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1-Vinyl-3-alkylimidazolium salts ([C,VIm]X, (where, C,VIm = vinylimidazolium cation with alkyl
chains of C,H,,+1;n=4,6,8,10,12,14, 16 and 18 for X =Brand I, and n = 12, 14, 16 and 18 for X =
BF, and PFy), were prepared and characterized. Ethyl substituted congeners [C;sEIm]Br and
[C16EIm]I were also prepared to understand the unique property of the vinyl substitution. Salts with
shorter alkyl chain lengths (n =< 12) are either room temperature or close to room temperature ionic
liquids, whereas those with longer alkyl chain lengths are ionic liquid crystals with SmA mesophase.
Diffractograms from powder X-ray diffraction studies suggest that in the solid state the [C,,VIm]Br
series salts adopt a double bilayer structure, whereas the ethyl substituted analogues and salts in the I,
BF,;~ and PF4™ series have a simple bilayer structure. The thermal behavior of [C;sVIm]Br and
[C16VIm]I was compared with their saturated congeners. The vinyl functionalized salts, have slightly
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higher melting points and much higher clearing points than those of the saturated congeners, and

therefore wider mesophases are found for the formers. Nuclear magnetic resonance spectroscopic

studies suggest that vinyl functionalization provides additional hydrogen bonding interactions between

the cations and anions.

Introduction

In the middle of the 1990s a renaissance of molten salts begun,
which continues to flourish, in particular imidazolium based
ionic liquids (ILs). This is because of their favorable properties
such as thermal stability, non-flammability, high ionic conduc-
tivity, negligible vapor pressure, and a wide electrochemical
window, efc.*”” Additionally, these properties can be judiciously
tuned by varying the N-alkylimidazolium substituent and/or the
anion.*'® These ILs are very popular and enjoy a plethora of
application in various domains.’2¢ Vinylimidazolium salts were
first synthesized by Salamone ez al. as early as 1973,>” and only
after 2000 have vinylimidazolium salts received increasing
attention.?®! Vinylimidazolium salts have served as good elec-
trolytes in dye sensitized solar cells (DSSCs)3** due to their high
charge density and mobility, and also have been used in combi-
nation with lithium salts as ion conductive matrices, which
provide a high ionic conductivity.** In addition, the presence of
a vinyl moiety makes these salts polymerizable, often yielding
a mechanically superior poly-electrolyte.’**!

Tonic liquid crystals (ILCs) are ILs exhibiting liquid crystalline
properties.*> In many imidazolium salts, ILCs can be generated
simply by increasing the alkyl chain length to increase the self-
organization character.***® Liquid crystalline imidazolium salts
possess anisotropic properties and may thus be exploited to make
new materials.*>** Most studied imidazolium-based ILCs have
been restricted to l-alkyl-3-methylimidazolium and N,N'-
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experimental preparation; characterization data for the salt synthesis;
Table containing chemical shift and NMR spectrum. See DOI:
10.1039/c0jm02875d

dialkylimidaozlium salts.** Varying the substituent pattern has
not been explored very much; apart from the length of the alkyl
chain, a few recent examples reported the introduction of func-
tionalized motifs such as pendant hydroxyl group on the alkyl
chain,**5! functionalized aryl groups,®*5 amide groups,®*->?
Surprisingly, in spite of the many studies on vinylimidazolium
salts,’® %" only one report deals with the use of lyotropic ionic
liquid crystal, 1-decyl-3-vinylimidazolium chloride, as material
matrix for encapsulation of gold nanoparticles in aqueous
domains and demonstrated the possibility of using this hybrid
material to enhance the bulk conductivity properties.®*¢*

With these few precedents, we aimed at exploring the liquid
crystal (LC) behavior of the vinylimidazolium salts. In order to
study the influence of alkyl-chain length and the effect of counter
anions on the LC behavior, a range of vinylimidazolium salts
with different chain lengths and anions of Br—, I-, BF,~, and
PF4s~ were synthesized. The effect of the vinyl substituent was
studied by comparing the structures, thermal behaviors, and
cation—anion interactions of the vinylimidazolium salts with the
saturated congeners of ethylimidazolium salts.

etc.

