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ABSTRACT: Overcharge, a condition in which cell voltage rises to
undesirably high potentials, can be prevented in lithium-ion batteries
by incorporating redox shuttles into the battery electrolyte. Although
extensive overcharge protection has been demonstrated in batteries
with LiFePO, cathodes, the redox shuttles that work in these batteries
are incompatible with higher voltage cathodes. Designing stable
additives with higher oxidation potentials is necessary to protect high
voltage batteries from overcharge. Toward that goal, we synthesized
diarylamines with varied structures, including fused heteroaromatic
ring systems and electron-withdrawing substituents. We found that
trends in oxidation potentials correlated with those in calculated
adiabatic ionization potentials. Some diarylamine derivatives
protected batteries from overcharge with varying degrees of success.
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1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are common power
sources for many portable electronic devices. Long battery
lifetimes, lack of memory effect, and compatibility with modern
electronics contribute to their widespread use.' The capability
of LIBs to serve as high energy density sources has also led
them to be used in larger scale applications, including hybrid
electric vehicles, airplanes, and power tools.” Despite the
advantageous characteristics that have led to their dominance in
portable electronics, safety issues including fires in cars and
airplanes, as well as in battery manufacturing plants, have raised
concerns about their use in large-scale applications.’®

One safety concern is overcharge, a condition that occurs
when the normal operating voltage of a cell is exceeded,” as it
can lead to increased cell temperatures when reactions occur at
the electrode/electrolyte interface. For a single cell, the state of
charge (SOC) can be monitored electronically and the current
manipulated.® In series-connected cells, it is less practical to
monitor the SOC of individual cells. An alternative approach to
limiting charge in batteries connected in a series is to employ
reversibly oxidizable chemical additives into the battery
electrolyte.

Electrolyte additives called redox shuttles can prevent
overcharge by serving as an electrical shunt, passing current
along the series and preventing overcharge. Redox shuttles are
oxidized at the cathode/electrolyte interface, ideally at the end-
of-charge potential of the cathode, and then diffuse to the
anode where reduction occurs, returning the redox shuttle to its
neutral form.” Redox shuttles have been developed to match
the end-of-charge potentials of LiCoO,® and LiFePO, batteries,
including 1,4-dimethoxy-2,5-bis(tert-butyl)benzene,” N-ethyl-
phenothiazine,10 and 2,2,6,6-tetramethylpiperidinyl oxide
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(TEMPO),"" all of which protect for at least 100 cycles at
100% overcharge in LiFePO,/graphite batteries but are limited
in application to these lower (<4 V) batteries.'”

Oxidation potentials can be varied with structural mod-
ifications, and radical cation stability can be increased by
extending conjugation, substitution with electron-donating
groups, or insertion of sterically hindered groups."* However,
achieving both high oxidation potentials and stable oxidized
(radical cation) species is a significant challenge. Introducing
electron-withdrawing groups to increase oxidation potentials
often further destabilizes the radical cation form by making it
even more electron deficient, as is seen in the relatively few
number of stable redox shuttles with high oxidation potentials.
Tetraethyl-2,5-di-tert-butyl-1,4-phenylene diphosphate (4.80 V
vs Li*/°, >10 cycles, in Li; ,Nig;5Coo;Mng ss0,/Li batteries),"*
2-(pentafluorophenyl)-tetrafluoro-1,3,2-benzodioxaborole
(4.43 V vs Li*’°, 178 cycles in graphite/LiNigsCoq15Aly050,),"
1,4-di-tert-butyl-2,5-bis(2,2,2,-trifluoroethoxy)benzene (4.25 V
vs Li"’% 98—170 cycles in MCMB/LiFePO, and Li,Ti;O,,/
LiFePO, batteries),'® 4-tert-butyl-1,2-dimethoxybenzene (4.18
V vs Li"’% 3—15 cycles in Li,Tis0,,/LiFePO, and graphite/
LiFePO, batteries),'” 2,5-difluoro-1,4-dimethoxybenzene (4.4
V vs Li*’% S0 cycles in Li/Li,TisO,, batteries, although very
little charging capacity remains after 15 cycles),'® and
fluorodecaborate salts (4.5 V vs Li"/% 20 cycles in GDR/
LiNi(§Coyg15Aly050,)"” are among the most robust higher
voltage redox shuttles. For redox shuttles to be used with high
voltage cathode materials such as LiNigsMn, O, (49 V),
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LiNiOSO, (5.0 V), LiNiSO,F (52—5.4 V), and Li,CoPO,F
(5.5 V), which can be charged to as high as 5.0 V or even
higher,'#*°7%* it is necessary to develop stable redox shuttles
with suitable oxidation potentials.

