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Electrochemical Stability of Quaternary Ammonium Cations:
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Quaternary ammonium ions, NR4*, are among the most electrochemically stable organic cations. Because of their wide electro-
chemical windows, they are frequently used in batteries and electrochemical capacitors. Improving the electrochemical stability
and expanding the electrochemical windows of quaternary ammonium ion is highly desired. In this work, we investigated the
electrochemical stability of quaternary ammonium ions and showed that the chain length, type (primary vs. secondary), size, and
steric hindrance of the saturated alkyl substituents have only a very small effect (less than 150 mV) on their electrochemical stability
toward reduction. To provide a molecular understanding of substituent effects on electrochemical stability, quantum calculations
were performed employing density functional theory, and it was shown that the structure of saturated aliphatic alkyl substituents
has only minimal effects on the electronic environment around the positive nitrogen center and the LUMO energy level of qua-
ternary ammonium cations. Moreover, a linear correlation between the cathodic limit and the LUMO energy levels of the NR4 T,
N-butylpyridinium, and 1-ethyl-3-methylimidazolium ions was found, suggesting that electrochemical stabilities of new cations may
be computationally predicted on the basis of LUMO energies of these systems.
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With the increasing global demand for energy, improving exist-
ing energy storage technologies is as critical as developing more ef-
ficient methods for energy production. For one important class of
energy storage technologies, namely electrical energy storage, the en-
ergy density of a device is usually limited by the voltage window
in which the device can function. Therefore, expanding the work-
ing voltage range of such devices is highly desired. The electro-
chemical decomposition of electrolytes, which are commonly used
in energy storage devices such as electrochemical capacitors, often
limits the useful voltage window' because these devices can func-
tion properly only within the electrochemical window of their elec-
trolyte. Modifying the structure of electrolytes and improving their
electrochemical stabilities has been the focus of numerous studies to
date. >

The electrochemical window of an electrolyte is the voltage range
in which the electrolyte is chemically stable and does not get re-
duced or oxidized as a result of the applied potential.'® The upper
end of the electrochemical window is usually limited by the oxida-
tion of the anion, and the lower end of the electrochemical window is
determined by the reduction of the cation.! One of the most electro-
chemically stable classes of organic cations comprises the quaternary
ammonium ions, NR4*. These are highly inert toward reduction, of-
fer wide electrochemical windows, and are, therefore, frequently used
in batteries and capacitors.>>%!7 Much research has been devoted
to improving the electrochemical stability of quaternary ammonium
ions.*-15

Reduction of quaternary ammonium ions occurs via radical inter-
mediates and involves the loss of an alkyl substituent.*!"'8-2! There-
fore, the nature of the alkyl substituents strongly affects the electro-
chemical stability of these cations.” Quaternary ammonium ions with
aromatic substituents such as benzyl groups have lower electrochemi-
cal stabilities than saturated quaternary ammonium ions.'! This effect
is likely due to the higher stability of benzyl radicals as compared
to alkyl radicals, making the former a better leaving group, and thus
making quaternary ammonium ions with benzyl substituents more
sensitive to reduction.!! Incorporation of oxygen atoms in the alkyl
substituents of quaternary ammonium ions also diminishes their elec-
trochemical stability toward reduction, likely due to the electrostatic
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effects of the oxygen atoms.'%!>"!> Changing the structure of the sat-
urated alkyl substituent (increasing the alkyl chain length, size, etc.)
can also affect the electrochemical stability of quaternary ammonium
ions. Unfortunately, there are discrepancies in the literature on this
topic.

Several reports have indicated that increasing the chain length or
size of alkyl substituents in quaternary ammonium ions improves the
electrochemical stability of these ions.>*"'22223 The increased sta-
bility was attributed to the higher blocking and shielding effect and
increased electron donating characteristics of larger alkyl groups.>!??
In contrast, no substantial improvement in the cathodic stability of qua-
ternary ammonium ions was observed in another study upon increas-
ing the length of the alkyl substituent.> Yet another study reported a
decreased electrochemical stability of quaternary ammonium ions to-
ward reduction with increasing chain length of the alkyl substituent.'®
There are also discrepancies in what has been reported on the effect
of ion size on the electrochemical properties of quaternary ammo-
nium cations. Increasing the cation size was concluded in one study
to increase electrochemical stability,'® whereas another one found no
such result.® The effect of the alkyl substituent is not only a function
of size, but the nature of the alkyl group is also important, as struc-
turally isomeric alkyl groups are expected to have different effects on
the electrochemical stability of quaternary ammonium ions. For ex-
ample, changing the quaternary ammonium substituent from butyl to
iso-butyl was reported to improve electrochemical stability.>* How-
ever, changing from a primary to a secondary alkyl substituent was
reported to drastically reduce electrochemical stability in one study
(n-Bu to s-Bu)’ and to improve electrochemical stability in another
(n-Pr to i-Pr).? Clearly, there is a need to clarify the aforementioned
discrepancies.

