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Low-Melting, Low-Viscous, Hydrophobic Ionic Liquids: 1-Alkyl(Alkyl
Ether)-3-methylimidazolium Perfluoroalkyltrifluoroborate

Zhi-Bin Zhou, Hajime Matsumoto,* and Kuniaki Tatsumi!®!

Abstract: A series of twenty two hy-
drophobic ionic liquids, 1-alkyl(alkyl
ether)-3-methylimidazolium ([C,,mim]*
or [C,O,mim]*; where C, is 1-alkyl,
C,=nC,H,,, .1, m=1-4 and 6; C,0, is

physicochemical properties of these
salts including melting point, glass tran-
sition, viscosity, density, ionic conduc-
tivity, thermal and electrochemical sta-
bility, have been determined and were

[BF,] -based ones. The influence of the
structure variation in the imidazolium
cation and the perfluoroalkyltrifluoro-
borate ([RgBF;]") anion on the above
physicochemical properties was dis-
cussed. The key features of these new
salts are their low melting points (—42
to 35°C) or extremely low glass transi-

1-alkyl ether, C,0,=CH;0CH,, compared with those of the reported

C3Ol = CH3OCH2CH2, and C502 =

§H3(OCH2CH2)2) Perﬂuoroalky]tn- Keywords:  electrolytes ionic
uoroborate ([ReBFs]", Ry =CF;, GFs, liquids - perfluoroalkyltrifluoro-

nCyF,, nC,F,), have been prepared and
characterized. Some of the important

Introduction

Room temperature ionic liquids are salts composed entirely
of large organic cations, in particular 1,3-dialkylimidazolium
cations, and a wide variety of anions, and usually having a
melting point at or below room temperature (25°C). In
recent years, ionic liquids (ILs) have attracted an increasing
interest for application as new media in organic reactions,!
biocatalytic transformations,”” and separation technologies,
and as potential electrolytes in various electrochemical devi-
ces and electroplating,[‘” and so on, which have been inten-
sively reviewed. The obvious advantages of ILs over conven-
tional organic solvents and electrolytes are their nonflamma-
bility, nonvolatility, high thermal stability and a wide stable
liquid range (usually over 200°C).'"! The most attractive
features of ILs is that their physical and chemical properties,
such as melting point, density, viscosity, hydrophobicity and
coordinating ability, can be finely tuned by alteration of the
cation or anion to specific applications; hence ILs have been
referred to as “designer solvents” or “tailored solvents”.['*d

In spite of all the aforementioned advantages, ILs still
have many barriers to overcome before they can be widely
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tion (between —87 and —117°C) with-
out melting, and considerably low vis-
cosities (26-77 cP at 25°C).

used in industry to replace the conventional organic solvents
or electrolytes. One of the severe barriers associated with
the application of ILs is the inherently high viscosity of ILs,
usually being two or three orders of magnitude greater than
those of water and conventional organic solvents (e.g. 1 cP
for water and 0.59 cP toluene at 20°C).1*%*! The high vis-
cosity not only negatively affects power requirements and
handling (dissolution, decantation, filtration, etc.) but also
leads to the reduction of the reaction rate.!”! So far, a large
number of new ionic liquids have been reported;“! however,
most of them are high-viscous and/or high-melting while the
low-viscous ones are rather rare. Among the ILs reported,
the most fluid ILs (<45 cP at 25°C) have been usually ob-
tained by combining 1-ethyl-3-methylimidazolium
([C;mim]*) cation with some specific anions, such as fluoro-
hydrogenate ([F(HF),;]~, 4.8 cP),/”! chloroaluminates (18 cP
for [AICL]” and 14cP for [ALCL])® dicyanamide
(IN(CN),]~, 17-21¢P)," tricyanomethanide ([C(CN);]-,
18 cP at 22°C),1%M 22 2_trifluoro-N-(trifluoromethylsulfo-
nyl)acetamide ([(CF;SO,)(CF;CO)N]~, 25cP),l?  bis(tri-
fluoromethylsulfonyl)imide ([(CF;SO,),N]~, 28 cP),*!! tet-
rafluoroborate ([BF,]~, 37-43 cP),'* and so on. However,
most of these low-viscous ILs are still of limited application
because of the less suitability of the anion counterparts:
[AICL]” and [ALCl]" are well-known for their moisture
sensitivity and high reactivity, [F(HF),]~ are reactive and
less thermally stable (ca. 80°C)[*™!1 [N(CN),]- and
[C(CN);]~ exhibit somewhat coordinating ability that might
inactivate the catalysts in organic reactions and
[(CF;S0,)(CF;CO)N]™ and [(CF;SO,),N]~ for ILs may be
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too expensive. Thus, the easily available but relatively high-
viscous [BF,] -based ILs still remain in an unchallenged po-
sition in the field of ILs because of their good chemical,
electrochemical, and thermal stabilities, and the well-estab-
lished preparation processes.'*>1"2) However, the low-vis-
cous [C;mim][BF,] is usually contaminated by halide impuri-
ties arising from the preparation process (i.e., metathesis re-
action between [C;mim]X (X=CI", Br™) and silver or am-
monium salts of the [BF,]"),'>'"2! which are very difficult
to be removed by conventional purification process and
have severely deleterious effects if used as a solvent in cata-
lytic and biocatalytic reactions.’"?! Consequently, a remark-
ably high-viscous salt, 1-butyl-3-methylimidazolium tetra-
fluoroborate ([Cymim][BF,], about 180 cP at 25°C"™), is
most commonly preferred to the [C,mim][BF,] in recent
studies,'! because the former is more hydrophobic than the
latter, and this allowing to remove water-soluble impurities
such as halide ions from the former by washing with
water.'1¥ With the rapidly expanding applications of ILs in
various fields, there obviously exists a significant need for
the preparation of new hydrophobic, low-melting, and low-
viscous ionic liquids.

Recently a new class of weakly coordinating fluoroanions,
namely perfluoroalkyltrifluoroborates ([RgBF;]”), have
been successfully synthesized via various convenient meth-
ods,?? whose chemistry and application in high-energy de-
vices, such as Li-ion batteries and electrochemical double-
layer capacitors, are currently of great interest because of
their good chemical and electrochemical stability.””-* More
recently, several ILs based on the [RgBF;]™ have also been
reported in two limited studies.”’ As part of our interest to
find new ILs, we herein systematically report the synthesis
and characterization of a series of twenty two low-melting,
low-viscous, and hydrophobic ILs based on the 1-alkyl(alkyl
ether)-3-methylimidazolium ([C,mim]* or [C,O,mim]*;
wherein C,, is 1-alkyl, C,,=nC,H,, ,,, m=1-4 and 6; C,0O,
is 1l-alkyl ether, C,0,=CH;O0CH,, C;O,=CH;0CH,CH,,
and C;0,=CH;(OCH,CH,),) and perfluoroalkyltrifluorobo-
rate ([RgBF;]”, Rg=CF;, CJFs, nCF,, nC/F,), as well as
their electrochemical properties including ionic conductivity
and electrochemical stability.

Results and Discussion

The structures and abbreviations of the cation and anion
employed in the present study are displayed in Table 1, and
the ILs based on these cations and anions are shown in
Table 2 (entries 1-22). All the [RiBF;] -based salts in
Table 2 were prepared by metathesis reactions of the corre-
sponding imidazolium halide with a little excess of
K[RgBF;] (1.05 equiv) in water at room temperature, fol-
lowed by simply washing with water to remove water-solu-
ble impurities, because they are immiscible with water to
some extent. All the salts prepared were characterized by
'H, F, and "B NMR, FAB-MS, and elemental analysis. The
characterization data are in agreement well with the expect-
ed structures and compositions. The final yields of these
salts were over a range from moderate to high (60-95%).
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Generally, increasing the length of the 1-alkyl (C,,) chain in
the cation or perfluoroalkyl (Rg) chain in the [RgBF;]™ re-
sulted in an increase in yield; however, replacing the 1-alkyl
(C,,) group with the hydrophilic alkyl ether (C,O,) group
decreased the yields (60-68 % ).