On the basis of the relatively large number of overcharge
cycles reported for phenothiazines, in combination with the
small number of derivatives tested as redox shuttles (mainly
those in which the alkyl substituent on the N-position was
varied), we synthesized and evaluated a series of phenothiazine
derivatives and related compounds with diarylamine-based
cores that could be synthesized in three or fewer steps from
commercially available starting materials. Specifically, we
incorporated electron-withdrawing substituents at the para
positions of diarylamines to increase oxidation potentials and
prevent dimerization reactions.”**> The oxidation of alkylated
arylamines generates reactive sites on the radical cation, which
undergoes irreversible coupling that can be followed by
deprotonation.'***? The dimerization happens predominately
at the positions ortho and para to the nitrogen atom due to the
high electron spin density and absence of steric hindrance,
although in some cases the ortho position may be less reactive
due to steric hindrance to the alkyl groups.”* Thus, for each
aromatic core, we blocked the positions para to the N atom
with Br atoms or cyano (CN) groups.

We also varied the heteroatom from phenothiazine (S) to
phenoxazine (O) and also synthesized fused versions with no
heteroatom (carbazole) and no fused ring (diphenylamine). We
synthesized N-ethylated derivatives of these four cores, as
shown in Figure 1. Here we report calculated adiabatic
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Figure 1. N-Ethylphenothiazine (I), N-ethylphenoxazine (II), N-
ethyldiphenylamine (IIT), and N-ethylcarbazole (IV) derivatives with
open para positions (a), bromine atoms (b), and cyano groups (c).

ionization potentials and experimentally determined oxidation
potentials, diffusion coeflicients, stability of the oxidized species
in dilute solutions, and overcharge performance in lithium-ion
batteries containing the diarylamines as electrolyte additives.

2. EXPERIMENTAL SECTION

General Experimental Section. N-Ethylphenothiazine
(EPT), 3,7-dibromo-N-ethylphenothiazine (DBrEPT), and
3,7-dicyano-N-ethylphenothiazine (DCNEPT) were synthe-
sized as previously reported.””*® Silica gel (63—200 yum) was
purchased from Sorbent Technologies, and solvents for
purification were purchased from Fisher Scientific. Sodium
hydride and diphenylamine were purchased from Alfa Aesar.
Bromoethane, phenothiazine, carbazole, and copper(I) cyanide
were purchased from Sigma-Aldrich. Phenoxazine and N-
bromosuccinimide (NBS) and the anhydrous solvents N,N-
dimethylformamide, acetonitrile, and dichloromethane were
purchased from Acros. Carbazole was freshly crystallized from
hot acetone, and NBS from hot water, prior to use. All the
other reagents were used without further purification. 'H and
BC NMR spectra were obtained on Varian spectrometers in
DMSO-ds or CDCl; from Cambridge Isotope Laboratories.
Mass spectra were recorded using an Agilent 5973 Network
mass selective detector attached to Agilent 6890N Network GC
system. Elemental analyses were performed by Atlantic
Microlab, Inc.

Synthesis. The synthetic routes for the diarylamine
derivatives are shown in Scheme 1. Disubstituted diarylamines
were synthesized from commercially available phenothiazine,
phenoxazine, diphenylamine, and carbazole. First, diarylamines
were alkylated with bromoethane. N-Bromosuccinimide was
used to brominate the resultant N-alkylated diarylamines.
Coupling of the dibrominated derivatives with copper cyanide
yielded the dicyano derivatives. The products were charac-
terized by '"H NMR, *C NMR, GCMS, and elemental analysis.
Their electronic properties were studied by cyclic voltammetry
and predicted with computational chemistry. We grew X-ray
quality crystals for some of the compounds. We recently
reported the EPT and DCNEPT crystal structures.””®
Synthetic procedures, characterization, and X-ray crystal
structures of EPO, DBrEDPA, DCNEPO, DCNEDPA, and
DCNECz are shown in the Supporting Information (Figure
S1).

Cyclic Voltammetry. Cyclic voltammetry (CV) experi-
ments were performed using a CH Instruments 600D
potentiostat using a three-electrode system in 0.1 M nBu,NPF
in dry acetonitrile (ACN) containing ca. 0.3 mM analyte.