In this work, we provide a comprehensive investigation of the ef-
fect of a series of alkyl substituents on the electrochemical stability of
quaternary ammonium cations. The effect of alkyl chain length, size,
and type (i.e., primary vs. secondary alkyl groups) is studied. Our find-
ings are compared to published reports, and the discrepancies in the
literature are discussed and explained. In addition to the experimental
characterization of the electrochemical stabilities of quaternary am-
monium cations, the lowest unoccupied molecular orbital (LUMO)
energy levels of quaternary ammonium cations were calculated using
the time-dependent density functional theory,”*2° TD-DFT, method,
providing a molecular understanding of the electrochemical behavior
of these cations.
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Experimental

Electrochemical measurements.— Linear sweep voltammetry ex-
periments were carried out with a CHI600C potentiostat (CH Instru-
ments, Austin, TX). A three-electrode set up with a 3.0 mm-diameter
glassy carbon (GC) disk working electrode (BAS, West Lafayette, IN),
a 0.25 mm Pt wire coil (99.998%, Alfa Aesar, Ward Hill, MA) auxil-
iary electrode, and a Ag*/Ag reference electrode (reference solution:
10 mM AgNO; and 100 mM NBu,ClOy in acetonitrile) was used for
all measurements (scan rate: 100 mV/s). The reference electrode was
prepared in house according to a previously described procedure.?’-?8
The distance between the working and reference electrode was kept
small (0.5 cm) to minimize the /R drop while not physically ob-
structing the working electrode. The working electrode was polished
on Microcloth polishing pads using 5.0 wm Micropolish II deagglom-
erated alumina, both from Buehler (Lake Bluff, IL). After polishing,
the electrode was rinsed thoroughly with deionized water and then
with ethanol, followed by drying under a stream of Ar. The anhy-
drous solvents used in this work were stored and transferred under
argon. Prior to measurements, all solutions were purged with argon
for 15 min while stirring vigorously to remove dissolved oxygen. The
magnitude of the capacitive current was less than 0.02 mA/cm?. All
quaternary ammonium salt solutions were 300 mM in concentration,
except for the NEt,I solution, which was 100 mM due to the limited
solubility of this salt. The different concentration of NEI is not a
concern because we are reporting cathodic stabilities measured by the
linear fit method, which corrects for the effect of electrolyte concen-
tration on the electrochemical stability limits. Information about the
synthesis of quaternary ammonium species and material vendors is
provided in the Supporting Information.

A 1255B frequency response analyzer and a SI 1287 electrochem-
ical interface from Solartron (Farnborough, Hampshire, UK) with a
conductivity cell from Cole-Parmer (Vernon Hills, IL, USA) were
used to determine the specific resistivity of propylene carbonate solu-
tions of the quaternary ammonium iodides. A 500 puS/cm conductivity
standard solution was used to determine the cell constant. Resistances
were obtained by fitting of impedance spectra with ZView?2 software
(Scribner Associates, Southern Pines, NC, USA) in the 10* to 10° Hz
range. A specific resistivity of 7.1 £ 0.4 2 m was obtained for the
propylene carbonate solution of 300 mM tetrabutylammonium iodide.
The specific resistivity of the remaining quaternary ammoniums used
in this study is expected to be close to the specific resistivity of NBuyl,
as it was shown that the chain length of substituents (ethyl to hexyl)
and the symmetry of quaternary ammonium salts changes the specific
conductivity by less than 10%.2°-3! The IR drop across the working
and reference electrodes at current densities of 1 to 5 mA/cm? is less
than 1 mV in this study. R =J A (p L/A) =J p L =5 mA cm™2
x 0.071 Q cm x 0.5 cm < 1 mV, where A is the area of the working
electrode, L is the distance between the reference and working elec-
trodes, p is the specific resistivity of the solution, and R is the solution
resistance.)

