Downloaded by University of Saskatchewan on 21 October 2010
Published on 02 June 2010 on http://pubs.rsc.org | doi:10.1039/CONJ00253D

PAPER

View Online

www.rsc.org/njc | New Journal of Chemistry

Relationship between hyperfine coupling constants of spin probes
and empirical polarity parameters of some ionic liquids

Veronika Strehmel,* Ralf Lungwitz,” Hans Rexhausen® and Stefan Spange”

Received (in Montpellier, France) 4th April 2010, Accepted 11th May 2010

DOI: 10.1039/c0nj00253d

The polarity of 1-alkyl-3-methylimidazolium-based ionic liquids containing hexafluorophosphate,
tetrafluoroborate, dicyanoimide, or bis(trifluoromethanesulfonyl)imide as anions and a variation
of the alkyl-chain length of the cation are investigated by both solvatochromic dyes and spin
probes. Two different polarity scales are used for discussion of the polarity of these ionic liquids.
These polarity scales are the empirical Kamlet—Taft parameters «, ff, and n* and the hyperfine
coupling constants A;,('*N) obtained for spin probes substituted either with an ammonio or a
sulfate group at 4-position. The results show that both polarity scales are valid for description of
the ionic liquid polarity although differences are found between the two polarity scales. The most
clear trend is found in all ionic liquids investigated for the hydrogen-bond accepting ability (f3)
and the hyperfine-coupling constant of the anionic spin probe, where both parameters increase for

all ionic liquids investigated until an alkyl chain length of eight carbon atoms and keep constant

at longer alkyl chains.

Introduction

Tonic liquids have received interest as solvents for organic,
inorganic, and polymer synthesis, as well as for extraction
processes.“‘ Furthermore, they have been useful as chromato-
graphic materials for separation purposes in analytical
chemistry.® Although the viscosity of ionic liquids is significantly
higher in comparison with traditional organic solvents, there
has been potential interest to apply these new materials because
vanishing vapour pressure, broad liquid range, and superior
dissolution properties favor the use for applications in a broad
field.'

Classification of solvents has been often done by their
polarity. However, this is complicate because various polarity
scales are discussed in literature.*?’ Besides the relative
permittivity, polarity is mostly expressed by interactions of
the material under investigation with dissolved substances,
such as solvatochromic, FTIR, and spin probes. Reichardt’s
dye has been one of the most used solvatochromic probes for
the determination of solvent polarity.'® A co-solvent is often
used to dissolve this dye in ionic liquids. Removal of the
co-solvent is necessary for UV measurements to obtain reliable
data. This makes handling of this dye complicate for polarity
investigation of ionic liquids.
between ionic liquid anions bearing stronger coordinating ability
and the pyridinium moiety of Reichardt’s dye may influence
the UV/Vis absorption maximum of this dye>>?6-*%%
Improved solvatochromic dyes that do not show UV/Vis

Furthermore, interactions
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absorption maxima shift caused by the electrostatic interaction
between the anion of the ionic liquid and the pyridinium
moiety have been used for determination of the polarity of
ionic liquids as well,'#25:26.28.29

Systematic analysis of solvatochromic probes is possible
using the Kamlet-Taft-equation shown in its simplified form
in eqn (1).5°"

XYZ = (XYZ)y + ao + b + s(z* + do) 1)

XYZ is the value of a solvent-dependent physicochemical
property measured in a given solvent, (XYZ), represents the
same value in the gas phase or a reference solvent. The
parameters o, ff, and 7* describe the hydrogen-bond donating
(HBD) ability, the hydrogen-bond accepting (HBA) ability,
and the dipolarity/polarisability of the solvent. The parameter
0 represents a polarisability correction term that is 1.0 for
aromatic solvents, 0.5 for polyhalogenated solvents, and zero
for aliphatic solvents. The coefficients a, b, s, and d are
the solvent-independent regression coefficients reflecting the
influence of the respective parameters on X'YZ of the chemical
process. A set of three well established solvatochromic probes
sufficiently determines the «, f, and n* values of commonly
used solvents, surfaces, and ionic liquids.>* %2832 The
solvatochromic dye [Fe(phen),(CN),]CIO4 (3) is reduced to
Fe(phen),(CN), by dissolving in ionic liquids. The generated
negative solvatochromic iron(ir)-complex serves as an indicator
to determine HBD abilities (x).>*® The HBA ability (8) can
be determined by means of the positive solvatochromic
dye  3-(4-amino-3-methylphenyl)-7-phenyl-benzo-[1,2-b:4,5-b']-
difuran-2,6-di-one (4).>** 4-tert-Butyl-2-(dicyanomethylene)-
5-[4-(diethylamino)benzylidene]-A>-thiazoline (5) responds
sensitively to the solvent dipolarity/polarisability. This is
expressed by the n* value reflecting both properties.”>* The
solvatochromic dyes show UV/Vis absorption bands in the
visible region from 500 to 700 nm when dissolved in a medium.
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This is a great advantage, because it opens the feasibility
of a direct study by the molecular probe in the ionic liquid
without any additional decolourising treatment of the ionic
liquid. Many ionic liquids exhibit a slight yellow colour.
The second advantage can be seen in the position of the
UV/Vis absorption maximum of the dyes that is independent
of probe concentration. Therefore, aggregation effects of the
probes can be neglected. Each dye is highly specific with
respect to a single Kamlet-Taft polarity parameter, as
shown by eqn (2)—(4). The parameter n stands for the number
of solvents, r is the correlation coefficient, sd represents the
standard deviation, and F is the significance. Eqn (2)—(4) are
used to calculate the «, f, and =n* values from UV/Vis
absorption maximum of the longest wavelength of the
solvatochromic dyes 3, 4, and 5, respectively, dissolved in the
jonic liquids.*