Scheme 1. Synthetic Route Used To Synthesize N-Ethylphenothiazine (EPT), N-Ethylphenoxazine (EPO), 3,7-Dibromo-N-
ethylphenothiazine (DBrEPT), 3,7-Dibromo-N-ethylphenoxazine (DBrEPO), 3,7-Dicyano-N-ethylphenothiazine (DCNEPT),
3,7-Dicyano-N-ethylphenoxazine (DCNEPO), N-Ethyldiphenylamine (EDPA), 4,4'-Dibromo-N-ethyldiphenylamine
(DBrEDPA), 4,4'-Dicyano-N-ethyldiphenylamine (DCNEDPA), N-Ethylcarbazole (ECz), 3,6-Dibromo-N-ethylcarbazole

(DBrECz), and 3,6-Dicyano-N-ethylcarbazole (DCNECz)
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Figure 2. Cyclic voltammograms of EPT and its derivatives (a), EPO and its derivatives (b), EDPA and its derivatives (c), and ECz and its
derivatives (d) at 0.3 mM in 0.1 M nBu,NPF; in acetonitrile vs Cp,Fe*/® at 0 V. All solutions contain Cp,Fe as the internal reference (not shown, see
Supporting Information for complete plots) and were recorded at 100 mV/s.

PT EPO EDPA ECz
a & b & c ] d %
S [DBrEPT S [DBrEPO S |DBrEDPA S [DBrECz
8 © © S
3 3 a 3
DCNEPT DCNEPO DCNEDPA DCNECz
20 38 36 34 42 40 44 42 40 38 36 34 46 44 42 40 38 36

Potential vs. Li"® (V) Potentlal vs. LIW (V)

Potential vs. Li"™* (V) Potential vs. Li*® (V)

Figure 3. Cyclic voltammograms of EPT and its derivatives (a), EPO and its derivatives (b), EDPA and its derivatives (c), and ECz and its
derivatives (d) at 0.3 mM in 1.2 M LiPF¢ in EC/EMC (3:7) vs Li"/® at 0 V. All solutions contain Cp,Fe as the internal reference (not shown, see
Supporting Information for complete plots) and were recorded at 100 mV/s.

Glassy carbon was used as the working electrode, platinum wire
as the counter electrode, and freshly anodized Ag/AgCl as the
reference electrode. Ferrocene (Cp,Fe) was added to each
sample as an internal standard. CV was also performed in the
battery electrolyte in an argon-filled glovebox, 1.2 M LiPF in
EC/EMC (3:7 wt %), with glassy carbon as the working
electrode, platinum as the counter electrode, and lithium as the
reference electrode. Ferrocene (Cp,Fe) was added as an
internal standard at ca. 0.3 mM, and peaks were referenced to
Li*/® at 0 V. All voltammograms for determining oxidation
potentials were recorded at scan rates of 100 mV/s, and
multiple scans were performed for each sample. Voltammo-
grams of compounds displaying reversible oxidations were also
recorded at 0.3 and 0.05 M in battery electrolyte at scan rates
(v) ranging between S and 500 mV s™' in order to obtain
diffusion coefficients (D) of the neutral and oxidized species.
DFT Calculations. DFT calculations were performed with
Gaussian 09.”” Molecular geometries were optimized first by
the semiempirical quantum chemical method PM3.>° Then
density functional theory (DFT) was used for further
optimization of geometry using Becke’s three-parameter
exchange functional (B3)*' in combination with Lee, Yang,
and Parr’s (LYP)** correlation functions on the basis set of 6-
31G(dp). Calculations were performed in the gas phase for
neutrals (B3LYP) and for radical cations (UB3LYP) where an
unrestricted formalism was applied. Adiabatic ionization
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potentials (IP) were obtained in the gas phase from the total
energy differences between the optimized structures of neutral
and charged (radical cation) species.

Generation and Spectroscopic Analysis of Radical
Cations. Samples for UV—vis spectroscopy were prepared in
optical glass cuvettes (Starna), and spectra were obtained using
an Agilent 8453 diode array spectrometer. The analyte was
dissolved in anhydrous dichloromethane (1.71 X 107* M) in a
vial, and 2.9 mL of solution was transferred to a cuvette with a 1
cm path length. A freshly prepared solution of TDBPA®**
oxidant (100 uL, 4.5 X 10~ M in dichloromethane) was
added using a Hamilton syringe, and the cuvette was
immediately capped with a Teflon stopper and rotated to
distribute the oxidant throughout the sample. Assuming
complete electron transfer, unless otherwise noted, this reaction
results in a net concentration of 1.5 X 10™* M in radical cation,
1.5 X 10™* M in the neutral form of the oxidizing agent, and 1.5
X 107 M in unreacted, neutral redox shuttle. Numerous
spectra were obtained at various times up to 5 h after radical
cation generation.