It has been identified that the chemical and physical prop-
erties of ILs can be drastically altered by the presence of
small amounts of impurities, notably residual halide and
water, arising from the preparation process.??!l Therefore,
the contents of water and halide ions in the resulting salts
were determined. The water content in the [RzBF;] -based
salts was revealed to be less than 50 ppm after vacuum
drying at 70°C for 24 h because of their hydrophobicity,
whereas the hydrophilic [C,mim][BF,] still contained about
200 ppm of water after drying under the same conditions.
The amount of residual halide and potassium ions in the
[RgBF;] -based salts, determined by fluorescence X-ray
spectrometry, was less than 50 ppm. More importantly, in all
the [RgBF;] -based salts, F~ (HF) content determined by
ion chromatography was lower than 5 ppm; this indicates
that the [RgBF;]” is stable toward hydrolysis during the
preparation process probably owing to their hydrophobicity.
On the other hand, a high content of about 240 ppm F~
(HF) in the hydrophilic [C,mim][BF,] was detected, strongly
indicating that a trace amount of [BF,]” hydrolyzed during
the preparation process, and the [BF,]” is therefore less
stable against hydrolysis than the [RgBF;]”. Moreover, the
rapid hydrolysis of the [BF,]” was also observed for the
[C;mim][BF,] when this salt was dissolved in the mixture
solvents of water/methanol.”'¥l All these observations sug-
gest that the hydrophilic [BF,] -based ILs, such as [C,mim]
[BF,], are evidently not inert in the presence of water, al-
though they are widely described as moisture stable ILs in a
number of literatures.

The physicochemical properties of these prepared salts
were characterized by differential scanning calorimetry
(DSC), thermal gravimetric analysis (TGA), density (d), dy-
namic viscosity (#), ionic conductivity (x). The characteriza-
tion data are summarized in Table 2. The data for three of
these salts, [C,mim][RBF;] (Rg=C,Fs, nC;F;, nC,F,), agree
well with a recent report,”*! where they were prepared by a
halide-free route with high purity. These results further sug-
gest that the purities of the salts prepared in the present
study are of high grade, and the characterization data are
not in error. For comparison, four of the reported [BF,]"-
based salts,'>!71820 [C, mim][BF,] (m=2, 3, 4, 6), are also
included in Table 2.

Phase transition: The solid-liquid phase transitions of these
new salts were investigated using differential scanning calo-
rimetry (DSC) from —150°C to the melting point. One of
the significant features for these new salts is that many of
them exhibit glass-forming characteristics. In addition, four
of these salts showed a solid-solid transition (see Table 2,
T, for entries 17, 18, 20, and 22) before melting. The re-
spective melting entropies for these four salts were 33.1,
34.9, 30.2, and 72.2JK 'mol™". These results suggest that
the first three salts (entries 17, 18, and 20) may show some
extents of ionic plastic behavior because their melting entro-
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Table 1. Structure of ionic liquids 1-alkyl(alkyl ether)-3-methylimidazoli-
um perfluoroalkyltrifluoroborate ([C,mim][RgBF;] and [C,O,mim]
[R¢BF;]).

N @ N IReBF;]

H e N~ TR
Cation R Anion
[Cymim]* CH, [CF;BE;]
[Comim]* C.H; [C,FsBF;]
[Cymim]* nC;H, [nC;F,BF;]~
[Cymim]* nC,H, [nC,FyBF;]
[Comim]* nCqH,5
[C,Omim]* CH,OCH,
[C,0mim]* CH,O(CH,),
[C;0,mim]* CH;0(CH,),0(CH,),

pies were <40 JK 'mol~'!, which are very close to the melt-
ing entropy of the ionic plastic crystal based on the large
flexible anion [(CF;SO,),N]” (AS=40JK 'mol!)[®3
Figure 1 shows the DSC traces of four representatives
(Table 2, entries 1, 2, 5, and 18) as examples, where a range
of phase transitions for all the salts in the present study are
included.

For the imidazolium-based salts, the influence of structure
variation in the cation and anion on the melting point has
been widely investigated previously.'*17-2%3 Qualitatively,
low symmetry, weak ion interactions (such as suppressing
hydrogen-bonding) and effective charge distribution over
the cation and/or anion tends to reduce the crystal lattice
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Figure 1. DSC traces (heating) for a)[C,mim][CF;BF;], b)[C,mim]
[CF;BF;], ¢) [Comim][CF;BF;], and d) [C,mim][nC;F;BF;]; inset is an en-
larged trace for b)[C,mim][CF;BF;] in the low temperature range
around T,

energy of the salts, thus resulting in low-melting salts. How-
ever, the exact reason many imidazolium salts are low-melt-
ing is still not well understood, but it is believed to be a
combination of the competing influences of ion-ion and
van der Waals interactions and the disruption of Coulombic
packing,[1417:20.32.33

Figure 2 shows the observed melting points (7,,) of these
new salts including those of the salts with [BF,]™ for compar-

Table 2. Physicochemical properties of the salts prepared (water content in all the salts <50 ppm, with the exception of ca. 200 ppm water in the

[Comim][BF,]).

Entry Salts T, [°C]™ T. [°C]™ T, [°C]¥ T, [°C] T, [°C]* d [gmL]®0 7 [cP]® x [mScm™]®
1 [C,mim][CF;BF;] 15 202 1.40 27 15.5
2 [C,mim][CF,BF;] —117 -80 —20 246 1.35 26 14.8
3 [C3mim][CF,BF;] —-113 —-63 21 272 1.31 43 8.5
4 [C,mim][CF;BF;] -108 238 1.27 49 5.9
5 [Cemim][CF;BF;] -100 197 1.22 77 2.8
6 [C,Omim][CF;BF;] 17 211 1.41 55 6.5
7 [C;0mim][CF;BF;] -99 -53 2 225 1.36 43 6.9
8 [C50,mim][CF;BF;] —87 238 1.31 62 3.4
9 [C,mim][C,F;BF;] 27 290 1.47 33 11.7
10 [C,mim][C,F;sBF;] 1 305 1.42 27 12
1 [Csmim][C,F;sBF;] —-111 —60 —42 312 1.38 35 75
12 [C,mim][C,F;BF;] -106 —64 —42 309 1.34 41 5.5
13 [Cgmim][C,F;sBF;] —-100 -7 -10 306 1.28 59 2.7
14 [C,0mim][C,F;BF;] 98 —48 21 274 1.46 47 6
15 [C;0mim][C,F;BF;] -98 —42 -9 288 1.42 38 6.1
16 [C50,mim][C,FsBF;] -90 293 1.37 51 3.4
17 [C,;mim][nC;F,BF;] -8 11 279 1.55 47 73
18 [C,mim][nC;F,BF;] -13 8 304 1.49 32 8.6
19 [Csmim][nC;F,BF;] -5 298 1.44 44 5.3
20 [C;mim][nC,F,BF;] 16 35 275

21 [C,mim][nC,F,BF;] —4 277 1.55 38 52
22 [Csmim] [nC4F9BF;] -119 -12 305 1.48 59 3.5
23 [C,mim][BE,]" -93 —60 15 420 1.28 ) 13.6
24 [Csmim][BE,]" -88 -38 17 435 1.24 103 5.9
25 [C,mim][BF,]" -85 435 1.21 180 35
26 [Csmim][BF,] —81M 409 1.16 220 1.2

[a] Glass transition temperature determined by DSC on heating. [b] Crystallization temperature determined by DSC on heating. [c] Solid-solid transition
temperature determined by DSC on heating. [d] Melting point determined by DSC on heating. [e] Decomposition temperature determined by TGA.
[f] Density at 25°C. [g] Viscosity at 25°C. [h] Specific conductivity at 25°C. [i] The data agree with the literature."*'** [j] Literature data.!™

[k] —82°C.1""
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Figure 2. Melting point of various ionic liquid salts (observed); the melt-
ing point of the [C;mim][BF,] was from literature.!'”!

ison. The T, values of the [RgBF;] -based salts fall between
—42 and 35°C. With the exception of [Cymim]|[nC,F,BF;]
(T, 35°C), all the [RgBF;] -based salts are liquid at room
temperature. For a given anion, the 7, values of the
[C,mim][ReBF;] generally decreased as the 1-alkyl (C,)
chain length in the cation increased and reached a minimum
at the alkyl=C;, and tended to increase with further length-
ening the 1-alkyl (C,,) chain. This trend in T}, has been illus-
trated as a general feature of the 1,3-dialkylimidazolium
salts, and is essentially related with the crystallinity of the
salts.'"*17:20321 1t was expected that replacing the 1-alkyl (C,,)
in the cation with a more flexible alkyl ether (C,0O,) group
would result in a decrease in T,; however, an opposite
trend was observed (Table 2, entry 3 vs 6, 11 vs 14, 12 vs
15). Considering the fact that the polarity is higher for an
alkyl ether group than for an alkyl group, this unexpected
result might be due to the polarity of the alkyl ether group,
which dominates over its flexibility, and introducing a polar
alkyl ether group into the imidazolium cations turns to in-
crease ion-ion and van der Waals interactions in the salts,
thus raising T,.

