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a b s t r a c t

The intrinsic anion oxidation potential (�Ev) and lithium ion pair dissociation energy (�Ed) are two
important properties for predicting the potential use of new lithium salts for battery electrolytes. In this
work several cyano substituted fluoroalkylated benzimidazole and imidazole anions have been investi-
gated computationally to obtain �Ev and �Ed. Varying the number and position of cyano substituents
results in large effects on the electrochemical stability of the anion and on the possible lithium ion pair
eywords:
ithium batteries
alts
on pairs
issociation

configurations. The lengthening of the fluoroalkyl group introduces several new stable ion pair config-
urations and a small increase in anion oxidation stability. The most promising fluoroalkylated anions in
the present work are the 4,5,6,7-tetracyano-2-fluoroalkylated benzimidazolides (TTB and PTB), with oxi-
dation potentials suitable for high voltage Li-ion battery applications (<4.2 V) and much improved �Ed

compared to PF6
−—a benchmark for commercially available anions. Further improvements in �Ed, with

maintained stability towards oxidation, are obtainable by replacing the fluoroalkyl group by an additional
dem
nion oxidation potentials

3LYP
cyano group, but possibly

. Introduction

An ideal lithium salt for battery application is cheap, easy to
repare, and environmentally benign. In the battery electrolyte
he ideal salt dissociates completely into electrochemically active
ations and into passive, charge-balancing “ghost” anions. These
nions should be thermally and electrochemically stable or, if nec-
ssary, contribute to a passivating, yet conducting layer, at either
lectrode. Unfortunately, all these conditions are not met in a real
ystem where the behaviour of the anion, the only degree of free-
om of the salt, is of paramount importance for the overall cell
erformance. To approach the ideal design of new lithium salts

nvolves the tailoring of anions to find the best compromise of
roperties.

The PF6
− anion is the commercial standard of lithium batteries

oday and has together with the related BF4
− anion for long worked

s a role model for constructing new anions. Synthesis efforts have
ocused on new anions with either improved thermal properties

ompared to PF6

− or higher conductivities with respect to BF4
−

1]. Relatively modest alterations have resulted in the construc-
ion of anions such as PF3(C2F5)3

− (FAP) [2] and BF3(C2F5)− [3],
hile larger structural modifications have resulted in the centre

∗ Corresponding author. Tel.: +46 31 772 3177; fax: +46 31 772 2090.
E-mail address: johan.scheers@chalmers.se (J. Scheers).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.052
anding increased synthesis efforts.
© 2009 Elsevier B.V. All rights reserved.

atoms appearing in completely new dresses. An example of the lat-
ter is the bis(oxalato)borate B(C2O4)2

− (BOB) [4], which initially
seemed to be a very promising alternative to PF6

−, but suffer from
limited salt solubility and poor conductivity in carbonate based
solvents—problems recently approached by resorting to alternative
solvents [5]. A different route to new anions has focused on mod-
ifications of CF3SO3

− (triflate) or rather its successor N(SO2CF3)2
−

(TFSI). However, the inherent inability of the triflate and the TFSI
anions to passivate the aluminium current collector at the cath-
ode, seems to be hard to overcome also for newer relatives, such as
N(SO2F)2

− (FSI) [6].
A different approach to new lithium battery anions is the design

of substituted heterocycles. Two anions based on this concept was
introduced in 2003, with the dicyanotriazolate C5N4

− (TADC1) [7,8]
and the bis(trifluoroborane)imidazolide C3N2(BF3)2

− (Id) [9]. The
latter of these anions was intended for Li-ion batteries and pre-
sented the highest conductive alternative of several synthesized
lithium salts, based on the same concept [10]. Tested in a Li-
ion cell, the LiId salt showed results comparable to LiPF6, with a

high ambient temperature conductivity, good solubility, and good
electrochemical stability (>4.8 V vs. Li+/Li◦) [9]. Highlighting the
favourable synthesis aspects of this salt, LiId was advocated as a
low-cost alternative to LiPF6. However, the B–F bond poses a poten-

1 Also referred to as DCTA.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:johan.scheers@chalmers.se
dx.doi.org/10.1016/j.jpowsour.2009.12.052
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the HF level showed a ∼2 kJ mol−1 preference for the –C F out
ig. 1. The investigated families of anions and the numbering conventions used are
xemplified by the TDI anion (left) and the PTB anion (right).

ial problem, although not as severe as for the P–F bond in PF6
−, of

ossible decomposition or hydrolysis with the resulting formation
f LiF or HF [11]. Related to this is the partial disproportionation of
he Id anion into BF4

− at a temperature of 85 ◦C [12], with a negative
ffect also on the overall conductivity.