Battery Fabrication and Cycling. All battery electrolyte
components—ethylene carbonate, ethyl methyl carbonate, and
lithium hexafluorophosphate—were battery grade and were
purchased from BASF Corporation (Florham Park, NJ).
Overcharge tests were conducted with 2032 coin cells using
LiFePO, (Piotrek, Japan) as the cathode and synthetic graphite

dx.doi.org/10.1021/jp503767h | J. Phys. Chem. C 2014, 118, 14824—14832
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Table 1. Calculated Adiabatic IPs and Half-Wave Oxidation Potentials (Effg) vs szFe” % in 0.1 M nBu,NPF; in DCM and vs

Li*/° in 1.2 M LiPF, in EC/EMC (3:7)

adi:tiii IP  E{ vs Cp,Fe'’ (V) for E{fS vs Lit’® (V) for E{J9 vs Lit’° (V) with Dy X 107 for Dy X 107 for
compound (eV) 0.3 mM redox shuttle 0.3 mM redox shuttle 0.05 M redox shuttle 0.3 mM redox shuttle 0.05 M redox shuttle
EPT 6.37 0.27 3.51 3.52 2.3 13
DBrEPT 6.60 041 3.66 3.67 2.4 1.1
DCNEPT 7.20 0.66 3.90 391 2.7 0.8
EPO 6.17 0.21 3.46 3.46 33 1.3
DBrEPO 6.41 0.37 3.61 3.62 3.4 1.1
DCNEPO 7.06 0.67 391 3.92 3.9 0.8
EDPA 6.50 0.46" (0.34, 0.19) 3.67" (3.60, 3.46) - - -
DBrEDPA 667 0.63° (0.41, 0.27) 3.88° (3.64, 3.52) —e —e —e
DCNEDPA 7.36 0.97 421 4.22 1.6 0.9
ECz 6.89 0.73% (0.49) 3.99" (3.71) - - -
DBrECz 7.02 0.98 4.22 423" 4.5 ¢
DCNECz 7.73 1.37¢ 4574 4.61° 2.0 -

“Values in parentheses are additional peaks observed at reverse scan after oxidation. YIrreversible. “Reversible only at scan rates of 300 mV/s and
higher. “Irreversible in the presence of Cp,Fe. ®Not reported because oxidation was not reversible.

a e EPTs
e EPOs
45F o DPAs
e ECzs
2 42} .
[<]
_
_' L]
2 39} o
SN
s
L)
36
1 1 1

62 64 66 68 70 72
Adiabatic IP (eV)

74 76

Figure 4. Plots of the oxidation potentials vs Cp,Fe*’®

7.8

e EPTs
e EPOs
e DPAs
< 12r. ECzs
e
2
q, L ]
w, ost
Q
O
2 os} .
=]
¥ =
L [
)
03
1 1 1

of redox shuttle candidates vs calculated adiabatic IPs (a) and oxidation potentials vs Li

1.5

62 674 efe efs 70 72 74
Adiabatic IP (eV)

76 78

+/0 vs

the calculated adiabatic IPs, both grouped by type of core and shown with lines of best fit.

(Gen-2, Argonne National Laboratory) as the anode. Gen-2
anode is composed of 92 wt % MAG-10 graphite (Hitachi) as
the active material and 8 wt % poly(vinylidene fluoride)
(PVDF) as the binder. The electrolyte was 1.2 M LiPF, in EC/
EMC (3:7 wt %). Coin cells were prepared in an argon-filled
glovebox. A Maccor 4200 battery cycler was used for
performing the cycling procedure. The coin cells were charged
with constant current C/10 for 20 h (100% overcharge) or
until a specific upper voltage (5.0 V) was reached. If the voltage
of the coin cell did not reach 5.0 V after 20 h, the charging step
was followed by a 30 s rest followed by discharging to 3.0 V
with constant current of C/10. Cycling of coin cells that
reached 5.0 V and/or dropped below 3.0 V was stopped.

