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ABSTRACT: Given their relevant physicochemical properties, ionic liquids (ILs)
are attracting great attention as electrolytes for use in different electrochemical
devices, such as capacitors, sensors, and lithium ion batteries. In addition to the
advantages of using ILs containing lithium cations as electrolytes in lithium ion
batteries, the Li" transport in ILs containing the most common anion,
bis(trifftuoromethanesulfonyl) imide anion ([Tf,N]), is reportedly small; therefore,
its contribution to the overall conductivity is also low. In this work, we describe the
preparation and characterization of two new and one known IL containing the
tetracyanoborate anion ([B(CN),]) as the anionic species. These ILs have high

thermal and chemical stabilities, with almost twice the ionic conductivity of the

[T£,N] ILs and, most importantly, provide a greater role for the Li* ion throughout the conductivity process. The experimental
ionic conductivity and self-diffusion coefficient data show that the [B(CN),]-based ILs and their Li* mixtures have a higher
number of charge carriers. Molecular dynamics simulations showed a weaker interaction between Li* and [B(CN),] than that
with [TE,N]. These results may stimulate new applications for ILs that have good Li" transport properties.

B INTRODUCTION

Ionic liquids (ILs) are salts with low melting points (typically
below 373 K), and they have transport properties such as
viscosity, conductivity, and an ionic diffusion coeflicient that
strongly depend on the nature of the ions (primarily on the
charge distribution and size). They also exhibit high thermal
stability, wide electrochemical stability, and low flammability
and volatility; therefore, they can be considered a safer
alternative to organic solvent-based electrolytes for use in
various electrochemical devices such as capacitors, sensors, and
lithium ion batteries."

However, ILs that contain the anion most commonly used in
electrochemical devices, the bis(trifluoromethanesulfonyl)
imide anion ([Tf,N]), exhibit strong coordinating properties
due to the presence of oxygen atoms in their chemical
structures.'®~"> Although these properties positively impact the
solubility of lithium salts necessary for charge compensation in
lithium ion batteries, they also have a detrimental effect on the
transport properties of the IL, leading to fragility.>'"'*> Thus,
the increase in viscosity, decrease in conductivity, and
formation of ionic aggregates must be minimized when a
lithium salt is dissolved in the ILs to allow for their use as
electrolytes in lithium ion batteries.""

The tetracyanoborate anion, [B(CN),], has a negative charge
uniformly delocalized over the four cyano groups that
tetrahedrally surround the boron atom and has a weak ability
to coordinate a cation,"*™"* primarily lithium, due to the
absence of oxygen atoms in its structure. In addition, this anion
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has resistance to oxidation, and ILs containing [B(CN),]
exhibit a wide electrochemical window (EW), low viscosity, and
high ionic conductivity that allow for their use as electrolytes in
various electrochemical devices, particularly lithium ion
batteries and supercapacitors.'**°

This paper reports the preparation and a detailed character-
ization of two new ILs, 1-n-butyl-2,3-dimethylimidazolium
tetracyanoborate [BMMI][B(CN),] and N-n-butyl-N-methyl-
piperidinium tetracyanoborate [BMP][B(CN),], and a known
IL that contains [B(CN),], N-butyl-N-methylpyrrolidinium
tetracyanoborate [BMPyr][B(CN),], and their mixtures with
lithium salts. The chemical structures of these three ILs are
presented in Figure 1. This study was motivated by the
reported stability of this new [BMMI]-containing IL toward Li
that arises from the introduction of alkyl groups on the C-2
position of the imidazolium ring, which also increase its
electrochemical stability.”' The ILs with cyclic quaternary
ammonium ions, such as pyrrolidinium and piperidinium
cations, exhibit wider EWs, especially in the negative potential
directions, than the imidazolium cation ILs. The wider EWs
make these ILs suitable electrolytes for use in lithium ion
batteries. We evaluated the fundamental characterization of
these three ILs, including density, viscosity, thermal properties,
ionic conductivity, and self-diffusion coeflicients of the cations
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Figure 1. Schematic diagram of the constituent ions in the ILs studied:
1-n-butyl-2,3-dimethylimidazolium [BMMI], N-n-butyl-N-methylpi-
peridinium [BMP], N-n-butyl-N-methylpyrrolidinium [BMPyr], and
tetracyanoborate [B(CN),].

and anions measured via pulsed gradient spin—echo nuclear
magnetic resonance (PGSE-NMR), and we evaluated the local
structure of one of these liquids and its Li" mixture by
molecular dynamics (MD) simulations. Using these data, the
pure ILs or their Li" salt mixtures can, for the first time, be
compared with the respective systems containing the anion
most commonly used in electrochemical devices, [Tf,N]. It is
worth noting that the amount of Li" salt that can be added to
ILs containing the [B(CN)], anion is much lower than that in
ILs containing [Tf,N] (0.1 versus more than 2.5 mol L™"). This
characteristic will be addressed in the discussion. These ILs
exhibit less pronounced differences in the transport properties
that result from the dissolution of a lithium salt (Li{B(CN),])
in comparison with the ILs containing [Tf,N].

