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Abstract—Two well known room temperature ionic liquids (RTILs), 1-butyl-3-methylimidazolium tetrafluoroborate
([BMIm][BF,]) and 1-butyl-3-methylimidazolium iodide ([BMIm][I]), were synthesized. Their physical properties such
as reflective indices, densities, viscosities, heat capacities, and heats of dilution were measured. The overall properties of
[BMIm][BEF,] obtained after two-step reactions were superior to those of the IL with a halide anion. The incorporation
of lithium ions using lithium tetrafluoroborate (LiBF,) in each IL was carried out and ionic conductivities as a func-
tion of temperature and Li ion concentration were investigated. The isothermal conductivity graph showed a parabolic
curve shape suggesting that the maximum values exist at a specific concentration condition while they continuously
increased as the temperature increased. The conductivities reached as high as 10~ S-cm™.
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INTRODUCTION

It is well known that ionic liquids (ILs) are environmentally be-
nign solvents because they have very low vapor pressure and are
stable in a wide temperature range. They generally feature good
stability in air and water, a wide liquid range, and relatively favor-
able viscosity and density characteristics. Moreover, either the length
of the side chain of their cation or their specifically designed anion
can be easily controlled for various uses [1-3]. These characteristics
also contribute to their application to different types of electrolytes
for use in electrochemical systems [4-15]. MacFarlane and Forsyth
developed various electrolyte systems based on ILs such as plastic
crystalline and IL-polymer electrolytes, opening a new field of lith-
ium-doped ILs exhibiting fast Li-ion conduction [4-10]. In our pre-
vious work, we developed new IL electrolytes which were based
on morpholinium salts [11-15]. The morpholinium ILs have the
advantages of easy synthesis and purification, the low cost of the
morpholinium cation source and the possibility of high Li mobility
by dissociation of the oxygen group in morpholinium cations. How-
ever, although these ILs based on morpholinium cations have char-
acteristics well suited for battery system applications, more improve-
ment on these ILs is required before they are ready for widespread
applications in the electrochemical field because of their low ionic
conductivities that are caused by melting points higher than room
temperature.

In recent years, ILs have been used in electrolyte systems where
they play the role of both a charge carrier and nonvolatile plasti-
cizer. These materials were found to exhibit good conductivity and
good thermal stability, thus appearing to be potential candidates for
use in lithium batteries. With that context, to examine the ionic con-
ductivity of lithium - doped IL electrolytes, we tum back to ILs based
on imidazolium cations rather than morpholinium salts. They have
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already become representative ILs or room temperature ionic lig-
uids (RTILs). Many of them have been well reported, and their syn-
thetic routes and properties are easily accessible. Moreover, they
can be commercially purchased from some companies. Two RTILs,
1-butyl-3-methylimidazolium tetrafluoroborate ((BMIm][BF,]) and
1-butyl-3-methylimidazolium iodide ((BMIm][I]), were synthesized
and subsequently lithium salts were doped into these ILs. The phys-
ical properties of each IL, such as their reflective indices, densities,
viscosities, heat capacities, and heats of dilution, are reported and
compared. Ionic conductivities of the lithium-doped systems are
investigated as a function of concentration and temperature.

EXPERIMENTAL SECTION

1. Materials

The 1-methylimidazole (99%), 1-chlorobutane (99.5%), 1-iodob-
utan (99%), ethylacetate, and sodium tetrafluoroborate (98%) were
supplied by Aldrich. Dichloromethane and acetonitrile were sup-
plied by KAUTO and MERCK, respectively. All materials were
used without any further purification.
2. Synthesis of ILs
2-1. [BMIm][I]