3. RESULTS AND DISCUSSION

Electronic Properties. Cyclic voltammetry (CV) experi-
ments were performed to determine oxidation potentials in
acetonitrile (ACN) containing 0.1 M nBu,NPF; and in
ethylene carbonate/ethyl methyl carbonate (EC/EMC, 3:7 wt
%) containing 1.2 M LiPF. The voltammograms are shown in
Figures 2 and 3, respectively. Expanded versions containing the
internal reference Cp,Fe are shown in the Supporting
Information (Figures SS and S6). All EPT (Figures 2a and
3a) and EPO (Figures 2b and 3b) compounds exhibited
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reversible oxidation in both electrolytes, whereas reversibility of
oxidation for EDPA (Figures 2c and 3c) and ECz (Figures 2d
and 3d) compounds varied with the substituent.

As expected, the oxidation potentials of the diarylamine
derivatives increased (shifted anodically) with increased
electron-withdrawing strength of the substituents (—Br and
—CN). The reversibility of the redox process for EDPA
derivatives (Figures 2c and 3c) and ECz derivatives (Figures 2d
and 3d) suffered in both electrolytes, showing that in some
cases although we had blocked the positions para to the N
atom to decrease the likelihood for dimerization, the stability of
the radical cations—based on the irreversibility of the
oxidations in the voltammograms—was poorer than that of
their unsubstituted parent compounds. The oxidation poten-
tials of EPT and EPO derivatives are lower than those of their
ECz counterparts due to the electron-rich sulfur and oxygen
atoms. The presence of polarizable heteroatoms within the
conjugated framework usually lowers ionization potentials
relative to their hydrocarbon counterparts.>>** The oxidation
potentials of the EDPA derivatives, as expected, are likewise
lower than those of ECz derivatives. The relatively high
oxidation potentials exhibited by carbazole derivatives may be
due to the enhanced conjugation of the planar carbazole core,
an attribute that resulted in decreased HOMO energy.

dx.doi.org/10.1021/jp503767h | J. Phys. Chem. C 2014, 118, 14824—14832
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Figure . Cyclic voltammograms of 0.3 mM EPT (a) and 0.05 M EPT (b) in 1.2 M LiPF in EC/EMC (3:7) vs Li*/% at 0 V at scan rates from 5 to
500 mV/s. Randles—Sevcik plots peak current vs square root of the scan rate for 0.3 mM EPT (c) and 0.05 M EPT (d).

Following oxidation, two new peaks appeared in the reverse
scan of EDPA (0.34 and 0.19 V vs Cp,Fe*’® at 0 V; 3.60 and
3.46 V vs Li*% at 0 V) and DBrEDPA (0.41 and 0.27 V vs
Cp,Fe™? at 0 V; 3.64 and 3.52 V vs Li*/% at 0 V) and are shown
in Figures 2c and 3c for both electrolytes, respectively. These
two peaks exhibited reversibility and increased in intensity in
subsequent scans, consistent with the deposition of a new
material on the surface of the working electrode. In contrast,
DCNEDPA displayed no additional peak in the reverse scan
upon its reversible oxidation. ECz exhibited an irreversible
oxidation, and new peaks were observed in the reverse scan
(0.49 V vs Cp,Fe™® at 0V, Figure 2d; 3.71 V vs Li”® at 0V,
Figure 3d), which became reversible with multiple scans. In
contrast to the trends in the diphenylamine derivatives,
DBrECz displayed reversible oxidation, whereas the oxidation
of DCNECz was irreversible.

Electronic properties of the diarylamines were also studied by
performing calculations using Gaussian 09.** Molecular geo-
metries were optimized first by the semiempirical quantum
chemical method PM3.%° Density functional theory (DFT) was
then applied for further optimization of geometry using the
B3LYP?"* exchange correlation function with the basis set of
6-31G(dp). Adiabatic ionization potentials (IP) were obtained
in the gas phase by calculating the total energy differences
between the optimized structures of neutral and charged
(radical cation) species. Electron contours in the highest
occupied molecular orbital (HOMO) of each neutral and in the
singly occupied molecular orbital (SOMO) of each charged
species are listed in Figures S2 and S3 of the Supporting
Information. The oxidation potentials of diarylamines vs
Cp,Fe*’® at 0 V and vs Li*’° at 0 V along with adiabatic IP
are listed in Table 1.

14828

A strong correlation, shown in Figure 4a, is evident in the
oxidation potentials vs Cp,Fe™/® at 0 V and adiabatic ionization
potentials of the diarylamines within a type of aromatic core
(such as in EPT derivatives or in EPO derivatives). Similarly, a
strong correlation is also observed for the oxidation potentials
vs Li*’® at 0 V and adiabatic ionization potentials, as shown in
Figure 4b. The R* values for adiabatic IP vs experimental
oxidation potentials vs Cp,Fe*’* at 0 V and vs Li/* at 0 V are
listed in Table S2 of the Supporting Information.