Results and discussion

Vinyl imidazolium salts, denoted as [C,VIm]X (where, C,VIm =
vinylimidazolium cation with alkyl chains of C,Hy,+1;n=4,6, 8,
10, 12, 14, 16 and 18 for those with X = Brand I, and n = 12, 14,
16 and 18 for X = BF4 and PF¢) under study are summarized in
Fig. 1. The alkylation of vinylimidazole with corresponding alkyl
halides afforded [C,VIm]Br and [C,VIm]I. While, [C,VIm]BF,
and [C,VIm]PF salts were prepared by anion metathesis of
[C,VIm]Br through treatment with sodium tetrafluoroborate or
sodium hexafluorophosphate in methanol-water mixtures,
respectively. Similarly, [CisEIm]Br and [C;cEIm]I was prepared
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Fig. 1 General structure of salts studied.

by alkylation of ethylimidazole with 1-bromohexadecane or
l-iodohexadecane, respectively. All attempts to isolate a single
crystal of vinylimidazolium salts, [C,VIm]X, have been unsuc-

cessful.

The liquid crystalline behavior of the vinylimidazolium salts
were studied by differential scanning calorimetry (DSC), polar-
ized optical microscopy (POM) and temperature controlled
powder X-ray diffraction (PXRD) analysis. The transition
temperatures and enthalpies of the vinylimidazolium salts are

Table 1 Phase behavior of 1-vinyl-3-alkylimidazolium salts, [C,VIm]X®*

Compound Phase transition behavior
X — Br n—18° or 70.5(93.4) SmA 198 1
67.1(27.5) 157.6(0.3)
16 Cr ~~ =~ I
35.3(15.3) 157.2(0.3)
59.8(35.7) 99.4(0.3
14 Cr = SmA = ©3) I
32.9(21.6) 96.6(0.3)
41.7(23.7
b o Y CE ) NG
16.5(0.2)
74.4(58.4
1 s o = (58.4) _186.4(0.5) .
51.2(28.8) 185.3(0.5)
40.9(9.0) cr 64.4(23.7) 144.4(0.4)
16 [0 SmA
33.7(22.5) 143.1(0.4)
35.3(2.7) cr 60.9(43.2) 90.9(0.4)
14 Cr =% SmA
21.1(31.5) 90.4(0.4)
34.5(0.6) cr 50.7(40.0)
12 o ———— I
19.52(0.2)
I _ 60.1(7.5) cr 65.1(25.1) 160.6(0.3)
X = BF, Cr 57.1(18.1) SmA 1568 I
] 48.4(5.9) cr 59.8(38.4) 118.9(0.5)
16 Cr = _— SmA — 1
44.4(38.5) 118.3(0.5)
52.6(39.4) 61.6(0.3)
14 Cr == ~ I
38.2(38.5) 61.1(0.3)
.8(28.1
0 o 35.8(28.1)
<0
91.0(60.0) 127.5(0.9)
X = PFg n=18 Cr= = I
81.2(55.4) 162.5(0.8)
87.3(55.1) 89.7(0.7)
16 Cr = ~
77.4(55.6) 89.1(0.7)
79.3(32.8)
14 oS 1
69.5(32.3)
68.5(28.9)
12

54.6(28.8)

“ Transition temperatures (°C) and enthalpies (kJ mol~", in parenthesis) are determined at a scan rate 2.0°C min~".” Determined by POM as phase transition,
since could not be observed under DSC. ¢ Data from first heating cycle; Cr, Cr’ = crystal; SmA = smectic A; I = isotropic, [¢ = decomposition temperature.
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Fig. 2 Representative POM image of [C;VIm]I at 100 °C.

reported from the second heating cycle of the DSC studies and
are provided in Table 1. On the second and subsequent heating
and cooling cycles, the transitions are reproducible. However, in
the case of [C;sVIm]Br only the transition temperature from the
first heating cycle is provided as decomposition occurs near the
clearing point.

For the mesomorphic salts, [C;cEIm]Br, [C;¢EIm]I, and
[C,VIm]X (X = Br—, I and BF,; n = 14, 16 and 18, and X =
PF¢~; n = 16 and 18) a single enantiotropic mesophase with fan
texture is observed by POM. We propose that the mesophase is
a smectic A (SmA, Fig. 2) phase as is generally true for most of
other N-alkyl substituted imidazolium based ILCs.***° Samples
cooled from the isotropic melt appear black (i.e. with uniform
homeotropic domains) when they are viewed under a cross
polarizer, which requires that the lamellar phases be uniaxial. On
deformation/shearing, samples display an oily streaked texture
resulted in transient focal conic domains, characteristic of SmA
phase. This identification is supported by the PXRD data
described later.