o= —7.26 + 0.45V 310 /cm ™!

n=19,r =095 sd = 0.18, F < 0.0001 )
B = 3.84 — 0.2070y4) 10 /em ™!

n=26r=080sd =018, F < 0.0001 (3)
= 9.48 — 0.54V 5510 fom ™!

n=27r=093sd =022 F < 0.0001 4)

In general, solvatochromic probes work well in polarity
studies as long as the matrix is transparent and does not show
any intrinsic absorption in the Vis absorption window
of the solvatochromic dye. These optical limitations can
be overcome by the use of stable radicals, which are spin
probes showing a response of their spectral properties upon
change of solvent polarity. Although the concentration of
spin probes in the matrix is also low, it is higher than the
concentration of solvatochromic probes exhibiting large
extinction coefficients.

Among the available spin probes 2,2,6,6-tetramethyl-
piperidine-1-yl-oxyl derivatives have received importance for
the investigation of ionic liquids.>** Modification of
the substitution pattern of the probe molecule results in a
variation of interactions between the spin probes and the ionic
liquids. Strong interactions exist between ionic liquids and
spin probes bearing an ionic substituent.>>**~*! Therefore,
spin probes substituted either with a cationic or an anionic
substituent at 4-position are selected for polarity studies in
this work.

ESR spectroscopic investigation of spin probes results in the
isotropic hyperfine-coupling constants Aj,(‘*N), which are a
measure for perturbation of the spin density distribution of the
radical in solution.** This parameter sensitively responses to
the local changes of the polarity of the surrounding matrix.
This results in a change of the spin density at the nitrogen
atom of the radical.***>® A more polar surrounding causes an
increased spin density on the nitrogen, and thus, a larger
interaction between the unpaired electron and the N-nucleus

of the nitroxyl radical. This leads to higher hyperfine-coupling
constants related to nitrogen.*?

The Kamlet-Taft parameters distinguish between hydrogen-
bond-donating and -accepting abilities and polarisability/
dipolarity of the matrix.****? In contrast to this, the
hyperfine coupling constant is a single parameter for polarity
determination. The use of spin probes bearing cationic or anionic
substituents resulting in additional ionic interactions with the
ionic liquids on the one hand and the comparison
of the hyperfine-coupling constants with the Kamlet-Taft para-
meters may open a deeper insight into the probe/ionic liquid
interactions.

Therefore, this paper focuses on comparison of hyperfine
coupling constants obtained for spin probes bearing either a
cationic (1) or an anionic (2) substituent (Scheme 1) with the
Kamlet-Taft parameters o, 5, and 7* received from investigation
of the solvatochromic dyes 3-5 depicted in Scheme 1.
Imidazolium-based ionic liquids are used for the polarity
discussion containing various anions such as bis(trifluoro-
methanesulfonyl)imide, tetrafluoroborate, hexafluorophosphate,
and dicyanoimide as well as a variation of the alkyl-chain
length bound at one nitrogen atom of the imidazolium ring
(Scheme 2).
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Scheme 1 Chemical structures of the spin probes 1 and 2 and of the
solvatochromic probes 3, 4, and 5 used for polarity investigation.
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Scheme 2 Chemical structures of 1-alkyl-3-methylimidazolium-based
ionic liquids with various anions.
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Results and discussion

A variation of both the alkyl-chain length at one nitrogen
atom of the imidazolium ring and the structure of the anion
includes systematic changes of the interactions between the
cation and the anion of the ionic liquid (Scheme 2). The
variation of the length of the 1-alkyl group results in a
modification of the ionic liquid polarity. Steric effects of longer
alkyl groups contribute to a reduction of the anion/cation
interactions in the case of imidazolium salts substituted with a
longer alkyl group.*>! Furthermore, longer alkyl groups
induce interionic van der Waals forces between the alkyl
groups.®> Moreover, the size and the charge density of the
anion affects the cation/anion interactions as well.>>>® We
selected dicyanoimide, tetrafluoroborate, hexafluorophosphate,
and bis(trifluoromethanesulfonyl)imide as anions because of
their differences in the bond strength between the anion
and the cation. This bond strength decreases in the following
order:

N(CN),” > BF;~ > PF4 > NTf, as discussed for the
1-butyl-3-methylimidazolium salts in the literature.>>>' These
anions were combined with 1-alkyl-3-methylimidazolium
salts bearing 1-butyl, 1-hexyl, 1-octyl or 1-decyl groups as
substituents at the imidazolium ring as additional factor of
influence on polarity discussion in this work. The results are
compiled in Table 1.