LiTADC was originally aimed at polymer electrolytes [8]. Paral-
el to the experimental work on the LiTADC salt theoretical efforts
esulted in several suggestions for synthesis of related azoles,
ncluding imidazoles [13]. Although many of these salts were pre-
icted to have improved lithium ion dissociation qualities over
ADC, practical difficulties in obtaining the proposed salts have
o far hindered experimental explorations of their potencies [14].
herefore, attention has instead been directed towards other het-
rocycles with more facile synthesis routes.

Two anions brought to focus very recently are the 4,5-dicyano-
-trifluoromethyl imidazole (TDI) and its 2-pentafluoroethyl
nalogue (PDI). The lithium salts of these anions have by some
f us been characterized in model polymer electrolytes [15] and
tressed as “tailor made” salts for lithium battery applications [16].
f these salts, the synthesis of LiTDI has been shown to be the most

acile. The first report of this salt appeared in 2004 [17], when it
as prepared in good yield in connection with the finding of a new,

mproved synthesis route for the protonated (uncharged) form of
DI, known since the mid 70s [18].

In this work we use LiTDI and LiPDI as templates and screen for
urther synthesis candidates by means of computational ab initio

ethods. New anions are proposed by first extending the hete-
ocyclic imidazole ring to a benzimidazole ring, with two or four
yano groups symmetrically positioned on the ring, and secondly
y also looking at alternatives where the fluoroalkyl substituent is
eplaced by a smaller, less flexible group. Ion pair configurations
nd dissociation energies, together with anion stabilities towards
xidation are evaluated. Information is obtained about the sensi-
ivity of these properties with respect to ring size (imidazole or
enzimidazole), the number and positioning of –CN groups, and
he choice of substituent (–CF3, –C2F5, or –CN) at position 2 of the
eterocyclic ring.

. Computational details

The structural motifs in common for the fluoroalkylated anions
nvestigated are illustrated in Fig. 1; the cyano groups (–CN)
nd either the trifluoromethyl (–CF3), or pentafluoroethyl (–C2F5)
roup at position 2 of the pentacycle. Considered here are only
nions with two or four cyano groups positioned on chemically
quivalent sites, with respect to a vertical mirror plane through the
ing system and the fluoroalkyl group. Because of the restricted size
f the imidazolides only one dicyano imidazolide is possible, with

he –CN substituents connected to carbons 4 and 5 of the imidazole
ing. For the benzimidazolides, symmetrical substitution (–CN for
H) at positions 4 and 7, or alternatively at 5 and 6, give two differ-
nt structures, while substitution at all four positions, 4–7, render a
urces 195 (2010) 6081–6087

tetracyano substituted benzimidazolide. Considering the variation
of the fluoroalkyl group, there are in total eight (2 + 6) different flu-
oroalkylated anions. When replacing the fluoroalkyl group with a
third or fifth cyano group, respectively, the grand total number of
unique anions becomes twelve.

To be consistent with the previously published work on TDI
and PDI all anions have been given three letter acronyms based
on the first letter of the group attached to the second ring carbon
(Trifluoromethyl, Pentafluoroethyl, or Cyano), the number of
cyano substituents (Di- or Tetra-), and the type of ring structure
(Imidazole or Benzimidazole) in the specified order. When conflicts
occur subscript numbers have been used to highlight the positions
of the cyano groups on the ring. The twelve main anions pre-
sented in this work are: 4,5-dicyano-2-trifluoromethylimidazolide
(TDI), 4,5-dicyano-2-pentafluoroethylimidazolide (PDI), 2,4,5-
tricyanoimidazolide (CDI [13]), 5,6-dicyano-2-trifluoromethyl-
benzimidazolide (TDB56), 5,6-dicyano-2-pentafluoroethylbenzi-
midazolide (PDB56), 2,5,6-tricyanobenzimidazolide (CDB56),
4,7-dicyano-2-trifluoromethylbenzimidazolide (TDB47), 4,7-dic-
yano-2-pentafluoroethylbenzimidazolide (PDB47), 2,4,7-tricyano-
benzimidazolide (CDB47), 4,5,6,7-tetracyano-2-trifluoromethy-
lbenzimidazolide (TTB), 4,5,6,7-tetracyano-2-pentafluoroethyl-
benzimidazolide (PTB), and 2,4,5,6,7-pentacyanobenzimidazolide
(CTB).