Comparison of the T, values of the [RgBF;] -based salts
with those of the [BF,] -based ones clearly shows the
impact of the anion symmetry. For the same cation, the salts
with lower symmetry [RgBF;]~ generally exhibit a low melt-
ing point than those with higher symmetry [BF,]”. This dif-
ference is more significant for the salts with the high sym-
metry [Cymim]* cation (Table?2, entries1, 9, 17, 20 vs
[Cmim][BF,] (7, 103°C)" and [Cymim][PFs] (T,
89°C)B%). These results suggest that packing efficiency of
the salt could be disrupted by reducing the anion symmetry,
thus lowering the melting point. However, as seen in
Figure 2, there is still no clear relationship between the
structure and chemical composition of these salts and their
melting points.

Figure 3 shows the glass transition temperatures (7,) of
these new salts and the salts with [BF,]". It is very interest-
ing that the [RgBF;] -based salts containing the shorter per-
fluoroalkyl chains (Rp=CF;, C,Fs) exhibited glass-forming
ability at an extremely low temperature while all those con-
taining the longer perfluoroalkyl chains (Ry=nC;F,, nC,Fy)
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did not under the same conditions. As shown in Figure 3,
the trend for the 7, values is much more regular than that
for the T,, values. For each anion, the T, values of these
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Figure 3. Glass transition temperature of various ionic liquids (observed).

salts generally increase progressively with increasing the
length of the 1-alkyl (C,,) chain in the cation, perhaps owing
to an additional energy required to reorient larger cations in
the glassy state. As observed in the melting point, replacing
the 1-alkyl (C,,) group in the cation with an isoelectronic or
longer alkyl ether (C,0O,) group resulted in an increase in
T, (Table 2, entry 4 vs 7, 5 vs 8, 11 vs 14, 12 vs 15, 13 vs 16).
For the same cation, the T, values of the [CF;BF;] -based
salts are almost the same as those of the [C,FsBF;] -based
ones; however, the T, values of the [RgBF;] -based salts
(Rp=CF;, G,Fs) are obviously lower than those of the corre-
sponding [BF,]"-based ones presumably as a consequence of
a better charge distribution in the [RgBF;]”. In addition, the
extremely low T, values of the [RzBF;] -based salts (ranging
from —87 to —117°C) reflect that the ions in these salts
have a high mobility, which may partly account for their low
viscosities (see below).

Thermogravimetric analysis: The thermal stability of the
salts in the present study was determined by TGA. Figure 4
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Figure 4. Thermal stability of various ionic liquids.
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shows the decomposition temperatures (7,) of the [RgBF;] -
and [BF,] -based salts. The T, values for the [CF;BF;] -
based salts are in the range of 197-272°C, and 274-312°C
for the other [RgBF;] -based salts (Rp=C,Fs, nC;F;, nC,Fy),
and 409-435°C for the [BF,]-based salts. Apparently, the
salts with the inorganic [BF,]” are much more stable by
about 100°C than those with the organic [RgBF;]~, and the
thermal stability of these salts generally increases in the
order [CF;BF;]” <[C,FsBF;]~, [rCsF;BF;]", [nC,F,BF;]™ <
[BF,]~. These results indicate that the anion has a significant
impact on the thermal stability of these imidazolium salts.
To gain an insight into the impact of the anion on the ther-
mal stability, the thermogravimetric traces of five [C,mim]*-
based salts with different anions as examples are displayed
in Figure 5. As shown in Figure 5, the decomposition behav-

100

80

60

Weight/ %

ol [C,mim][CF BF ]

—  [C,mim][CF BF,] Jdr.
... [szim][nCsF7BF3] \.~\‘
—-— [C,mim][C,F,BF ] \ -
20 . \
= = [C,mim][BF] \ O
\ VL
0k | 1 1 | - R TE=TIS
100 200 300 400 500 600
T/°C

Figure 5. TGA traces of the salts [C,mim]|[R¢BF;] (Rg=CF;, C,Fs, nC;F,,
nC,Fy) and [C,mim][BF,].

ior of the [C,mim][RiBF;] (Rr=CF;, C,Fs, nC;F;, nC,Fy) is
significantly different from that of the [C,mim][BF,]. The
decomposition rate of the [C,mim][BF,] almost remained
constant during the pyrolysis (ca. 400-500°C). However, the
decomposition rate of the [C,mim][CF;BF;] varied signifi-
cantly during the pyrolysis, it became rapid from about
240°C and turned slow after reaching ~270°C, and became
almost the same as that of the [C,mim|[BF,] from ~410°C.
The weight loss percentage of the [C,mim][CF;BF;] from
~240 to 270°C was ~20% in correspondence to elimina-
tion of a CF, moiety from the [C,mim|[CF;BF;], likely
[CF;BF;]” —[BF,] +other products (formed from CF, car-
bene), which was also supported by its subsequent decompo-
sition behavior above 410°C (see Figure 5). The decomposi-
tion of the [RgBF;] -based salts (Rp=C,Fs, nC;F;, nCFy)
also varied during the process, and exhibited a very complex
mode as illustrated in Figure 5. These results suggest that
the low thermal stability of the salts with [RgBF;]~ may be
caused by the pyrolysis of [RgBF;]™ at a low temperature,
and the acidity of the H(2) in the imidazolium ring might
have a contribution to this process.'” However, for a con-
stant anion, it appears that the variation in the imidazolium
cation has less effect on the stability of the corresponding
salts as shown in Figure 4.
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Density: Figure 6 displays the densities of the liquid salts
(the new ILs [C,O,mim][R:BF;] and [C,,O,mim][R¢BF;],
and the [C,,mim][BF,]) at 25°C. The density is in the range
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Figure 6. Density of various liquid salts at 25°C.

of 1.16-1.55 gmL ™. With a constant anion, the density de-
creased with the length of 1-alky (alkyl ether) chain in the
cation increased, for example, keeping the [CF;BF;]” con-
stant (Table 2, entries1-8), 1>2>3>4>5 (C;>C,>C;>
C;>Cg) and 6>7>8 (C,0>C;0>C;0,). The density of
the [C,,O,mim]*-based ILs is a little higher than those of
the similar [C,,mim]*-based ones, for example, 6 >3 (C,0 >
C;) and 7>4 (C;0>C,). These trends are consistent with
the reported observations in other ILs with imidazolium
cations.'**>* On the other hand, with a constant cation,
the density increased with increasing the bulkiness of
the anion in the order [BF,]” <[CF;BF;]” <[C,FsBF;]" <
[nCF,BF;]” < [nCFoBF;]~. As shown in Figure 6, it seems
that the density of these salts linearly decreased as the
length of 1-alkyl (C,) or 1-alkyl ether (C,0O,) chain in the
cation increased and linearly increased as the number of flu-
orine atoms in the [C,F,,,BF;]” (n=0-4) increased. In the
[C,,mim][C,F,, . BF;] series (m=1-4 and 6, n=0-4) (nine-
teen liquid salts), such a linear relationship was observed as
follows: d (gmL™")=1.36-0.037 m+0.064n (r=0.993).
These results indicate that the densities of these ionic liquids
can be fine-tuned with slight structural changes in the cation
and anion.

Viscosity: The viscosity of an ionic liquid is essentially deter-
mined by their tendency to form hydrogen bonds and by the
strength of van der Waals interactions (dispersion and repul-
sion), being strongly dependent on the anion type.!'! For the
imidazolium ILs, longer alkyl chains on the cation result in
an increase in viscosity due to stronger van der Waals inter-
actions whereas delocalization of the charge over the anion
seems to favor lower viscosity by weakening hydrogen bond-
ing with the cation.®'*#2% In addition, an anion combined
a good charge distribution and a flat shape (e.g.
[F(HF),]~,7 [N(CN), -2 and [C(CN)j] """ or an ir
regular shape (e.g., [ALCL]"® [(CF;S0,)(CF;CO)N]-,™
and [(CF;S0,),N] ") tends to form low-viscous ILs,
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while that with high symmetry (e.g., BF,” 3151820
PF,~ [1820.30.320] AgR -~ (102l ghE - 1] apnd TaF, %)) usually
produces high-viscous and/or high-melting salts in spite of
its weakly coordinating ability.