B EXPERIMENTAL METHODS

Synthesis of [B(CN),] Salts. The procedure used to
synthesize KB(CN), has been described elsewhere.”> LiB-
(CN), was synthesized according to the procedure described in
the literature.”> Briefly, 5.00 g (32.0 mmol) of KB(CN),
dissolved in 20 mL of water reacted with 8.0 mL of 37%
hydrochloric acid (96 mmol) and 8.0 mL of n-Pr;N (42 mmol).
Then, the solid was extracted twice with 50 mL of CH,Cl, each
time, and the organic phase was dried using MgSO, and
filtered. The filtrate was mixed with 20 mL of an aqueous
solution containing 3.00 g of LIOH-H,O (72 mmol), and the
mixture was stirred vigorously for 1 h. All volatile products were
removed under reduced pressure. LiB(CN), was extracted from
the residue with 50 mL of CH;CN in a Soxhlet apparatus, and
the organic phase was evaporated out in a rotary evaporator.
The crude product was recrystallized from water, washed with
50 mL of CH,Cl,, and freed from solvent residues under
reduced pressure.

Compared with ILs containing a [Tf,N] anion, the ILs
containing anions with a cyanide group present higher toxicity.
MSDS files from Merck Millipore and Sigma-Aldrich indicate
that ILs containing the anions [B(CN),], [SCN], and
[N(CN),] and the cation 1-butyl-1-methylimidazolium present
high toxicity. It is important to point out that most cyanides
compounds are toxic, mainly when dissolved in organic solvent;
therefore, they should be handled with precaution.23

KB(CN), Data. Elemental analysis data: Found: C: 31.1; N:
36.2. Caled for KB(CN),: C: 31.1; N: 35.6; 8. (75 MHz,
CD,CN, ppm): 121.9—124.7 (4C, q, 'Jzc = 70.5 Hz) (Figure
1S, Supporting Information (SI)).
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LiB(CN), Data. Elemental analysis data: Found: C: 38.84; N:
44.63. Caled for LiB(CN),: C: 39.44; N: 45.99.

Syntheses of ILs Containing [B(CN),]. In a flask, 3.50 ¢
(230 mmol) of [BMP][Br] (IOLITEC, Germany) dissolved in
10 mL of water was added followed by 10 mL of an aqueous
solution containing KB(CN), (535 g 230 mmol). The
reaction mixture was stirred for 3 h at room temperature, and
the two phases that formed were separated. The phase
containing the IL was washed several times with water, treated
with activated carbon, and run through a chromatography
column (alumina, dichloromethane). The IL was dried under
reduced pressure for 48 h at 80 °C to give [BMP][B(CN),]
(3.94 g, 150 mmol, 64% yield) as a colorless liquid.
[BMMI][B(CN),] and [BMPyr][B(CN),] were also synthe-
sized from [BMMI][Br] and [BMPyr][Br] (IOLITEC,
Germany), respectively, with similar a yield following the
procedure above, and they were also obtained as colorless
liquids, although [BMMI][B(CN),] presents a melting point of
63 °C. These ILs were stored under an argon atmosphere
inside of a Labmaster glovebox (H,0O < 1 ppm; O, < 10 ppm).
The water content of these three ILs was measured using the
standard coulometric Karl Fischer method (756 KF, Metrohm)
and was estimated to be below 100 ppm for each.

The Li" mixtures with these ILs were prepared by adding the
appropriate amount of LiB(CN), in the ILs to obtain a
concentration of 0.1 mol L™". The mixtures were maintained
under agitation inside of the glovebox and went through the
same drying process as the neat ILs. The final water
concentration was estimated to be below 100 ppm. It is
worth noting that it was not possible to obtain mixtures with a
higher Li* concentration because further addition of LiB(CN),
causes it to precipitate.

The Li* mixtures with ILs containing the [Tf,N] anion were
prepared by adding the appropriate amount of Li[Tf,N]
(Aldrich) to the ILs [BMP][Tf,N] and [BMPyr][Tf,N]
(IOLITEC, Germany) to obtain a concentration of 0.1 mol
L™". The agitation and drying processes were carried out as
explained above. The final water concentration was estimated
to be below 100 ppm.

[BMPyr][B(CN),] Data. Elemental analysis data: Found: C:
59.7; H: 7.83; N: 26.9. Calcd for C,3H,,N(B: C: 60.2; H: 7,84;
N: 27.2; 8y (300 MHz, CD;CN, ppm): 097 (3H, t, ] = 7.5
Hz), 1.31-1.44 (2H, sextet, ] = 7.0 Hz), 1.67—1.77 (2H, m),
2.12-2.18 (4H, m), 2.93 (3H, s), 3.19—3.25(2H, m), and
3.33—3.45 (4H, m); 6c (125 MHz, CD,CN, ppm): 13.9, 20.4,
22.4,26.3,49.3, 65.1, 65.4, 122.4—124.1 (4C, q, s = 70.5 Hz)
(Figures 2S and 38, SI).

[BMP][B(CN),] Data. Elemental analysis data: Found: C:
61.5; H: 8.16; N: 25.8. Calcd for C,,H,,NB: C: 62.0; H: 8.18;
N: 25.8; 8y (300 MHz, CD;CN, ppm): 0.95—1.00 (3H, t, ] =
7.5 Hz), 1.31-1.43 (2H, sextet, ] = 7.2 Hz), 1.57—1.73 (4H,
m), 1.79—1.88 (4H, m), 2.92 (3H, s), and 3.18—3.25(6H, m);
8¢ (75 MHz, CDCN, ppm): 13.8, 204, 20.5, 21.6, 24.3, 48.8,
62.1,64.2, 121.9—124.7(4C, q, 'Jzc = 70.5 Hz) (Figures 4S and
SS, SI).