In the search for lithium ion pair configurations, over thirty
starting structures were generated for the largest anions, by posi-
tioning the lithium cation at possible mono-, bi-, and tridentate
coordination sites, in and out of the plane of the ring system.
Care was taken also to include the different potential lithium
ion coordination sites generated when rotating the pentafluo-
roethyl substituent. After an initial, individual screening of ion
pair configurations for each anion, a repeated search with differ-
ent starting coordinates was performed, aimed at probable sites
not found at once; for ion pair configurations that were possi-
ble for several anions, but not found for all, an existing energy
minimum configuration was modified and used as a starting struc-
ture for the remaining anions. The computational approaches
used; HF/6-31G(d) and B3LYP/6-311 + G(d), were chosen to be able
to compare the resulting lithium ion pair dissociation energies,
�Ed = (Ecation + Eanion) − Eionpair, with existing literature data for a
large range of different types of anions [19]. Full B3LYP calcula-
tions, including geometry optimizations, were performed on the
structures obtained from the HF calculations.

Analyses of vibration frequencies for all of the structures
above were made to sort out transition states, with one larger
than marginal (>30 cm−1) imaginary frequency, from true energy
minima. Reported energies exclude zero point vibration ener-
gies (ZPVEs), which otherwise lower the reported energies by
<10 kJ mol−1. Basis set superposition errors (BSSEs) were checked
for the ion pair configurations of the largest anion (PTB) using
counterpoise correction. Computed BSSEs were <20 kJ mol−1 for the
smaller basis set (6-31G(d) at HF) and <5 kJ mol−1 for the larger
basis set (6-311 + G(d) at B3LYP). For ion pair configurations with
comparable values of �Ed, BSSEs were within only a few kJ mol−1.
Thus, the BSSEs are excluded as they will not cause any severe
reordering of ion pair configuration stabilities, possibly only for
pairs already extremely close in energy. The exclusion of ZPVEs and
BSSEs also make comparison with reference data [19,20] straight-
forward.

For the “free” pentafluoroethyl anions two conformers are pos-
sible, in and out of the plane of the ring. The initial screening at
2 5
of plane conformer, while equal conformer energies were pre-
dicted by the B3LYP calculations. All relative energies reported have
been evaluated with reference to the anions in the out of plane
conformation.
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ig. 2. The most stable lithium ion pair configuration for each anion (B3LYP/6-311
rom –CF3, –C2F5, to –CN. In the vertical direction the number and position of the re
stick attached to it.

The intrinsic anion oxidation potentials were obtained by eval-
ating the vertical transition energy �Ev—the energy difference
etween the minimum energy structure of an anion and the sin-
le point energy of its neutral radical, with nuclei coordinates of
he optimized anion. �Ev is used as an approximation to the free
nergy change for the anion oxidation, �Gox, which is the quantity

roportional to the absolute oxidation potential [21]. To convert the
bsolute potential, in units of eV, to a relative potential in reference
o the Li+/Li◦ redox couple, it is noted that the reference half reac-
ion behind the SHE – the Standard Hydrogen Electrode – has an
xperimental absolute oxidation potential close to 4.5 eV [21,22].
). The 2-position substituent is changed along each row in the horizontal direction,
g cyano groups are varied. Li+ in each ball and stick representation appear without

Since the Li+/Li◦ reference is approximately −3 V with respect to
SHE [23], the calculated oxidation potential can be compared to the
Li+/Li◦ reference by relating it to a Li+/Li◦ absolute value of 1.5 eV
(4.5–3). In practice, a more exact value of 1.46 eV is frequently
used [24,25], which was subtracted from the calculated absolute
potential in this work. The specific method used to compute �Ev
was VSXC/6-311 + G(2df,p), for information on this approach and
the approximation in using �Ev instead of the corresponding free
energy, see Ref. [20] and references therein.