Influence of both the length of 1-alkyl-chain bound to the
imidazolium ring and of the corresponding anion on the isotropic
hyperfine coupling constants, 4;,('*N), of the spin probes used
and on the Kamlet—Taft parameters («, f, and 7*) obtained by
solvatochromic probes

The spin probes 1 and 2 can interact with the ionic liquid via
the radical structure. Furthermore, additional ionic inter-
actions exist either between the trimethylammonio group of

Table 1 Hyperfine coupling constants, Aiso(MN), obtained for the
spin probes 1 and 2 and Kamlet-Taft parameters («, f, and n*; data
taken from ref. 29) of 1-alkyl-3-methylimidazolium salts

Aiso(l4N)/G Aiso(MN)/G

of spin of spin
Tonic liquid probe 1 probe 2 o p *
[Bmim]N(CN), 15.74 15.94 044 0.64 098
[Cemim]N(CN), 15.53 16.05 044 0.69 1.00
[Cgmim]N(CN), 15.67 16.28 043 071 097
[Ciomim]N(CN), 15.57 16.42 044 071 0.96
[Bmim]BF4 15.68 15.98 0.52 055 0.96
[Cemim]BF,4 15.49 16.08 044 0.60 0.96
[Cgmim]BF, 14.23 16.25 045 0.63 093
[Ciomim]BF, 14.06 16.25 047 0.65 0.90
[Bmim]PF¢ 14.89 16.04 0.54 044 0.90
[Cemim]PF¢ 13.71 16.05 0.51 050 0.93
[Cgmim]PF¢ 13.73 16.15 0.52 053 092
[Ciomim]PFg 13.15 16.15 048 055 0.89
[Bmim]NTf, 15.81 16.15 0.55 042 0.83
[Cemim]NTf, 15.74 16.76 0.51 0.44 0.86
[Csmim]NTf, 15.87 16.94 048 047 0.86
[Ciomim]NTf, 15.84 16.90 048 049 0.86

1 and the anion of the ionic liquid or between the sulfate group
of 2 and the cation of the ionic liquid. These additional
Coulomb interactions are responsible for stronger interactions
between the ionic spin probes and the ionic liquids in comparison
with spin probes without substituent or substituted with a
hydroxy group at the 4-position.*>~*

Fig. 1a shows the influence of the alkyl-chain length on the
hyperfine coupling constant of the spin probes dissolved in the
ionic liquids bearing both a variation of the alkyl chain length
bound at the imidazolium ion and a variation of the anion.
The differences in the hyperfine coupling constants between
the spin probes substituted either with an ammonio group or a
sulfate group are attributed to the different charges at these
spin probes.?”3->7 Therefore, the dependence of the hyperfine
coupling constants behaves oppositely for the trimethyl-
ammonio substituted spin probe and the spin probe bearing
the sulfate group. The hyperfine coupling constant increases
with increasing size of the alkyl chain length at the imidazolium
ion for the spin probe substituted with the sulfate group
whereas it decreases for the trimethylammonio substituted
probe (Fig. 1a). Furthermore, some ionic liquids exist in which
the hyperfine coupling constant is independent of the length of
the alkyl chain. Interestingly, significant differences are
observed comparing the hyperfine coupling constants for the
spin probes as a function of the length of the alkyl chain
bound at the imidazolium ion in the case of the ionic liquids
with different anions. The largest increase of the hyperfine
coupling constants of the spin probe bearing the anionic
substituent with increasing alkyl chain length is found in the
case of the imidazolium bis(trifluoromethanesulfonyl)imides.
Comparing these hyperfine coupling constants with the data
obtained for this spin probe in molecular solvents, such as
tert-butyl methylether (15.1 G), dimethyl sulfoxide (15.7 G),
ethanol (16.0 G), and water (16.9 G), would lead to the
conclusion that the polarity of the imidazolium bis(trifluor-
omethanesulfonyl)imides would increase with increasing
length of the alkyl chain bound at the imidazolium ion.>’
However, as already discussed, the anionic spin probe under-
goes additional Coulomb interactions with the cation of the
ionic liquid. The increased tendency of the ionic liquid to
separate into polar and nonpolar domains on a molecular level
with increasing alkyl chain length at the nitrogen atom of
the imidazolium ring as concluded from X-ray diffraction
measurement published in the literature may cause the
increase in the hyperfine coupling constants of the anionic
spin probe dissolved in the imidazolium bis(trifluoromethane-
sulfonyl)imide.>” The delocalization of the charge in the case
of the bis(trifluoromethanesulfonyl)imide results in weak
interactions between the imidazolium ion and this anion and
supports the preference of the place of residence of this spin
probe at the imidazolium ion. In contrast to this, the influence
of the alkyl chain length on the hyperfine coupling constant of
this spin probe is weak and it is detected only at longer alkyl
chain lengths if the ionic liquids contain hexafluorophosphate,
tetrafluoroborate, or dicyanoimide as anions that strongly
interact with the imidazolium ion.

