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3,5-di-tert-butyl-1,2-dimethoxybenzene (DBDB) has been synthesized as a new redox shuttle additive for
overcharge protection of lithium-ion batteries. DBDB can easily dissolve in carbonate-based electrolytes,
which facilitates its practical use in lithium-ion batteries; however, it has poor electrochemical stabil-
ity compared to 2,5-di-tert-butyl-1,4-dimethoxybenzene (DDB). The structures of DBDB and DDB were

investigated using X-ray crystallography and density functional calculations. The structures differ in the
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conformations of the alkoxy bonds probably due to the formation of an intramolecular hydrogen bond
in the case of DBDB. We investigated reaction energies for decomposition pathways of neutral DBDB and
DDB and their radical cations and found little difference in the reaction energies, although it is clear that
kinetically, decomposition of DBDB is more favorable.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Redox shuttle additives have been proposed for overcharge
protection of secondary lithium-ion batteries for decades [1-6].
Generally, the redox shuttle molecule can be reversibly oxidized
and reduced at a defined potential slightly higher than the end-
of-charge potential of the positive electrode. This mechanism can
protect the cell from overcharge by locking the potential of the pos-
itive electrode at the oxidation potential of the shuttle molecules.
The detailed mechanism is shown in Scheme 1. On the overcharged
positive electrode surface, the redox shuttle molecule (S) would
be oxidized to its (radical) cation form (S*), which, via diffusion
across the cell electrolyte, would be reduced back to its original or
reduced state on the surface of the negative electrode. The reduced
form would then diffuse back to the positive electrode to get oxi-
dized again. The “oxidation-diffusion-reduction-diffusion” cycle
could be repeated continuously due to the reversible nature of the
redox shuttle to shunt the overcharge current. The redox shuttling
mechanism at overcharge can be regarded as a controlled internal
short and the net result of the shuttling is to convert the over-
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charge electricity power into heat to avoid the reactions between
the electrodes and electrolytes at high voltage.

In the past 20 years, hundreds of compounds have been
reported for the purpose of redox shuttles [7,8]. Looking through
the timeline and corresponding literatures, one can easily find
out that more and more organic structures have been employed
in the design of the redox shuttles, e.g. from inorganic halogen
redox couples [9-11] to organometallics ferrocene derivatives
[3,12-15], and then to conjugated organic compounds [16-21].
However, with a few exceptions, most of the reported redox
shuttles cannot meet the requirements for practical battery
applications due to either the low redox potentials of the redox
shuttles or the poor stability of the oxidized shuttle molecules,
which are two major obstacles for finding successful redox shuttle
additives. The stability seems even more important because
it is not difficult to find molecules bearing desired oxidation
potentials (3.9V for LiFeO4 positive electrodes, and 4.5V for
LiMn, 04 positive electrodes), but only a few of them give a certain
amount of the overcharge shunting time, comprising 10-methyl-
phenothiazine (MPT) [17], 2,2,6,6-tetramethylpiperinyl-oxides
(TEMPO)[18], 2,5-di-tert-butyl-1,4-dimethoxybenzene (DDB)[16],
and  2-(pentafluorophenyl)-tetrafluoro-1,3,2-benzodioxaborole
(PFPTFBDB) [21].

As an organic benzene derivative, DDB has shown promising
results. Compared to MPT [17] and TEMPO [18], DDB exhibits a
much higher oxidation potential, 3.96V vs. Li, and stable cycling
(260 cycles) performance under the condition of 100% overcharge
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Scheme 1. Scheme of the mechanism of redox shuttle shunting current during
overcharge.

in LiFePO4 cells [16]. On the other hand, PFPTFBDB [20] has been
reported as having an even higher oxidation potential (4.43V
vs. Li/Li*) and showing promising overcharge results for LiM,O;
(M=Ni, Co, Mn, etc.) cells. However, the multiple steps involved in
the synthesis of this perfluoro compound make it a great challenge
for its scale-up and wide application.

The main impediment to the use of DDB in lithium-ion cells is
its low solubility in conventional carbonate electrolytes due to its
low polarity [22]. Thus, it is hard to use DDB directly in the con-
ventional electrolyte to achieve the reported experimental results.
Also, the factors related to stability of redox shuttles are not fully
understood. In this report, we studied DBDB, an isomer of DDB, as
a candidate for redox shuttles. The structures and decomposition
pathways were compared to those of DDB to explore the possibility
of further improvements in their performance.