1-Methylimidazole (50 cm’, 0.627 mol) was dissolved in 500 cm’
of THF, and 55 cm’ (0.668 mol) of iodobutane was added to the
solution in a 1 L round-bottomed three-necked flask. The mixture
was refluxed with vigorous stirring at 323.2 K for 20 h. This brown-
colored liquid was isolated and washed with 300 ml of THF. The
salt was dried in rotary evaporator and under vacuum for 24 h. The
"H NMR spectrum (ppm, D,O) contains the following peaks: §8.75
[s, 1H, H(?2)], 7.51 [s, 1H, H(4)], 7.46 [s, 1H, H(5)], 4.21 [t, 2H,
NCH,], 3.92 [s, 3H, NCH;], 1.86 [m, 2H, NCH,CH,], 1.34 [m, 2H,
NCH,CH,CH,], 0.96 [t, 3H, CH,]. Water content was 15 ppm.
2-2. [BMIm][BF,]

A 1,000 mL three-necked round-bottomed flask fitted with a water
condenser and a gas inlet and provided with a Teflon-coated mag-
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netic bar was charged under N, with 1-methylimidazole (246.3 g,
3 mol). Butyl chloride (390 mL) was added into the reaction vessel
with continuous magnetic stirring in batches of 20 mL. The reac-
tion mixture was heated under nitrogen N, at 80 °C for 72 h with
stirring until two phases formed. The top phase, containing the un-
reacted starting material, was decanted and ethyl acetate (300 ml)
was added through mixing. The ethyl acetate was decanted fol-
lowed by the addition of fresh ethyl acetate and this step was re-
peated twice. After the third decanting of ethyl acetate, any remain-
ing ethyl acetate was removed by heating the bottom phase to 60 °C
and stirring while on a vacuum line. The product is slightly yellow and
may be crystalline at room temperature, depending on the amount
of water present in that phase. The product was recrystallized from
dry acetonitrile and dried under vacuum at 70 °C for 12 h to yield
pure crystalline [BMIm][CI]. A solution of [BMIm][CI] (93 g, 0.531
mol) in acetone (500 cm®) at room temperature was added to sodium
tetrafluoroborate (58.3 g, 0.531 mol). After 24 h stirring, the result-
ing NaCl precipitate was then filtered through a plug of celite and
the volatiles were removed by rotary evaporation to leave a yellow-
ish, clear liquid. The product was dried for three more days under
high vacuum at 0.03 mmHg. The chemical shift for the 'H NMR
spectrum (ppm, D,0) appeared as follows: 6 8.71 [s, 1H, H(2)],
749 [s, 1H, H(4)], 7.44 [s, 1H, H(5)], 4.21 [t, 2H, NCH,], 3.91 [s,
3H, NCH;], 1.87 [m, 2H, NCH,CH,], 1.35 [m, 2H, NCH,CH,CH,]
and 0.94 [t, 3H, CH;]. The “C NMR spectrum (ppm, D,O) con-
tained the following peaks: 137.12 [C(2)], 123.49 [C(4)], 123.12
[C(5)], 50.54 [NCH,], 36.36 [NCH;], 32.45 [NCH,CH,], 20.06 [NCH,
CH,CH,] and 13.90 [CH;]. Water and chloride content was 20 and
13 ppm, respectively.

3. Apparatus and Procedure

3-1. 'HNMR and CI Anion Contents

The '"H NMR was recorded on a Bruker DMX 600 MHz NMR
spectrometer. The possible presence of residual CI” was examined
by using ionic chromatography (Bio-LC DX-300 (Dionex, Sunny-
vale, CA, USA), Detector: Suppressed Conductivity (PED2), Col-
umn: ICSep AN300 with ICSep ANSC guard).

3-2. Differential Scanning Calorimeter (DSC)

Thermal analysis and temperature - dependent phase behavior
were examined with a Du Pont instrument differential scanning cal-
orimeter (DSC). Samples were loaded in hermetically sealed alu-
minum pans and measurements were taken over a temperature range
of =50 to 100 °C at a heating rate of 10 °C/min under nitrogen at-
mosphere.