Furthermore, the alkyl-chain length bound at the imidazolium
ion has nearly no impact on the hyperfine coupling constants
using ammonio substituted spin probes for the ionic liquids
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Fig. 1 Dependence of (a) the hyperfine coupling constants, Ai.(**N),
obtained for the spin probes 1 (full line) and 2 (dashed line) on the length
of the alkyl chain bound at one nitrogen atom of 1-alkyl-3-methyl-
imidazolium salts, and dependence of the Kamlet-Taft parameters (b) o,
(c) p, and (d) =* on the length of the alkyl chain bound at one nitrogen
atom of l-alkyl-3-methylimidazolium salts bearing NTf,” (full line),
BF4 (full line), PF¢~ (dashed line), or N(CN),™ (dashed line).

bearing the bis(trifluoromethanesulfonyl)imide as anion. The
spin probe bearing the cationic substituent undergoes strong
additional interactions with the anion of the ionic liquid.

Delocalization of the charge at the bis(trifluoromethane-
sulfonyl)imide may result in reduced interactions between the
trimethylammonio substituent of this spin probe and the
bis(trifluoromethanesulfonyl)imide. In contrast to this, a
strong decrease in the hyperfine coupling constants of this
spin probe with increasing alkyl chain length is found for the
imidazolium hexafluorophosphates and tetrafluoroborates.
The charge is less delocalized in these anions relative to
the bis(trifluoromethanesulfonyl)imide resulting in stronger
interactions with both the imidazolium ion and the cationic
substituent of the spin probe. As shown by ESI-MS measurements
and solvatochromic studies, the dicyanoimide possesses a
higher binding ability to the imidazolium ion than the tetra-
fluoroborate and the hexafluorophosphate ion.>>>! In contrast
to this, the decrease in the hyperfine coupling constant with
increasing alkyl chain length at the imidazolium ion locates
within the experimental error. Furthermore, the ESI-MS
experiments and solvatochromic measurements indicate a stronger
binding ability of the tetrafluoroborate to the imidazolium ion
relative to the hexafluorophosphate although the hyperfine
coupling constants are smaller for the imidazolium hexafluoro-
phosphates compared to the imidazolium tetrafluoroborates.
From this one can conclude that further factors of influence
are necessary to explain these results. One approach is the
comparison of the hyperfine coupling constants of the spin
probes with the Kamlet-Taft parameters.

The Kamlet-Taft parameters are influenced by a variation
of the alkyl chain length at the imidazolium ion and by the
anion in a different way. The o value behaves nearly independent
of the alkyl chain length in the case of the imidazolium
dicyanoimides, although it decreases with the length of the
alkyl chain if the imidazolium salts contain either hexafluoro-
phosphate, bis(trifluoromethanesulfonyl)imide, or tetrafluoro-
borate as anion (Fig. 1b). Moreover, the o value is similar
for the imidazolium salts bearing hexafluorophosphate, or
bis(trifluoromethanesulfonyl)imide (NTf,) as anion, and it
decreases in the order of NTf,™ ~ PFs~ > BF,~ > N(CN), .

The f value increases with the length of the alkyl chain in
the case of all ionic liquids (Fig. 1c). It shows the highest
values for the imidazolium dicyanoimides and it decreases in
the following order: N(CN),~ > BF; > PFs > NTf, .
This result agrees qualitatively with the order of intrinsic bond
strength between 1-butyl-3-methylimidazolium ions with
various anions that was investigated by electrospray ionization
mass spectrometry (ESI-MS).>! As expected, the opposite
order is obtained for the f value in comparison with the o
value when comparing the imidazolium salts bearing different
anions. Furthermore, differences are higher for the f values of
these ionic liquids than for the o values. From this one can
conclude that differences in the ionic liquid polarity are better
expressed by the higher differences in the f§ values if the anions
are changed, than the polarity changes of the ionic liquids by
variation of the alkyl-chain length at the imidazolium ion,
which is expressed by their o value.

Small differences are also found for the polarisability/
dipolarity (n*) comparing the imidazolium salts (Fig. 1d).
Although the n*-values differ in many examples when selecting
different anions, only small differences are found in the n*-values
of imidazolium salts bearing different alkyl chain lengths.
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The exceptions are the imidazolium tetrafluoroborates and
hexafluorophosphates, where similar 7*-values were obtained.
The imidazolium dicyanoimides show the highest n*-values
and they are only slightly affected by the length of the alkyl
chain (Fig. 1d). The =n*-values for the imidazolium salts
decrease in the order N(CN),~ > BF,~ ~ PFs~ > NTf, .
The differences of polarisability/dipolarity are higher for
variation of the anion structure compared to changes of the
alkyl chain length. A similar trend is also found for the f
values although n*-values are similar for imidazolium salts
bearing hexafluorophosphate or tetrafluoroborate as anions.
These results demonstrate a description of ionic liquid polarity
by both spin probes and solvatochromic dyes. It is interesting
to compare these different parameters with each other to
obtain more information about the polarity of ionic liquids.
Because the hyperfine coupling constant of the spin probes is a
single parameter and the Kamlet-Taft parameters are a
combination of three values (o, f, and 7*), the hyperfine
coupling constant will be compared with each Kamlet-Taft
parameter.