Figure 7 shows the viscosities (1) of the liquid salts (the
new [C,mim]|[RBF;] and [C, O,mim]|[RBF;], and the re-
ported [C,,mim][BF,]) at 25°C. For all the [C,,mim]*-based
ILs with the same anion, the viscosities generally increased
as the 1-alkyl (C,,) chain increased, which is essentially at-
tributed to the increase of van der Waals interactions. This
trend agrees with those reported previously.'*?*! The influ-
ence of replacing the 1-alkyl (C,,) group with a similar alkyl
ether (C,,0,) group on the viscosity is highly dependent on
their structures. For instance, replacing the 1-C, group with
a C;0, group, or the 1-C¢ group with a longer CsO, group,
resulted in a decrease in viscosity (Table 2, entry 4 vs 7, 5 vs
8, 12 vs 15, 13 vs 16), whereas a viscosity increase was ob-
served for replacing the 1-C; group with a C,0O; group
(Table 2, entry 3 vs 6, 11 vs 14). Although the exact reasons
for the effect of the alkyl ether group on the viscosity of
these salts are not well understood, it is believed to be asso-
ciated with the competing influences of ion-ion and van
der Waals interactions and freedoms of the ions in these
salts, as discussed in 7}, trend previously.

210} —o— [CRBF]
ol o ICRBR
—A— [nCF,BF,]
o  150F —v— [nC,FBF,]
=z —s— [BF,]”
5 120+ 4
S
2 .
> 90 +
D\
60 | < /o n
/D/ \g\ %O
I —
30+ g\g%
1 | L L |

Il 1 1
co CO CO,
1-Alkyl (alky ether) in the cation

Figure 7. Viscosity of various liquid salts at 25°C.

Comparing the viscosities of the [RgBF;] -based ILs with
those of the [BF,] -based ones immediately displays the
impact of the anion. As seen in Figure 7, the viscosities of
all the [RgBF;] -based ILs (Rg=CF;, C,Fs, nC;F;, nC,F,) at
25°C are in the range 26-77 cP, which are comparable to
those of the corresponding [(CF;SO,),N] -based ones (34—
83 cP at 20°C),™ and obviously lower than those of the cor-
responding [BF,]"-based ones (43-220cP at 25°C,
Table 2),1°%%1 and significantly lower than those of the cor-
responding [PFg]-based ones (148-363 cP at 30°CP"). This
difference is more noticeable for the ILs with the large cati-
ons (Table 2, entries 3, 11, 19, 22 vs 24; entries 5, 13 vs 26).
These results indicate that 1) replacing one fluorine atom in
the [BF,]” with a strongly electron-withdrawing perfluor-
oalkyl (Rg) group makes the negative charge more delocal-
ized, thus weakening the electrostatic interactions (including
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possible hydrogen bonding) between the cation and anion,
2) the decrease of the electrostatic interactions prevail over
the increase of van der Waals attractions (the anion size in-
creased) because of the low polarizabiltiy of fluorine atom,
and 3) the relatively low symmetry of the [RgBF;]” may
reduce the ion interactions through destabilizing the crystal
lattice of the salts. In the [RpBF;]™ series (Rp=CF;, C,Fs,
nC;F,, nC,Fy), the ILs with the larger [ReBF;]” (Rg=nC;F,,
nC,F,) afforded a higher viscosity than those with the small-
er [RiBF;]” (Rg=CF;, C,Fs), suggesting that a very large
anion is unfavorable to produce low-viscous ILs in spite of
its good charge delocalization. Interestingly, apart from the
[Cimim][CF;BF;] and [C,mim][CF;BF;], all the ILs with the
larger [C,FsBF;]~ showed a little lower viscosity than those
with the smaller [CF;BF;]~, which is probably due to a
better charge delocalization in the former anion. Among
these new ILs, three of them exhibit the lowest viscosities,
26 cP for [C,mim][CF;BF;] and 27 cP for [C;mim][CF;BF;]
and [C,mim][C,FsBF;] at 25°C, all of which are a bit lower
than that for the hydrophobic representative [C,mim)]
[(CF;S0,),N] (28 cP at 25°C).['¥1 All the above results sug-
gest that, in search of low-viscous ILs, one must not only
focus on weakly coordinating ability of the anion, the shape
(symmetry) and size of the anion should keep in mind.

Conductivity: Figure 8 shows the specific conductivities (k)
of the liquid salts (the new [C,mim][R¢BF;] and [C,,O,mim]
[ReBF;], and the reported [C,mim][BF,]) at 25°C. In the
[ReBF;] -based series (Rg=CF;, CFs, nCF,, nC,F,), the
conductivities generally decreased as the formula weight of
the imidazolium ([C,mim]* and [C,O,mim]") cation and
[ReBF;]™ anion increased, namely, the extension of the 1-al-
kyl(alkyl ether) chain in the cation and the perfluoroalkyl
(Rp) chain in the [RgBF;]".

16
L —_
" \[\ —o— [CF,BF]

_ B L] —o— [G,FBF,]”
12 P —n—[nC,FBF,”
10k —v— [nC4ligBF3]_

—u— [BF]

Specific conductivity / mS cm
> (o]
T
D\
7/0/D

0 | 1 1 1 1 1 1
¢, ¢ ¢ CO C CO G CO

(M) (97) (111) (125) (127) (139) (141) (167) (185)
1-Alkyl (alky ether) in the cation

Figure 8. Specific conductivity of various liquid salts at 25°C; the data
in parentheses is formula weight (M,) of the cations [C,mim]* and
[C,,O,mim]*.

The conductivities of the ILs are mainly governed by
their viscosities, molecular weight, densities, and ion sizes of
the ILs." The viscosity determines the ion mobility while
the latter three factors determine the number of carrier
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ions. Comparing the conductivities of the [RpgBF;] -based
ILs with those of the [BF,] -based ones clearly illustrates
the interplay among these factors. As shown in the previous
section, all the [RgBF;] -based ILs exhibit a lower viscosity
than the corresponding [BF,] -based one (see Figure 7);
however, the [RiBF;]-based ILs with shorter Ry chains
(Rg=CFj;, C,Fs) exhibit a higher or comparable conductivity
than the [BF,] -based one; this indicates the viscosity de-
crease dominates over the increases of molecular weight,
density, and anion size, whereas those with longer Ry chains
(Rp=nGC;5F;, nC,Fy) afford a lower conductivity than the cor-
responding [BF,] -based one, showing the viscosity decrease
overcompensates for the increases of the latter three factors
(see Figure 8). Furthermore, the conductivity of the
[RegBF;] -based ILs with short R chains (Rg=CF;, CFs) is
apparently higher than that of the [(CF;SO,),N] -based one
with the same cation in spite of their similar viscosities, !4
further reinforcing that an anion with a large formula
weight and size is unsuitable for producing highly conduc-
tive ILs. Among these new hydrophobic ILs, two salts,
[Cimim][CF;BF;] and [C,mim][CF;BF;], have the lowest
viscosities (25-26 cP at 25°C) combined small molecular
weight and moderate ion sizes, thus resulting in the highest
conductivities, 15.5 mScm™! for the former and 14.6 mScm™
for the latter. To our best knowledge, these two salts have
the highest conductivities among the hydrophobic ILs repor-
ted,**¥ which are even a little higher than a conventional
electrolyte solutions, 1 moldm™ [(C,H;),CH,N][BF,] in pro-
pylene carbonate (13 mScm™), for double-layer capacitor.*¥
From these results, we could conclude that, when seeking
for highly conductive ILs, investigators should take into ac-
count not only the viscosity but also the other factors as de-
scribed above, especially the molecular weight.

It has been reported recently that the empirical Walden
rule founded in a wide range of aqueous electrolyte so-
lution, that is, the product of An remains constant (A is the
equivalent conductivity of the electrolyte and # the viscosi-
ty),” is valid for many ILs.**'”) Assuming that the ions in
each liquid salt in this study are dissociated completely, this
allows the equivalent conductivity (A1) of these ILs to be cal-
culated by the equation A= M/d, wherein M, x, and d rep-
resent the specific conductivity, formula weight, and density
of the corresponding ILs, respectively. Figure 9 displays the
plot of the calculated equivalent conductivity (A1) of twenty
one [RegBF;] -based liquid salts (see Table 2, entries 1-19, 21
and 22) as a function of the reciprocal of the viscosity (177}
at 25°C. A nearly linear relationship between the calculated
equivalent conductivity and the reciprocal of the viscosity
was observed in Figure 9 (r=0.953). This result indicates
that the dissociation extents in these ILs are very close and
should be very high because of the weakly coordinating abil-
ity of the [RgBF;]~, and Walden rule may be applicable for
these new ILs. To further verify whether these ILs obey
Walden rule, the product of /A # for each salt in a wide tem-
perature range must be studied.

Electrochemical stability: The electrochemical stability of
nine salts based on the [C,mim]* and [C;mim]* with various
anions including [RgBF;]™ (Rg=CF;, CFs, nCF;, nC/F),
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Figure 9. A plot of the equivalent conductivity (A1) against the reciprocal
of the viscosity (") for 21 liquid salts based on the [RgBF;] (Rp=CF;,
C,Fs, nCyF;, nC,F,), where the number is consistent with entries 1-22 in
Table 2.