Computational methods.— To calculate the LUMO and HOMO
energies of the quaternary ammonium cations, density functional the-
ory (DFT) was used as the quantum mechanical method.?? All struc-
tures were optimized to reach the lowest ground state energy. The
structures of cations were optimized using the DFT method with
the B3LYP density functional®>¢ and the triple-zeta basis set 6—
311++4(d,p). To take into account solvation effects, DFT was com-
bined with the polarizable continuum model IEF-PCM>"*! for propy-
lene carbonate (see Supporting Information for details). This is an
implicit solvation model in which the solvent has no molecular struc-
ture, and solvent effects are approximated by creating a solvent cavity
around the solute molecules using macroscopic parameters for, for
e.g., the solvent dielectric constant and the solvent radius. As a part of
the optimization process, the energies of all occupied and unoccupied
molecular orbitals are calculated. DFT HOMO energies (Kohn-Sham
HOMO eigenvalues) were reported to have a linear correlation with
experimental ionization potentials. However, LUMO energies (KS

LUMO eigenvalues) from DFT show poor correlation with the ex-
perimental LUMO energies.*>*>*} (An experimental LUMO energy
is defined as the difference between the experimental ionization po-
tential and the experimental first excitation energy.)*

A better estimate of LUMO energies can be obtained by calculation
of the first excitation energy using the time-dependent density func-
tional theory (TD-DFT), followed by addition of the resulting value
to the calculated energy for the HOMO (see Supporting Information
for details). The TD-DFT is an extension of the DFT method for the
treatment of time-dependent phenomena such as excitation energies,
and assumes the electron density to be a function of time in addition
to space.”* The excitation energies (HOMO-LUMO energy gaps) ob-
tained with TD-DFT were reported to have a good linear correlation
with respect to the experimental values, and, therefore, the LUMO
energies that are obtained this way are expected to be more reliable
than the directly calculated Kohn-Sham LUMO eigenvalues.*? All cal-
culations were performed with the Gaussian03 package.** Cartesian
coordinates of cations are provided in the Supporting Information.

Results and Discussion

Reduction of quaternary ammonium cations occurs by quantum
tunneling of an electron from an occupied state at the Fermi energy
level of the electrode to the LUMO of the cation.>#> The rate of
electron transfer is maximized when the electrode Fermi level reaches
the cation LUMO energy level.® The structure of the alkyl groups
can affect the LUMO energy level of the quaternary ammonium, con-
sequently affecting its electrochemical stability. Electron donating
alkyl groups can decrease the positive charge density of the nitro-
gen atom in the quaternary ammonium ion and improve its stability
toward reduction. The rate of electron transfer is also affected by
the donor—acceptor distance, decaying exponentially as the donor—
acceptor distance increases.”> As any cations, at negative potentials
quaternary ammonium ions adsorb electrostatically onto the electrode
surface, and the electron transfer occurs over a short-range distance.?
Bulkier or more sterically hindered alkyl groups may increase the tun-
neling distance, reduce the rate of electron tunneling to the LUMO,
and consequently increase the stability of the quaternary ammonium
toward reduction.?® To study such effects, we investigated the series
of quaternary ammoniums displayed in Scheme 1. Parameters such as
alkyl chain length (RNR3'*, where R is Me, Et, Pr, or Bu and R’ is Pr
or Bu), the size of the quaternary ammonium cation (NR4*, where R
is Me, Et, Pr, Bu, Pent, or Hex) and the nature of the alkyl substituent
(as in MeN(i-Bu);*, Et;N(i-Pr), ™, or MeEtN(i-Pr),*) were varied to
understand the different structural effects on the electrochemical sta-
bility of these cations and address the discrepancies in the literature
that were highlighted in the introduction.

Assessment of the electrochemical stability of electrolytes: origin
of discrepancies.— Many of the discrepancies in the reported effects
of substituents on the electrochemical stability of quaternary ammo-
nium cations are likely caused by two reasons: lack of robustness
in the method used for quantifying the electrolyte electrochemical
stability, and lack of properly addressing the reproducibility of the
results. In the past, the determination of the electrochemical stability
limit of electrolytes has not been well defined. Usually, a current—
voltage polarization curve has been measured, and the voltage at
which a specific current density, J, is reached, has been defined as
the cathodic or anodic electrochemical limit of the electrolyte (see
Figure 1A).'° The choice of the cutoff current density, Jeu.ofr, iS quite
arbitrary, and a number of Joy.or values (0.01 to 5.0 mA/cm?) have
been used in the literature.>*8-1546-51 Unfortunately, the choice of
Jeuoff can influence the electrochemical limit of electrolytes by as
much as 0.9 V.4°! Figure 1 shows the linear sweep voltammogram of
NEt,I; the voltages at which J.yos values of 0.5 and 1.0 mA/cm? are
reached are shown in Panel A. Clearly, the choice of the J.y. ot value
affects the electrochemical limit determined for NEt4I. In addition
to the value of J..oft, parameters such as electrolyte concentration
and conductivity can bias the determined electrochemical limit by as
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Scheme 1. Structures and abbreviations of organic cations investigated in this study.