CV experiments with different scan rates were performed in
battery electrolyte for compounds that display reversible
oxidation and diffusion coefficients were determined at 0.3
and 50 mM in redox shuttle. The peak currents during anodic
and cathodic scan, Ipa and Ipc, respectively, at different sweep
rates were used in the Randles—Sevcik equation®**¢

Ip = (2.69 x 10°)n*/*AD"/*"/2C

in which Ip is peak current (A), n is the number of the electrons
in the redox process (1 = 1), A is the electrode area (cm?), v is
scan rate (V/s), C is the shuttle concentration (mol cm™), and
D is the diffusion coefficient (cm?® s™'). The oxidations of
EDPA, DBrEDPA, ECz, and DCNECz are irreversible (Figure
3c,d). However, the oxidation of DCNECz is irreversible only
in the presence of ferrocene; thus, it was also included in the
diffusion coefficient study. Cyclic voltammograms of 0.3 mM
EPT and SO mM EPT at scan rates from S to S00 mV/s are
shown in Figure Sa and Sb, respectively. And their Randles—
Sevcik plots are shown in Figure Sc and Sd. Except for S0 mM
DBrECz and 50 mM DCNEC¢, voltammograms and Randles—
Sevcik plots of EPT (0.3 and 50 mM) were generally

dx.doi.org/10.1021/jp503767h | J. Phys. Chem. C 2014, 118, 14824—14832
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Scheme 2. Schematic Representation of One-Electron Oxidation of EPT Derivatives with TDBPA®*
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Figure 6. UV—vis absorption spectra of the radical cations of EPT and its derivatives (a), EPO and its derivatives (b), EDPA and its derivatives (c),
and ECz and its derivatives (d) at 1.5 X 10™* M in DCM immediately after generation with TDBPA*".

representative of the general behavior of the redox shuttles, the
remaining data for which are shown in Figures S7—S12.

The linearity of the plots of peak current vs square root scan
rate from CVs collected at sweep rates between S and 500 mV/
s suggests a diffusion-controlled reaction, and the slope of this
plot was used to obtain the diffusion coefficients.’” The
diffusion coeflicients of neutral species for all of the compounds
with reversible oxidation are listed in Table 1, and those for the
oxidized species and the ratio of oxidized to neutral species are
shown in the Supporting Information (Table S3). The oxidized
species have lower diffusion coefficients than their neutral
counterparts, which may be due to stronger interactions of the
oxidized molecule with the PF4~ anion and carbonate
solvents.*® This interaction is more prominent at lower
concentrations of analytes (0.3 mM) whereas the ratio of
diffusion coefficient of oxidized species to reduced species (Dg/
Dy) is higher at higher concentrations (50 mM), as shown in
Table S3. The oxidation of DBrECz is irreversible at 0.05 M,
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and new peaks formation observed in voltammograms, even at
higher scan rates (500 mV/s). The oxidation of DCNECz also
shows diminished reversibility with decreasing scan rate. Thus,
diffusion coeflicients of DBRECz and DCNECz were not
obtained at 0.05 M.

UV—vis Studies. To study the stability of the oxidized form
of the redox shuttles, the decomposition of which is thought to
be the main limiting factor in overcharge performance, we
generated radical cations in situ using the oxidant tris(2,4-
dibromophenyl)aminium hexachloroantimonate (TDBPA®*).*
The schematic representation of one-electron oxidation for
EPT derivatives is shown in Scheme 2. Recently, we found a
general correlation between radical cation stability and the
number of overcharge cycles reported for each compound and
were curious if radical cation stability in dilute solutions is a
reliable predictor of overcharge performance as the diversity of
diarylamine cores and substituents is varied.””

dx.doi.org/10.1021/jp503767h | J. Phys. Chem. C 2014, 118, 14824—14832



The Journal of Physical Chemistry C

-
N

-
o
T

o
o]
T

—e—EPT
| —e— DBreEPT
—e— DCNEPT

Fraction of Original Absorbance ®
o o
i o

—e—EPO
+— DBrEPO

0.2 s pcNEPO
—e—Ecz
—e— DBrECz

0.0 1 1 L 1 1 1 I} 1
0 40 80 120 160 200 240 280

Time (min)

Percentage of Original Absorbance ©

15} = 1h
g 3h
o
o 5h
12F =
DBEPT  perePO s
eer EPO EPT
09|
B DCNEPO
06| DCNEPT
-
N
s [&]
0.3 <a g
2 a
o
[=]
00 I} 1 1 1 1 1 I}
2 4 6 8 10 12

Average Number of OC cycles

Figure 7. Normalized absorbance of the radical cations of diarylamines and their derivatives at the wavelength of maximum absorbance in visible
region in DCM over S h (a) and the percentage of absorbance at the 1st, 3rd, and Sth h for redox shuttle candidates along with average number of
overcharge cycles obtained with synthetic graphite/LiFePO, coin cell batteries (b).