All starting structures were obtained by assembling the anions
and ion pairs in the graphical user interface provided by Spartan’06
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Fig. 3. Lithium ion pair dissociation energies, �Ed at the level of B3LYP/6-311 + G(d).
On each row the distribution of configurations for a single anion is depicted, with

+
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26]. All reported results were computed using the Gaussian 03
rogram package [27]. The illustrations in Fig. 2 were made using
acMolPlt [28].

. Results and discussion

.1. Lithium ion pair configurations—overview

Several potential coordination sites for Li+ can be imagined for
ach of the twelve anions; (i) in the plane and along the rim of the
nion ring structure, (ii) above each ring, or (iii) in solitaire coor-
ination to the fluoroalkyl group. Our calculations reveal ion pair
onfigurations of all three types and for the largest anion, PTB, as
any as nine unique lithium ion pair configurations are identi-

ed. Disregarding the very similar configurations where only the
rientation of the C2F5 group is changed, eight different ion pair
onfigurations remain, each corresponding to an energy minimum
tate. This “flexibility” of Li+ pairing with the heterocyclic anions is
n sharp contrast to the restricted mono-, bi-, and tridentate sites
vailable with classic, high symmetry anions like PF6

− [29].
Structuring the many ion pair configurations found, they can be

lassified as being of “mixed” or “pure” type. The mixed type refers
o configurations where Li+ is coordinated to at least two of the
ollowing chemical groups: a fluorine atom (F), an imidazole ring
itrogen atom (NI), a cyano group nitrogen atom (NC), or the delo-
alized electron density of the pentacyclic ring (RI). The hexacyclic
ing of the benzimidazole (RB) is too isolated to participate in any
ixed bonding. Pure coordination on the other hand involves Li+

oordination to only one type of chemical group (F, NI, or NC) or the
lectron density of one ring (RI or RB).

Fig. 2 is an illustration of the most stable of the identified lithium
on pair configurations based on the B3LYP results. Evident from
his figure is the clear preference for mixed ion pair configurations
mong the fluoroalkylated anions of columns 1 and 2. Visible in
ig. 2 is also a shift in coordination point at the pentafluoroethyl
roup, from –CF2 to –CF3, when a cyano group is introduced at
osition four of the benzimidazole ring (PDB47 and PTB). The two
i+ coordination possibilities to the pentafluoroethyl group have
een found for all but the PDB56 anion and are only separated in
nergy by 4–7 kJ mol−1. It seems as if the presence or not of a nearby
yano group is crucial for Li+ coordination to one of the outermost
uorine atoms of the pentafluoroethyl unit; in PDB47 and PTB the
-cyano group is close to the pentafluoroethyl group, in PDI the
-cyano group is further away (favouring the –CF2 coordination

nstead), and in PDB56 the 5-cyano group is too far away to allow
or a –CF3 coordination at all.

A more extensive illustration of the ion pair energy distribu-
ions is presented in Fig. 3 (detailed configurations and energies are
rovided as supplementary material). The different types of con-
gurations are separated into mixed (+) and pure configurations
capitalized letters). Vertical lines indicate the most stable ion pair
nergies for two reference phosphates. All the presented anions
ave computed ion pair dissociation energies lower than LiPF6 [19],
he standard choice in batteries today. However, the dissociation
nergies are larger than for the, so far only theoretically proposed,
exacyano phosphate, LiP(CN)6 [30]. The P(CN)6

− anion is an inter-
sting reference as it is one of the weakest lithium coordinating
nions computed. If the (benz)imidazole anions are instead com-
ared to structurally related cyclic anions, the most dissociative
nions covered here are in many cases preferable. Data for a family
f pentacyclic anions starting with the all nitrogen pentacycle N5

−

nd ending with the pentacyano substituted all carbon pentacycle,
10N5 (after stepwise substitution of –C–CN for N) reveal dissoci-
tion energies in the interval [577–466] kJ mol−1 [13,19], spanning
he entire region between the vertical reference lines of Fig. 3. A

ore exact comparison with the aforementioned anions Id and
increasing interaction energies to the right. Capitalized letters indicates Li coor-
dination to a single type of group, while + indicates coordination to at least two
different types of groups. Reference energies for two phosphate anions are shown
as vertical lines [19,30].