3-2. Conductivity

IL electrolytes were placed between the two stainless steel (SS)
electrodes. The ionic conductivities of the electrolyte films were
measured by complex impedance analysis with a Solartron 1,260A
frequency response analyzer coupled to an IBM computer over a
frequency range of 100 Hz-10 MHz. An AC perturbation of 10
mV was applied to the cell. The real and imaginary parts of the com-
plex impedance were plotted, and the ionic conductivity could be
calculated from the bulk resistance (Rb) found in the complex im-
pedance diagram.

3-3. Viscosity

The viscosities of the ILs were measured with three appropriate
Ubbelohde viscometers. The equipment and procedure used for the
viscosity measurement were the same as for our previous investi-

gation [16]. Suitable viscometers were selected considering the vis-
cosity values. The efflux time of the liquid solution through the
capillary was measured manually with a stopwatch.

3-4. Density

Two pycnometers were used for the density measurement. The
densities of the ILs were calculated from the measured volume and
mass values. To determine the volume of the pycnometers at vari-
ous temperatures (298.2 to 323.2 K, at interval of 5 K), calibration
was performed by using triple-distilled water. The volumes of each
pycnometer were reproducible within 0.2%. The pycnometers were
placed in an air bath to control temperature and measured by a ther-
mometer within +0.05 K.

3-5. Refractive Index

A precision Abbe refractometer 3T (Atago Co.) was used for the
measurement of the refractive index. The entire experimental appa-
ratus consisted of the main measurement unit, a thermosensor for
temperature measurement, and a bath circulator. The external bath
circulator could control the temperature of the sample droplet within
+0.1 K. Every measurement was performed three times with a repro-
ducibility of =107,

3-6. Heat of Dilution

The heats of dilution for each IL were measured with an Iso-
peribol solution calorimeter (CSC4300) from Calorimetric Science
Corporation. The calorimeter consisted of a constant temperature
bath, a Dewar vessel with a volume of about 25 cm’, a calibration
heater including a 100 Q resister, a thermister, and a glass stirring
rod. The heat of dilution was measured through two phases of op-
eration. Prior to the measurement, the absorbent solution of about
25 em?’ of the desired concentration was introduced into the Dewar
vessel. A small amount of water (about 0.01 g) whose weight was
accurately measured was placed in the small cylindrical container.
The top and bottom of the cylindrical container were blocked with
a fragile cover glass to isolate the inner space of the cylindrical con-
tainer isolate from the outer space.

The calibration procedures were as follows. The thermister, cali-
bration heater, and stirring rod were immersed after the vessel was
clamped on the calorimeter. The stirrer and heater were turned on
for heating. The heat was supplied until the solution temperature
reached slightly below the desired temperature. With heating for
300 seconds, the actual calibration started through 200 seconds of
holding without heating, 400 seconds of heating, and 200 seconds
of holding. The amount of heat supplied during the calibration was
calculated through measuring the current and voltage values with a
built-in digital voltmeter. All procedures were controlled by a con-
nected computer and the measured temperature difference was used
to determine the calibration constant in the following equation:

Q=(mC;+9AT (1)

where Q is the total amount of heat added, m is the mass of the sam-
ple solution, C, is the heat capacity of the sample in kJ-kg "K', &
is the heat capacity (kJ-K™) of the apparatus, and AT is the tempera-
ture difference measured by a calorimeter. From the above equa-
tion, the heat equivalent E, mC,+¢, can be determined. The actual
measurement of the heat of dilution is similar to the calibration pro-
cedure. In this case, the mixing of the solution with water by break-
ing the cover glass caused the temperature difference. Since we know
the heat equivalent, E, from the calibration procedure, the evolved
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heat can be calculated from the following equation:
H~=ATEm,,, @

where H, is the heat of dilution in kJ/kg and m is the weight of water
charged in kg. The temperature resolution of the calorimeter was
2 uK, the temperature noise level £30 mK, and the bath tempera-
ture stability +0.0005 K.

RESULTS AND DISCUSSION

The synthesis procedure of [BMIm][BF,] was as follows [17-20]:
RIm+R’X—RRImX"

where X~ was the tetrafluoroborate anion. The anion exchange us-
ing N-butylimidazolium chloride is one of the traditional methods
for preparation. In the first step, butylimidazolium chloride was syn-
thesized.