Radical cations were generated at 0.15S mM (assuming
complete electron transfer) using TDBPA**, which was added
to solutions of each redox shuttle candidate in dichloromethane
(DCM), and stability was monitored using UV—vis spectros-
copy. UV—vis spectra of the oxidized diarylamines and their
derivatives show peaks that are red-shifted compared to the
neutral forms (Figure 6a—d). This clear distinction of the
radical cation absorption features allowed us to monitor the
absorbance of the radical cations over time. Specifically, we
monitored the intensity of each radical cation at the maximum
absorbance in the visible region. The wavelengths monitored
for determining relative concentration of oxidized redox shuttle
candidates are listed in the Supporting Information (Table S4).
Figure 7a shows a plot of the normalized absorbance of the
radical cations over S h, averaged over three runs in DCM.
Individual UV—vis absorption spectra of each radical cation in
DCM for 5 h are shown in Figures S13—S16. While most
radical cations showed peaks that diminished over time, but
with the same overall spectral features, the EDPA group was an
exception. For example, the radical cations of DCNEDPA
disappeared in the first S min (Figure S15d), revealing low
stability of this species. In the case of DBrEDPA, radical cations
showed multiple peaks emerging with different behavior,
suggesting that oxidation leads to one or more reaction
pathways. The high oxidation potential of DCNECz prevented
its oxidation with TDBPA®', so we were unable to study its
radical cation stability using this chemical oxidant.

The stability of the radical cation can be used to identify
candidates for extended overcharge performance because it is
the more reactive of the two active oxidation states of the redox
shuttle. However, stable radical cations do not guarantee
extended overcharge performance. Differences in conditions
from dilute DCM to the battery environment involve changes
in redox shuttle concentration, a different solvent (carbonates),
an electrolyte salt (i.e., LiPF;), encounters with electrode and
polymer separator surfaces, and an electric field. Thus, far we
have used radical cation stability as a way to weed out unstable
radical cations, bearing in mind that only some of the stable
radical cations will show extended overcharge performance.
Figure 7b shows a plot of the stability of the radical cations of
diarylamines for 1, 3, and S h versus the average number of
overcharge protection cycles obtained from coin cell experi-
ments. As mentioned above, stable radical cations in dilute
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solutions in DCM do not guarantee a large number of
overcharge protection cycles.

Because of the relative empirical character of the UV—vis
decay data, the stabilities of the radical cations were compared
to the stability of the EPT radical cation (represented as
EPT*"), which is relatively stable, with little decay over S h. In
fact, the absorbance of the EPT radical cation increases over 5
h, which is due to the oxidation of remaining neutral EPT by
the solvent, as is often the case for electron rich amines in
chlorinated solvents.

In the series of N-ethyldiarylamines, EPT** and EDPA*" do
not decay measurably in 5 h, whereas the decay of EPO** and
ECz®* is apparent although almost negligible. Of the
dibrominated derivatives, DBrEPT** and DBrEPO®* show
similar stability to EPT®*, whereas DBrECz decays rapidly. The
changes in the UV—vis spectra of DBrEDPA*" (Figure S15c)
indicate that other reactions—not simply decomposition to the
neutral version of the compound—are occurring, producing
either new radical cations or other conjugated species that
absorb in the visible region. All tested dicyano derivatives
decayed more rapidly than their parent molecules, indicating
that the radical cations have lower stability.

Overcharge Protection Performance. Performance of
the diarylamines as redox shuttles was tested in overcharge
experiments in lithium-ion batteries. Coin cells were assembled
containing diarylamines as electrolyte additives at 0.05 M in
EC/EMC (3:7 wt %) containing 1.2 M LiPF,. Cycling data for
EPT, DBrEPT, and DCNEPT have been reported.28 However,
for consistency, in this work we tested the redox shuttles at
lower concentrations due to the solubility constraints of some
of the derivatives, specifically DCNEPT and DCNEPO. For
direct comparison to EPT'’ and our previously reported
DBrEPT and DCNEPT,* all compounds were tested at 0.05
M in case of variability in overcharge performance at different
redox shuttle concentrations. The number of overcharge cycles
and potential of overcharge protection are listed in Table 2
along with measured oxidation potentials vs Li*/® and calculated
adiabatic IPs. Plots of voltage vs time for coin cell experiments
are shown in Figures S17 and S18.