The effect of chain length and counter anion on the mesogenic
properties of vinylimidazolium salts will be discussed first. In the
Br~ series, compounds with n = 4, 6, 8 and 10 are room
temperature ILs, and [C,VIm]Br is an IL above 41.7 °C. It is
observed that as the alkyl chain length increases, the fluidity of
the ILs decreases. The higher alkyl chain analogues, namely,
[C14VIm]Br, [C;¢VIm]Br, and [C;gVIm]Br are ILCs. DSC ther-
mograms show that these salts have relatively low melting
temperatures of transition from solid to mesophase: 59.8 °C for
[C14VIm]Br, 67.1 °C for [C;sVIm]Br, and 70.5 °C for
[CigVIm]Br. The clearing temperature increases rapidly with
chain length: 99.4 °C for [C4VIm]Br, 157.6 °C for [C;cVIm]Br,
and up to 198 °C with decomposition for [C;gVIm]Br.
[C1sVIm]Br exhibits mesophase over a range of AT = 120 °C. In
the I~ series, compounds with n = 4, 6, 8 and 10 are room
temperature ILs and [C;,VIm]I is an IL above 50.7 °C. Like the
Br~ series, as the alkyl chain length increases fluidity of the ILs
decreases. SmA phase is shown by [C4VIm]I from 60.9 to
90.9 °C, [C;¢VIm]I from 64.4 to 144.4 °C, and [CgVIm]I from
74.4 to 186.4 °C. Except for [C;4VIm]I, the melting temperatures
are higher and the clearing temperatures are lower than those of
the corresponding Br~ salts.

In the BF4 series, [C;,VIm]BF, is an ionic liquid above
35.8 °C, while the salts with n = 14, 16, and 18 exhibits LC phase,
from 52.6 to 61.6 °C, 59.8 to 118.9 °C, and 65.1 to 160.6 °C,
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Fig. 3 Effect of chain length and anion on the mesogenic properties of
vinylimidazolium salts, [C,,VIm]X (n = 14, 16 and 18; and X = Br, I,
BF, and PFg").

respectively. While in the case of PF4~ series, [C1,VIm]PF4 and
[C14VIm]PFg4 are ILs above 68.5 and 79.3 °C, respectively. The
LC phase is seen for [C;¢VIm]PF¢ from 87.3 to 89.7 °C and for
[C1sVIm]PFg from 91.0 to 127.5 °C. The mesophase ranges are
narrow, AT = 2 °C for [C;4VIm]PFg and 35 °C for [C,3VIm]PFg.
The lower homologues (n = 12 and 14), are ionic liquids above
55 °C. A severe supercooling phenomenon is observed in the
crystallization, but is lesser in the isotropic to LC transition. Such
a supercooling tendency has also been seen in other ILCs.5*°

Fig. 3 summarizes the phase transitions of the mesogenic
vinylimidazolium salts among all the series. Formation of the
mesomorphism depends on the type of anions and length of alkyl
chains. There is a clear increase in both the melting and clearing
points with an increase in the chain length () in each series. The
mesophase range (A7) of any series increases by ca. 35 °C on
increasing the alkyl chain length by two carbon atoms. The
increase in the alkyl chain gives an increase in the temperature of
clearing more than that of melting, showing a greater effect of the
van der Waals interactions on the clearing temperature than on
the melting temperature.®®

Among the series of different anions, the trend in the melting
point is roughly BF,~= Br~ = I~ < PF4". In general, imidazo-
lium salts with halide anions show higher melting temperatures
than those with anions of PF4~, BF;~ and ClO,4 . However, PF¢~
salts showing higher melting temperatures are occasionally
found.>"%*%5 In this work, a better packing of the PF¢~ anion in
the vinyl imidazolium salts than the halide leads to a higher
melting point for the former, whereas the clearing point and
mesophase range follow the trend PFg~ < BF;~ < I~ < Br—.*%
With an identical chain length, the process of transition from
mesophase to isotropic liquid depends on the strength of cation—
anion interactions, of which Coulombic and hydrogen bonding
interactions are the two major interactions, the former interac-
tion depends on the cation—anion size. With an identical cation,
a smaller anion has a stronger Coulombic interaction. For the
latter, the "H chemical shift of the carbenic C* proton is very
sensitive to the anion present, and is a good indication of the
strength of C>-H:--anion interaction. The stronger the hydrogen
binding interaction, the lower the "H chemical shift of the car-
benic proton. For example, for the [C;sVIm]* cation, the C?
proton chemical shifts for different anions are ¢ 10.87 ppm for
Br, 6 10.56 ppm for I, 6 9.14 ppm for BF,~ and ¢ 8.86 ppm in
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Table 2 Interlayer spacing of the vinylimidazolium and ethyl-
imidazolium salts in Cr, and SmA phases

dIA (TIPC) dIA (TI°C)