[BF,]” and [(CF;SO,),N]~ was comparatively studied by
linear sweep voltammetry (LSV) on a glassy carbon elec-
trode. Figure 10 shows the LSV curves of these salts deter-
mined in the first scan under the same measurement condi-
tions, where the potential is referenced to ferrocene (Fc)/fer-
rocenium (Fc®) redox system in each salt, as the potential
of the Fc/Fct system is little affected by nonaqueous sol-
vents.’® As shown in Figure 10, all these nine salts almost
show an equivalent electrochemical window. This result is
consistent with recent literatures,">** where the [C,,mim]*
-based salts (m=2-4) with the [BF,]- and [C,FsBF;]~
showed an equivalent electrochemical window on a Pt elec-

g~ ——IC,miml[CFBF]
- - -[c,mim](C,F BF ]
6L - [C,mim][AC F BF]
-~ [C,mim][nC F,BF ]
. 4L ---C,mim]BF]
e | e (C,mim][(CF SO N]
) .
< 2L (C,mim][C,F.BF ]
E —-= [C,mim](CFSO)N] _ =
2 0L
2
3
£ 2r
4
3 4L
B
-8 1 1 1 ]

-1 0 1 2 3

Potential / V vs F¢'/Fc

Figure 10. Linear sweep voltammogram of various ionic liquids on a
glassy carbon electrode (surface area: 7.85x107° cm?) in the first scan;
scan rate: 50 mVs™'; counter electrode: Pt wire; potential (V) was refer-
red to ferrocene (Fc)/ferrocenium (Fc't) redox couple in each salt; water
content: ca. 200 ppm in the [C,mim]|[BF,] and <50 ppm in the other
salts.
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trode, and both the oxidation and reduction potentials were
not affected by the alkyl chain length in the cation or by re-
placing the [BF,]” with a [C,FsBF;]”. However, the quater-
nary ammonium salts of these anions are more significantly
resistant against the reduction and oxidation than the corre-
sponding 1,3-dialkylimidazolium salts, and show much larger
electrochemical windows than the latter.’”) These results
strongly indicate that not only the cathodic but also the
anodic decomposition of the salts in this study are limited
by the 1,3-dialkylimidazolium cations, such as [C,mim]* and
[C;mim]*. Therefore, it seems reasonable that the anions,
such as the [RgBF;]™, [BF,]” and [(CF;SO,),N], are more
stable against the reduction and oxidation than 1,3-dialkyli-
midazolium cations.

The respective cathodic and anodic limits and electro-
chemical windows are given in Table 3, where the limit was
set as the potential at which the current density reached
1 mAcm™2 As seen in Table 3, the electrochemical window
values for these salts are very close, and obviously larger
than those for the highly conductive salts with
[N(CN),]~ P> and [C(CN),]~.""" However, one may note
that the electrochemical window value for the [C,mim][BF,]
(4.55V) is a little narrower than those for the other salts
(Table 3). This may be caused by the presence of relatively
high contents of water and HF in the [C,mim][BF,] (ca.
200 ppm water and ca. 240 ppm F~ (HF)), because it has
been identified recently that a bit increase in water content
in ILs dramatically shortens the electrochemical windows of
ILs.P¥ In addition, it should be noted that the electrochemi-
cal window of the ILs is highly dependent on the type of
electrode used.® For example, for the same salt [C,mim]
[BF,], the electrochemical window value measured on a
glassy carbon electrode in this study is 4.68 V, which
is larger than that determined on a Pt electrode
(< 4.6 V3830 however, much larger electrochemical win-
dows for the [C;mim][BF,] were also reported on glassy
carbon and tungsten electrodes (5.45V for the former and
6.10 V for the latter) in the literature,™ due to the potential
hysteresis which was possibly caused by electrochemical de-
composition of electroactive impurities and adsorption of
the products on the electrode, as explained by the au-
thors.!

Table 3. Electrochemical windows for various ionic liquids determined on a glassy carbon electrode.

Conclusion

A series of chemically and electrochemically stable, hydro-
phobic ionic liquids consisting of [RgBF;]™ anion with 1-al-
kyl(alkyl ether)-3-methylimidazolium cation were synthe-
sized and characterized. The most prominent features of
these new ILs are their low melting points and low viscosi-
ties (26-77 cP at 25°C) due to relatively low symmetry and
good charge distribution in the [RgBF;]". Some of them
with small molecular weight also exhibit high conductivities
that could be comparable to conventional electrolyte solu-
tions. All these desired properties may support them as new
solvents for organic and biocatalytic reactions, and as poten-
tial electrolytes for electrochemical devices.

Experimental Section

General: The following materials were prepared and purified according
to the reported procedure: potassium perfluoroalkyltrifluoroborate
K[RgBF;] (Rp=CF;, C,Fs, nC;F;, nC,F,);%? 1 3-dimethylimidazolium
iodide ([C;mim]I), 1-ethyl-3-methylimidazolium chloride ([C,mim]Cl), 1-
methy-3-n-propylimidazolium chloride ([C;mim]Cl), 1-ethyl-3-n-butylimi-
dazolium chloride ([C;mim]|Cl), 1-ethyl-3-n-hexylimidazolium chloride
([Cemim]Cl), 1-methoxymethyl-3-methylimidazolium chloride
([C,Omim]Cl), 1-(2-methoxyethyl)-3-methylimidazolium bromide
([C;0mim]Br), 1-[2-(2-methoxyethoxy)ethyl]-3-methyl-imidazolium bro-
mide ([CsO,mim]Br)."183% The imidazolium halide salts were purified
by recrystallization from anhydrous acetonitrile/ethyl acetate under nitro-
gen atmosphere. The salts [C;mim][BF,],'** [C,mim][BF,],"” [Csmim]
[BF,]"" and [C,mim][(CF;SO,),N]" were synthesized according to the
literature.

NMR spectra were obtained using a JEOL JNM AL400 spectrometer
(*H at 399.65 MHz, “F at 376.05MHz, and "B at 128.15 MHz), and
[Dglacetone was used as solvent. Chemical shift values are reported in
ppm with respect to TMS internal reference for 'H, and external referen-
ces CCLiF in [Dg]acetone for ’F and BF;-Et,O in CDCI; for ''B. FAB-MS
(FAB™ and FAB™) were measured on a JEOL DX303 spectrometer. Ele-
ment analysis (C, H, and N) was performed at the Sumika Chemical
Analysis Centre of Osaka.

Water content: The water content in the ILs was detected by Karl-Fisch-
er titration (Mitsubishi Chem., model CA-07). With the exception of
[C,mim][BF,] (water content: ca. 200 ppm), all the salts prepared in the
present study contained less than 50 ppm of water after vacuum drying at
70-100°C for 24 h.

Impurity measurements: F~ (HF) content in the salts was determined by

ion chromatography at the Sumika Chemical Analysis Centre of Osaka.

The F~ (HF) content was <5 ppm in the [RgBF;] -based salts and ca.

240 ppm in the [C,mim][BF,]. The amount of residual halide (CI~, Br~,

or I") and potassium ions in the ILs was approximately estimated by a

fluorescence X-ray spectrometer (JEOL, model JSX-3201), and was re-
vealed to be less than 50 ppm.

Phase-transition analysis: The calori-
metric measurements were performed

sition temperature (7, onset of the

2

Salts Cathodic limit® [V] Anodic limit® [V] Electrochemical window [V] ~ With a differential scanning calorime-
- 2 ter (Perkin—Elmer Pyris 1 DSC equip-
[C2m¥m][CF3BF3] —249 214 4.63 ped with a liquid nitrogen cryostatic
[C,mim][C,FsBF;] ~2.50 2.15 4.65
[C2 im[ (2: ;: B% ! 2'53 2.18 4'71 cooling). An average sample weight of
2mm Lt 5t B o : : 5-10 mg was sealed in an aluminum
[Comim][nC,F,BF;] ~251 2.16 4.67 . ot
[Cmim][BF,] 245 2.10 455 0o and thon bacted o cooled
o T ’ ’ - °C, and then heated and coole
[C2m¥m][(CF3SOz)2N] —248 211 439 petween —150°C and a predetermined
[C4m}m][C2F5BF3] _2'22 221 4‘23 temperature at a rate of 10°Cmin~!
{g$i$}{?cl¥] SO)N] _i' Sb ;5 36? under a flow of helium. The glass tran-
4] 300,),. —2. . X
[

a] The limit was set as the potential at which the current density reached 1 mA cm™

rocene (Fc)/ferrocenium (Fct).