Comparison of the isotropic hyperfine coupling constants,
Aiso("*N), of the cationic spin probe with the Kamlet-Taft
parameters (a, f, and ©*)

The HBD ability (x) and the hyperfine coupling constant,
Aio("*N), of 1 decrease with increasing length of the alkyl
chain bound at the imidazolium ring in the case of the
imidazolium hexafluorophosphates. Therefore, these parameters
show the same trend in the case of the imidazolium hexafluoro-
phosphates. One would expect a similar tendency also for the
imidazolium tetrafluoroborates. However, data obtained do
not allow us to draw a clear decision in the case of the
imidazolium tetrafluoroborates. Furthermore, neither the
Aiso("*N) values nor the o values describe polarity differences
for the imidazolium dicyanoimides bearing a variation of the
alkyl chain length. Although the o value detects differences in
polarity of the imidazolium bis(trifluoromethanesulfonyl)-
imides as a function of the alkyl chain length, the Aj(**N)
value exhibits almost the same data for the cationic spin probe.

The relation between the two methods is more clear for the
HBA ability f obtained by the solvatochromic dyes and the
Aiso("*N) values of 1 (Fig. 2). Although the hyperfine coupling
constants decrease with increasing length of the alkyl chain,
the f values increase in the case of both imidazolium tetra-
fluoroborates and hexafluorophosphates. This allows us to
draw the conclusion that both values reliably describe polarity
differences of the ionic liquids bearing either tetrafluoroborate
or hexafluorophosphate as anions. A similar trend was also
found for the f§ values determined in imidazolium salts bearing
either dicyanoimide or bis(trifluoromethanesulfonyl)imide
although the cationic spin probe does not show significant
changes in the hyperfine coupling constants, and therefore,
this probe does detect these polarity differences.

The situation complicates if one compares the Aiso("*N)
values with the dipolarity/polarisability parameter n*. A
relation between these two parameters was found only in the
case of the imidazolium tetrafluoroborates showing a decrease
of both A;o("*N) and 7* with increasing alkyl chain length.

15 16

A_("'N) /G

iso

Fig. 2 Comparison of the Kamlet-Taft parameter f§ with hyperfine
coupling constants, Aj.('*N), determined for the spin probe 1
dissolved in l-alkyl-3-methylimidazolium salts bearing different anions.

However, there are nearly no changes of both parameters in
the case of imidazolium dicyanoimides and bis(trifluoromethane-
sulfonyl)imides. The imidazolium hexafluorophosphates
show that the relation between Ajs('*N) and 7* cannot be
understood in the same way using the cationic spin probe. The
scattering of the data does not allow a deeper discussion in
detail.

Comparison of the isotropic hyperfine coupling constants,
Aiso(”N), of the anionic spin probe with the Kamlet-Taft
parameters («, f, and ©*)

In contrast to the results obtained by the cationic spin probe,
the relation is more clear comparing the hyperfine coupling
constants of the anionic spin probe and the Kamlet-Taft
parameters. The o values decrease while the A;so('*N) values
of the anionic spin probe increase in the case of imidazolium
bis(trifluoromethanesulfonyl)imides with increasing alkyl-chain
length bound at the imidazolium ion up to eight carbon atoms
of the chain (Fig. 3).

A further increase in the alkyl chain length does not
significantly influence neither the Kamlet-Taft parameter o
nor the hyperfine coupling constant A;,('*N) of the spin probe
2. A slight decrease of the o value and an opposite behavior of
the isotropic hyperfine coupling constant showing an increase
is also found in the case of the imidazolium dicyanoimides.
The use of imidazolium hexafluorophosphates and tetrafluoro-
borates indicates a stronger dependence between these polarity

0.60+ @ NTfy,
-t BFy
0551, T & N(CN),"
3
0.50+
0.45+
0.40+

16.0 16.5 17.0

ALCN) /G
Fig. 3 Comparison of the Kamlet-Taft parameter o with hyperfine
coupling constants, Aj('"*N), determined for the spin probe 2
dissolved in 1-alkyl-3-methylimidazolium salts bearing different anions.
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parameters although the tendency is similar. Moreover, sufficient
correlation exists between the HBA ability () and the
hyperfine coupling constant of the anionic spin probe
(Fig. 4). An increase of these parameters with increasing alkyl
chain length is found in the case of all ionic liquids investigated
although similar values are obtained for the 1-octyl and the
1-decyl-substituted imidazolium salts. From this one can
conclude that the hyperfine coupling constant of the anionic
spin probe does well response to the HBA ability of the ionic
liquid.