much as 500 mV."3! Other experimental parameters, such as the type
of the working electrode and the scan rate, have been found to affect
the determined electrochemical limits to a lesser extent."*>! In case
of measurements performed with working electrodes with very high
surface areas, such as porous carbon electrodes, the capacitive current
may bias the determination of electrochemical limits by the cutoff
current density method by as much as 2.0 V.5! Therefore, electrolyte

stability limits as reported by different authors do not solely represent
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Figure 1. Determination of the electrochemical stability limit of electrolytes.
(A) and (B) show the linear sweep voltammograms of NEt4I (100 mM) in
propylene carbonate. Panel (A) illustrates the use of Jeyeoff Values of 0.5 and
1.0 mA/cm?. The dashed lines in panel (B) are linear fits before and after the
onset of NBuyl reduction; the vertical dotted line highlights the potential at
which the two fits intersect. Scan rate, 100 mV/s; Pt coil auxiliary electrode,
GC working electrode, and Ag*/Ag reference electrode.

the thermodynamic properties of the electrolyte but are affected by
different experimental procedures and assessment criteria.

In our work, to assess the electrochemical stability of quaternary
ammonium ions more comprehensively, we determined the elec-
trochemical limit of these cations at J.,.o¢ of 0.1, 0.5, 1.0, and
5.0 mA/cm?®. The resulting values are presented in Table I, which
shows that changes in J.y.ofr can shift electrochemical stability limits
by as much as 1.8 V. Moreover, the order of the electrochemical sta-
bility of the quaternary ammoniums changes when altering the Jeyeof
criterion. For instance, at J.yog of 0.1 and 5.0 mA/cm?, NEt,* is
predicted to have a higher stability toward reduction than NHex,™;
however, at 0.5 and 1.0 mA/cm? the order is reversed, and NHex,* has
ahigher electrochemical limit (see entries 3 and 7 in Table I). Similarly,
changing the J., of criterion influences the order of the electrochemi-
cal stabilities of MeNPr; ™ and BuNPr; " as well as MeN(i-Bu); T and
EtNMe(i-Pr), " (see entries 11, 13, 14, and 15 in Table I). Even though
not discussed by the authors of the original literature, this phenomenon
can also be observed in the electrochemical stability limits of room
temperature ionic liquids, where a different order of electrochemical
stabilities for imidazolium-based ionic liquids is obtained at Jey oft Of
1.0 and 5.0 mA/cm? >® This confirms that small differences in the ob-
served electrochemical stability limits should not be attributed hastily
to the molecular properties such as electron donating or shielding ef-
fect of the alkyl groups, and the effect of experimental conditions and
the J.yofr choice must be considered carefully.

Surprisingly, all the conclusions drawn in the literature regarding
the electrochemical stability of quaternary ammoniums were based on
single measurements, and data reproducibility was not investigated.
The latter explains some of the contradictory reports on the electro-
chemical stability of quaternary ammoniums. In several cases, small
differences in electrochemical stability limits were attributed to intrin-
sic properties of the electrolyte, and often it is not clear whether the
observed differences are statistically significant or not. For instance,
stability limits of —1.89 and —1.95 V vs. Ag/AgCl for Et;NMeCl and
Bu;NMeCl were reported, respectively, and it was concluded that in-
creasing the alkyl substituent chain length improves the electrochem-
ical stability of quaternary ammoniums.!! Other examples include
interpreting 50 mV,’ 90 mV,'> 140 mV,!' and 160 mV® differences
in the electrochemical limit of quaternary ammonium ions, without
assuring statistical significance. In our analysis, we performed five
replicates of the current-voltage polarization curves for each quater-
nary ammonium. As shown in Table I, standard deviations as high 80
mV at Joueo of 0.5 to 5.0 mA/cm?, and as high as 500 mV at Jeyeofr
of 0.1 mA/cm? were observed. Of course, the standard deviations
reported here are specific to our measurements, and the data repro-
ducibility is affected by many parameters that are not easy to control.
In this study, we attempted to minimize the effect of these parameters
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Table I. Cathodic limits (V vs. Ag*t/Ag) from the cutoff current density and linear fit methods.

The cutoff current density method

Jeuroff = 0.1 mA/cm? Jeutoff = 0.5 mA/cm? Jeutoff = 1.0 mA/cm? Jeuroft = 5.0 mA/cm? Linear fit method