[BMMI][B(CN),] Data. Elemental analysis data: Found: C:
58.1; H: 6.40; N: 30.6. Calcd for C3H,,N¢B: C: 58.3; H: 6.31;
N: 31.3; 8 (300 MHz, CD;CN, ppm): 0.93-0.97 (3H, t, ] =
6.0 Hz), 129—1.41 (2H, sextet, ] = 7.2 Hz), 1.69—1.79 (2H, q,
J=7.5),3.05 (3H, s), 3.69 (3H, s), 4.00—4.05(2H, t, | = 7.5
Hz), and 7.23—7.26 (2H, m); 5. (7S MHz, CD,CN, ppm):
10.0, 137, 20.0, 322, 35.7, 49.0, 121.7, 123.1, 14525, 121.7—
124.5(4C, q,'Jsc = 70.5 Hz) (Figures 6S and 78, SI).
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Measurements. Density and viscosity measurements were
performed with a thermoregulated digital densimeter/viscom-
eter (SVM 3000/G2, Anton Paar K. G.)

Ionic conductivity was measured by the impedance method
with an Autolab PGSTAT 30 (Eco Chemie) in the frequency
range of 0.1—100 kHz. The cell constant was determined by
using a standard KCI aqueous solution.

The electrochemical stabilities of the pure ILs were estimated
by cyclic voltammetry using an Autolab PGSTAT 30 (Eco
Chemie) with glassy carbon as the working electrode, Pt as the
counter electrode, and Ag wire as a pseudoreference at 50 mV
s7' and j, = 150 mA cm™

Differential scanning calorimetry (DSC) was carried out
under a nitrogen atmosphere using a T. A. Instruments Q.10
DSC coupled with a T. A. refrigerated cooling system
interfaced to the Thermal Analyst 2000 software. The samples
for DSC measurements were sealed in an aluminum pan. First,
the samples were cooled (10 °C min™") to —80 °C and then
heated at a rate of 10 °C min~" back up to 300 °C.

Thermogravimetric (TG) measurements were performed
under a nitrogen atmosphere in a Pt crucible using a T. A.
Instruments Hi-ResTM TGA 2950 interfaced to the Thermal
Analyst 2000 software. The measurements were conducted
from room temperature to 800 °C at a heating rate of 10 °C
min~" and with a resolution of 3 °C and sensitivity of 1 °C.

The Raman spectra of the samples were obtained in a FT-
Raman Bruker RFS 100/S using the 1064 nm line of a Nd/
YAG laser, which has a typical output power of 50 mW and a
spectral resolution of 1.0 cm™".

Diffusion coefficients, D, were measured by pulsed gradient
spin—echo nuclear magnetic resonance (PGSE-NMR) in a
Varian INOVA 300 spectrometer equipped with a 5 mm
indirect detection probe (22 G cm™' max) and calibrated with
water (D = 2.299 X 107 m* s7!) at 298 K. A stimulated spin—
echo pulse sequence, that is, 90° — 7, — 90° — 7, — 90° — 7, —
acquisition, incorporating a gradient pulse in each 7, period,
was used. Diffusion coeflicients were obtained according to
procedures described elsewhere.'”'"**

B COMPUTATIONAL DETAILS

The MD simulations were performed with a potential energy
function that takes into account the intermolecular Lennard-
Jones and Coulombic interactions, as well as the intramolecular
properties of bond stretching r, angle bending 6, and torsion of

the dihedral angles y
12 6
- —_ - + —_
T 7 Ty

V;otal = Z 4€ij
+ Z kb(r - req)z + Z kg(G - Qeq)z

i,jii<j
bonds

angles
+ Z k,[1 + cos(ny — 5)]
dihedrals (1)

where r;; is the distance between atoms i and j of different ions.
Parameters such as the bond lengths r,;, the angles 6, the
dihedral angles v, , and the force constant parameters are based
on the models of Morrow et al.** and Monteiro et al.'® for the
[BMMI] cation (hydrogen is not explicit). The [B(CN),]
anion parameters were based on the FF-1 model from Koller et
al,?® and the [Tf,N] anion and Li* parameters were taken from

Monteiro et al."’
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The simulations were conducted in cubic (neat IL) and
rectangular (Li* mixture) boxes generated by Packmol”” with a
random configuration at 400 K to achieve significant ionic
mobility and a proper statistical average. The number of
molecules in each system is presented in Table 1S, SI.

Pre-equilibrium simulations were conducted, allowing the
variation of the box size using a Berendsen’s barostat to reach
an average pressure of 0.1 MPa and the expected density for
this temperature. The equilibration runs were longer than 2.0
ns with a time step of 5.0 fs. The production runs were longer
than 5.0 ns with a time step of 5.0 fs in a NVE ensemble with an
equation of motion integrated with the velocity Verlet
algorithm®® as the equilibration ran.

The common criterion of the total energy fluctuation was
used to handle the energy conservation, AE(t) = [E(0) —
E(t)]/E(0), where E(t) is the total energy at time t and E(0) is
the initial energy.” Further computational details are described
in refs 10 and 30. The simulated systems exhibited satisfactory
total energy conservation. Figure 8S in the SI represents the
total energy fluctuations for the [Li][BMMI][B(CN),]
simulation. The similarity between the calculated and
experimental density shows that the MD simulations yield
reliable results regarding the local structure in the liquids.

The partial radial distribution functions (rdfs) were
calculated by homemade routines, while the combined
distribution functions (cdfs) and spatial distribution functions
(sdfs) were calculated by the software package Travis.”!