Comparison of the hyperfine coupling constant with the
polarisability/dipolarity data of the solvatochromic probes
shows a more complex situation. Both values exhibit a
similar increasing tendency only in the case of imidazolium
bis(trifluoromethanesulfonyl)imides. An opposite tendency for
7* values and A;,("*N) values is found for the imidazolium
salts bearing either dicyanoimide or tetrafluoroborate (Fig. 5)
anion. However, no correlation between these parameters is
found for the imidazolium hexafluorophosphates caused by
scattering of the data.

The increase of both 7* and A;s('*N) values in the case of
the imidazolium bis(trifluoromethanesulfonyl)imides indicates
that also interactions between the cation and the anion
expressed by polarisability/dipolarity may influence the inter-
actions between the spin probe bearing the anionic substituent
and the ionic liquid.

T 1
16.0 14 16.5 17.0
AL("N) /G

iso

Fig. 4 Comparison of the Kamlet-Taft parameter  with hyperfine
coupling constants, A;o('*N), determined for the spin probe 2 dis-
solved in 1-alkyl-3-methylimidazolium salts bearing different anions.

NT,
BF4'
PR,
N(CN),

16.0 1 17.0
A *N) /G

iso

Fig. 5 Comparison of the Kamlet-Taft parameter n* with the
hyperfine coupling constant A;,('*N) determined for the spin probe
2 dissolved in l-alkyl-3-methylimidazolium salts bearing different
anions.

Conclusions

Comparing different polarity scales for ionic liquids, which are
the empirical Kamlet-Taft parameters («, f, and 7*) obtained
from solvatochromic probes and the isotropic hyperfine
coupling constants received by investigation of ionic liquids
with spin probes, shows both similarities and differences in
describing the polarity of ionic liquids. A clear trend is only
found for the HBA ability () and the hyperfine coupling
constant of the anionic spin probe for all ionic liquids
investigated. The HBD ability («) shows an opposite tendency
to the hyperfine coupling constant in the case of most ionic
liquids. The range of the a scale is smaller than the range of the
p scale resulting in a higher contribution of data scattering in
the case of the a scale. Furthermore, the spin probe bearing the
anionic substituent is more valid for comparison with the
Kamlet-Taft parameters than the spin probe substituted with
the cationic group.

Experimental
General

The synthesis of imidazolium dicyanoimides, tetrafluoroborates,
hexafluorophosphates and bis(trifluoromethanesulfonyl)imides
from 1-methylimidazole and the corresponding haloalkanes
followed by anion metathesis using sodium dicyanoimide,
tetrafluoroboric acid, hexafluorophosphoric acid or lithium
bis(triffuoromethanesulfonyl)imide is described elsewhere.3¢2%7
The ionic liquids were dried in vacuo (1-4 mbar) at a temperature
between 70 and 90 °C for 3 days. All ionic liquids do not
contain halide. The water content is different for the single
ionic liquids. The imidazolium bis(trifluoromethanesulfonyl)-
imides contain less than 1000 ppm water, whereas the water
content is between 0.01 and 0.3 wt% for the imidazolium
hexafluorophosphates, between 0.02 and 1.6 wt% for the
imidazolium tetrafluoroborates, and between 0.04 and 1.3 wt%
for the imidazolium dicyanoimides. Furthermore, all ionic
liquids were colourless or only slightly yellow.

The synthesis of the spin probes 1 and 2 is described
elsewhere.**! The synthesis and purification of the dyes 3,
4, and 5 was described previously as well.**2>->°

Measurements

UV/Vis absorption measurements are described elsewhere.?>?

ESR spectra of the spin probes were measured in X-band with
a CW spectrometer ELEXSYS E500 (Bruker) at 9.4 GHz. The
concentration of the spin probes in the ionic liquid is about
2x 1077 M.

Acknowledgements

The authors would like gratefully to acknowledge H. Wetzel
(Fraunhofer Institute for Applied Polymer Research) for
water analysis of the ionic liquids, and P. Strauch (University
of Potsdam), R. StéBer, A. Zehl, and W. Herrmann
(Humboldt University of Berlin) for support during ESR
measurements. Furthermore, financial support by the DFG
(priority programme SPP 1191, Ionic Liquids) and the Fond
der Chemischen Industrie, Frankfurt (Main), is gratefully

2130 | New J. Chem., 2010, 34, 2125-2131

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010


http://dx.doi.org/10.1039/C0NJ00253D

Downloaded by University of Saskatchewan on 21 October 2010
Published on 02 June 2010 on http://pubs.rsc.org | doi:10.1039/CONJ00253D

View Online

acknowledged as well. Moreover, we thank the BASF SE,
Ludwigshafen, for providing some ionic liquids.

Notes and references

1

W

(a) P. Wasserscheid and T. Welton, lonic Liquids in Synthesis,
Wiley-VCH, 2003; (b) N. Paape, W. Wei, A. Bdsmann,
C. Kolbeck, F. Maier, H.-P. Steinriick, P. Wasserscheid and
P. S. Schulz, Chem. Commun., 2008, 3867; (¢) D. Saha, A. Saha
and B. C. Ranu, Green Chem., 2009, 11, 733.