2. Experimental

DBDB is not commercially available, and it was prepared in our
lab according to the following procedure (Fig. 1). First, NaH (1.8 g,
5 equiv.) was added to 3,5-di-tert-butylcatechol (2.0g, 1 equiv.,
Aldrich) in dry THF (70 mL), and the mixture was stirred under an
argon atmosphere. lodomethane (1.32 mL, 3 equiv., Aldrich) was
then added to the reaction mixture through an addition funnel.
After 3 h of stirring, the reaction mixture was poured into 100 g ice
and neutralized to pH 7 with 10% HCl aqueous solution. The result-
ing mixture was then extracted with CH,Cl, (3x 20mL), and the
organic phase was concentrated by a rotary evaporator. Finally, the
residue was passed through a chromatograph column to generate
the pure product (yield 71%). 'TH NMR (500 MHz, CDCl3): §/ppm
6.93 (s, 1H), 6.83 (s, 1H), 3.87 (s, 6H), 1.39 (s, 9H), 1.31 (s, 9H);
13C NMR (125 MHz, CDCl3): §/ppm 152.74, 146.37, 145.68, 142.34,
115.92,108.50, 60.47, 56.04, 35.51, 35.04, 31.81, 30.89. Mass spec-
troscopy (ESI*): calcd. (M*) 250.2, found (M*) 250.2. Single crystals
of DBDB were obtained by storing the concentrated solution at 4°C
and were identified by X-ray crystallography.

Cyclic voltammetry experiments using a Solartron Analytical
1470E system were performed in custom-made three-electrode
cells with a 1-mm-diameter Pt working electrode, a Li metal ref-
erence electrode, and a Li counter electrode. The electrolyte tested
was 1.2 M LiPFg in a mixture of ethylene carbonate and ethyl methyl

OH (1) NaH G
(@Ch OMe
DBDB

Fig. 1. Synthesis of 3,5-di-tert-butyl-1,2-dimethoxybenzene (DBDB).

carbonate (EC/EMC) in a weight ratio of 3:7. The DBDB shuttle
molecule was added to the carbonate in a concentration of 5wt.%.
The sweep rate was varied from 10 to 500 mV s~!. In addition, 1000
successive scans were taken at 100mVs~1.

Overcharge tests were conducted in 2032 coin cells of LiFePOg4/Li
and LiFePO4/graphite. The graphite electrode consisted of meso-
carbon microbeads (MCMB), and the LiFePO,4 electrode (provided
by EnerDel) consisted of 84% LiFePO4 active material, 8% acety-
lene carbon black, and 8% polyvinylidene difluoride as binder. The
electrolyte was 1.2 M LiPFg in 3:7 EC/EMC containing 5 wt.% DBDB
additive. The cells were charged at a constant current of C/10 for
20h (100% overcharge) or until a specific upper cutoff voltage was
reached (normally 4.5V vs. Li/Li*), whichever occurred first. After
overcharging, the cells were discharged to a normal cutoff voltage
using the same constant current.

X-ray diffraction experiments were performed by gluing a
single-crystal to the end of a glass fiber and mounted on a Bruker
SMART 3-circle diffractometer equipped with an APEX Il CCD area
detector, sealed-tube MoKy, radiation (A =0.71073 A) X-ray source,
graphite monochromator and Monocap collimator. The crystal
temperature was maintained at 200K through use of an Oxford
Cryostream 700 Plus cold finger [23].

3. Results and discussion
3.1. Solubility

DBDB is not commercially available, and it was prepared in
our lab according to the following procedure (Fig. 1). DBDB shows
excellent solubility in carbonate-based electrolyte. The concen-
tration of DBDB in 1.2M LiPFg in 3:7 EC/EMC can easily rise
to 1.0molL~'. According to the principle of “like dissolves like,”
molecules with large dipole moments will be easily dissolved in
the polar carbonate electrolyte. Therefore, the high solubility can
be attributed to the large dipole moment of DBDB resulting from its
asymmetric structure. Conversely, DDB has a symmetric structure
and thus low solubility in polar carbonate-based electrolyte.

3.2. Electrochemical measurements

Fig. 2 shows cyclic voltammograms for 5% DBDB dissolved in
1.2 M LiPFg in the 3:7 EC/EMC electrolytes with sweep rates of 10,
20, 50, 100, 200, and 500 mV s~ 1. As shown in Fig. 2a, the DBDB dis-
plays a well-defined reversible redox couple. The redox potential of
DBDB, evaluated using the mean of the anodic and cathodic poten-
tials [(Ea+Ep)/2], is 420V vs. Li/Li*, which is 0.24V higher than
that of its DDB counterpart. These results indicate that DBDB could
be a suitable redox shuttle for 4-V positive electrodes. After 1000
successive scans using the aforementioned electrolyte at a sweep
rate of 100mVs~!, the redox peaks remained almost unchanged.
This result implies the excellent electrochemical reversibility and
stability of DBDB.