B RESULTS AND DISCUSSION

Thermal and Electrochemical Stability. Table 1 presents
the thermal properties and electrochemical stability of the ILs

Table 1. Thermal Properties and EW of the ILs

ILs T, /°C T,/°C EW/V
[BMPyr][B(CN),] 21 403 4.8
[BMP][B(CN),] 17 414 5.7
[BMMI][B(CN),]* 63 455 2.8

“The EW was obtained at 63 °C.

studied in this work. TG analyses (see Figure 95, SI) reveal that
the first and unique thermal event upon heating these ILs is
their thermal decomposition. Their decomposition temper-
atures (T;) were above 400 °C, indicating a remarkable thermal
stability. Similar thermal stabilities were expected because this
property is fundamentally related to the anionic species.
Compared with ILs containing [Tf,N],>"** the [B(CN),]-
based ILs have a slightly higher T; because the [B(CN),] anion
is more stable than [Tf,N] at high temperature.33 The melting
points (T,,) were determined via DSC, and the endothermic
melting events occurred at 21, 17, and 60 °C for [BMPyr]-
[B(CN),], [BMP][B(CN),], and [BMMI][B(CN),], respec-
tively. The TG and DSC curves are shown in Figures 9S and
10S in the SL

Given that the inductive effect uniformly delocalizes the
negative charge on the [B(CN),] anion over the four cyano
groups, its electrochemical stability is expected to be superior to
that of the [Tf,N] anion. Consequently, the observed EW (see
Figure 118, SI) values for the ILs containing [BMP], [BMPyr]
cations, and [B(CN),] were larger than those obtained for their
[Tf,N] analogues. The relatively low EW observed in
[BMMI][B(CN),] is attributed to the experimental temper-
ature. This higher electrochemical stability for quaternary
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ammonium-based ILs relative to imidazolium-containing ILs
has been previously described.>*

Density. Figure 2 shows the densities of the neat ILs and
their mixtures with Li* salt in a range of temperatures. The
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Figure 2. Density at different temperatures for neat ILs (open black
squares) and their Li* mixtures (open red circles) for (a)

[BMPyr][B(CN),], (b) [BMP][B(CN),], and (c) [BMMI][B(CN),].

densities exhibit practically a linear dependence with temper-
ature and are lower than 1.0 g cm™ at room temperature (25
°C), which is much lower than in the [Tf,N] analogues.u’35
The anion [B(CN),] has a weaker coordinating ability than
[TE,N]; therefore, the ionic system is less densely packed,
increasing the molar volume.*® The addition of Li* salt does not
cause any considerable change in the density. It is also worth
mentioning that the Li" concentration in the mixtures is 0.1
mol L™ because the addition of more LiB(CN), causes it to
precipitate.

Ye and Shreeve®” proposed the following formula to calculate
the theoretical density of several ILs

W
0.6022V )

where W is the molar mass and V the proposed ion volume.
Given the volumes for [BMMI], [BMP], [BMPyr], [B(CN),],
and [Tf,N] of 266, 271, 253, 143, and 248 A3, respectively, the
corresponding predicted density values for [BMPyr][B(CN),],
[BMP][B(CN),], and [BMMI][B(CN),] are 1.078, 1.087, and
1.088 g cm™>. The predicted p,. values for the ILs based on
the [B(CN),] anion are slightly higher than the experimental
values, compared to those for ILs containing [TE,NT.'%* This
deviation suggests that there is more free volume in the ILs
containing [B(CN),] than in those based on [Tf,N].
Therefore, their predicted densities taking into account the
volume of the separated building blocks will be more distinctly
higher than the experimental densities. This will be addressed
in more detail in the MD Simulations results subsection.
Viscosity and lonic Conductivity. Figure 3 shows the
Arrhenius plot of viscosity for the neat ILs containing

pcalc
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Figure 3. Arrhenius plots of the viscosity of neat ILs (open black
squares) and their Li* mixtures (open red circles) for (a)
[BMPyr][B(CN),], (b) [BMP][B(CN),], and (c) [BMMI][B(CN),].
Full black lines (neat ILs) and dashed red lines (Li* mixtures)
represent the best fits of the VIF equation.

[B(CN),] and their respective Li* mixtures. It can be noted
that the viscosity of the ILs and their Li" mixtures decreases
with increasing temperature. The addition of Li* does not cause
any considerable change in this property. The identities of the
anion and the cation that compose the ILs are known to have a
great effect on the viscosity of the IL. Thus, all ILs containin:
[B(CN),] are less viscous than their [Tf,N] analogues.”"*>*
The viscosities of the latter are approximately two times higher
than those obtained for the [B(CN),] salts. This effect can be
understood given that [B(CN),] has a negative charge
delocalized by the strong electron-withdrawing effect of the
four nitrile groups, as previously described in the explanation
for the differences in densities.'®

