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Novel room temperature ionic liquids (RTILs) were synthesized using phenyltrifluoroborate ([PhBF3]−), which is
the simplest aryltrifluoroborate structure. The [PhBF3]−-based RTILs showed desirable transport properties, i.e.,
viscosity and ionic conductivity, and the anion has a rigid and bulky aromatic ring. The properties of 1-butyl-3-
methylimidazolium phenyltrifluoroborate ([C4mim][PhBF3]) are comparable to those of 1-butyl-3-
methylimidazolium tetrafluoroborate ([C4mim][BF4]). The molecular volume of the RTILs, which was estimated
using the appropriate quantum chemical calculations, highly correlatedwith the transport properties. The cation
volume is an important factor that can control the physicochemical properties in this RTIL system. In addition, the
basic skeleton structure of the cation determined the electrochemical window.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Room temperature ionic liquids (RTILs), liquid salts that contain
only a cation and an anion at room temperature, are a subset of molten
salts that possess unique features, such as negligible vapor pressures, in-
combustibility, wide electrochemical windows (EWs), and relatively
high ionic conductivities [1,2]. The features of RTILs, except for the han-
dling temperatures, are very similar to those of molten salts, which are
very useful anhydrous solvents for high-temperature electrochemical
technologies, including the Hall-Héroult process and molten carbonate
fuel cell systems. These appealing features are why many different ap-
plications have beenproposed for RTILs, e.g., next generation energy de-
vices [3–8], recyclable and nonvolatile organic synthesis processes [9,
10], high-performance lubricants [11,12], and functional liquid mate-
rials for vacuum technologies [13–17]. The number of fundamental sci-
ence articles related to RTILs has increased in recent years because
scientists can readily design and synthesize the ionic species in RTILs
but not in conventional solvents. In the past several decades, numerous
cations and anions have been used to prepare various functional RTILs.
The basic skeletons for typical cations include imidazolium, pyridinium,
pyrrolidinium, piperidinium, quaternary ammonium, sulfonium, and

phosphonium. Their common side chains include straight alkyl,
aminoalkyl, hydroxyalkyl, alkoxyalkyl, and other groups, and AlCl4−,
BF4−, PF6−, CF3SO3

−, N(SO2CF3)2−, N(CN)2−, and (FH)nF− (1 ≤ n ≤ 3) have
beenwidely used as the anion component [18,19]. The physicochemical
properties of RTILs strongly depend on the cation and anion species
combination [20–26]. For example, 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide ([C4mpyr][N(SO2CF3)2]) has a vis-
cosity of 76 mPa·s, but when the cation component is changed to 1-
ethyl-3-methylimidazolium ([C2mim]+), the viscosity significantly de-
creases to 35mPa·s [27,28]. Changing the anion component also results
in changes in the properties of the RTIL. Unfortunately, the design and
synthesis of novel anion species is difficult compared to that of the cat-
ions that have been synthesized using a simple nucleophilic substitution
reaction [29] because the anion synthetic process is notwell-established
and laborious.

Very recently, we successfully synthesized nearly 40 types of
aryltrifluoroborate anions ([ArBF3]−) and reported the unique physico-
chemical properties of alkali metal salts with [ArBF3]− [30]. Potassium
and cesium salts with [ArBF3]− can be easily prepared on a large scale
using commercially available reagents [31]. [ArBF3]− is an analog of tet-
rafluoroborate ([BF4]−), which is a typical RTIL anion first reported by
Wilkes and Zaworotko [32], and in [ArBF3]−, onefluorine in [BF4]− is re-
placedwith a designable aromatic ring. Because of the ring, organic salts
with [ArBF3]− are likely to have favorable physicochemical properties
because of the decreased interionic interaction energy between the an-
ions and cations due to the lower surface charge density on the anions
as a result of adding an electron-withdrawing phenyl group [27,33–
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40]. In this study, we attempted to produce undiscovered RTILs by com-
bining different onium cations, e.g., imidazolium, pyridinium,
pyrrolidinium, piperidinium, and quaternary ammonium, with the
phenyltrifluoroborate ([PhBF3]−) anion, which has the simplest struc-
ture among the [ArBF3]− anions. The physicochemical properties of
the resulting [PhBF3]−-based salts were examined. The factors control-
ling their properties were explored via systematic data gathering.