(a) F. Endres, S. Zein, El. Abedin, A. Y. Saad, E. M. Moustafa,
N. Borissenko, W. E. Price, G. G. Wallace, D. R. MacFarlane,
P.J. Newman and A. Bund, Phys. Chem. Chem. Phys., 2008, 10,
2189; (b) H. Itoh, K. Naka and Y. Chujo, J. Am. Chem. Soc., 2004,
126, 3026.

(a) P. Kubisa, Prog. Polym. Sci., 2009, 34, 1333; (b) V. Strehmel,
A. Laschewsky, H. Kraudelt, H. Wetzel and E. Gornitz, Ionic
Liquids in Polymer Systems, ACS Symp. Ser., 2005, 913, 17,
(¢) V. Strehmel, A. Laschewsky, H. Wetzel and E. GoOrnitz,
Macromolecules, 2006, 39, 923; (d) V. Strehmel, A. Laschewsky
and H. Wetzel, e-Polymers, 2006, no. 011; (e) V. Strehmel,
Macromol.  Symp., 2007, 254, 25; (f) Y. S. Vygodskii,
O. A. Mel'nik, E. 1. Lozinskaya, A. S. Shaplov,
I. A. Malyshkina, N. D. Gavrilova, K. A. Lyssenko,
M. Y. Antipin, D. G. Golovanov, A. A. Korlyukov, N. Ignat’ev
and U. Welz-Biermann, Polym. Adv. Technol., 2007, 18, 50;
(g) V. Strehmel, H. Wetzel, A. Laschewsky, E. Moldenhauer and
T. Klein, Polym. Adv. Technol., 2008, 19, 1383; (h) V. Strehmel,
E. Reynaud, H. Wetzel, E. Gornitz and A. Laschewsky, Macromol.
Symp., 2009, 275-276, 242; (i) H. Mori, M. Yahagi and T. Endo,
Macromolecules, 2009, 42, 8082; (j) S. Puttick, D. J. Irvine,
P. Licence and K. J. Thurecht, J. Mater. Chem., 2009, 19, 2679.
A. E. Visser, R. P. Swatloski, W. M. Reichert, R. Mayton, S. Sheff,
A. Wierzhicki, J. H. Davis Jr. and R. D. Rogers, Chem. Commun.,
2001, 135.

(a) T. Payagala, Y. Zhang, E. Wanigasekara, K. Huang,
Z. S. Breitbach, P. S. Sharma, L. M. Sidisky and
D. W. Armstrong, Anal. Chem., 2009, 81, 160; (b) C. D. Tran,
1. Mejac, J. Rebek and R. J. Hooley, Anal. Chem., 2009, 81, 1244.
M. J. Kamlet, J.-L. M. Abboud, M. H. Abraham and R. W. Taft,
J. Org. Chem., 1983, 48, 2877.

Y. Marcus, Chem. Soc. Rev., 1993, 22, 409.

J. H. Park and P. W. Carr, J. Chromatogr., A, 1989, 465, 123;
M. F. Vitha and P. W. Carr, J. Phys. Chem. B, 1998, 102, 1888.
R. S. Helburn, S. C. Rutan, J. Pompano, D. Mitchem and
W. T. Patterson, Anal. Chem., 1994, 66, 610.

F. Lagalante, A. M. Clarke and T. J. Bruno, J. Phys. Chem. B,
1999, 103, 7319.

Y. K. Ryu,J. K. Park, H. J. Lim and J. H. Park, Chromatographia,
2000, 51, 567.

K. A. Fletcher, I. A. Storey, A. E. Hendricks and S. Pandey, Green
Chem., 2001, 3, 210.

K. A. Fletcher, S. N. Baker, G. A. Baker and S. Pandey, New J.
Chem., 2003, 27, 1706.

L. Crowhurst, P. R. Mawdsley, J. M. Perez-Arlandis, P. A. Salter
and T. Welton, Phys. Chem. Chem. Phys., 2003, 5, 2790.

S. Carda-Brocj, A. Bertod and D. W. Armstrong, Anal. Bioanal.
Chem., 2003, 375, 191.

C. Reichardt, Green Chem., 2005, 7, 339.

B. R. Bellein, S. N. V. K. Aki, R. L. Ladewski and J. F. Brennecke,
J. Phys. Chem. B, 2007, 110, 131.

K.-M. Lee, S. Ruckes and J. M. Prausnitz, J. Phys. Chem. B, 2008,
112, 1473.

J. G. Huddlestone, G. A. Broker, H. D. Willauer and
R. D. Rogers, Ionic Liquids: Industrial Applications to Green
Chemistry, ACS Symp. Ser., 2002, 818, 270.