TADC (�Ed = 496 and 541 kJ mol−1, respectively [19]), reveal that
�Ed of the tetracyano substituted anions are comparable with that
of LiId.

The overall trend in the distribution of configurations of Fig. 3 is
that the fluoro involved mixed ion pair configurations are followed
in energy by configurations where Li+ is bidentately coordinated
to two cyano groups (not available for the 4,7-cyano substituted
anions). Then follows mixed configurations where Li+ is out of the
imidazole ring plane and interacts both with the imidazole ring
electron density and a fluoroalkyl group (if possible), or mono cyano
coordinated configurations. Pure ring (pentacyclic > hexacyclic) or
solitaire fluorine atom coordination by Li+ form the weakest com-
plexes. Regarding the different ring structures, a mere extension of
the ring, going from the imidazole anions to the closely related
5,6-dicyano benzimidazoles, show little effect on the spread of
energies and no effect on the energy of the most stable config-
urations. It is reasonable to assume that any possible effects in
performance that may be observed experimentally will depend
largely on the difference in size of the imidazolides and 5,6-dicyano
benzimidazolides, effects that would be interesting to search for
experimentally.

3.2. Lithium ion pair configurations—details

The wealth of information in Fig. 3 includes several important
results concerning the relative distribution of ion pair configura-
tions among the anions; one of the most interesting being the
differences imposed by a reorganization of the cyano groups of
the 5,6-dicyano benzimidazole anions, to obtain the 4,7-dicyano
substituted structural isomer. The closer positioning of the cyano
groups with respect to the fluoroalkyl chain leads to new ion pair
formation possibilities with significant increases in ion pair ener-
gies, for example +9% when going from LiPDB56 to LiPDB47. A similar
and even larger (+11%) increase in energy is seen comparing the all
cyano substituted isomers, CDB and CDB . Indeed, also the Li+ to
56 47
ring coordination configurations of the 4,7-benzimidazolides con-
sistently increase in energy, however only slightly (4–10 kJ mol−1

or 1–2%), indicating that the predicted performance decreases for
these anions are not only related to new configurations becoming
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Fig. 4. Intrinsic anion oxidation potentials, �Ev at the level of VSXC/6-
J. Scheers et al. / Journal of Po

vailable, but also to a slightly less suitable distribution of electrons
cross the anions. The strong effect on the highest energy ion pair
onfigurations also leads to a wider spread in energy compared to
he 5,6-substituted benzimidazole anions.

The introduction of cyano groups at all four ring positions of
he hexacyclic part of the benzimidazole demonstrates the power
f cyano substitution for creating weakly lithium coordinating
nions. The high energy mixed configurations available for the
,7-substituted benzimidazoles are also available for TTB and PTB,
ut now with substantial decreases in energy (∼60 kJ mol−1). With
espect to the 5,6-substituted benzimidazolides, the increased
elocalization of the negative charge with two added cyano groups
n the main ring more than compensates for the added lithium
on coordination possibilities. The most stable ion pair of LiTTB
s almost 20 kJ mol−1 lower in energy than that of LiTDB56 and
or LiPTB the situation is similar with respect to LiPDB56. Observ-
ng the local effect on the Li+ coordination to the larger of the
wo rings, the addition of two extra cyano groups shows a very
trong effect (80–90 kJ mol−1) on this ion pair configuration. This is
rue also for the non-fluoroalkylated benzimidazolides. In addition,

large effect is expected also for the most stable ion pair con-
gurations, but is partially cancelled by the extra configurations

ntroduced.
Additional configurations made possible by the cyano groups

n positions 4 and 7 are not only an issue for the fluoroalkylated
nions. Comparing the most stable ion pair configurations of the
on-fluoroalkylated anions in the right hand column of Fig. 2, the

on pair energy advantages seen for LiTTB and LiPTB over LiTDB56
nd LiPDB56 are not repeated. The energies of LiCTB, LiCDB56, and
iCDI, are very similar and differ only by a few kJ mol−1. The reason
s the mixed coordination of Li+ to the ring nitrogen and 4-cyano
roup of CTB, making the most stable ion pair energy of this anion
qual to the most stable bidentate cyano group Li+ coordinated con-
gurations of LiCDB56 and LiCDI. Two notable results with regard
o the ion pairs of these non-fluoroalkylated anions (CDI, CDB56,
DB47, and CTB) are first that the latter two of these anions form
nly one ion pair configuration higher in energy than the weakly Li+