6588

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

; all potentials (V) vs fer-  heat capacity change), crystallization
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mic peak), solid-solid transition temperature (7, onset of the endother-
mic peak), melting point (7, onset of the endothermic peak) were deter-
mined on heating in the second heating-cooling cycle.

Thermal gravimetric analysis (TGA): The TGA was performed on a ther-
mal analysis system (Seiko Instruments, TG/DTA 6200). An average
sample weight of 5mg was placed in a platinum pan and heated at
10°Cmin! from ca. 40 to 600°C under a flow of nitrogen. The onset of
decomposition was defined as the decomposition temperature (7).

Viscosity: The viscosity was measured with a viscometer (Brookfield,
model DV-III+) using 0.6 mL sample at 25°C.

Density: The density of the liquid salts was approximately determined by
measuring the weight of 1.0 mL of the salt three times at 25°C.

Specific conductivity: The ionic conductivity (x) of the neat ILs was mea-
sured by a conductivity meter (Radiometer Analytical, model CDM230)
in a sealed conductivity cell at 25°C.

Electrochemical stability: Linear sweep voltammetry (LSV) was per-
formed using an automatic polarization system (ALS, model 600) in an
argon-filled glove box (O, and water <5 ppm), by using a 5 mL beaker-
type three-electrode cell equipped with a glassy carbon electrode (surface
area: 7.85x1073 cm?), a Pt wire counter electrode, and an I, /1" refer-
ence electrode consisting of Pt wire/0.015 moldm™ I, + 0.060 moldm™
[(CH;5),N]I in the [C,mim][(CF;SO,),N]. The potential was referenced
to ferrocene (Fc)/ferrocenium (Fc*) redox couple in each salt. The
values for the cathodic and anodic limits and the electrochemical win-
dows of the salts were undertaken in the first scan. The limit was arbitra-

rily set as the potential at which the current density reached 1 mAcm ™2

Synthesis of ionic liquids: The salts [C,mim][RBF;] and [C,O,mim]
[ReBF;] were synthesized by metathesis reactions of the corresponding 1-
alkyl-3-methylimidazolium halide with a little excess of K[RpBF;]
(1.05 equiv). In a typical reaction, to a stirred solution of [C,mim]Cl
(440 g, 30 mmol) in water (15mL) was added K[CF;BF;] (5.45¢g,
31 mmol) at room temperature. The mixture was stirred for an additional
30 min. The bottom layer was separated, dissolved in dichloromethane
(15 mL), and washed with water twice (2x5 mL). After evaporation, the
liquid obtained was dried at 70°C and 0.02 Torr for 24 h, affording the
[C,mim][CF;BF;] (6.32¢g, 85%) as a colorless liquid (water content:
48 ppm). The others were similarly prepared in a 30 mmol scale.

1,3-Dimethylimidazolium trifluoromethyltrifluoroborate ([Cymim]
[CF;BF;]): 75% yield, pale yellow liquid; "H NMR: 6 =4.02 (s, 2x3H),
7.66 (s, 2H), 8.89 ppm (s, 1 H); "F NMR: 6 =-74.8 (q, 2/(B,F)=32.6 Hz,
3F; CF;), —1552ppm (q, J(B,F)=39.6 Hz, 3F; BF;); "BNMR: 6=
—0.47 ppm (qq, J(B,F)=39.0, %/(B,F)=32.3 Hz); FAB-MS: m/z (%): 97
(100) [Cymim]*, 137 (100) [CF;BF,]"; elemental analysis caled (%)
C¢HyBF,N, (234.95): C 30.8, H 3.9, N 12.0; found: C 30.5, H 4.0, N 11.9.

1-Ethyl-3-methylimidazolium trifluoromethyltrifluoroborate ([C,mim]
[CF;BF;]): 85% yield, colorless liquid; '"H NMR: 6=1.56 (t, J=7.4 Hz,
3H), 4.03 (s, 3H), 4.38 (q, /=73 Hz, 2H), 7.67 (s, 1H), 7.74 (s, 1H),
8.94 ppm (s, 1H); "FNMR: 6=-74.9 (q, *J(B,F)=32.6 Hz, 3F; CF;),
—1553ppm (q, J(B,F)=39.6 Hz, 3F; BF;); "B NMR: 6=—0.46 ppm
(qq, J(BJF)=39.1, ¥J(BJF)=32.4Hz); FAB-MS: m/z (%): 111 (100)
[C,mim]*, 137 (100) [CF;BF;]"; elemental analysis calcd (%) for
C;H,;BFN, (247.98): C 33.9, H 4.5, N 11.3; found: C 33.9, H 4.4, N 11.4.
1-Methy-3-n-propylimidazolium trifluoromethyltrifluoroborate ([C;mim]
[CF;BF;]): 88% yield, colorless liquid; "HNMR: 6=0.96 (t, J=72 Hz,
3H), 1.98 (m, 2H), 4.06 (s, 3H), 4.32 (t, J=7.3 Hz, 2H), 7.71 (s, 1H),
7.75 (s, 1H), 8.98 ppm (s, 1 H); "F NMR: 6 =—-74.8 (q, 2/(B,F)=32.6 Hz,
3F; CF;), —1553 ppm (q, J(B,F)=38.6 Hz, 3F; BF;); "BNMR: 6=
—0.45 ppm (qq, 'J(B,F) =38.8, %/(B,F) =32.3 Hz); FAB-MS: m/z (%): 125
(100) [C;mim]*, 137 (100) [CF;BF;]"; elemental analysis caled (%) for
CgH,;BFyN, (262.00): C 36.7, H 5.0, N 10.7; found: C 36.5, H 5.1, N 10.8.

1-Ethyl-3-n-butylimidazolium trifluoromethyltrifluoroborate ([Cymim]
[CF;BF;]): 90% yield, colorless liquid; '"H NMR: 6=0.95 (t, J=7.2 Hz,
3H), 1.40 (m, 2H), 1.93 (m, 2H), 4.04 (s, 3H), 4.35 (q, J=7.3 Hz, 2H),
7.68 (s, 1H), 7.74 (s, 1H), 8.95ppm (s, 1H); YFNMR: 0=-74.8 (q,
%J(B,F)=32.4 Hz, 3F; CF;), —155.2 ppm (q, J(B,F)=39.7 Hz, 3F; BF;);
"BNMR: 6=-0.45ppm (qq, J(B,F)=39.7, %J(B,F)=32.3 Hz); FAB-
MS: m/z (%): 139 (100) [Cymim]*, 137 (100) [CF;BF;]"; elemental analy-
sis caled (%) for CoH sBF¢N, (276.03): C 39.2, H 5.5, N 10.2; found: C
38.9,H 5.8, N 10.2.
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1-Ethyl-3-n-hexylimidazolium trifluoromethyltrifluoroborate ([Cgmim]
[CF;BF;]): 92% yield, colorless liquid; '"H NMR: §=0.87 (t, J=7.0 Hz,
3H), 1.34 (m, 3x2H), 1.95 (m, 2H), 4.04 (s, 3H), 4.35 (t, /=7.2 Hz, 2H),
7.69 (s, 1H), 7.75 (s, 1H), 8.97 ppm (s, 1H); “FNMR: 0=-74.8 (q,
2J(B,F)=32.6 Hz, 3F; CF;), —155.2 ppm (q, 'J(B,F)=39.6 Hz, 3F; BF;);
UBNMR: 6=-045ppm (qq, J(B,F)=38.9, %/(B,F)=32.0 Hz); FAB-
MS: m/z (%): 167 (100) [Cgmim]*, 137 (100) [CF;BF;]~; elemental analy-
sis caled (%) for C;;H;iBF¢N, (304.08): C 43.5, H 6.3, N 9.2; found: C
432, H 6.0, N 9.3.

1-Methoxymethyl-3-methylimidazolium trifluoromethyltrifluoroborate
([C,Omim][CF;BF;]): 60% yield, colorless liquid; '"H NMR: 6 =3.44 (s,
3H), 4.09 (s, 3H), 5.66 (s, 2H), 7.75 (s, 1H), 7.81 (s, 1H), 9.10 ppm (s,
1H); YF NMR: 6=-74.9 (q, ¥/(B,F)=32.0 Hz, 3F; CF;), —155.1 ppm (q,
'J(B,F)=39.6 Hz, 3F; BF;); "B NMR: 6 =—0.46 ppm (qq, 'J(B,F)=39.7,
2J(B,F)=32.3 Hz); FAB-MS: m/z (%): 127 (100) [C,Omim]*, 137 (100)
[CF;BF;]™; elemental analysis caled (%) for C;H;;BF,N,O (263.98): C
31.9, H 4.2, N 10.6; found: C 31.7, H 4.3, N 10.6.