The lines in Figure 3 represent the best fits by the Vogel—
Tammann—Fulcher (VTF) equation® for the viscosity, where
No B, and T, are the adjustable parameters whose values are
shown in Table 2S (SI). Although the parameters for
[BMMI][B(CN),] are shown, because of the short temper-
ature range studied, the analyses will be restricted to the other
two ILs. [BMMI][B(CN),] parameters were not determined
due to the short temperature range studied. T, is the
temperature at which the viscosity tends to infinity. The
addition of Li* slightly increases T, indicating that the viscosity
will reach infinity at a higher temperature than that for the neat
IL. The relationship B/T can be related to the fragility of the
liquid or, in other words, how the transport properties vary with
temperature change. The transport properties of strong liquids
(low B/T,) suffer less change with the temperature than do
weak liquids (high B/T,). For [BMPyr][B(CN),] and
[BMP][B(CN),], B/T, is 4.8 and 4.2, respectively. These
values are close to those of ILs based on the [Tf,N] anion and
the same cations,”" indicating that both IL classes ([Tf,N] and
[B(CN),]) have similar fragility. The addition of Li* does not
greatly alter the fragility of ILs containing the [B(CN),] anion
(4.6 and 3.9 for mixtures with [BMPyr][B(CN),] and

dx.doi.org/10.1021/jp505051v | J. Phys. Chem. B 2014, 118, 8772—8781
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[BMP][B(CN),], respectively). In contrast, in ILs based on the
[TE,N] anion, the addition of Li* has a huge impact on the
liquid fragility, leading to a weaker liquid in comparison with
the neat IL.'® This difference must be associated with a low Li*
concentration. It is worth noting, however, that fragility
analyses are usually made near the glass transition temperature,
and in this work, we are considering the strong/fragile
classification only in the temperature range studied here. A
different #(T) groﬁle must be considered at a different range of
temperatures.4

Figure 4 shows the Arrhenius plot of the ionic conductivity
for the three neat ILs containing [B(CN),] and their Li*
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Figure 4. Arrhenius plots of the ionic conductivity of neat ILs (open

black squares) and their Li* mixtures (open red circles) for (a)
[BMPyr][B(CN),], (b) [BMP][B(CN),], and (c) [BMMI][B(CN),].

mixtures. The ionic conductivity values were found to be
approximately three times greater than those for the [Tf,N]
analogues,”**** except for the [BMPyr] derivatives. This fact
indicates that the decrease of the ionic conductivity in ILs
containing [Tf,N] cannot be completely attributed to the
detrimental effect of the viscosity because the viscosity values of
ILs based on [B(CN),] are approximately two times lower than
those analogues containing [Tf,N]. In other words, the increase
in the ionic conductivity of the ILs containing [B(CN),]
cannot be attributed solely to the resistance effect of the ions
that is associated with the viscosity. Therefore, to explain this
result, one must consider the actual concentration of the charge
carriers in both types of ILs.

If one considers the density of each IL at each temperature
and its molar mass, it is possible to calculate the ionic molarity,
that is, the ion concentration, disregarding the aggregates with
no charge. At room temperature, for example, [BMPyr][B-
(CN),] and [BMP][B(CN),] have ionic concentrations of 3.8
and 3.6 mmol cm ™, respectively, and [BMMI][B(CN),] has an
ionic concentration of 3.7 mmol cm™ at 64 °C. Considering
this, it is possible to calculate the molar ionic conductivity.

Figure S presents the Walden plot, the logarithm of molar
ionic conductivity as a function of the logarithm of fluidity
(inverse of viscosity). The straight line from corner to corner
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Figure S. Walden plot of neat ILs and their Li*-containing mixtures.
[BMPyr][B(CN),] (M), [BMP][B(CN),] (red @), [BMMI][B-
(CN),] (blue A), [Li][BMPyr][B(CN),] (O), [Li][BMPyr][B-
(CN),] (red O), [Li][BMMI][B(CN),] (blue A), [BMPyr][T£,N]
(™), [BMP][Tf,N] (red ®), and [BMMI][T,N] (blue half shaded
triangle).

(with a slope of one) is the ideal line for a classical dilute
aqueous solution. Deviations from this line are related to the IL
ionicity.*' = All of the systems analyzed here lie below the
ideal line, indicating that these systems are not free of
aggregates between cations and anions. The ILs [BMP][T£,N]
and [BMMI][Tf,N] are the most distant from the ideal line
and exhibit lower ionicity. The ILs containing the [B(CN),]
anion are closer to the ideal line because the weaker interaction
between the cations and [B(CN),] guarantee a higher ionicity
compared to the corresponding ILs with [TE,N]. The Li
mixture with the ILs containing the [B(CN),] anion shows a
slight diminution of the ionicity.

Another way to present the Walden plot is shown in Figure
12S (SI), where the molar ionic conductivity is presented as a
function of fluidity. In this case, the slope is related to the
ionicity, with a larger slope signifying a larger ionicity. This is a
good way to analyze how molar ionic conductivity varies with
viscosity and takes into account the formed aggregates.
[BMPyr][B(CN),] and [BMP][B(CN),] show a similar
slope (65 and 72 S cm™ mol™ mPa™' s7!, respectively),
indicating that the increase in molar ionic conductivity in both
ILs is related equally to the decrease in viscosity or increase in
fluidity. On the other hand, [BMMI][B(CN),] has a slope of
57 S em™? mol ™! mPa! 57}, slight lower than that of the other
two ILs. This indicates that the IL containing [BMMI] should
form more aggregates with no formal charge or bigger
aggregates than the ILs containing [BMPyr] and [BMP].
Comparing the slope of the Walden plot for the ILs containing
[B(CN),] with that of the analogues containing [Tf,N], it is
possible to observe the huge difference in the behavior of
aggregate formation when each anion is present. Besides the
similarity between the analogues containing the [BMPyr]
cation (slope of 65 S cm™ mol™ mPa™" s™! for the [Tf,N]-
containing IL),****** the ILs [BMP][Tf,N] and [BMMI]-
[T£,N] have very different slopes, 47*' and 31*' S cm™ mol™
mPa™" s7!, respectively. We can infer that the ILs based on
[B(CN),] have weaker interactions with the cations and that
the charge carriers are more free in these systems, resulting in
higher molar ionic conductivity as a function of fluidity. As
Figure S already indicated, Figure 12S (SI) also suggested a
similarity between the ionicity of the ILs [BMPyr][B(CN),]
and [BMPyr][Tf,N].