For EPT, EPO, and ECz derivatives, the number of
overcharge protection cycles was higher with lower oxidation
potentials, with nonsubstituted derivatives having more over-
charge cycles than the dibrominated derivatives, which were in
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Table 2. Half Wave Oxidation Potentials (E;/3) vs Li*/® in
1.2 M LiPF; in EC/EMC (3:7) (Values in Parentheses Are
New Peaks Observed on Subsequent Scans), Potential for
Overcharge Protection, and the Number of Overcharge
Cycles Obtained as Well as a Comparison to Radical Cation
Stability Results: Ratio of the Absorbance at 5th h to That of
the Initial Absorbance

ratio of abs

potential of no. of OC cycles  at Sth h to
overcharge  from individual coin the
Ef//og vs  protection vs cells and average (in  original
compound  Li"? (V) Lit’® (V) parentheses) abs
EPT 3.51 35 1, 14, 21 (12) 1.10
EPO 346 34 3,711 (7) 0.99
ECz 3.99% 34-37 0,27 (3) 0.96
(3.71)
DBrEPT 3.66 3.6 0,24 (2) 1.08
DBrEPO 3.61 3.6 3,3,2(3) 1.09
DBrECz 422 34 0,0,3 (1) 0.10
DCNEPT  3.90 - 0,0,0 (0) 0.60
DCNEPO 391 - 0,0,0 (0) 0.78
EDPA 3.67% - 0,0, 0 (0) 1.60
(3.60,
3.46)
DBEDPA  3.88” - 0,0,0 (0) 0.09
(3.64,
3.52)
DCNEDPA 421 - 0, 0,0 (0) 0.01
DCNECz 4.57 - 0,0, 0 (0) N/A

“Irreversible. "Reversibility is scan rate related.

turn more protecting than the dicyano derivatives, which
showed no overcharge protection in these conditions.

Despite varying radical cation stabilities, none of the N-
ethyldiphenylamine compounds (EDPA, DBrEDPA, and
DCNEDPA) exhibited overcharge protection. The greater
stability of EPT and EPO derivatives in comparison to
corresponding ECz and EDPA derivatives could be due to
the electron-donating effect of the S and O atoms into the
aromatic rings of EPT and EPO, respectively, stabilizing the
positive charge of the radical cation. Additionally, EDPA may
be less stable than the fused cores because it has additional
open ortho positions, which provide more sites for reaction. In
DBrECz batteries, the potential for overcharge protection varies
from about 3.4 V, which is significantly lower than the oxidation
potential from cyclic voltammetry. This may be due to
electropolymerization, producing a lower oxidation potential
poly(ECz), dropping the voltage of overcharge protection.
Similarly, while DBrEPT’s potential for overcharge protection
initially matches its oxidation potential, with time the potential
for overcharge protection drops by at least 0.5 V, consistent
with the formation of poly(EPT).

4. CONCLUSIONS

In summary, diarylamine derivatives were synthesized and were
studied as redox shuttle candidates for overcharge protection in
LIBs with high voltage cathodes. Their oxidation potentials
were determined using cyclic voltammetry, which correlated
well with trends in adiabatic IPs calculated using density
functional theory. Radical cation stability at low concentrations
(LS X 107* M) in DCM was consistent with overcharge
performance for the case of unstable radical cations, which did
not exhibit overcharge protection, but stability of radical cations
in dilute solutions (1.5 X 10™* M) does not guarantee that the
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additives will protect from overcharge at higher (0.05 M)
concentrations. As we anticipated, the incorporation of
electron-withdrawing substituents correlates with a smaller
number of the overcharge cycles. While DFT calculations can
be used to predict oxidation potentials, which will be useful in
the identification of redox shuttle candidates for high voltage
cathodes, it is important to note that predicting reactivity is far
more difficult. A challenge and opportunity exists to identify
kinetically stable redox shuttles prior to their synthesis and
testing: a complicated task given the variety of pathways of
decomposition possible at high concentrations in battery
electrolyte. We look forward to continued optimization of
screening techniques of candidates for overcharge as well as the
identification of decomposition products of their radical cations
to enable us to learn more about reactivity of these electron-
deficient species in our search for stable, high voltage redox
shuttles.
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