1-(2-Methoxyethyl)-3-methylimidazolium trifluoromethyltrifluoroborate
([C;0mim][CF;BF;]): 63% vyield, pale yellow liquid; '"H NMR: §=3.35
(s, 3H), 3.81 (t, /J=4.8 Hz, 2H), 4.06 (s, 3H), 4.51 (t, J=4.8 Hz, 2H), 7.67
(s, 1H), 7.70 (s, 1H), 8.94 ppm (s, 1 H); YFNMR: 6=-74.9 (q, 2J(B,F)=
32.4 Hz, 3F; CF;), —155.3 ppm (q, J(B,F)=38.6 Hz, 3F; BF;); "B NMR:
0=-0.46 ppm (qq, 'J(B,F)=38.8, 2J(B,F)=32.3 Hz); FAB-MS: m/z (%):
141 (100) [C;0mim]™, 137 (100) [CF;BF;]; elemental analysis calcd (%)
for CgH,;BF(N,O (278.00): C 34.6, H 4.7, N 10.1; found: C 34.4, H 4.8, N
10.1.

1-[2-(2-Methoxyethoxy)ethyl]-3-methylimidazolium trifluoromethyltri-
fluoroborate ([CsO,mim][CF;BF;]): 63% yield, pale yellow liquid;
'"HNMR: 6=3.30 (s, 3H), 3.49 (t, J=4.8 Hz, 2H), 3.64 (t, J=4.6 Hz,
2H), 3.91 (t, J=4.8 Hz, 2H), 4.06 (s, 3H), 4.51 (t, J=4.6 Hz, 2H), 7.68 (s,
1H), 7.73 (s, 1H), 8.96 ppm (s, 1H); "FNMR: 0=-74.8 (q, 2J(BF)=
32.6 Hz, 3F; CF;), —155.3 ppm (q, J(B,F) =38.7 Hz, 3F; BF;); "B NMR:
0=-0.46 ppm (qq, 'J(B,F)=39.7, 2J(B,F)=33.1 Hz); FAB-MS: m/z (%):
185 (100) [CsO,mim]*, 137 (100) [CF;BF;]"; elemental analysis calcd
(%) for C,,H,;BF:N,O, (322.06): C 37.3, H 5.3, N 8.7; found: C 37.3, H
5.7, N 8.9.

1,3-Dimethylimidazolium  pentafluoroethyltrifluoroborate  ([C;mim]
[C,FsBF;]): 77 % yield, pale yellow liquid; "H NMR: 0 =4.05 (s, 2x3H),
7.67 (s, 2H), 8.91 ppm (s, 1H); “F NMR: 6 =—-83.2 (s, 3F; CF;), —136.0
(g, Y(BF)=193 Hz, 2F; CF,), —153.0 ppm (q, 'J(B,F)=41.7 Hz, 3F;
BF;); "B NMR: 6 =0.23 ppm (qt, 'J(B,F)=39.7, 2J(B,F) =19.5 Hz); FAB-
MS: m/z (%): 97 (100) [C;mim]*, 187 (100) [C,FsBF;]"; elemental analy-
sis caled (%) for C;HsBFgN, (283.96): C 29.6, H 3.2, N 9.9; found: C 29.2,
H32,N98.

1-Ethyl-3-methylimidazolium pentafluoroethyltrifluoroborate ([C,mim]
[C,FsBF;]): 85% yield, colorless liquid; '"H NMR: 6=1.55 (t, J=7.4 Hz,
3H), 4.03 (s, 3H), 4.38 (q, /=73 Hz, 2H), 7.67 (s, 1H), 7.75 (s, 1H),
8.96 ppm (s, 1H); YFNMR: 6 =—83.2 (s, 3F; CF;), —136.0 (q, 2J(B,F)=
19.3 Hz, 2F; CF,), —153.0 ppm (q, J(B,F)=41.7 Hz, 3F; BF;); ''B NMR:
0=023ppm (qt, 'J(B,F)=40.9, J(B,F)=19.9 Hz); FAB-MS: m/z (%):
111 (100) [C,mim]™*, 187 (100) [C,FsBF;]~; elemental analysis caled (%)
for CgH; BFgN, (297.98): C 32.3, H 3.7, N 94; found: C 32.3, H 3.8, N
9.3.

1-Methy-3-n-propylimidazolium pentafluoroethyltrifluoroborate
([C;mim][C,F;BF;]): 89% yield, colorless liquid; "H NMR: 6=0.96 (t,
J=7.4Hz, 3H), 1.98 (m, 2H), 4.05 (s, 3H), 4.31 (t, J=7.2 Hz, 2H), 7.69
(s, 1H), 7.74 (s, 1H), 8.96 ppm (s, 1 H); "FNMR: 0=-83.2 (s, 3F; CF,),
—136.0 (q, 2/(B,F)=19.3 Hz, 2F; CF,), —152.8 ppm (q, 'J(B,F)=40.6 Hz,
3F; BF;); "BNMR: 6=0.25 ppm (qt, 'J(B,F)=40.9, 2J(B,F)=19.1 Hz);
FAB-MS: m/z (%): 125 (100) [C;mim]*, 187 (100) [C,FsBF;]"; elemental
analysis calcd (%) for CoH 3BFgN, (312.01): C 34.7, H 4.2, N 9.0; found:
C34.6,H44,N9.2.

1-Ethyl-3-n-butylimidazolium pentafluoroethyltrifluoroborate ([C;mim]
[C,FsBF;]): 91 % yield, colorless liquid; 'HNMR: 6=0.93 (t, J=7.4 Hz,
3H), 1.37 (m, 2H), 1.91 (m, 2H), 4.02 (s, 3H), 4.33 (q, /=7.0 Hz, 2H),
7.67 (s, 1H), 7.72 (s, 1H), 8.93 ppm (s, 1H); "F NMR: 6=-83.2 (s, 3F;
CF;), —136.0 (q, 2/(BJF)=19.3 Hz, 2F; CF,), —152.8 ppm (q, J(BF)=
40.6 Hz, 3F; BF;); "B NMR: 6=0.25 ppm (qt, 'J(B,F)=40.9, %J(B,F)=
19.9 Hz); FAB-MS: m/z (%): 139 (100) [Cymim]™*, 187 (100) [C,FsBF;];
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elemental analysis calcd (%) for C,H;sBFgN, (326.04): C 36.8, H 4.6, N
8.6; found: C 36.7, H 4.7, N 8.7.

1-Ethyl-3-n-hexylimidazolium pentafluoroethyltrifluoroborate ([Cymim]
[C,FsBF;]): 94% yield, colorless liquid; 'HNMR: 6=0.87 (t, J=7.0 Hz,
3H), 1.34 (m, 3x2H), 1.95 (m, 2H), 4.04 (s, 3H), 4.35 (t, J=7.2 Hz, 2H),
7.68 (s, 1H), 7.75 (s, 2H), 8.96 ppm (s, 1 H); YFNMR: 6=-83.1 (s, 3F;
CF;), —136.0 (q, J(B,F)=19.3 Hz, 2F; CF,), —153.0 ppm (q, J(B,F)=
40.6 Hz, 3F; BF;); "B NMR: 0=0.25ppm (qt, J(B,F)=40.9, 2J(B,F)=
19.9 Hz); FAB-MS: m/z (%): 167 (100) [Csmim]™, 187 (100) [C,FsBF;];
elemental analysis calcd (%) for C;,H;iBFgN, (354.09): C 40.7, H 5.4, N
7.9; found: C 40.7, H5.1, N 7.9.

