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3,7-Disubstituted N-ethylphenothiazine derivatives were synthe-
sized as redox shuttle candidates for lithium-ion batteries. Battery
cycling results show that three derivatives prevent overcharge.

Lithium-ion batteries (LIBs) are the most common energy storage
systems for portable electronic devices due to their high energy
densities, low rates of self-discharge, long cycle lifetimes, lack of
memory effect, and high rate capabilities."> However, safety issues
associated with LIBs are major obstacles for large scale applica-
tions. During overcharge, a condition in which cell potential rises
above the end-of-charge state of the cathode, overdelithiation can
lead to decreased capacities, and increased temperatures can lead
to fires and explosions.®* Several techniques have been proposed
and applied to prevent overcharge, including the use of electrolyte
additives called redox shuttles, which prevent cell voltage from
rising beyond the additive’s oxidation potential through redox
reactions at the electrode/electrolyte surfaces, shuttling current
through the electrodes instead of further charging the battery.>™®

For redox shuttles to be utilized in overcharge protection, their
oxidation potentials should be slightly higher than the end-of-
charge potential of the cathode; this prevents their interference
with battery charging and enables their activation soon after over-
charge occurs. Hundreds of compounds have been tested as redox
shuttles;>** however, most tested candidates are not commer-
cially viable due to low oxidation potentials and/or poor stability in
their oxidized (radical cation) state."* Increasing the oxidation
potentials of redox shuttles whilst maintaining radical cation
stability is particularly challenging. The radical cation form of a
redox shuttle is subject to dimerization reactions and/or nucleo-
philic attack due to its radical nature and electron deficiency.'®
Introducing electron-withdrawing groups to increase oxidation
potentials often further destabilizes the radical cation form by
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making it even more electron deficient. For redox shuttles to be
used with high voltage cathode materials,"*"'®*® it is necessary to
develop stable redox shuttles with higher oxidation potentials.

N-Alkylphenothiazine derivatives were reported as redox
shuttles by the Dahn group; this class of compounds exhibits
overcharge protection for a relatively large number of over-
charge cycles, yet are limited in application due to their low
oxidation potentials (ca. 3.5 V vs. Li*’°).*>?° We are interested in
incorporating electron-withdrawing substituents onto the aro-
matic backbone of N-alkylated phenothiazines to increase their
oxidation potentials for use with high voltage cathodes.

In designing derivatives of N-alkylated phenothiazines, we
sought to place these substituents at more reactive positions of
the phenothiazine core to improve stability in the radical cation
form. Aromatic amines such as triphenylamines and phenothia-
zines are subject to dimerization and oligomerization reactions in
the radical cation state, which has been shown to occur most
readily at the positions para to the nitrogen atoms.>'® Conveni-
ently, these positions are the most reactive in electrophilic aro-
matic substitution reactions, making them easy to modify with a
variety of substituents. Therefore, for this study, we synthesized
3,7-disubstituted derivatives of EPT in which substituents are
incorporated at the positions para to the nitrogen atoms (Fig. 1).
We introduced electron-withdrawing substituents (-Cl, -Br, —CF3,
and -CN) for consideration with higher oxidation potential deri-
vatives for high voltage cathodes. In one case we incorporated an
electron-donating substituent (-CH;) to block the para positions
without decreasing electron density in the aromatic ring.

The synthesis of 3,7-disubstituted derivatives of EPT was accom-
plished in two or three steps from phenothiazine (Scheme S1, ESI).
Briefly, phenothiazine was alkylated with bromoethane yielding
EPT, which was then chlorinated with N-chlorosuccinimide to syn-
thesize DCIEPT or brominated with N-bromosuccinimide to synthe-
size DBIrEPT. Next DBrEPT was treated with n-butyllithium followed
by iodomethane to produce DMeEPT, potassium trifluoroacetate
to produce BCF3EPT, or copper cyanide to produce DCNEPT. All
products were characterized by standard spectroscopic techniques.
Single crystal X-ray structures were obtained for EPT, DMeEPT, and
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Fig. 1 N-Ethylphenothiazine (EPT) and derivatives 3,7-dichloro-N-ethyl-
phenothiazine (DCIEPT), 3,7-dibromo-N-ethylphenothiazine (DBrEPT),
3,7-dimethyl-N-ethylphenothiazine (DMeEPT), 3,7-bis(trifluoromethyl)-N-ethyl-
phenothiazine (BCF3EPT), and 3,7-dicyano-N-ethylphenothiazine (DCNEPT).