2. Experimental section

Potassium phenyltrifluoroborate (K[PhBF3]) was synthesized using
phenylboronic acid (PhB(OH)2) (Wako Pure Chemical Industries, Ltd.),
potassium fluoride (KF) (Wako Pure Chemical Industries, Ltd.), and L-
tartaric acid (Wako Pure Chemical Industries, Ltd.) in the following pro-
cedure [31]. An aqueous solution of KF (200mmol, 20mL)was added to
a solution of PhB(OH)2 (50 mmol) in acetonitrile (200 mL), and the
mixture was stirred for 15 min at ambient temperature. L-Tartaric acid
(2.05 equiv.) dissolved in tetrahydrofuran (THF) (100 mL) was slowly
added to themixture, and then, awhite by-product immediately precip-
itated. The reaction mixture was vigorously stirred for 1 h at ambient
temperature and filtered to remove the precipitate. The resultant filtrate
was concentrated in vacuo, and the crude potassium salt was obtained
as a solid. The crude product was purified by recrystallization to obtain
pure K[PhBF3]. The obtained salt was dried at 353 K under vacuum for
1 h. The final product was confirmed by nuclear magnetic resonance
(NMR) spectroscopy, mass spectrometry, and elemental analysis.

Seven kinds of onium salts, 1-ethyl-3-methylimidazolium chloride
([C2mim]Cl) (Tokyo Chemical Industry Co., Ltd.), 1-butyl-3-
methylimidazolium chloride ([C4mim]Cl) (Kanto Chemical Co., Inc.),
1-butylpyridinium chloride ([C4py]Cl) (Tokyo Chemical Industry Co.,
Ltd.), 1-butyl-1-methylpyrrolidinium chloride ([C4mpyr]Cl) (Sigma-Al-
drich, Inc.), 1-butyl-1-methylpiperidinium chloride ([C4mpip]Cl)
(Tokyo Chemical Industry Co., Ltd.), trimethylpropylammonium bro-
mide ([N1,1,1,3]Br) (Tokyo Chemical Industry Co., Ltd.), and
tributylmethylammonium chloride ([N4,4,4,1]Cl) (Sigma-Aldrich, Inc.)
were used as the cationic species for the preparation of the [PhBF3]−-
based organic salts. K[PhBF3] was prepared via the previously men-
tioned protocol and was used as the anion source. The synthesis of the
[PhBF3]−-based organic salts was performed using the metathesis pro-
tocol explained below. K[PhBF3] (40 mmol) was added to a solution of
an onium halide (40 mmol) in acetonitrile (60 mL), and the mixture
was stirred for 1 h at ambient temperature. After the reaction, the mix-
ture was filtered to remove the precipitated by-product, KCl or KBr, and
the filtrate was condensed under vacuum. The crude product was ex-
tracted by CH2Cl2 and rinsed with ultrapure water several times to re-
move the unreacted halides and by-product. The organic layer was
concentrated in vacuo. The resultant onium phenyltrifluoroborate was
dried at 373 K under vacuum for 12 h. The final product was confirmed

by NMR spectroscopy, mass spectrometry, and elemental analysis. 1-
Butyl-3-methylimidazolium tetrafluoroborate ([C4mim][BF4]) was pur-
chased from Kanto Chemical Co. and used for comparison. It was thor-
oughly vacuum dried for 24 h before use to remove any residual water.

Thermogravimetric (TG) analyses were performed using a Bruker
TG-DTA2000SA instrument. Sampleswere placed on anopen aluminum
pan and heated from room temperature to 773 K at a rate of 5 K·min−1

under flowing dry nitrogen gas. The thermal degradation temperature
was determined from the 5 wt% loss point of the TG curve. Differential
scanning calorimetry (DSC) was conducted using a Bruker DSC3100SA
instrument. The samples were sealed in an aluminum pan with an alu-
minum top. The sealed pan was heated and cooled at a rate of
5 K·min−1. The glass-transition temperature and melting point were
obtained from the DSC curve of the second heating process. These
values were estimated using the tangential intersection method near
the temperature at which a phase transformation occurred. These two
instruments were controlled with a Bruker MTC1000SA workstation
utilizing the Bruker WS003 software. All the specimens for these mea-
surements were prepared in an argon gas-filled glove box (Vacuum At-
mospheres Co., Omni-Lab, O2 and H2O b 1 ppm).

Density measurements were conducted using a Kyoto Electronics
Manufacturing DA-640 resonant frequency oscillation density/specific
gravity meter in the range of 298–353 K. The viscosity was measured

Fig. 1. Chemical structures of [PhBF3]−-based RTILs with different organic cations and their abbreviations.

Fig. 2. Results of the TG analysis for (•••) [C4mim][BF4], ( ) [C4mim][PhBF3], ( )
[C2mim][PhBF3], ( ) [C4py][PhBF3], ( ) [C4mpyr][PhBF3], ( )
[C4mpip][PhBF3], ( ) [N1,1,1,3][PhBF3], and ( ) [N4,4,4,1][PhBF3]. The measurements
were conducted at a rate of 5 K·min−1.
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