The diffusion coefficient is another parameter used for evalu-
ating redox shuttles. Fig. 2b plots the anodic peak current (Ip) vs.
the square root of the sweep rates (v1/2). The resulting slope was
then substituted into the Randles—Sevcik [19] equation to calculate
the diffusion coefficient of DBDB in the electrolyte, which yielded
1.63 x 10~% cms~!. One can calculate the minimum concentration
of the shuttle necessary for a given charge current by substituting
the diffusion coefficient value into the following equation:

- nF?AC 1)

where [ is the current at overcharge; F, the Faraday constant; D,
the diffusion coefficient for the redox shuttle; A, electrode area; C,
total concentration of the redox shuttle; and L, interelectrode spac-
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Fig. 2. (a) Cyclic voltammograms of DBDB (0.01 M) in 1.2 M LiPFs in EC/EMC (3:7 by weight) using a Pt/Li/Li cell at different sweep rates. (b) Plot of I, vs. v'/? used for

determination of diffusion constant.

ing. For 18650-type lithium-ion cells, the electrode area could be
as low as 650 cm?, and the interelectrode spacing is 25 wm. When
the charge rate is 1C, the current is 3 A, and the DBDB concentra-
tion is calculated to be 0.075M. Given that the shuttle molecule
diffusion is slow in the porous separator and electrodes, and the
effective diffusion coefficient is about one-third that measured in
liquid electrolyte, the minimum DBDB concentration for 1C charge
is no less than 0.22 M. This requirement can be easily met since the
DBDB concentration can be raised to 1.0 M in the carbonate-based
electrolyte.

To explore the overcharge capability of DBDB, overcharge tests
were conducted with 2032 coin cells. Fig. 3 shows the overcharge

voltage profiles of Li/LiFeO4 cells (top) and MCMB|/LiFeOy4 cells (bot-
tom) containing 5wt.% DBDB in 1.2M LiPFg in the 3:7 EC/EMC
electrolyte. Formation processes were conducted before overcharg-
ing test and the initial capacity losses or Coulombic efficiencies of
the test cells are identical to those of the control cells containing no
redox shuttle additives. During charging of the MCMB/LiFeQy4 cells,
the lithium-ion was removed from the LiFePO4 positive electrode
and intercalated into the MCMB negative electrode. The normal
charge took place at about 3.4 V. After the full capacity was attained,
the cell voltage rose quickly until it reached 4.05 V, where the redox
shuttle mechanism was activated, and the overcharge current was
shunted by DBDB molecules.
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Fig. 3. Voltage profiles of Li/LiFeOy4 cell (above) and MCMB|/LiFeOy4 cell (bottom) containing 5 wt.% DBDB in 1.2 M LiPFs in EC/EMC (3:7 by weight) during the course of 0-100 h

and 100-400 h.
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Fig. 4. ORTEP diagram (50% probability ellipsoids) of DBDB (left) and DDB (right).

Table 1
Selected bond distances (in A) of DBDB and DDB from X-ray crystallography and B3LYP/6-31G* calculations on neutral molecules and radical cations.
DBDB DDB
Bond? Crystal structure B3LYP/6-31G* neutral B3LYP/6-31G* cation Bond B3LYP/6-31G* neutral B3LYP/6-31G* cation
C1-01 1.373(4) 1.380 1.315 C (ring)-0 1.375 1.324
C7-01 1.412(4) 1417 1.442
C2-02 1.391(3) 1371 1.335 C(CH3)-0 1.414 1.444
C8-02 1.439(4) 1.430 1.452

2 See Fig. 4 for numbering.

The effectiveness of the shuttle molecules was not sustained
with cycling. Fig. 3 (top) shows that in Li/LiFeO4 cells, the DBDB
could only support 11 cycles at 100% overcharge condition before
the shuttle molecule became ineffective. The MCMB/LiFeO4 cells
had better though still poor performance, with 20 efficient over-
charge cycles, as shown in Fig. 3 (bottom). The results from cycling
cells indicate that under the same test condition DBDB is not as
stable as DDB, which can survive at least 200 cycles [16].