DCNEPT (Fig. S1-S3, Table S2, ESIt). As expected, the benzene rings
deviate from planarity at the N and S positions, with dihedral (@)
angles ranging from 134.6° to 156.6°, a feature often observed in
phenothiazine derivatives.”” "

DFT calculations were performed for EPT and the disubstituted
derivatives using the B3LYP/6-31G** basis set®** to predict mole-
cular geometries and adiabatic ionization potentials, and thus
predict the trend in oxidation potentials. Relative oxidation poten-
tials were also predicted using Hammett constants of the para
substituents, using two times the value of the Hammett constants
because the EPT derivatives contain two substituents, consistent
with a previous study of ferrocene derivatives.>* Cyclic voltammetry
(CV) experiments were used to determine oxidation potentials in
dichloromethane (DCM) containing 0.1 M nBu,NPF, and in ethylene
carbonate-ethyl methyl carbonate (EC-EMC) (3:7 wt%) containing
1.2 M LiPFs, a common battery electrolyte. The voltammograms in
both electrolytes are shown in Fig. 2. Expanded versions containing
the internal reference Cp*,Fe are shown in the ESIt (Fig. S5).

Cyclic voltammograms show that all compounds exhibit rever-
sible oxidations in both electrolytes. We know from our recent study
that reversibility in CV does not necessarily correlate with overcharge
performance; voltammograms were used only to determine oxida-
tion potentials.’®> As expected, the oxidation potentials of the
disubstituted EPTs increase with electron-withdrawing substituents
(-Cl, -Br, -CF;, —-CN) and decrease with the electron-donating

Q[oveEPT % b [oMeEPT &
|, L.
DCIEPT DCIEPT

) \// =) i

3 |DBrEPT « [DBrEPT

8 =

E c

2 £

3 lsese © b
- < ; BCF:’TPT/F
| L,
DCNEPT [DCNEPT ;

10 08 06 04 02 0.0 42 40 38 36 34 32
Potential vs. Cp,Fe*/° (V) Potential vs. Li*0 (V)

Fig. 2 Cyclic voltammograms of disubstituted EPT derivatives in 0.1 M
nBu4NPFg in dichloromethane vs. Cp,Fe*’® at 0 V (a) and in 1.2 M LiPFg in
EC-EMC (3:7) vs. Li*’® at 0 V (b). Both contain Cp,*Fe as the internal

reference (not shown) and were recorded at 100 mV s 1.
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Tablel Hammett constants, calculated adiabatic IPs, half-wave oxidation
potentials (E1/,*/°) vs. CpoFe*/® in 0.1 M nBu4NPFg in DCM and vs. Li*/C in
1.2 M LiPFg in EC/EMC (3/7), and number of overcharge cycles achieved in
synthetic graphite/LiFePO,4 coin cell batteries

Substituent Calculated Number

Redox ~ Hammett  adiabatic E,,"°vs. E;,"°vs. overcharge
shuttle  const (6;,)  IP (eV) Cp,Fe™ (V) Li" (V) cycles
DMeEPT -CHs; —0.17 6.14 0.13 3.40 36, 48, 83
EPT -H; 0 6.37 0.27 3.51 20, 27, 65
DCIEPT -Cl; 0.23 6.65 0.41 3.64 19, 22, 37
DBrEPT -Br; 0.23 6.60 0.43 3.66 2,4,5
BCF3EPT -CFj; 0.54 6.91 0.61 3.83 17, 75, 95
DCNEPT -CN; 0.66 7.20 0.73 3.90 0,0,1

The asterisk next to some values in the number of overcharge cycles
indicates that the battery was still cycling at the time of manuscript
submission and the number provided indicates the current cycle number.

B

= Hammett Constant "'+ Hammett Constant
a |« AdabatciP {22 b [|. Adsbete DCNEPTy o 72
- — =
€ 10} < 10}
2 {s0% & 69 5,
s a < &
Q 5 K8 =
S DCIEPT g o [
B os 2 Eost g
£ Hes& 2 66 5
= v & il
£ s £ >
x 00 J63S x 00 455
o ~
MeEPT DMeEPT
PR
o8 60 05l 60

01 02 03 04 05 06 07 08 34 35 36 37 38 33

Potential vs. Cp,Fe™ (V) Potential vs. Li™® (V)

Fig. 3 Plots of the oxidation potentials of redox shuttle candidates vs. szFe+/ 0
(a) and vs. Li*° (b) with Hammett constants (2 x o,) and calculated
adiabatic IPs with their respective linear fits for Hammett constants (red)
and adiabatic IPs (blue).

substituent (—-CHs). Numerical values for the oxidation potentials
in both electrolytes, calculated adiabatic IPs, and Hammett con-
stants (op,) are reported in Table 1. In both electrolytes there is a
linear correlation between oxidation potentials and Hammett con-
stants as well as with calculated adiabatic IPs (Fig. 3).