Salt Cr SmA Salt Cr SmA
[CisVIm]Br  64.4 (25) 37.8 (90) [CisVIm]L  18.5(25) 37.4 (90)
[CieVIm]Br  60.2 (25) 36.9 (90) [CiVIm]L  17.2(25) 34.6 (90)
[C1aVIm]Br  56.0 (25) 31.8(90) [Ci,VIm]I  15.9(25) 31.4(90)
[C,VIm]Br 503 (25) — [CLVIm]I 14525 —
[Ci¢EIm]Br  31.6 (25) 35.3(60) [CiEIm]l  29.9 (25) 34.1 (60)
[CisVIm]BF; 29.8 (25) 36.5(90) [C;sVIm]PFs 30.8 (25) 35.7 (85)
[Ci1eVIm]BF, 27.7 (25) 33.6 (90) [C1¢VIm]PFs 28.9 (25 33.8 (85)
[C14VIm]BF, 24.9 (25) 31.6 (60) [CiuVIm]PFs 26.5(25) —
[C1LVIm]BF; 229 (25) — [C1LVIm|PFg 24.2 (25) —

the case of PF¢ ™. Thus the order of the strength of three C-H---X
hydrogen bonds is parallel to that of the Coulombic interaction.

To confirm the mesophase behavior and to understand the
molecular arrangement of vinylimidazolium salts in the Cr and
mesophase, PXRD are studied for the Br—, I-, BF,~ and PF4~
series salts as a function of temperature. All the salts displayed
layered structures in both the crystal and liquid crystalline pha-
ses, in which the corresponding layer spacings are determined
from the (001) reflections, and are in Table 2. The Cr phase
d spacings of the vinylimidazolium salts in all series show a linear
increment with chain length (n), indicating a similar structure for
all the salts in the series (see the ESI, Fig. S17).

Among the Br~, I, BF,~ and PF¢ series, the PF4~ series salts
have the simplest PXRD results, so we will begin our discussion
with this series, followed by the Br~, I-, and BF,~ series. Fig. 4
represents diffractograms for the [C;gVIm]PF4 at Cr and LC
phase. The crystal phase shows that a set of equal spacing peaks
at low angle region are observed suggesting a layer type structure
with a corresponding layer spacing of 30.8 A. For the lower
homologue [C16VIm]PFg, a similar pattern with a layer spacing
dof 28.9 A is observed. Since the crystal layer spacingis1<d <2,

@ - [CiVIm]Br

35.7A
Mesophase
2 45A
U 1oa
=
30.8A
Cr Phase
15.18 A
Jt ﬂ 1015 A J\ A
A —
0 10 20 15

Scattering angle (2-theta-scale)

Fig. 4 PXRD pattern for [C;sVIm]PFg at Cr phase and at SmA phase.

where ‘I’ is the all-trans chain length, we propose that for the
PF¢~ series compounds the crystal has an interdigitated bilayer
structure. In the mesophase, there is a sharp (001) reflection
followed by a weak (002) peak in the low angle region, and a faint
diffused scattering at higher angles, suggesting a lamellar struc-
ture with a liquid like order of the alkyl chains in the layers. The
wide angle peaks observed in the Cr phase are absent here,
indicating a decrease in the positional ordering. There is an
increment of 4.9 A from Cr to mesophase for [C;gVIm]PF4 and
[C16VIm]PFg, which can be attributed to a decrease in the tilting
angle of the molecular rod with respect to the plane normal.
PXRD studies also show that the mesophase d spacing decreases
steadily with increasing temperature (Fig. 5). This decrease is
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Fig. 5 Dependence of layer spacing d on temperature.
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attributed to a greater alkyl chain mobility upon increasing the
temperature, and is consistent with an SmA phase as proposed.®®
A schematic diagram for the structure of the Cr and SmA phases
are represented in Fig. 6.