3.3. Molecular structures and degradation analysis

Even though DBDB and DDB share the same formula, the elec-
trochemical stability of DBDB is much different from that of DDB. To
investigate the difference, their molecular structures were inves-
tigated by X-ray crystallography and theoretical computation. The
single-crystal structures of DBDB and DDB are shown in Fig. 4. As
clearly indicated in Fig. 4, the DBDB structure has the two methoxy
groups (CH30) in different orientations. The methoxy group at C(1)
is almost in the plane of the benzene ring pointing to C(6). The dihe-
dral angle between CH3(7)-0(1) and benzene ring is —10.9° This
conformation not only facilitates the conjugation effect between
the O(1) and the 7 electron from the benzene ring due to the ver-
tical orientation of the O(1) p orbital, but also helps the tert-butyl
group at C(5) provide good steric protection to C(6). However, the
other methoxy group at C(2) points out of the ring with the dihedral
angle between CH3(8)-0(2) and benzene ring being 119.2°. Based
ondensity functional calculations (see below) we believe that this is
due to the formation of an intramolecular hydrogen bond between
a C-H bond of the methyl group and the oxygen of the methoxy
group attached to C(1). Therefore the conjugation effect between
0(2) and the aromatic ring is reduced. This assumption is confirmed
by the longer bond distances for C(2)-0(2) or C(8)-0(2) than those
of C(1)-0(1) or C(7)-0(1), as summarized in Table 1. However, for
the crystal structure of DDB, both methoxy groups are relatively
close to the plane of benzene ring and the dihedral angles are 35.2°
because there is no intramolecular hydrogen bond possible in DDB.

This kind of conformation is favorable for the conjugation of both
methoxy groups to the benzene electrons compared to the methoxy
group at C(2) of DBDB. The chemical bond distances of CH3-0 and
0O-C(sp2) of DDB are shorter than C(1)-0(1) and C(7)-0(1) of DBDB,
respectively.

Fig. 5 shows the optimized structures of the DBDB and DDB
neutral molecules and their cation radicals calculated by the
B3LYP/6-31G* density functional method [24,25]. The optimized
distances of selected bonds in neutral DBDB and DDB molecules are

DBDB cation radical

? 9
.’Jﬂt-.-a =3
17
QA ff‘)
¥ %9
W B R e g o
8 o

DDB neutral DDB cation radical

Fig. 5. Optimized structures of DBDB and DDB neutral and cation calculated by the
B3LYP/6-31G* method. Spin densities on the cations are shown on selected atoms.
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Table 2
Reaction energies (in eV) for various possible decompositions of DBDB and DDB.

Reaction AE? AG (s, 298 K)P AG (s, 298K)°
C-0 bond breaking in DBDB

Neutral: ((CHs)3C),(CH30),CsHa — ((CH3)3C)2(CH30)(0)CsH, 4 + CH3 227 1.35 1.32
Cation+ I((CH3 )3C)2(CH30)2C5H2+ = ((CH3 )3C)2(CH30)(O)C5H2+ d +CH3 2.26 1.37 131
C-0 bond breaking in DDB

Neutral: ((CH3)3C)2(CH30),C¢Hz — ((CH3)3C)2(CH30)(0)CsH2® + CH3 2.01 1.17 1.16
Cation: ((CH3)3C)2(CH30),CsHx* — ((CH3)3C)2(CH30)(0)CeH,* €+ CHs 2.48 1.51 1.47
DBDB decomposition to methane

Neutral: ((CH3)3C)»(CH30)2CsHz — ((CH3)3C)2(OCH,0)CsHaf + CH4 -0.42 -0.94 —-0.96
Cation: ((CH3)3C)2(CH30),CeHy* — ((CH3)3C)2(0OCH,0)CsH,* f+CH, -0.21 —-0.90 -0.96
DBDB and DDB cation decomposition to ethylene

DDB+: ((CH3)3C)2(CH30),C¢Hz — ((CH3)3C)2(OH),CeHy* + CoHy 0.14 -0.82 -1.16
DBDB+: ((CH3)3C)2(CH30)CHy* — ((CH3 )3C)2(0H)CHy* & + CoHy 0.46 -0.83 -1.18

2 Reaction energy (difference in electronic energies) from a B3LYP/6-31 + G*//B3LYP/6-31G* calculation.
b Free energy of reaction at 298 K including solvation energies from a B3LYP/631 +G*//B3LYP/6-31G* calculation. Solvation effects included, via the PCM model with a

dielectric constant of 55.