1 NPyBu TFSI —1.523 + 0.004 —1.571 £ 0.005 —1.603 & 0.004 —1.735 +0.009 —1.584 + 0.004
2 EMI TFSI —1.905 +0.423 —2.513 £ 0.008 —2.559 £+ 0.005 —2.725 + 0.046 —2.550 +0.019
3 NEt,I* —2.447 £ 0.067 —3.183 £ 0.012 —3.293 +0.012 —3.619 4= 0.008 —3.403 &+ 0.005
4 NPryl —2.507 + 0.594 —3.261 + 0.005 —3.341 4+ 0.005 —3.623 4+ 0.008 —3.396 + 0.004
5 NBuyl —2.463 £ 0.076 —3.297 £ 0.032 —3.359 4+ 0.028 —3.541 +£0.017 —3.423 +£0.010
6 NPentyl —1.995 +0.126 —3.201 £ 0.005 —3.287 4+ 0.004 —3.501 4 0.008 —3.394 + 0.007
7 NHexyl —1.741 £ 0.342 —3.257 £ 0.007 —3.337 £ 0.008 —3.603 £ 0.012 —3.449 + 0.008
8 MeNBusl —1.371 £ 0.268 —3.123 £ 0.046 —3.275 £ 0.041 —3.509 4 0.038 —3.390 & 0.040
9 EtNBusl —1.548 +0.302 —3.208 £ 0.011 —3.303 £ 0.019 —3.558 + 0.080 —3.384 + 0.009
10 PrNBuzl —1.929 + 0.049 —3.061 +£0.038 —3.377 £ 0.039 —3.671 +£0.172 —3.453 £0.018
11 MeNPr;l —2.329 +0.083 —3.121 +0.083 —3.259 4+ 0.005 —3.491 +£0.012 —3.361 £ 0.016
12 EtNPr31 —2.387 +£0.033 —3.187 £ 0.004 —3.273 4+ 0.004 —3.487 4+ 0.005 —3.386 £ 0.006
13 BuNPr3I —1.917 £ 0.019 —3.241 £ 0.005 —3.315 4+ 0.003 —3.541 4+ 0.005 —3.464 + 0.002
14 MeN(-Bu)s1 —2.417 £ 0.099 —3.169 £ 0.016 —3.265 £ 0.014 —3.523 £ 0.035 —3.383 £ 0.008
15 EtNMe(i-Pr),I* —2.631 +£0.018 —3.133 £ 0.004 —3.251 4+ 0.005 —3.623 4+ 0.004 —3.400 £ 0.002
16 Et;N(-Pr),I* —2.647 £ 0.019 —3.051 £ 0.004 —3.163 £ 0.004 —3.605 £ 0.006 —3.400 = 0.001

*100 mM in propylene carbonate.

Scan rate, 100 mV/s; auxiliary electrode, Pt coil; working electrode, GC; reference electrode, Ag+/Ag,

by using high purity quaternary ammonium salts, carefully polishing
and cleaning the working electrode, and by decreasing the /R drop
between the working and reference electrodes to less than 1.0 mV.
The latter was achieved by using high concentrations of quaternary
ammonium salts to obtain low solution resistivity, and by minimizing
the distance between the working and reference electrodes (see the
Experimental section for details).

Linear fit method.— To improve the ability to compare different
electrochemical limits, we recently developed a new method (referred
to as the linear fit method) for assessing the electrochemical stability
of electrolytes.!! Using this method, two linear fits are applied to
the current—voltage polarization curve of the electrolyte at potentials
below and above the onset of cathodic or anodic decomposition (see
Figure 1B). The intercept of the two approximately linear portions of
the current—voltage relationship below and above the electrochemical
limit is defined as the cathodic or anodic limit of the electrolyte.!!
We recently showed that the linear fit method does not rely on any
Jeurotr Value and minimizes effects of the scan rate, electrolyte concen-
tration, diffusion coefficients, capacitive current, and /R drop between
the working and reference electrodes.’! Thereby, it provides electro-
chemical limits that are more representative of the inherent properties
of the electrolyte and are less affected by experimental parameters.>!
Electrochemical stability limits obtained from the linear fit method
are also presented in Table 1.

Effect of alkyl substituents on the electrochemical stability of qua-
ternary ammonium ions.— Electrochemical stability measurements
were carried out using propylene carbonate solutions of quaternary
ammonium electrolytes because propylene carbonate has an electro-
chemical window wider than quaternary ammonium ions.">> The
Jeutote Of 0.1 mA/cm? did not provide a realistic assessment of electro-
chemical stabilities. A stability limit of —2.507 £ 0.594 V vs. Agt/Ag
was determined for NPr4I when using this J.u.ot Value, while clearly
the onset of electrochemical reduction is not reached at this potential
(see Figure 2). On the other hand, the Joy.oi of 5.0 mA/cm? over-
estimates electrochemical stability (—3.623 £ 0.008 V vs. Ag*/Ag)
and predicts stability limits that are well past the onset of reduction.
Therefore, we consider hereon stability limits obtained from Jeyof
values of 0.5 and 1.0 mA/cm? and also the linear fit method.