The results are different for the salts of Br~ series. While the
mesophase d spacing is similar to those for PF¢~ series, the Cr
phase d spacing is almost double 64.4 A for [C1gVIm]Br, 60.2 A
for [C;¢VIm]Br, and 56.0 A for [C14VIm]Br. We propose that the
crystal either adopts a double bilayer structure, with alternating
bilayers of different molecular conformations, or an extended
bilayer structure, where the alkyl chains are not interdigitated.
Since the layer spacing of 60.2 A for [C16VIm]Br is more than
double the molecular length of 25 A’ the possibility to adopt the
latter structure is unlikely. Hence we propose a double bilayer
structure (Fig. 6), which has been observed for the 1-alkyl-3-
methylimidazolium chloride salts.®®%® In that example, two
different conformations of the imidazolium ring heads with
respect to the alkyl chains are found; one with chains more or less
parallel to the ring (linear form), the other with chains almost
perpendicular to the ring plane (bent form). After annealing, the
salt exhibits only the most stable conformation (linear form).
However, unlike in the report, the double bilayer structure
changes to a simple bilayer structure, it thus reduces the
d spacing. Similar to the PFg series salts, the mesophase
d spacing decreases steadily upon heating, confirming that the
mesophase is the SmA phase Fig. 5.

The salts in the iodide series, [C,,VIm]I, have a d spacing of 14
to 19 A, about one fourth of those for the Br~ and two thirds of
the PF¢~ analogues in the Cr phase. It is possible that a bent
conformation, which tilts with some angle from the normal of the
layer plane, is adopted to give the short layer spacing. The
mesophase structure for the iodide salts is similar to those of the
other series of compounds, and has d spacings in the range of 31
to 37 A, longer than those in the Cr phase but is comparable to
those of the other series at the mesophase. PXRD studies shows
that the mesophase d spacing decreases on increasing the
temperature, again consistent with a SmA phase (Fig. 5). The
plots in Fig. 5 are quasi-linear, the slight deviation of the plot
from linearity in the mesophase has been observed in many
cases.?®7°

The mesogenic salts in the [C,,VIm]BF, series show d spacings
between 24.9 and 29.8 A in the Cr phase, which are comparable
to those of the corresponding PF¢~ series. Therefore a simple

Table 3 Phase behavior of [C;¢EIm]X.*

X Phase transition behavior
55.7(29.8) _ 117.3(0.4) _
Br Cr== ~
41.5(21.4) 116.8(0.4)
c 60.0(37.7) _ 99.6(0.5)
! " 38.024.2) ~97505) |

“ Transition temperatures (°C) and enthalpies (kJ mol~', in parenthesis)
are determined at a scan rate 2.0 °C min~'; Cr = crystal phase; SmA =
smectic A phase; I = isotropic phase.

bilayer structure is proposed for the crystal of the BF,~ salts. The
d spacing increases (ca. >21-27%) on transforming into the
mesophase, similar to that observed for the PF¢~ series salts. The
mesophase d spacing also decreases on increasing the tempera-
ture, typical for the SmA phase.

Despite the differences in the solid state structure, all the vinyl-
substituted compounds have a similar structure at the mesophase
between the different anions, the d spacing follows the order
Br~>1" > BF, > PF4, a trend parallel to the size of the anions.
The smaller anions could keep the cations closer, and confine the
thermal movement of the alkyl chains to a stretched all-trans
position. The larger anions keep the cations apart, allowing the
chains to wriggle around.

To elucidate the unique properties of the N-vinyl substituent,
ethyl substituted [Cy6EIm]Br and [C,¢EIm]I salts were utilized to
compare the differences between the vinyl and saturated conge-
ners in terms of structures, thermal behaviors, and cation—anion
interactions. Table 3 provides the phase transition behavior of
the ethylimidazolium salts. The ethylimidazolium salts exhibit
liquid crystalline behavior of SmA based on POM and PXRD
observations. [C;¢EIm]Br and [C;cEIm]I have melting points of
55.7 and 60 °C, and clearing points of 117.3 and 99.6 °C,
respectively. These values are compared to the vinyl analogues of
[C16VIm]Br and [C¢VIm]I; melting points are 67.1 and 64.4 °C,
and clearing points 157.6 and 144.4 °C, respectively. The vinyl
compounds have a slightly higher melting point and substantially
higher clearing point than their corresponding ethyl substituted
compounds, and therefore a wider mesophase range; The AT =
61.6 °C for [Ci,EIm]Br and AT = 39.6 °C for [C,cEIm]I are
compared to the AT =90.5 °C for [C;,VIm]Br and AT = 80.0 °C
for [C1¢VIm]I (see Table 1 and 3). The wider mesophase range
observed for the vinylimidazolium salt is primarily due to the
greater number of hydrogen bonding interactions between
cations and anions, as will be discussed later.