Diffusion Coefficients. Another way to analyze how the
ions are contributing to the ionic conductivity is to evaluate the
self-diffusion coefficients. Figure 6 shows the self-diffusion
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Figure 6. Arrhenius plots of self-diffusion coefficients. (a) [BMPyr]-
[B(CN),]: [BMPyr] (full black square) and [B(CN),] (full red
circle). [Li][BMPyr][B(CN),]: [BMPyr] (open black square),
[B(CN),] (open red circle), and Li* (open blue triangle). (b)
[BMP][B(CN),]: [BMP] (full black square) and [B(CN),] (full red
circle). [Li][BMP][B(CN),]: [BMP] (open black square), [B(CN),]
(open red circle), and Li* (open blue triangle). (c) [BMMI][B(CN),]:
[BMMI] (full black square) and [B(CN),] (full red circle).
[Li][BMMI][B(CN),]: [BMMI] (open black square), [B(CN),]
(open red circle), and Li* (open blue triangle).

coefficients for each ion in the neat ILs and their corresponding
Li* mixtures, which were determined via PGSE-NMR. This
technique allows the diffusivity of each ionic species to be
determined independently,**~* with the ''B, 'H, and ’Li
nuclei used to detect the [B(CN),] anion, organic cations, and
Li*, respectively. For all ILs containing [B(CN),], the cation
and anion diffusion coeflicients increased almost 2-fold over
those obtained for the [Tf,N]-based ILs,'®*! in accordance
with the change in viscosity. The Li* diffusion coefficients are
smaller when compared with the D_ and D, values obtained for
the same mixture, indicating that among all species, Li* diffuses
more slowly. In addition, for the ILs containing [B(CN),]
mixtures, Dy;, is approximately 20% smaller than D, and D,
whereas this difference is approximately 50% for the ILs
containing [Tf,N]."

The Stokes—Einstein equation presents the relationship
between the diffusion and viscosity, D o 777!, and we can use
this relationship to compare the relaxation between both
transport properties. Figure 13S (SI) shows the plot of the self-
diffusion coefficients as a function of the fluidity (7") for the
neat ILs and their Li* mixtures. As this relationship is linear for
all systems, it is possible to affirm that both transport properties
present similar relaxation processes. Thus, the increase of the
self-diffusion coefficients with the increment in temperature is
straight related with the increase of the fluidity, that is, the
decrease of viscosity.

From the self-diffusion coeflicients, it is possible to estimate
the Ayxyr values using the Nernst—Einstein equation (see
Figure 14S, SI). The Ayyr values were higher than the
experimental ones, A, for all ILs. The ratio between these

EXP’
values (Aexp/ Axmr) was examined to obtain further insight into
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the equilibrium ionic dissociation/association in the ILs (Figure
7). The actual percentage of ions that contribute to the molar
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Figure 7. Ratio of the measured and calculated (by NMR) molar ionic

conductivity (AEXP/ANMR) of the neat ILs (open black squares) and

their Li* mixtures (open red circles) for (a) [BMPyr][B(CN),], (b)

[BMP][B(CN),], and (c) [BMMI][B(CN),].

ionic conductivity for each family of anionic ILs was estimated.
If all charge carriers were available for conduction, the Aexp/
Axwmr ratio would equal to 1; however, if A.,/Anyr < L, 2
portion of the mobile species detected in the PGSE
experiments would not contribute to the conductivity. By
comparing a pair that contains the same cationic species (e.g,
[BMMI][B(CN),] versus [BMMI][Tf,N]*!), one can confirm
that the [B(CN),] anion contributes to the increase of Ao/
Anmr, which suggests that a higher percentage of ions
contributes to the ionic conductivity. This difference can be
explained from a structural and electronic standpoint; the
extensively delocalized negative charge on the [B(CN),]
coupled with the weak coordination of the anion diminishes
the interactions between the ions, leaving them less tightly
bound and increasing the value of A,/ Anyr

Adding a lithium salt to an IL containing [T£,N] is known to
have a detrimental effect on its transport properties, leading to a
substantial decrease in conductivity and an increase in viscosity
and density.'"" This effect demonstrates that these ILs are
fragile and that the strong Lewis acid character of the Li"
modifies the ILs, creating a tight short-range structure. In this
IL family, the Li* cations are coordinated by the oxygen atoms
from the surrounding anion to form clusters. Thus, the
contribution of the Li* to the ionic conductivity does not
increase proportionally to the Li" concentration. The A,/
Axwr values for the mixture containing 0.1 mol L™! LiB(CI\?S 4
are similar to those obtained for the pure ILs, which is
attributed to the small Li* salt concentration when compared
with other results in which the Li* salt concentrations were 1 or
2 mol L% However, if one compares these Li" mixtures
containing [B(CN),] with similar mixtures containing the
[T£,N] (0.1 mol L™ LiTf,N) at 25 °C, it is possible to observe
that the Li* ion has a more important contribution to the ionic
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conductivity for mixtures containing [B(CN),] than the
mixtures containing [Tf,N], 0.066 versus 0.034 mS cm™" for
[BMPyr][B(CN),] and [BMPyr][Tf,N] and 0.044 versus
0.017 mS cm™, for [BMP][B(CN),] and [BMP][Tf,N]. All
of the data analyzed for these mixtures are shown in Tables 3S
and 4S in the SL