Effect of alkyl chain length/quaternary ammonium size.— In this
work, we do not distinguish between the effects of the length of straight

alkyl chains and the size of the corresponding quaternary ammonium
ions because the two effects are clearly directly related to one another.
Overall, we found no correlation between the alkyl chain length and
the electrochemical stability of the quaternary ammonium ions. The
linear sweep voltammograms of NEt;*, NPr,™, NBu,™, NPent,*,
and NHex,™ are shown in Figure 2. Visually, there seems to be no
difference in the onset of reduction of the aforementioned cations.
At Jeyeorr of 0.5 and 1.0 mA/cm?, there is no significant difference in
the cathodic stability of NEt,* and NPent,*. Similarly, the cathodic
limits of NPr,*, NBu,*, and NHex,* are not significantly different,
yet these ions are significantly more stable than NEt;™ and NPent,*
by approximately 60 mV (see entries 3 to 7 in Table I). The linear
fit method shows that there is no significant change in the cathodic
stability of NR4™ by increasing the alkyl chain length from ethyl to
propyl, butyl, and pentyl. However, going from NEt;™ to NHex,"
results in a statistically significant improvement in the cathodic limit
by 40 mV.

In the RNPr;* series (entries 4, and 11 to 13 in Table I), increasing
the length of R from methy] to ethyl did not affect the electrochemical
stability significantly. Further increasing the R to propyl and butyl did
cause a statistically significant improvement in the cathodic stability
at all three assessment criteria of Joyog of 0.5 and 1.0 mA/cm?, and
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Figure 2. Linear sweep voltammograms of 100 mM NEuI, and 300 mM
NPryl, NBuyl, NPentyI, and NHex4I in propylene carbonate. Scan rate, 100
mV/s; Pt coil auxiliary electrode, GC working electrode, and Ag*/Ag reference
electrode. The inset zooms into the region where the onset of reduction occurs.
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Figure 3. Dependence of cathodic limit of quaternary ammonium ions (QA)
on the number of carbon atoms in their substituents. No correlation between
the electrochemical stability (obtained by the Jeyeoff Of 0.5, and 1.0 mA/cm?,
and the linear fit method) and number of carbon atoms was observed.

the linear fit method. However, the magnitudes of the changes in the
stability limit were small and less than 120 mV. Also, the electro-
chemical stabilities of PrNPr;* and BuNPr;* were not significantly
different from one another.

For RNBu;* (entries 5, and 8 to 10 in Table I), increasing R from
methyl to ethyl caused a significant improvement (80 mV) in the
stability limit at the assessment criterion of Joy.oir of 0.5 mA/cm?;
however, Jeorr of 1.0 mA/cm? and the linear fit method did not
predict a significant change in the cathodic stability. Changing R from
methyl to propyl or butyl has no significant effect on the stability
limit determined with the linear fit method and with the Joy.oi Of
0.5 mA/cm?, but at Jo,.o of 1.0 mA/cm? it results in a statistically
significant improvement of 100 mV in the stability limit. Finally,
replacing methyl with butyl results in no significant effect on the
stability limit determined with the linear fit method, and 174 and
90 mV improvements in the cathodic stability at Jo o¢ of 0.5 and
1.0 mA/cm?, respectively.

Clearly, increasing the alkyl chain length does not improve the
cathodic limit consistently, the effects are relatively small (less than
150 mV), and different effects were observed for the different criteria
of Joyeofr Of 0.5 and 1.0 mA/cm? and when using the linear fit method.
This suggests that many of the observed changes in the cathodic stabil-
ity are more an artifact of the cathodic limit quantification rather than
an increased electrochemical stability in the molecular level. Figure 3
shows the relationship between the cathodic stability and the number
of carbon atoms (representative of size) in the quaternary ammonium
ions both for the linear fit and the Jou.off assessment methods. The
overall range of observed cathodic limits was less than 150 mV. It
is noticeable that the range of cathodic stabilities is narrower when
these limits are determined with the linear fit method (Figure 3C),
which is consistent with a lesser effect of electrolyte mass transport
on this method. Using the linear fit method and the 0.5 mA/cm? data,
no significant correlation between cathodic stabilities and the number
of carbon atoms could be confirmed, even at the relaxed a of 0.1
(see the Supporting Information for results of the ANOVA test). A
correlation between the cathodic stabilities measured as determined
for a Joyot value of 1.0 mA/cm? and the number of carbon atoms
can be confirmed at the significance level of 90%, but not at the sig-
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Figure 4. Effect of alkyl type. Linear sweep voltammograms of 300 mM
MeNBu3l and MeN(i-Bu)31. Solvent, propylene carbonate; scan rate, 100
mV/s; Ptcoil auxiliary electrode, GC working electrode, and Ag™/Ag reference
electrode.

nificance level of 95%. This can be explained easily as an artifact of
the J.uoff method since the cathodic limits measured with the J.ucof
method are biased by the rate of cation transport to the electrode,
which is affected by the cation’s size and mass. A smaller diffusion
coefficient along with an unchanged electrochemical stability results
in no change in the onset of reduction, but a decrease in the slope of
the current density vs. voltage relationship after the onset of reduction
of the cation.’' Because larger cations diffuse more slowly, the slopes
of their current density vs. voltage relationships after their onsets of
reduction are smaller. Consequently cathodic stabilities as assessed
by the Jeuwor method are misjudged to be larger. This bias becomes
larger the higher the J.uoft value is chosen.

