-charge, a range that
was chosen to enable comparison with prior work on substituted di-
alkoxybenzenes [11,34]. Specifically, the first cycle represents a precon-
ditioning of the solution and electrodes. This generally leads to a full
charging cycle and a very limited discharging cycle, and thus, a poor
coulombic efficiency. The first cycle is shown in the full cycling profiles
(Figs. S10-S13).

3.3. Decay characterization

To better understand the decay behavior observed in Fig. 4, par-
ticularly the halide dependence, DFT calculations were performed on
25DDB, 25FDB, 25CIDB, and 25BrDB. The highest occupied molecular
orbital (HOMO) was examined for both the neutral and oxidized species
(Fig. S15). As expected, as the halide size and therefore the overall
number of associated electrons increases, the electron density around
the halide increases for both the neutral and oxidized species, making it
a better leaving group. Thus, we hypothesize that the increased capacity
fade with larger halide size is due to the halide breaking off from the
charged redox species through solvent attack [55,56].

Both 'H NMR and '°F NMR were performed on 25FDB before cycling
and after the capacity faded below 1% of the initial capacity (20 cycles,
Fig. S16) with major peak locations summarized in Table 3. Here, to
improve the NMR signal, the active species concentration was increased
to 0.010 M. Additionally, the solvent was switched to PC from the mixed
carbonate solvent in order to reduce the number of compounds in solu-
tion. In this case, because 25FDB has the lowest redox potential of the
substituted halides, the higher potential electrolyte was also not as nec-
essary. During cycling in the PC based electrolyte, a similar decay rate
was observed for 25FDB as in the mixed carbonate system (Fig. S11 and
Fig. S16). In the °F NMR, the only peaks present before cycling cor-
responded to the 25FDB parent molecule (Fig. 5a) and the TFSI™ anion
in the supporting salt (LiTFSI, Fig. S17 and Fig. S18). After cycling,
the only peaks that remain are from the TFSI~ anion (Fig. 5a, Fig. S17
and Fig. S18). Consistent with the !°F NMR, the 'H NMR data (Fig.
5b) showed decay of the 25FDB species but also provides a clear indica-
tion of the decay mechanism complexity. Quantitative analysis of these
emergent features is beyond the scope of the present work, especially
considering critical fine details are likely to be masked by the strong PC
solvent signal (Fig. S17 and Fig. S18). Note that Fig. 5 only highlights
where non-solvent peaks appeared or disappeared over the full range
shown in the background scans (Fig. S17 and Fig. S18).
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Taken together, these NMR spectra suggest that the decomposition
process involves the halide leaving the molecule due to the disappear-
ance of the fluorine peaks in '°F NMR and the triplet corresponding to
the benzene in 'H NMR. As no additional fluorine peaks are observed
by NMR we hypothesize that any free fluoride anions rapidly com-
plex with excess lithium cations, present in the supporting electrolyte,
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Table 3

Summary of the major NMR peaks before and after cycling. Note that the solvent and sup-
porting salt peaks are omitted from this table (See Fig. S17 and Fig. S18 for background
NMR scans).

1H NMR 198 NMR

3.55 (s), 7.06 (dd) J = 10.5 -138.7 () J = 10.1
3.19 (s), 3.47 (s), 4.48 (s), 5.93 (s) None

Before cycling
After cycling

and precipitate as lithium fluoride (LiF). However, LiF was not isolated
from the electrolyte due to the low active material concentration, and
the low solubility of LiF in PC [57].

In an effort to better understand the decay processes, bulk electrol-
ysis was combined with voltammetry to evaluate the evolution in the
CV profile of 25FDB as a function of charge/discharge cycling. Overall,
25FDB was cycled to 100% state-of-charge for a total of 10 cycles (Fig.
6a). The charging capacity (Fig. 6b) was monitored and CV scans from
1.5 to 4.55 V vs. Li/Li*, were taken before testing and then after every
charge/discharge cycle for 10 cycles (Fig. S19). Finally, the solution
was allowed to rest for 10 h, with all of the electrodes removed from the
solution, after which a final CV was performed to determine if chemical
processes continue in the absence of electrochemical stimulus (Fig. 6c¢).