H. Weingértner, Z. Phys. Chem., 2006, 220, 1395.

22

23

24

25
26

27

28
29

30

3

—

32
33

34

35

36

37

38

39

40

4

—_

42

43

44

45

47

48

49

51

52

54

55

56

57

C. Daguenet, P. J. Dyson, I. Krossing, A. Oleinikova, J. Slattery,
C. Wakai and H. Weingértner, J. Phys. Chem. B, 2006, 110,
12682.

H. Weingirtner, Angew. Chem., 2007, 110, 2.

H. Weingirtner, P. Sasianker, C. Draguenet, P. J. Dyson,
1. Krossing, J. M. Slattery and T. Schubert, J. Phys. Chem. B,
2007, 111, 4775.

A. Ochlke, K. Hofmann and S. Spange, New J. Chem., 2006, 30,
533.

R. Lungwitz and S. Spange, New J. Chem., 2008, 32, 392.

R. Lungwitz, M. Friedrich, W. Linert and S. Spange, New J.
Chem., 2008, 32, 1493.

U. Kazuhide, H. Tokuda and M. Watanabe, Phys. Chem. Chem.
Phys., 2010, 12, 1649.

R. Lungwitz and S. Spange, J. Phys. Chem. B, 2008, 112, 19443.
R. Lungwitz, V. Strehmel and S. Spange, New J. Chem., 2010, 34,
1135.

S. Spange, E. Vilsmeier, S. Prause, Y. Zimmermann and W. Thiel,
J. Phys. Chem. B, 2005, 109, 7280.

S. Spange, R. Sens, Y. Zimmermann, A. Seifert, I. Roth, S. Anders
and K. Hofmann, New J. Chem., 2003, 27, 520.

M. N. Kobrak, Green Chem., 2008, 10, 80.

A. Kawai, T. Hidemori and K. Shibuya, Chem. Lett., 2004, 33,
1464.

A. Kawai, T. Hidemori and K. Shibuya, Mol. Phys., 2006, 104,
1573.
V. Strehmel, A. Laschewsky, R. Stoesser, A. Zehl and

W. Herrmann, J. Phys. Org. Chem., 2006, 19, 318.

R. Stoesser, W. Herrmann, A. Zehl, A. Laschewsky and
V. Strehmel, Z. Phys. Chem., 2006, 220, 1309.

V. Strehmel, H. Rexhausen, P. Strauch, E. GoOrnitz and
B. Strehmel, ChemPhysChem, 2008, 9, 1294.

V. Strehmel, H. Rexhausen, P. Strauch and B. Strehmel,
ChemPhysChem, 2010, DOI: 10.1002/cphc.200900977.

V. Strehmel, H. Rexhausen and P. Strauch, Tetrahedron Lett.,
2008, 49, 586.

V. Strehmel, H. Rexhausen and P. Strauch, Tetrahedron Lett.,
2008, 49, 3264.

V. Strehmel, H. Rexhausen and P. Strauch, Tetrahedron Lett.,
2008, 49, 7143.

R. Owenius, M. Engstrom, M. Lindgren and M. Huber, J. Phys.
Chem. A, 2001, 105, 10967.

B. M. Hoffman and T. B. Eames, J. Am. Chem. Soc., 1969, 91,
5168.

B. M. Hoffman and T. B. Eames, J. Am. Chem. Soc., 1969, 91,
2169.

Y. Y. Lim and R. S. Drago, J. Am. Chem. Soc., 1971, 93, 891.
A. H. Cohen and B. M. Hoffman, J. Am. Chem. Soc., 1973, 95,
2061.

A. H. Cohen and B. M. Hoffman, J. Phys. Chem., 1974, 78, 1313.
C. C. Whisnant, S. Ferguson and D. B. Chesnut, J. Phys. Chem.,
1974, 78, 1410.

G. Stout and J. B. F. N. Engberts, J. Org. Chem., 1974, 39, 3800.
A. H. Reddoch and S. Konishi, J. Chem. Phys., 1979, 70, 2121.
R. Bini, O. Bortolini, C. Chiappe, D. Pieraccini and T. Siciliano,
J. Phys. Chem. B, 2007, 111, 598.

Y. Yoshida, O. Baba and G. Saito, J. Phys. Chem. B, 2007, 111,
4742.

S. Tsuzuki, H. Tokuda and M. Mikami, Phys. Chem. Chem. Phys.,
2007, 9, 4780.

J. Fuller, R. T. Carlin, H. C. De Long and D. Haworth, J. Chem.
Soc., Chem. Commun., 1994, 299.

J. Van den Broeke, M. Stam, M. Lutz, H. Kooijman, A. Spek,
B.-J. Deelman and G. van Koten, Eur. J. Inorg. Chem., 2003, 2798.
M. Deetlefs, C. Hardacre, M. Nieuwenhuyzen, A. A. H. Padua,
O. Sheppard and A. K. Soper, J. Phys. Chem. B, 2006, 110, 12055.
V. Strehmel, H. Rexhausen and P. Strauch, Phys. Chem. Chem.
Phys., 2010, 12, 1933.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010

New J. Chem., 2010, 34, 2125-2131 | 2131


http://dx.doi.org/10.1039/C0NJ00253D