Raman Spectroscopy. Raman spectroscopy has been used
to examine structural changes as a function of the Li'
concentration in several IL systems.'”*** In IL mixtures
containing [Tf,N], the most sensible Raman band used to
evaluate the formation of ionic pairs in these systems is the
vibrational mode of [Tf,N] located at 740 cm™".***° This single
band located at 740 cm™ for neat ILs reportedly turns into a
doublet at 740 and 747 cm™ when a Li* salt is added. This shift
and split is attributed to the formation of ion pairs or aggregates
due to the coordination of Li* by the [Tf,N] anion. Therefore,
evaluating these two bands allows the study of the formation of
aggregates between Li* and [Tf,N] anions (at 747 cm™') and
those related to the interactions between the organic cation and
[TE,N] (at 740 cm™).'%*** In the ILs containing [B(CN),],
Raman spectroscopy is also useful, but the region of focus
becomes 2200—2300 cm™!, at which the C=N stretching
occurs.”!

Figure 8 provides the Raman spectra in the region of the C=
N vibrational modes of Li[B(CN),] (black line, open circles),

/L
T7/7

1
o
N
N
N

wavenumber / cm’

2210
2280

Figure 8. Raman spectra of LiB(CN), (black line, open circles),
KB(CN), (red line, solid circles), [BMPyr][B(CN),] (blue line, open
squares), and [Li][BMPyr][B(CN),] (green line, solid squares).

KB(CN), (red line, solid circles), [BMP][B(CN),] (blue line,
open squares), and [BMPyr][B(CN),] + 0.1 mol L7}
LiB(CN), (green line, solid squares). When the Lewis acid
strength of the cation diminishes, the band corresponding to
the ¥(C=N) stretching mode clearly shifts to lower wave-
numbers, 22624 cm™' for Li[B(CN),], 2233.4 cm™ for
K[B(CN),], and 22222 cm™ for [BMPyr][B(CN),]. Such
behavior has previously been observed for a series of [B(CN),]
salts, including ILs, and follows a well-established trend
according to the charge/radius ratio.”>*' When Li[B(CN),]
is added to the neat IL, the band assigned to v(C=N) shifts to
slightly higher wavenumbers, indicating a weak interaction
between the Li* and [B(CN),]. This behavior is different from
that observed for ILs containing [Tf,N]; as previously
mentioned, the band related to the [Tf,N] splits into two
bands, which are related to different aggregates, and in the case
of [B(CN),], the band remains as a single band. However, this
finding is consistent with the higher A,/ Anyr values obtained
for the ILs containing [B(CN),], indicating a greater
contribution of Li* to the overall molar ionic conductivity in
these ILs. Pure ILs containing [B(CN),] and their mixtures
with Li* salt exhibit superior transport properties not only due
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to the decrease in viscosity but also due to the decrease in
aggregate formation between Li* and the [B(CN),] anions
given the weak electrostatic interactions between them. This
behavior allows the Li* ions to contribute significantly to the
overall ionic conductivity, which is crucial to their use as the
electrolyte in lithium ion batteries. The full range of the Raman
spectra for [BMPyr][B(CN),], [BMP][B(CN),], and
[BMMI][B(CN),] is shown in Figures 155§—17S (SI),
respectively.

Molecular Dynamics Simulations. MD simulations were
performed to evaluate the short-range structure of the neat IL
and the Li* mixture. To compare our results with the literature,
[BMMI][B(CN),] and its mixture with Li* were used in this
study. The local equilibrium structure was evaluated by the rdf
between the center of mass of species @ and f, g,(r).

Figure 9a shows the rdfs of [BMMI]—[BMMI], [B(CN),]—
[B(CN),], and the cross term for the neat IL. The rdf profiles

25
2.0
1.5
1.0

0'0. I 1 1 1 1 1 1
0 2 4 6 8 10121416 18

r/A

Figure 9. The rdf for the center of mass of [BMMI]—[BMMI] (black
squares), [B(CN),]—[B(CN),] (red circles), and the cross term (blue
triangles) for (a) [BMMI][B(CN),] and (b) its Li* mixture.

suggest a break in the charge ordering present in the ILs
because it is possible to observe the first peak of the
[B(CN),]—[B(CN),] rdf at a short distance as the cross
term rdf at around 5.5 A. This indicates that the anion has a
first coordination shell of other anions closer than the cation.
However, the first peak in the [B(CN),]—[B(CN),] rdf has a
small intensity, and the number of the neighbor’s calculation
reveals only 0.30 anions. Therefore, the first coordination shell
of [B(CN),]—[B(CN),] is represented by the first two peaks
(5.5 and 10 A) and is composed of 2.0 anions. On the other
hand, the [BMMI]—[BMMI] rdf reveals one peak that is
related to the first coordination shell at ~82 A and 1.9
neighboring cations. The cross term rdf is located at ~5.5 A,
and the number of neighbors is 1.5 ions.

The effect of the addition of Li* in the IL is shown in Figure
9b. The amount of Li* added to the IL (0.1 mol L™" or 0.013
molar fraction) is not enough to change the profile of the rdfs
as the number of Li" ions is not statistically significant
compared to the IL’s ions to have an importance in their
surroundings.