At the Cr phase, [C;¢EIm]Br has a much smaller d spacing
(31.6 1&) than that of the [C;¢VIm]Br (60.2 A), whereas [C;¢EIm]I
has a much larger d spacing (29.9 A) than that of the [C;cVIm]I
17.2 A). A simple bilayer structure as for the BF,~ and PF4~
salts is adopted for these two ethyl substituted salts. At the
mesophase, the two ethylimidazolium salts have a comparable
layer structure to those of the vinyl analogue and hence a similar
mesomorphic structure. Thus the presence of N-vinyl substitu-
ents leads to the formation of an unusual structure for the Br~
and I~ salts in the solid state, but not in the mesophase.

This journal is © The Royal Society of Chemistry 2010
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Fig.7 Numbering of cationic proton of [C;4VIm]" and [C|¢sEIm]" under
study.

Interaction of electron poor olefins with Br~ and I~ has been
reported.” The positive charge of the imidazolium moiety
could possibly promote the interaction of this N-vinyl substituent
with halides, and thus gives arise to the unique crystal packing of
the halide salts.

Recently the use of '"H NMR technique to investigate the
preferential site of interaction and the conformational behaviors
of azolium-linked cyclophanes in the presence of increasing
halide ion concentration in solution has been reported.”’¢ In this
work similar experiments were employed to study the interaction
of halide with [C;¢VIm]* and [CicEIm]*. Tetrabutylammonium
bromide (TBAB)/tetrabutylammonium iodide (TBAI) as
a source of halide was added by portions to the [CsVIm]PF4 and
[Ci6EIm]PFy salts individually and monitored by 'H NMR
spectroscopy in CD,Cl,. To better describe the results, the
numbering of the protons for the cations of [C;,VIm]PF¢ and
[C16EIm]PFg are shown in Fig. 7.

Results of the '"H NMR spectra at the downfield region for the
TBAB addition are given in Fig. 8, and the corresponding
¢ values for the TBAB addition are provided in the Table 4.
Those of the TBAI addition are provided in the ESI.¥ The
chemical shift of the carbenic H? of [CisVIm]PFg4 appears at
6 8.86 ppm and the corresponding signal for the [C;sVIm]Br
appears further downfield at 6 10.87 ppm. Addition of one
equivalent of TBAB to [C;sVIm]PFs in CD,Cl, results in
downfield shifting of the H? from 6 8.86 to 10.43 ppm (A =
1.57 ppm). This change in the chemical shift of the H? is due to its
interaction with the bromide ion in solution. Likewise the

(a) ) J

Table 4 NMR peak

protons

values for the [C;¢VIm]PFs and [C,cEIm]PF¢

Compound Additive Ratio

Chemical shift for the corresponding
proton in CD,Cl,, é6/ppm

H>* H' H° H’

H® H* H® H©

[C16VIm]PF¢ None

8.77 1737 7.56 —

4.21 5.48 5.79 7.08

[Ci¢VIm]PFs TBAB 1:1 1043 7.43 7.71 — 4.31 5.40 5.93 7.37
[Ci¢VIm]PFs TBAB 1:2 10.85 7.53 7.89 — 4.33 5.36 6.15 7.46
[Ci¢VIm]PFs TBAB 1:3 10.95 7.60 8.01 — 4.33 5.33 6.08 7.50
[Ci6EIm]PF¢s None  — 889 7.327.28 430 420 — — —
[Ci¢EIm]PFs TBAB 1:1 10.06 7.41 7.33 435 426 — — —
[CiEIm]PFs TBAB 1:2 10.32 7.50 7.38 437 428 — — —
[CicEIm]PFs TBAB 1:3 1041 7.57 7.43 437 428 — — —

imidazolium H* and H® are observed slightly downfield from 6 =
7.33 to 7.43 ppm (A = 0.10 ppm) and from 6 = 7.53 to 7.71 ppm
(A6 = 0.18 ppm), respectively, suggesting that in addition to the
H?, bromide ion also has influences on the imidazolium H* and
H?5, but to a much smaller extent. For the vinylic H® next to the
imidazolium N atom, a slightly larger change from 7.03 to
7.37 ppm in the chemical shifts is found (Fig. 8). The vinylic H®
also shows a downfield shift from é = 5.79 to 5.93 ppm while H*
behaves differently and appears upfield at 6 = 5.42 ppm. Addi-
tion of two and three equivalents of TBAB to the [C,sVIm]PF,
solution results in further downshift of the H? proton to 6 = 10.85
ppm then to 6 = 10.95 ppm; the changes are, however, smaller
compared to that of the addition of the first equivalent of TBAB.
Furthermore, there is very little effect on the other head group
protons with additional TBAB (Fig. 8). Experiments carried out
with 1-3 equivalents of TABI give results similar to yet have
smaller influences than that carried out with TBAB (see ESI
Fig. S2 and Table S17).