¢ Same as footnote b except the energy is calculated with a larger basis set, B3LYP/6-311 + G(3df,2p).

d Structure illustrated by DBDB(-CH3) in Fig. 5.
¢ Structure illustrated by DBB(-CH3) in Fig. 5.

f Structure illustrated by DBDB(-CHj,) in Fig. 5.
€ Structure illustrated by DBDB(-C2Hy) in Fig. 5.

compiled in Table 1, along with the corresponding ones for the rad-
ical cations. The calculated structure of the molecule DBDB agrees
well with the single-crystal structure even though the surrounding
crystal structure is not taken into account in the calculation. The
methoxy group at C(2) is pointing out of the aromatic ring, while
the other methoxy group at C(1) is in the plane of the benzene ring.
There is a short H-O distance (2.28 A) between the two methoxy
groups, which is indicative of the formation of an intramolecular
hydrogen bond. For the DDB molecule, both methoxy groups are in
the plane of the benzene ring, pointing to the neighboring unsub-
stituted carbon atom; therefore, the two oxygen atoms are more
conjugated with the 7 electrons.

It is well known that the stability of a redox shuttle depends
on decomposition pathways of its oxidized state. The benzene
derivative redox shuttles studied here have two possible routes
of decomposition during overcharge: the polymerization of the
benzene ring and the cleavage of the alkoxy bond. For DDB, poly-
merization of the benzene ring is believed to be difficult due to the
steric hindrance of the two tert-butyl groups. We have calculated
reaction energies for various decomposition pathways to deter-
mine whether this leads to any trends that can explain the stability
of DDB over DBDB. We first investigated the energies for breaking
the C-0O bonds in both the neutrals and cations. The bond ener-
gies were calculated using the B3LYP density functional method
with the 6-31+G* and 6-311+G(3df,2p) basis sets at B3LYP/6-
31G* geometries. These methods should give a reasonably accurate
account of the reaction energies [26-28]. The results of the B3LYP
calculations are given in Table 2. The C-O bond energy in the
methoxy bond is slightly larger in neutral DBDB (2.27 eV) than in
neutral DDB (2.01 eV). This is probably due in part to the presence of
the intramolecular hydrogen bond in DBDB, which stabilizes it rel-
ative to DDB. In contrast, breaking the methoxy bond is somewhat
easier in the oxidized state of DBDB (2.26 eV) than in the oxidized
state of DDB (2.46 eV). In the DBDB cation there is no intramolec-
ular bond formed. Since these C-O bond breaking reactions are
endothermic they are unlikely to occur in the electrolytes, but they
provide some insight into the strengths of the bonds in the two
shuttle molecules.

We also considered decomposition reaction involving methane
or ethylene elimination from DDB and DBDB. Both reactions require
hydrogen transfer to form the products (see Fig. 6). The decompo-
sition reaction energies were calculated using the same theoretical
methods as for the C-0 bond energies. The B3LYP results in Table 2

DBDB (-CH4)

DBDB (-C2H4)

Fig. 6. Structures of decomposition products in Table 2.

indicate that in this case, the decomposition of DBDB is exother-
mic by about 1 eV for either the neutral or the cation. The reaction
energies for DBB are similar, but the reactions are not likely to occur
because of the large distance between the methoxy groups making
the hydrogen transfer unlikely. This suggests that the decomposi-
tion of the radical cation of DBDB is more likely than for the DBB
radical cation. Decomposition of the neutral DBDB is unlikely to
occur as oxidation involving electron transfer is a much faster pro-
cess. Also the spin densities given in Fig. 5 indicate that they are
larger for the DBDB radical cation than the DBB cation, which would
suggest that former might be more susceptible to polymerization.

4. Conclusions

DBDB was studied as compared to DDB for the purpose of redox
shuttle additives for lithium-ion batteries. DBDB shows excellent
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solubility in the carbonate-based electrolyte due to its asymmet-
ric structure and larger dipole moment. The structures of the two
isomers were investigated using X-ray crystallography and den-
sity functional theory. The structures of the DBDB and DDB neutral
molecules differ in the conformations of the alkoxy bonds due to the
formation of an intramolecular bond in the latter case. We inves-
tigated likely decomposition pathways for neutral DBDB and DDB
and their radical cations and found reaction pathways that were
exothermic. It is clear that kinetically, decomposition of DBDB is
more favorable and can explain the poorer stability of DBDB com-
pared to DDB.
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