To test overcharge performance, we assembled and cycled synthetic
graphite/LiFePO, coin cells containing EPT and the disubstituted
derivatives as electrolyte additives at 0.08 M in 1.2 M LiPFs in
EC-EMC (3:7). Although cycling data for EPT has been reported by
Dahn and coworkers," we tested the overcharge performance of EPT to
serve as a benchmark for our laboratory. Overcharge performance
varies with redox shuttle concentration, electrolyte composition, and
electrode materials, so for consistency, comparisons in redox shuttle
performance should be performed in the same battery environ-
ment."*?° The number of overcharge protection cycles observed for
each additive in multiple coin cells is reported in Table 1. We report all
cycle numbers (not an average or maximum number of cycles) to show
the variation in results that occurs in overcharge testing results.*®

The overcharge protection exhibited by the EPT derivatives
showed variable results. DMeEPT shows voltage stabilization for a
relatively large number of overcharge cycles (Fig. 4a) but - given its
lower oxidation potential — oxidizes before the battery is fully
charged. DCIEPT (Fig. 4b) and DBrEPT (Fig. S6, ESIT) both exhibited
overcharge protection although with fewer overcharge cycles than
EPT or DMeEPT. We hypothesize that DCIEPT and DBrEPT decom-
pose more rapidly due to their more polarizable carbon-halogen
bonds, which could easily cleave to form radical species. BCF3EPT
survived for more overcharge cycles than either halogenated deriva-
tive (Fig. 4c), despite having a higher oxidation potential. This result is
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Fig. 4 Overcharge cycling at 100% overcharge (100% more charge than
cell charge capacity) of synthetic graphite/LiFePO, coin cell batteries
containing 1.2 M LiPFg in EC-EMC (3:7) and 0.08 M DMeEPT (a), 0.08 M
DCIEPT (b), and 0.08 M BCF3EPT (c). *The BCF3EPT battery is still cycling.

consistent with the polarizability being an important factor in radical
cation stability, since the C-CF; bond is less polarizable than the C-CI
and C-Br bonds. At overcharge cycle number 95, one of the BCF3EPT
coin cells is still cycling as of submission of this manuscript.”” Lastly
DCNEPT exhibited little to no overcharge protection, which may be
due to the oxidation potential of the derivative becoming too high,
perhaps resulting in a radical cation that is too reactive to survive in
the battery electrolyte. When an aromatic ring becomes significantly
electron deficient, it may be subject to nucleophilic attack as a
method of decomposition.”® EPT radical cations have been shown
to be stabilized by interactions with neutral equivalents in a donor-
acceptor T dimers at concentrations of 0.5 mM. It is also possible that
the radical cations of electron poor derivatives like DCNEPT are not
stabilized by their neutral counterparts, leading to lower stability of
these radical cations at higher concentrations in battery electrolyte
(0.08-0.10 M) compared to electron rich versions. Rigorous investiga-
tion of mechanisms for decomposition and their effect on variation
in overcharge performance is the subject on ongoing research to be
published at a later date.

In summary, 3,7-disubstituted derivatives of EPT were synthe-
sized as redox shuttle candidates, modified using electron-donating
and electron-withdrawing substituents to vary their oxidation poten-
tials, particularly in an effort to synthesize redox shuttles for use with
high voltage cathodes. Hammett constants and DFT calculations of
adiabatic IPs were both reliable techniques for predicting the
oxidation potentials of the EPT derivatives, as the values from each
result showed a linear correlation with measured oxidation poten-
tials. Consistent with previous results, we observed that reversibility
of oxidations measured using CV does not correlate to trends in
overcharge performance; voltammograms show reversible oxida-
tions for all EPT derivatives despite the significant variation in
overcharge performance. Lastly, all but one disubstituted EPT
derivative protects batteries from overcharge, with BCF3EPT being
the most promising candidate for high voltage cathodes.
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