With every cycle, the peak current ratio associated with the redox
potential of 25FDB remained constant, but the overall magnitude of
the oxidative and reductive peak heights decreased indicating that the
charged species decays, but does not negatively interact with the neutral
species. Additionally, the decrease in the oxidative peak height of 25FDB
generally tracks with the charging capacity accessed during cycling. As
25FDB is cycled, the voltammetry response evolves and becomes more
complicated suggesting intricate decomposition processes and the for-
mation of multiple electroactive decay intermediates and products. As
expected, the magnitude of these newly formed peaks increased with cy-
cle number indicating that, with further cycling, the decomposition con-
tinued. From the full set of voltammograms (
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7.2

Fig. S19), a reduction peak at 3.379 V vs. Li/Li* appeared after the
first cycle. After 25FDB is cycled further, 3 new oxidation peaks of
similar magnitudes appeared at 3.653 V vs. Li/Li*, 3.897 V vs. Li/Li¥,
and 4.135V vs. Li/Li*. After cycle 5, a new reduction peak begins to
form at 3.539 V vs. Li/Li*, and the reduction peak at 3.379 V vs. Li/
Lit starts to decrease in magnitude. The changes in the voltammogram
profile and the current magnitudes as a function of cycle number indi-
cate that 25FDB initially decays, but as the solution continues to cycle,
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Fig. 6. The voltage profiles of the first 10 cycles of 25FDB (a), and the corresponding ca-
pacity vs. cycle number profile (b). Cyclic voltammograms before cycling (top), immedi-
ately after 10 cycles (middle), and 10 h after 10 cycles (bottom) for 25FDB using a scan
rate of 20 mV/s (c). The initial electrolyte composition was 0.010 M 25FDB in 1 M LiTFSI
in PC. The working, counter, and reference electrodes used were a 3 mm glassy carbon
disk, a RVC, and a fritted lithium foil, respectively. The applied current was 0.938 mA (1C)
for both charge and discharge.

these intermediates start to decay themselves, signifying a tiered mecha-
nism. This is further evinced by comparing the voltammograms after 10
cycles and 10 h after completion of cycling. Even with no electrochemi-
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cal stimulus applied to the solution, the voltammogram evolves, show-
ing that the decomposition products are not stable on their own. As
such, unambiguous identification of decay products is challenging due
to the complexity of the electrochemical signal and NMR data. Thus, de-
composition products could not be identified nor could a decomposition
mechanism be confirmed. Previous work on substituted dialkoxyben-
zenes suggest that quinone and dimer formation are likely decay prod-
ucts [36,37,39]. Expanding upon these efforts, future work on halo-
genated species should aim to correlate possible decomposition products
with the corresponding electrochemical and spectroscopy responses to
confirm their presence. Once the decomposition products and the decay
pathways are determined, the next generation of derivatives can be de-
signed to be resilient to these failure modes but still enable increased
redox potential [10,24,35].

4. Conclusions

This work investigates the effect of halidization on the dimethoxy-
benzene core using electrochemical techniques, NMR spectroscopy, and
DFT calculations. Halidization is an effective method to increase the re-
dox potential so that the oxidation occurs at or near the upper limit of
the electrolyte stability window, potentially allowing for higher energy
applications. Cyclic voltammetry was used to determine the redox po-
tential, electrochemical reversibility, chemical reversibility, and the dif-
fusion coefficient. With the exception of the iodide derivative, the in-
crease in redox potential does not significantly affect the chemical re-
versibility at low concentrations on the CV timescale (~100 s).

Of the halide substitutions made, the fluorine derivative has many
desirable properties as compared to the parent methyl compound. The
fluorine groups increased the redox potential by about 360 mV, but only
increased the molecular weight by 8 a.m.u compared to 25DDB. The flu-
orine groups also increased the solubility in the electrolytes used due
to the additional polarity. However, the cyclability of this and other
halide-substituted materials, is hampered by the limited charged state
stability as the radical cation, which appears to decompose through scis-
sioning of the carbon-halide bonds. While initial decay pathways were
probed, the full decomposition mechanism could not be determined but
appears complex and tiered. Further investigation of these mechanisms
may inform molecular engineering of more robust derivatives which re-
tain the high redox potentials of this initial set. While these halogen-sub-
stituted materials do not appear suitable for use as energy storage ma-
terials (e.g., active materials for redox flow batteries) as their limited
charge state stability hampers cyclability, they may find use as part of
a computational training set to guide the design of substituted dialkoxy-
benzenes with improved stability [24] or as redox mediators in electro-
chemical technologies including as overcharge protection additives in
Li-ion batteries [17], as well as charge shuttles in dye-sensitized solar
cells [58] and in flow batteries with solid materials in the tanks [59,60].
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