Effect of alkyl type.— Similar linear sweep voltammograms were
observed for MeNBu;™ I~ and MeN(i-Bu); ™ I~ (see Figure 4). No
significant difference was noticed in the cathodic limits of the two
cations at Jou.of of 0.5 and 1.0 mA/cm? and also the linear fit method
(see Table I, which includes standard deviations). Our findings con-
tradict those of Xu et al. who reported —0.11 and —0.50 V vs. Li*/Li
(which corresponds to —3.64 and —4.03 V vs. Ag*/Ag)*? for the ca-
thodic limits of MeNBus ™ PFs~ and MeN(i-Bu); ™ PFy ™, respectively
(0.05 mA/cm? as Jeueoft, working electrode: GC), and concluded that
iso-butyl increases the cathodic stability.> A similar conclusion was
drawn elsewhere upon observing a 50 mV improvement in the ca-
thodic limit of N-alkyl-N-methyl-pyrrolidinium by changing the alkyl
group from butyl to isobutyl.” Both reports did not provide evidence
that the observed differences in the cathodic limits were statistically
significant.

Changing the alkyl group from n-Bu to s-Bu was previously re-
ported to result in a more than 2.0 V decrease (no error range re-
ported) in the cathodic limit (0.1 mA/cm? as Jey.or) of N-alkyl-N-
methyl-pyrrolidinium.® Also, substituting the primary propyl groups
in Pr;NMe*t PF6~ by secondary isopropyl groups was reported to
improve the cathodic limit (0.05 mA/cm? as Joueoft) by 200 mV (no
error range reported).” In contrast, we found that changing from pri-
mary to secondary alkyl groups has minimal effects on the cathodic
stability of quaternary ammonium ions, as shown for EtNPr;1, Et, N(i-
Pr),1, and EtNMe(i-Pr),1 in Table I (entries 12, 15, and 16). Replacing
Pr with i-Pr resulted in a statistically significant decrease (less than
100 mV) in the magnitude of the cathodic limits at Jeu.o of 0.5 and
1.0 mA/cm?; however, it significantly improved the cathodic limits as
determined with the linear fit method by 25 mV. This confirms that
the small differences in the cathodic limits are most likely an artifact
of experimental parameters rather than an intrinsic property of the
cations with primary or secondary alkyl substituents.

Computational studies on the electrochemical stability of quater-
nary ammoniums.— Computational calculations can help to provide
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Table II. The LUMO energy levels (eV) of the cations shown in
Scheme 1.

Entry Number Cation Structure LUMO Energy
1 NPyBu™ —3.794
2 EMI* —2.096
3 NEt ™ —1.287
4 NPry* —1.412
5 NBuy* —1.363
6 NPenty ™ —1.274
7 NHexs™ —1.189
8 MeNBus ™ —1.246
9 EtNBus ™ —1.351
10 PrNBu; ™ —1.366
11 MeNPr; ™ —1.338
12 EtNPr3+ —1.318
13 BuNPr; ™ —1.408
14 MeN(i-Bu); ™ —1.375
15 EtNMe(i-Pr),* —1.354
16 EtyN(i-Pr), ™ —1.332

a molecular understanding of the effect of electrolyte structure on
electrochemical stabilities. The reduction and oxidation potentials are
determined by the LUMO and HOMO, respectively.*>*=> For exam-
ple, for a one-electron transfer (e is the electron charge, & represents
the energies of the HOMO or LUMO, and A and B are constants
that are determined by the choice of the reference electrode, solvent,
model details, etc.):3->

€
Al LUMO|

Veathodic Limit = . +B [1]
Nenomol ,
VArmdiC Limit = Al—— + B [2]

Based on Equations 1 and 2, a few models were suggested for
the prediction of electrochemical windows of electrolytes (based on
ab initio calculations, molecular dynamics, and density functional
theory).>***%%37 Equations 1 and 2 imply that the LUMO and HOMO
energy levels of molecules have a linear correlation with the corre-
sponding standard reduction and oxidation potentials, respectively.