oordinating phosphate P(CN)6
−, albeit the penalty of this ion pair

onfiguration for CDB47 is extremely large. Secondly, the results
or CDI and CDB56 presents one of few conflicts between the HF
nd B3LYP results; while the B3LYP results predict the pure biden-
ate –CN coordinated configurations to be the most stable (where
ossible), HF results favour mixed ion pair configurations for all
nions. However, from HF the configuration energy differences for
he two possibilities are negligible for LiCDI, while the B3LYP results
avour the most stable configuration by 11 kJ mol−1. For CDB56
he situation is reversed, almost equal configuration energies are
btained from B3LYP, while a 15 kJ mol−1 difference is suggested
rom HF.

A comparison overall of the two methods (supplementary
aterial) reveal that for 71 stable ion pair configurations identi-

ed with both HF and B3LYP, the HF results for �Ed are on average
.2% higher in energy, with the maximum differences being +4.5%
nd −2.7% compared to the B3LYP results. General trends are that
onfigurations where Li+ are mono- or bidentately coordinated to
yano groups of the anions give smaller values of �Ed for HF, while
ixed configurations yield higher energies. The first of these dif-

erences sometimes lead to a slight reordering of energies for low
on pair configurations between HF and B3LYP. For Li+ coordina-
ion to the larger ring of the benzimidazolides the HF results yield
lightly higher energies for the dicyano substituted anions, while

he situation is reversed for the tetracyano substituted anions. The
F method also suggest a few very closely related configurations

hat are not found with B3LYP, where the Li+ is mixed coordinated
o the same groups, but shifted towards different coordination
oints.
311 + G(2df,p). A single anion is represented on each row, with increasing anion
stability to the right. Vertical lines are reference results for the heterocycles TADC
and Id [20].

3.3. Anion oxidation potentials

For a comparison of calculated oxidation potentials, �Ev (eV
vs. Li+/Li◦), to experimentally measured ones, Eox (V vs. Li+/Li◦), it
should be noted that the computational approach tends to under-
estimate Eox, in many cases by as much as 1–1.5 V and sometimes
even more [20]. The issue is further complicated by variations in
experimental results for a given anion, where differences in exper-
imental setups or interpretation of data sometimes lead to widely
different reported values of Eox [20]. Based on these considerations
and the so far relatively scarce comparison of experimental and
computed data (for twelve anions) in Ref. [20], the computed results
for �Ev should be viewed as a lower limit for Eox rather than an
exact measure of this property.

A plot of the �Ev results for the twelve benzimidazole and
imidazole anions considered in this work are presented in Fig. 4.
Compared to the inorganic anions used for reference in Fig. 3,
PF6

− (�Ev = 5.26 eV [20]) and P(CN)6
− (�Ev = 6.24 eV [30]), the oxi-

dation potentials of our “organic” anions are much lower. More
suitable comparisons are made with the computed anion oxidation
potentials of Id and TADC [20], included as vertical lines in Fig. 4.
Although the oxidation potentials for the TTB, PTB, and CTB anions
do not reach the theoretical value of Id (4.58 eV [20]), these anions
are with �Ev = 4.2–4.3 eV vs. Li+/Li◦ suggested to be more stable
against oxidation compared to TADC (3.72 eV [20]). The large gap
in oxidation potential, seen between the tetra- and disubstituted
anions, suggests that the lower computed stabilities (≤3.6 eV) for
the remaining nine anions may restrict their use to medium or low
voltage applications. However, it should be pointed out that the
imidazolides, TDI and PDI, recently have been reported to be stable
up to 4.6 V vs. metallic lithium, experimentally [16]. In view of the
general underestimations of Eox, the tetracyano substituted benz-
imidazolides (�Ev = 4.2–4.3 eV) are predicted to be stable enough,
and possibly with some margin, for application in high voltage Li-
ion batteries.
3.4. Further anion modifications

Considering the importance of the mixed type lithium ion pair
configurations, it would be beneficial to replace either the fluo-
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ig. 5. On the vertical axis: intrinsic anion oxidation potentials, �Ev. On the
orizontal axis: lithium ion pair dissociation energies, �Ed. The three modified benz-

midazolides are from left to right; the 4,7-fluoro, 2-fluoro, and 2-methyl substituted
ersions of XTB (X = F, T, or P), respectively.