For the corresponding ethylimidazolium compound
[C16EIm]PF, the chemical shift for the carbenic H? appears at
6 8.89 ppm and the corresponding signal for the [C;cEIm]Br
appears much downfield at ¢ 10.34 ppm. Addition of one
equivalent of TBAB to [C;cEIm]PFs in CD,Cl, results in

(®) J

(c)

| -

|

@ | 1 !

(e) | l le j

® B il J |
(9) l

| I I

6 [ppm]

Fig. 8 Downfield region of the "H NMR spectra (600 MHz) in CD,Cl, of (a) [C4VIm]PFs, (b) [C1sVIm]PF4s + TBAB (1 : 1), (¢) [C;sVIm]PFs + TBAB
(1:2), (d) [C1sVIm]PF¢ + TBAB (1 : 3), (e) [CisEIm]PFg, (f) [CisEIm]PFs + TBAB (1 : 1), (g) [CisEIm]PFs + TBAB (1 : 2), (h) [C;c<EIm]PFs + TBAB

(1:3).
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a downfield shifting of H? from ¢ 8.89 to 10.06 ppm (Ad =
1.17 ppm). Likewise the chemical sifts of the signals for the
imidazolium H* and H® protons are observed slightly downfield
(Table 4). N-Alkyl protons of H® and H’, unlike the N-vinylic H®
proton, show very little change in the chemical shift (ca. = 0.05
ppm) in the presence of Br~. Utilizing TBAI instead of TBAB
results in a similar observation (see ESI Fig. S2 and Table S17).

The halide addition studies described above suggest that the
negatively charged anion attempts to locate at the vicinity of the
imidazolium cation. Since the chemical shift of the imidazolium
H? is the most influenced, the interaction between the halide and
the carbenic proton is the strongest one. The vinylic H¢ is the next
higher to be influenced. That is, the presence of N-vinyl group
provides additional and favorable bonding sites for C-H---X
interactions. It can be concluded that more hydrogen bonding
interaction between the imidazolium cations and anions stabi-
lizes the mesophase to a large extent.

Conclusions

In this work, ionic liquids and ionic liquid crystals based on
1-vinyl-3-alkylimidazolium salt, [C,VIm]X, were prepared and
characterized. Salts with n < 12 are RTILs and those with longer
alkyl chains exhibit an SmA phase. In the solid state, the bromide
salts in the vinylimidazolium series exhibit a double bilayer
structure, whereas all the other vinyl and ethyl substituted salts
adopt a simple bilayer structure. Although the exact nature is not
certain, the special interaction between the vinyl group and
halide in the solid causes diverse structures in the vinyl imida-
zolium salts. In the mesophase, all the compounds have a similar
bilayer structure.

The mesophase range increases with an increase in the alkyl
chain length and decreases with anion size Br~ > I~ > BF,~ >
PF¢~. A comparison of the mesophase range between the pairs of
[C16VIm]Br/[C6EIm]Br and [C;sVIm]I/[C|¢EIm]I, clearly indi-
cates that the presence of vinyl substituent substantially enhances
the mesophase range over that of the ethyl substituted congeners.
Results from '"H NMR studies suggest that the chemical shift of
the carbenic proton depends on the anion and is an indication of
the strength of the C-H---X hydrogen bonding interaction,
where X follows the order: Br~ > I~ > BF4 > PF4 . Results also
show that the N-vinyl substituent provides an additional strong
C-H---X hydrogen bonding interaction, in which the strength
decreases with increasing anion size.

Experimental

General experimental procedures for one salt each from vinyl-
imidazolium series are provided here and detailed experimental
procedures with characterization of all other salts are provided in
the ESI.+