RIm+RX—RRTIm'X"

where X' was the chloride anion. Anion exchange reaction was pro-
duced by metathesis of the product with the corresponding salts.

RIm+RX — RRIm'X"

/ N
l ) + CI{CHy);CHy —
N

H,C
CH; 3

O
AN

RRIm"X "+ MX — RRIm'X +MX'

/@\ Cl /~\  BF,
N M + NaBF, ——® N N
o NG, = _ADT

Scheme 1. Synthesis mechanism of [BMIm][BF,].

Table 1. Physical and electrochemical properties of [BMIm][BF,]

T/K
298.15 303.15 308.15 313.15 318.15 323.15
r 1423 1421 1420 1419 1419 1417

d/g-om’ 120 120 119 119 119 118
n/mPa's  279.86 20645 147.16 11664 9146 72.03
C/Jg"K' 172 175 178 180 183 185
H,/KJ kg 69.5

Table 2. Physical and electrochemical properties of [BMIm][I]

T/K
298.15 303.15 308.15 313.15 318.15 323.15
r 1.570 1568 1567 1.566 1564 1.561

d/grem™ 146 145 145 1.44 144 144
p/mPa's 40124 280.00 195.12 13435 10254 8046
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RRIM'X +MX—RRIm"X +MX'

where MX was sodium tetrafluoroborate. Scheme 1 shows the syn-
thesis mechanism of [BMIm][BF,]. [BMIm][I] was synthesized
based on the same synthetic procedure of [BMIm][CI]. 'H NMR
spectra were used for structural analysis of the product. Water and
chloride contents were determined with a 756 Karl Fisher coulom-
eter and a Metrohm 716 DMS Titrino, respectively. The records on
the impurity contents in ILs are important because the various prop-
erties of ILs strongly depend on the halogen anion and water con-
tents.

The physical properties of [BMIm][BF,] and [BMIm][I] are sum-
marized in Table 1 and Table 2, respectively [2,3]. The density val-
ues decrease, but the heat capacities increase with increasing tem-
perature. The temperature effect on refractive index appears to be
almost negligible. Density and refractive index values of [BMIm]
[I] are higher than those of [BMIm][BF,]. In the case of viscosity
measurement, [BMIm][I] is more viscous than [BMIm][BF,]. The
overall properties of [BMIm][BF,] were superior to those of the IL
with the halide anion.

Twelve samples for which the compositions ranged between 0
and 50 mol% LiBF, were prepared for conductivity measurements.
Ionic conductivities of all samples were determined with a Solar-
tron 1260A frequency response analyzer (FRA) in the temperature
range from 298.15 to 323.15 K. The ionic conductivities of neat
[BMIm][BF,] and [BMIm][I] were also measured over the same
temperature range in order to compare the conductivities of Li-doped
ILs. Fig. 1 shows ionic conductivities for Li-doped [BMIm][BF,]
as a function of temperature. The neat [BMIm|[BF,] showed ionic
conductivities of 107 S-cm™. Tonic conductivities increased with
increasing temperature, while they reached maximum values at an
optimal concentration between 30 and 40 mol% LiBF,, as shown
in Fig. 2. The values were 107 order at temperatures from 308.15
K to 323.15 K. The increase in the thermal motion of ions as a
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24l o 10 mol% LiBF, in [BMIm][BF ]
' v 20 mol% LiBF, in [(BMIm][BF,)
v 30 mol% LiBF, in [BMIm][BF,]
281 = 40 mol% LiBF, in [BMIm][BF,]
v o o 50 mol% LiBF, in [(BMIm)[BF ]
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Fig. 1. Ionic conductivities for lithium doped [BMIm]|[BF,] (con-
ductivity vs. temperature).
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Fig. 2. Ionic conductivities for lithium doped [BMIm]|[BF,] (con-
ductivity vs. LiBF, concentration).