To better understand the first peak in the [B(CN),]—
[B(CN),] rdf, a combined radial/angular distribution function,
cdf, is presented in Figure 10. On the x-axis of this cdf is the rdf
between the center of the ring of the cation and the B atom of
the anion, which is shown at the top of the figure. On the y-axis
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Figure 10. Combined radial/angular distribution function of the
center of the cation ring and the anion center of mass. The angle is
between a vector perpendicular to the cation ring plane and a vector
from the anion center of mass to the center of the cation ring.

is the adf of the angle formed between a vector from the center
of the ring to the B atom and a vector that is perpendicular to
the ring plane (see the cartoon on the right side of Figure 10).
The colors represent the occurrence of both distributions. It is
possible to see that the anions are in general at 0 and 180° with
respect to the ring plane, as indicated by the first peak (~S.0
A). This means that the majority of anions have between them
one cation, resulting in a bigger distance between them, as
revealed by the second peak in the [B(CN),]—[B(CN),] rdf.
However, note that there is some probability to find anions at
90° to the ring plane. These anions are closer to the anions at 0
and 180° and give rise to the first peak in the [B(CN),]—
[B(CN),] rdf. The peak intensity is lower in this case;
therefore, the probability to find an anion at this position is also
lower, and only some configurations will be found in this
arrangement. Consequently, the first peak in the [B(CN),]—
[B(CN),] rdf has a low intensity and is due to only 0.3 anions.

This feature is clearly observed in Figure 11, which shows the
sdf of the counterion center of mass around the other ion in the
neat IL in two different probability levels. Figure 1la and ¢

Je %

Figure 11. The sdf of the center of mass of (a,c) the anion around the
cation and (b,d) the cation around the anion, with (ab) higher
probability density and (c,d) lower probability density.
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shows the anion center of mass around the cation with higher
probability density and lower probability density, respectively.
As already indicated by the cdf, the anions lie above and under
the cation ring with higher density, but it is also possible to find
anions in other positions with a lower probability density.
Figure 11b and d shows the cation center of mass around the
anion with higher probability density and lower probability
density, respectively. The cations are spread out around the
anion between two atoms of N because the [B(CN),] anion is
highly symmetrical.

Figure 12a shows the local structure of the metallic cation in
the Li* mixture, and the rdfs of the center of mass of Li*—Li",

15F
12

10 12 14 16 18
r/A

Figure 12. The rdf for the center of mass of Li*—Li* (black squares),
Li*—[BMMI] (red circles), and Li*—anion (blue triangles) for (a)
[Li][BMMI][B(CN),] and (b) [Li][BMMI][T£,N].

Li*—[BMMI], and Li*—[B(CN),] are presented. As expected,
despite the low coordinating ability of [B(CN),], the closest
ion from Li" is the anion. The first coordination peak is located
at 4.5 A, and it corresponds to 4.3 anions. The literature
contains studies with [Tf,N] but with higher Li* concen-
tration.'”'>>* For a better comparison, a similar system, but
using the [Tf,N] anion, was simulated with the same
conditions and number of ions. Figure 12b shows rdfs of the
center of mass of Li*—Li*, Li*—=[BMMI], and Li*—[Tf,N]. The
ion closest to Li" is also the anion, and the first peak is located
at 3.0 A and corresponds to 3.1 anions. The fact that the
[B(CN),] anion has lower coordinating ability than [Tf,N]
results in a coordination sphere with more [B(CN),] than
[T£,N] because more [B(CN),] is necessary to equilibrate the
charges. In addition, one must take into consideration the fact
that the [Tf,N] anion presents four O atoms in its structure
and it can bicoordinate with the Li*.'"® Moreover, the [B(CN),]
anions are 45% more distant than the [Tf,N] anions. The
weaker interaction between the [B(CN),] anion and the Li*
guarantees a higher distance between the ions. One can have a
better picture of the Li* coordination by observing Figure 18S
(SI). It shows the rdf between the metallic cation and the
closest atom of the anion; in the case of [B(CN),], the peak
related to the closest N is located at 2.0 A, and in the case of
the [Tf,N], the peak related to the closest O is located at 1.8 A.
These results are in line with the physicochemical properties
that suggest a weaker interaction between Li* and [B(CN),]
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than that between Li' and [Tf,N] and explain the higher
mobility of Li* in ILs containing the [B(CN),] anion.

B CONCLUSIONS

In conclusion, these results show that the transport properties
of ILs can be manipulated by changing the coordinating
properties of the anions used. This provides much room for
future research in which the ionic transport due to Li* can be
drastically improved. The ILs tailored in this work show
superior transport properties not only related to the diminution
of viscosity but also because of the decrease in the formation of
aggregates between Li* and the [B(CN),] anion due to the
weak electrostatic and short-range interactions between them.
MD simulations support the weaker interaction between Li
and the [B(CN),] anion than that with the [Tf,N] anion. This
behavior leads to an important contribution of Li* to the ionic
conductivity that could expand the range of applications where
they can be utilized, assuring their position as an important
technology advancement in the future of energy storage.
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14S presents the molar ionic conductivity calculated exper-
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present the infrared and Raman spectra of [BMPyr][B(CN),],
[BMP][B(CN),], and [BMMI][B(CN),], respectively. Figure
18S presents the rdf between Li* and the closest atom of the
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