Synthesis of 1-vinyl-3-octadecylimidazolium bromide,
[C1sVIm]Br-H,O

1-Vinyl-3-octadecylimidazolium bromide salt has been prepared
from the N-alkylation of 1-vinylimidazole (1 eq.) with the 1-
bromooctadecene (1 eq.). Under dry nitrogen atmosphere and
vigorous stirring, freshly distilled 1-bromooctadecene was added
drop-wise over a period of 2 h to the reaction mixture. After the

addition is complete the reaction mixture was kept refluxing for
about 3 h till consumption of vinylimidazole, as indicated by
TLC. The crude product was washed with diethyl ether to
remove unreacted starting materials, if any. Furthermore, the
crude product was recrystallized from DCM/ether to give a light
yellow solid with a yield >98%. "H NMR (ppm, CDCl;): 6 0.86 (t,
J* = 6.3 Hz, 3H, CH3), 1.04-1.32 (m, 30H, CH,), 1.84-2.00 (m,
2H, CH,), 4.39 (t, J°* = 7.38, 2H, CH,), 5.38-5.98 (m, 2H, CH»),
7.44 (s, 1H, CH), 7.46-7.53 (q, H, CH), 7.74 (s, IH, CH), 10.98 (s,
1H, CH). Anal. calculated for C53H4sN,OBr: C, 62.01; H, 10.18;
N, 6.29. Found: C, 62.13; H, 10.21; N, 6.19.

Synthesis of 1-vinyl-3-octadecylimidazolium iodide, [C;gVIm]I

1-Vinyl-3-octadecylimidazolium lodide was prepared from the
N-alkylation of 1-vinylimidazole (1 eq.) with 1-iodooctadecene
(1 eq.). Under dry nitrogen atmosphere and vigorous stirring,
freshly distilled 1-bromooctadecene was added drop-wise over
a period of 2 h to reaction mixture. After the addition is complete
the reaction mixture was kept refluxing for about 3 h till
consumption of vinylimidazole, as indicated by TLC. The crude
product was washed with diethyl ether to remove unreacted
starting materials, if any. Furthermore, the crude product was
recrystallized from DCM/ether to give a light yellow solid with
a yield >99%. '"H NMR (ppm, CDCl5): 6 0.85 (t, J* = 6.3 Hz, 3H,
CHs;), 1.22-1.32 (m, 30H, CH,), 1.89-1.96 (m, 2H, CH,), 4.40 (t,
J* =1.38, 2H, CH,), 5.39-6.02 (m, 2H, CH,), 7.56 (s, 1H, CH),
7.37-7.46 (q, H, CH), 7.83 (s, 1H, CH), 10.51 (s, 1H, CH). Anal.
calculated for C,3H43NLI: C, 62.01; H, 10.18; N, 6.29. Found: C,
62.13; H, 10.21; N, 6.19.

Synthesis of 1-vinyl-3-octadecylimidazolium tetrafluoroborate,
[ClgVIm]BF4

[CigVIm]BF; was prepared by anion metathesis of
[CigVIm]Br-H,O salts, in MeOH-H,O (20 :80 v/v) solvent
system using NH4BF,. The precipitates were isolated by filtra-
tion. The crude product obtained was washed with a lot of
MeOH-H,O (20 : 80 v/v). A colorless solid was obtained with
70% yield. "H NMR (ppm, CDCls): 6 = 0.87 (t, J° = 6.4 Hz, 3H,
CH3), 1.25-1.37 (m, 30H, CH,), 1.89-1.91 (m, 2H, CH,), 4.24 (t,
J? =17.3 Hz, 2H, CH,), 5.37-5.84 (m, 2H, CH,), 7.10-7.19 (q, H,
CH), 7.40 (s, 1H, CH), 7.63 (s, 1H, CH), 9.12 (s, I|H, CH). Anal.
calculated for C,3H43N,BF,: C, 63.59; H, 6.45; N, 9.87. Found:
C, 63.20; H, 6.03; N, 9.78.

Synthesis of 1-vinyl-3-octadecylimidazolium
hexafluorophosphate, [C;3VIm|PF¢

[CigsVIm]PFs was prepared by anion metathesis of
[C1sVIm]Br-H,0 salts, MeOH-H,O (15 : 85 v/v) solvent system
using NH4PF¢. The precipitates were isolated by filtration. The
crude product obtained was washed with a lot of MeOH-H,O
(15 : 85 v/v). A colorless solid product was obtained with about
70% yield. '"H NMR (ppm, CDCl3): 6 0.88 (t, J° = 6.3 Hz, 3H,
CHs), 1.25-1.33 (m, 30H, CH,), 1.87-1.92 (m, 2H, CH,), 4.21 (t,
J? =17.38, 2H, CH,), 5.40-5.80 (m, 2H, CH,), 7.03-7.11 (q, H,
CH), 7.33 (s, 1H, CH), 7.54 (s, 1H, CH), 8.84 (s, |H, CH). Anal.
calculated for C,3H43N>PFg: C, 50.00; H, 8.15; N, 7.23. Found:
C, 52.64; H, 7.63; N, 7.23.

This journal is © The Royal Society of Chemistry 2010
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