function of temperature causes a rapid improvement in the con-
ductivity. The isotherm data in Fig. 2 show the parabolic curves,
indicating a specific concentration of LiBF, exists corresponding
to a maximum conductivity value between 30 and 40 mol%. Dop-
ing with up to 30 or 40 mol% of LiBF, produces a gradual increase
in conductivity. The phenomena of ionic conduction are attributed
to increases in effective carrier ion density and its mobility as the
concentration of Li ions increases. In contrast, beyond the concen-
tration of 30 or 40 mol% of LiBF, the conductivity begins to fall. It

28
®  Pure [BMIm][i]
o 10 mol% LIBF, in [BMIm][i]
v 20 mol% LiBF, in [BMIm][1]
30 mol% LIBF, in [BMIm][I]
30 m 40 mol% LiBF, in [BMIm][I]
v o 50 mol% LiBF, in [BMIm][I]
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Fig. 3. Ionic conductivities for lithium doped [BMIm][I] (conduc-
tivity vs. temperature).
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Fig. 4. Ionic conductivities for lithium doped [BMIm][I] (conduc-
tivity vs. LiBF, concentration).

appears that the complex ion interaction at high concentrations be-
tween each cation and anion not only interferes with the ion con-
duction but also increases the viscosity of the system.

The same tendency for the Li-doped [BMIm][I] electrolytes was
observed and the same interpretation can be applied. All ionic con-
ductivities stayed at 10 order, as shown in Fig. 3, indicating that
they are less than the ionic conductivities in Li-doped [BMIm][BF,]
systems. It is reasonable considering the higher viscosity of [BMIm]
[1] compared to the viscosity of [BMIm][BF,]. Fig. 4 shows the max-
imum points of the parabolic curves are at between 20 and 30 mol%.

Figs. 5 and 6 display preliminary data of the Li NMR for the sug-
gested systems in order to ascertain whether or not the conductivity
of lithium increases. It has been well explained that Li NMR line-
width data as a function of temperature indirectly reflect the mobil-

303K 313K 323K

1.7 1.8 1.9 2.0 2.1

ppm
Fig. 5. Li-NMR spectrum of 30 mol% LiBF, in [BMIm][BF,].
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Fig. 6. Li-NMR spectrum of 30mol% LiBF, in [BMIm][I].

ity of lithium [4-9]. The width of the Li resonance as a function of
temperature can be a probe to observe the diffusive motions of Li
ions. Generally, with increasing temperature, the diffusive motions
cause a narrow linewidth. Temperature-dependent Li NMR spectra
for two samples containing 30 mol% LiBF, at 303.15, 313.15, and
323.15 K are presented in Figs. 5 and 6. Although both linewidths
at 323.15 K in Figs. 5 and 6 appeared to become narrower, all peaks
at three temperatures show similar shapes because no thermal tran-
sitions such as solid-solid and solid-liquid transitions took place in
the temperature range. The NMR measurement therefore does not
offer conclusive proof of lithium ion motion over the given tem-
perature range. The measurement range in temperature and Li con-
centration should be extended in order to more exactly interpret the
conductivity phenomena of the Li ion itself in the matrix.

CONCLUSION

Two ILs, [BMIm][BF,] and [BMIm][I], were selected in order
to investigate the ion conductivities for Li-doped IL systems. The
physical properties of [BMIm][BF,] and [BMIm][I] were examined
and compared. The highest conductivities of the Li-doped [BMIm]
[BE,] system were between 30 and 40 mol% LiBF,, whereas the
highest values of the Li-doped [BMIm][I] system were between
20 and 30 mol% LiBF,. Conductivity in these doped systems is very
significantly higher than for the pure ILs.
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NOMENCLATURE

: density
: viscosity
: refractive index
: heat capacity [kJ-kg™"-K™']
: heat capacity of the apparatus [kJ-K™']
« - heat of dilution
: heat [kJ]
: chemical shift in NMR
: temperature, K
o :conductivity
IL  :ionic liquid
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