1-Methoxymethyl-3-methylimidazolium pentafluoroethyltrifluoroborate
([C,0mim][C,FsBF;]): 65% yield, colorless liquid; "H NMR: 0 =3.44 (s,
3H), 4.09 (s, 3H), 5.66 (s, 2H), 7.75 (s, 1H), 7.82 (s, 1H), 9.11 ppm (s,
1H); YFNMR: 6=-83.2 (s, 3F; CF;), —136.0 (q, %J(B,F)=20.3 Hz, 2F;
CF,), —1528ppm (q, J(B,F)=40.6Hz, 3F; BF;); "BNMR: 0=
0.23 ppm (qt, J(B,F)=40.9, 2J(B,F)=19.9 Hz); FAB-MS: m/z (%): 127
(100) [C,Omim]*, 187 (100) [C,FsBF;]; elemental analysis calcd (%) for
CgH; BFgN,O (313.98): C 30.6, H 3.5, N 8.9; found: C 30.5, H 3.6, N 9.0.
1-(2-Methoxyethyl)-3-methylimidazolium pentafluoroethyltrifluoroborate
([C;0mim][C,F;BF;]): 65% yield, pale yellow liquid; '"H NMR: 6=3.35
(s, 3H), 3.81 (t, /J=4.8 Hz, 2H), 4.05 (s, 3H), 4.51 (t, /=4.6 Hz, 2H), 7.67
(s, 1H), 7.71 (s, 1H), 8.94 ppm (s, 1H); “F NMR: 6 =-83.1 (s, 3F; CF;),
—136.0 (q, 2/(B,F)=19.3 Hz, 2F; CF,), —153.0 ppm (q, 'J(B,F)=40.7 Hz,
3F; BF;); "BNMR: 6=0.23 ppm (qt, 'J(B,F)=40.9, %J(B,F)=19.9 Hz);
FAB-MS: m/z (%): 141 (100) [C;0mim]*, 187 (100) [C,FsBF;] " ; elemen-
tal analysis calcd (%) for CoH;BFN,O (328.01): C 33.0, H 4.0, N 8.5;
found: C 32.9, H 3.9, N 8.9.

1-[2-(2-Methoxyethoxy)ethyl]-3-methylimidazolium pentafluoroethyltri-
fluoroborate ([Cs;0,mim][C,FsBF;]): 68% yield, pale yellow liquid;
"HNMR: 6=3.30 (s, 3H), 3.49 (t, J=4.6 Hz, 2H), 3.64 (t, J=4.6 Hz,
2H), 3.91 (t, /J=4.6 Hz, 2H), 4.06 (s, 3H), 4.51 (t, J=4.6 Hz, 2H), 7.68 (s,
1H), 7.74 (s, 1H), 8.97 ppm (s, 1H); "FNMR: 6=-83.1 (s, 3F; CF,),
—135.9 (g, 2/(B,F)=19.3 Hz, 2F; CF,), —153.1 ppm (q, J(B,F) =40.6 Hz,
3F; BF;); "BNMR: 6=0.23 ppm (qt, 'J(B,F)=40.9, %J(B,F)=19.0 Hz);
FAB-MS: m/z (%): 185 (100) [CsO,mim]*, 187 (100) [C,FsBF;] ; ele-
mental analysis calcd (%) for C;;H;;BF;N,0, (372.06): C 35.5, H 4.6, N
7.5; found: C 35.3, H4.6, N 7.7.

1,3-Dimethylimidazolium (heptafluoro-n-propyltrifluoroborate ([C;mim]
[nC,F,BF;]): 88% yield, pale yellow liquid; '"H NMR: § =4.05 (s, 2x3H),
7.67 (s, 2H), 8.91 ppm (s, 1 H); YF NMR: 6 =-80.6 (s, 3F; CF;), —127.7
(s, 2F; BCCF,-), —133.9 (s, 2F; CF,B), —152.4 ppm (q, 'J(B,F)=39.6 Hz,
3F; BF;); "BNMR: 6=0.27 ppm (qt, 'J(B,F)=40.9, >J(B,F)=19.1 Hz);
FAB-MS: m/z (%): 97 (100) [Cymim]*, 237 (100) [C;F;BF;]"; elemental
analysis calcd (%) for CgHoBF (N, (333.97): C 28.8, H 2.7, N 8.4; found:
C 288, H2.8,N82.

1-Ethyl-3-methylimidazolium (heptafluoro-n-propyl)trifluoroborate
([C,;mim][nC;F;BF;]): 90% yield, colorless liquid; '"H NMR: 6 =1.56 (t,
J=7.4Hz, 3H), 4.04 (s, 3H), 4.38 (q, J=7.3 Hz, 2H), 7.67 (s, 1H), 7.75
(s, 1H), 8.96 ppm (s, 1H); YFNMR: 6 =-80.6 (s, 3F; CF;), —127.6 (s,
2F; BCCF,-), —133.8 (s, 2F; CF,B), —152.4 ppm (q, 'J(B,F)=40.6 Hz,
3F; BF;); "BNMR: §=0.27 ppm (qt, 'J(B,F)=40.9, %/(B,F)=19.1 Hz);
FAB-MS: m/z (%): 111 (100) [C,mim]*, 237 (100) [C;F,BF;]™; elemental
analysis caled (%) for C,H;BF|(N, (347.99): C 31.1, H 3.2, N 8.1; found:
C31.0,H33,N83.

1-Methy-3-n-propylimidazolium  (heptafluoro-n-propyl)trifluoroborate
([C;mim][nC;F,BF;]): 92% yield, colorless liquid; '"H NMR: 6=0.96 (t,
J=7.4Hz, 3H), 1.97 (m, 2H), 4.05 (s, 3H), 432 (t, J=7.2 Hz, 2H), 7.70
(s, 1H), 7.75 (s, 1H), 8.97 ppm (s, 1 H); "F NMR: 6=—-80.6 (s, 3F; CF;),
—127.6 (s, 2F; BCCF,-), —133.8 (s, 2F; CF,B), —152.4 ppm (q, 'J(B,F)=
40.7 Hz, 3F; BF;); "BNMR: 6=0.28 ppm (qt, J(B,F)=40.9, J(B,F)=
19.1 Hz); FAB-MS: m/z (%): 125 (100) [C;mim]*, 237 (100) [CsF;BF;];
elemental analysis calcd (%) for C,(H;3sBF (N, (362.02): C 33.2, H 3.6, N
7.7; found: C 33.0, H 3.6, N 7.7.

1,3-Dimethylimidazolium (nonafluoro-n-butyl)trifluoroborate ([C;mim]
[nCF,BF;]): 90% yield, white solid; 'H NMR: 6 =4.03 (s, 2x3H), 7.66
(s, 2H), 8.88 ppm (s, 1H); "FNMR: 0=-80.9 (s, 3F; CF;), —123.9 (s,
2F; BCCCF,-), —1259 (s, 2F; BCCF,-), —1332 (s, 2F; CF,B),
—152.0 ppm (q, J(B,F)=39.7 Hz, 3F; BF;); "B NMR: §=0.28 ppm (qt,
J(B,F)=40.9, 2J(B,F) =19.1 Hz); FAB-MS: m/z (%): 97 (100) [C;mim]*,
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287 (100) [C,FyBF;]"; elemental analysis caled (%) for CyHoBF;,N,
(383.97): C28.2, H2.4,N 7.3; found: C 28.2, H2.2, N 7.1.

1-Ethyl-3-methylimidazolium (nonafluoro-n-butyl)trifluoroborate
([C,mim][nCF,BF;]): 92% vyield, colorless liquid; '"H NMR: §=1.56 (t,
J=7.4Hz, 3H), 4.04 (s, 3H), 4.38 (q, /=73 Hz, 2H), 7.67 (s, 1H), 7.75
(s, 1H), 8.96 ppm (s, 1H); “FNMR: 6=-80.6 (s, 3F; CF;), —123.9 (s,
2F; BCCCF,-), —1259 (s, 2F; BCCF,-), —1332 (s, 2F; CF,B),
—152.1 ppm (g, 'J(B,F)=40.7 Hz, 3F; BF;); "B NMR: 6=0.29 ppm (qt,
'J(B,F) =40.6, 2J(B,F) =19.1 Hz); FAB-MS: m/z (%): 111 (100) [C,mim]*
, 287 (100) [C,FyBF;] ; elemental analysis calcd (%) for C,H;;BF},N,
(398.00): C 30.2, H 2.8, N 7.0; found: C 30.0, H 2.8, N 7.1.

1-Methy-3-n-propylimidazolium (nonafluoro-n-butyl)trifluoroborate
([Csmim][nCF,BF;]): 95% yield, colorless liquid; 6=0.96 (t, J=7.4 Hz,
3H), 1.97 (m, 2H), 4.05 (s, 3H), 4.32 (t, J=72Hz, 2H), 7.70 (s, 1H),
7.75 (s, 1H), 8.98 ppm (s, 1H); “FNMR: 6=-80.6 (s, 3F; CF;), —123.9
(s, 2F; BCCCEF,-), —1259 (s, 2F; BCCF,-), —133.2 (s, 2F; CF,B),
—152.1 ppm (q, J(B,F)=40.7 Hz, 3F; BF;); "B NMR: 6=0.29 ppm (qt,
1J(B,F)=40.6, 2J(B,F)=19.1 Hz); FAB-MS: m/z (%): 125 (100) [C;mim]*
, 287 (100) [C,FoBF;] ; elemental analysis caled (%) for C,H;sBF,N,
(412.03): C32.1, H3.2, N 6.8; found: C 32.0, H 3.2, N 6.9.
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