oalkyl group or the 4- and 7-cyano groups with other, less lithium
on coordinating substituents, without severely affecting the oxida-
ive stability of the anion. A mere lengthening of the fluoroalkyl
roup, based on preliminary calculations on XDI and XTB with a
eptafluoropropyl (–C3F7) substituent, seems to have negligible
ffects on either property, apart from providing further configu-
ation possibilities, which is in line with the observations already
ade for –CF3 and –C2F5. From Fig. 3 it can be seen that the exclu-

ion of the most stable mixed configurations for the tetracyano
ubstituted anions has the potential of reducing �Ed to dissoci-
tion energies in the region of those predicted for P(CN)6

− [30]. As
emonstrated in Section 3.1 and in Figs. 2 and 3, the effect of replac-

ng the fluoroalkyl substituent with another cyano group to give the
DI, CDB, and CTB anions do indeed lead to a lowering of �Ed, with
aintained electrochemical stability, but with only limited effect

n �Ed. If instead a smaller fluoro (–F) or methyl (–CH3) group is
ntroduced in place of the fluoroalkyl substituent, the smaller elec-
ron withdrawing power of these substituents result in a penalty
n the form of a lower oxidation potential, which may be affordable
or the most stable tetracyano substituted benzimidazole anion.
ocusing on this last anion the introduction of a –F substituent
eads to a ∼0.2 V drop in �Ev (�Ev = 4.05 eV), but without the
ought improvement of �Ed (499 kJ mol−1). For the methyl substi-
uted anion, a decrease in performance is seen for both properties
�Ev = 3.76 eV vs. Li+/Li◦, �Ed = 518 kJ mol−1). A possible explana-
ion is that with the negative charge being less delocalized, the
emaining ion pair configurations become more stable, cancelling
he effect of reducing the configurations.

An alternative to replacing the 2-position substituent; exchang-
ng the 4- and 7-position cyano groups of CTB with fluoro groups,
eads to a slight decrease in �Ed (479 kJ mol−1), but is accompanied

ith a large drop in �Ev (�Ev = 3.68 eV). This is discouraging com-
ared to CTB, but as a modification of CDB56 (where the –F groups
ave been substituted for the hydrogens) it is an improvement of
oth properties (�Ed = 488 kJ mol−1; �Ev = 3.42 V).
. Conclusion

A summary of the results for the anions introduced in this work
s presented in Fig. 5, including the results for the reference anions
nd the modified anions (except the –C3F7 substituted anions). The

[

[
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distribution of benzimidazolide and imidazolide anions in Fig. 5
show a typical behaviour of heterocyclic anion alternatives to PF6

−:
if tailored correctly they offer more dissociative lithium ion pairs
compared to LiPF6

−, evident from the lower values of �Ed along
the horizontal axis, but are not as electrochemically stable (�Ev,
vertical axis). The latter is, however, not crucial as long as the anions
exceed the stability window for the intended application, for Li-ion
batteries ∼4.2 V.

The horizontal spread of data points among the benzimida-
zolides, particularly the difference between the structural isomers
XDB56 and XDB47 (X = C, T, or P), indicate that with very small
alterations, such as the positioning of –CN substituents on the
heterocycle, ion pairing can be changed drastically. With equal pre-
dicted properties for analogous imidazolides and benzimidazolides
(XDI and XDB56), the difference in anion size is an important vari-
able for choosing an appropriate lithium salt.

Overall the potential of using cyano chemistry to create new
lithium salts with excellent electrochemical stabilities and ion pair-
ing properties is evident. The previously recognized improvement
of both the electrochemical stability and the lithium ion pair dis-
sociation ability, by increasing the number of cyano groups, is
apparent also for the benzimidazole salts and further strengthened
by the predictions made for P(CN)6

−. In Fig. 5, P(CN)6
− occupies a

region, which hopefully, will host a larger population of anion alter-
natives for lithium salts in the near future. However, an increase in
the number of –CN groups leads to a larger anion size and require
increased synthesis efforts. The tetracyano benzimidazolides, XTB,
are the most promising candidates of the explored families of
anions, but as of present neither of the benzimidazole lithium salts
nor LiP(CN)6 has been reported experimentally.
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