The LUMO energies of the cations shown in Scheme 1 were calcu-
lated using TD-DFT and are listed in Table II. A very poor linear cor-
relation was found between the LUMO energy levels and the cathodic
limits of quaternary ammonium ions (compounds 3 to 16) (coefficient
of determination, R?, of 0.001; see Figure S1). This is not surprising
because the cathodic limits of the quaternary ammonium ions are all
scattered over a small 150 mV window, with differences only in some
cases beyond the experimental error. Another parameter to consider is
that the measured cathodic limits are very close to but not identical to
the thermodynamic standard reduction potentials shown in Equation
1.5! Hence a linear correlation between the LUMO energy levels and
the cathodic limits in such a small potential range is not expected.

When linear regression is performed over a wider potential range,
i.e., including EMI* and NPyBu™, which have much lower cathodic
limits compared to the quaternary ammonium ions (entries 1 and
2 in Table I), a good linear correlation between the LUMO energy
levels (obtained from TD-DFT) and the cathodic limits is obtained
(see Figure 5). The range in the computationally predicted LUMO
energy levels of the quaternary ammonium ions with different alkyl
groups was approximately 0.2 eV. Using the linear approximation
equation for the whole data set shown in Figure 5, the 0.2 eV range
in the LUMO energy levels corresponds to a 150 mV range in the
cathodic limits. This suggests that changing the chain length and type
of branching of the saturated alkyl groups of quaternary ammonium
ions results only in a minimal effect on the electronic environment of
the positive nitrogen, as reflected in the LUMO energy levels.

The empirically observed linear relationship between the LUMO
energy levels and the cathodic limits can be used to predict the effect

=]
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Figure 5. Correlation between the cathodic limits and LUMO energy levels.
The cathodic limits obtained from the linear fit method are plotted vs. the
LUMO energy levels obtained from the TD-DFT method. The dashed line
shows the linear regression. The linear fit gives the cathodic limit (V vs.
Agt/Ag) as (0.76 £ 0.037) x eLumo (V) — (4.40 & 0.06). The inset shows
a zoomed-in view of the quaternary ammonium ions only. Cathodic limits
obtained for Jeuroff of 0.5 and 1.0 mA/cm? had a similar linear correlation
with the LUMO energy levels.

of other structural variations on the electrochemical stability of quater-
nary ammoniums. For example, our model predicts that incorporation
of oxygen and aromatic groups in the alkyl substituents of quater-
nary ammonium ions may substantially decrease the electrochemical
Stability of (CH3CH20CH2)2NBU2+ and (PhCHz)zNBU2+, with cal-
culated LUMO energy levels of —2.79 and —2.40 eV, as compared
to —1.36 V for NBuy ™. This prediction agrees well with numerous
experimental observations.'*-1>

Because of the minimal effect of the alkyl chain length on cathodic
limits and the limited precision with which the cathodic limit can be
quantified, the effect of the chain length on the tunneling probability
of electrons (from the Fermi level of the electrode to the LUMO)
could not be investigated experimentally. A computational study of
the structure of these ions could provide us with an estimate of the
chain length contribution to the tunneling rate. Although longer chains
are expected to introduce more hindrance to the system, in order to
evaluate the donor-acceptor distances, the dynamics of these chains
in the vicinity of electrodes would have to be considered as well. This
could be done using molecular dynamics simulations that are beyond
the scope of this study.

Conclusions

The cathodic limits of quaternary ammonium cations with vari-
ous alkyl substituents were measured using the conventional cutoff
current density method at the cutoff current values of 0.1, 0.5, 1.0,
and 5.0 mA/cm?. Cathodic limits were also obtained by a recently
proposed method that is less biased by electrolyte mass transport
and provides more reliable electrochemical stability limits. The new
method is based on applying linear fits to the current—voltage po-
larization curve of the electrolyte at potentials below and above the
onset of cathodic or anodic decomposition. It was shown that the chain
length, type of branching, size, and steric hindrance of the saturated
alkyl substituents have only a minimal effect on the electrochemical
stability of quaternary ammonium cations. The LUMOs of cations
were computed using time-dependent density functional theory with
the IEF-PCM model. This showed that the cathodic limits have a lin-
ear correlation with the LUMO energy level of the cation. Moreover,
we showed that the structure of saturated aliphatic alkyl substituents
has minimal effects on the electronic environment around the pos-
itive nitrogen center and the LUMO energy level of the quaternary
ammonium cations, which correlates linearly with the experimental
electrochemical limit. We suggest that the effect of chain length on the
tunneling rate in propylene carbonate solutions, if any, does not affect
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the cathodic limit significantly and falls in the range of experimental
errors, and therefore cannot be inferred from the experimental results.
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