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ABSTRACT: The spin probes TEMPO, TEMPOL, and CAT-1 were used to investigate microviscosity and
micropolarity of imidazolium based ionic liquids bearing either tetrafluoroborate or hexafluorophosphate as anions
and a variation of the substitution at the imidazolium ion. The average rotational correlation times (7) obtained by
complete simulation of the X-band ESR spectra of TEMPO, TEMPOL, and CAT-1 increase with increasing viscosity
of the ionic liquid although no Stokes Einstein behavior is observed. This is caused by microviscosity effects of the
ionic liquids shown by application of the Gierer—Wirtz theory. Interestingly, the jump of the probe molecule into the
free volume of the ionic liquids is a nonactivated process. The hyperfine coupling constants (A;s, (‘*N)) of TEMPO and
TEMPOL dissolved in the ionic liquids do not depend on the structure of the ionic liquids. The Ajg, (*N) values show a
micropolarity of the ionic liquids that is comparable with methylenchloride in case of TEMPO and with dimethylsulf-
oxide in case of TEMPOL. Micropolarity monitored by CAT-1 strongly depends on structural variation of the ionic
liquid. CAT-1 dissolved in imidazolium salts substituted with shorter alkyl chains at the nitrogen atom exhibits a
micropolarity comparable with dimethylsulfoxide. A significant lower micropolarity is found for imidazolium salts
bearing a longer alkyl substituent at the nitrogen atom or a methyl substituent at C-2. Copyright © 2006 John Wiley &
Sons, Ltd.
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INTRODUCTION

Ionic liquids based on organic cations and inorganic or
organic anions are interesting materials for electrochem-
istry,’ and they have become attractive solvents for
reactions in organic, inorganic, and polymer chemistry as
well as for separation processes recently.'™ Negligible
vapor pressure, high thermal stability, and nonflamm-
ability distinguish ionic liquids from common solvents
and make these molten salts interesting as substitutes for
conventional solvents. Variation of the cation and anion
structures results in a wide variety of ionic liquids and
their physicochemical properties.*'*'>  Macroscopic
properties such as melting behavior and viscosity of
ionic liquids are considered first when choosing ionic
liquids as solvents. However, efficiency of ionic liquids in
chemical reactions and extraction processes is strongly
affected by the interactions between the ionic liquids and
the molecules dissolved. Such interactions are influenced,
for example, by polarity. Only a few contributions have
been published regarding polarity of ionic liquids'®>'
and mobility of molecules dissolved in ionic liquids.?*~*>
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Microscopic properties, for example, microviscosity and
micropolarity can give a more detailed picture about the
interactions between dissolved molecules and ionic
liquids on the one hand and they may contribute to an
efficient selection of ionic liquids for special applications
and for a better understanding of the function of ionic
liquids on the other hand. Self-diffusion processes of
ionic liquids are described by electrochemical investi-
gation26’27 and NMR spectroscopy.zg’31 Polarity of ionic
liquids was investigated by solvatochromic probes,'®”
1921 spin  probes,”® and FTIR probes.*> Lifetime
measurements of fluorescence probes®' ™ and electron
spin resonance (ESR) investigation of spin probeszo’z“’25
provide information about probe mobility in ionic liquids
and polarity of the ionic liquid. Though, the information
obtained depends on the nature and the structure of the
probe investigated. Self-fluorescence observed in some
ionic liquids results from traces of impurities that are
difficult to remove from the ionic liquids. This may limit
the use of fluorescence probes in an experimental window
where excitation shows only negligible self-fluorescence.
Low solubility of many solvatochromic dyes in the ionic
liquids is another limiting factor for this method. Only a
limited number of ionic liquids was investigated by ESR
spectroscopy using the spin probes TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl) and ATEMPO (4-amino-
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Figure 1. Chemical structures of the spin probes TEMPO,
TEMPOL, CAT-1, and the imidazolium based ionic liquid

2,2,6,6-tetraethylpiperidine- 1-oxyl).>***% In this work, a
systematic investigation of two series of imidazolium
based ionic liquids (Fig. 1 and Table 1) was carried out
using three spin probes of a similar molecular skeleton
containing a different polar substituent in the p-position to
the nitroxyl group (Fig. 1) resulting in a variation of the
interactions between the spin probe and the surrounding
ionic liquid. Simulation of the ESR spectra using the
algorithm of Budil et al*® considers static as well as
dynamic spin coupling parameters. It focuses on mobility
of the spin probes in the ionic liquids and polarity of these

Table 1. Chemical structure and phase transition tempera-
tures (glass transition temperature (Tg), recrystallization
temperature (Teys), and melting temperature (7,,)) of imi-
dazolium based ionic liquids investigated using spin probes in
this work, data from Refs. [34,35]

Ionic T, Trecryst T,

liquid R' R® X~ (C) 0 “C)
la CHs H BF; —975 —67.1 16.4, 12.6
1b CH, H BF, —81.3 — —
1c C5H11 H BFZ —87.4 — —
1d CgHi; H BF, 856 — _
le C7H15 H BFZ —86 — —
If CgH, H BF, —859 — —
1g CHyoy H BF; —-82 -58,-45,—18 -39, -7,2
th  CoH, H BF, — — ~10, 8
i  CH, CH; BF, —-73 —18 39
Ik C¢H,; CH; BF, —74 ~15 2,12
2b  CsH, H PF, —76 — —
2c C6H13 H PFg —74 — —
2d  CHis H PF, -T2 — —
2¢  CgHy, H PF, -T2 -9 2
2f CHyy H PF; 71 -32 3, 15
2g C10H21 H PFg — — 7, 19
2h  CH, CH; PF, —60 1 16

Copyright © 2006 John Wiley & Sons, Ltd.

solvents as a measure for interactions between the probe
molecules and the ionic liquids.

EXPERIMENTAL

1-Ethyl-3-methylimidazolium tetrafluoroborate (1a) was
purchased from Fluka. 1-Alkyl-3-methylimidazolium
tetrafluoroborates (1b—1h) and I-alkyl-3-methylimida-
zolium hexafluorophosphates (2a—2g) were synthesized
from 1-methylimidazole and the respective alkylbromide
followed by anion metathesis using hexafluorophosphoric
acid or tetrafluoroboric acid.**=° 1-Alkyl-2,3-dimethy-
limidazolium tetrafluoroborates (1i-1k) and 1-butyl-2,3-
dimethylimidazolium hexafluorophosphate (2h) were
synthesized from 1,2-dimethylimidazole and the respect-
ive alkylchloride followed by anion metathesis as
described above.***°® Water content and viscosity of
the ionic liquids are described elsewhere.>*% 2.2.6.6-
Tetramethylpiperidine-1-oxyl (TEMPO) and 4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) were
purchased from Aldrich, and 4-trimethylammonium-
2,2,6,6-tetramethylpiperidine-1-oxyl (CAT-1) was pro-
vided from the Institute of Organic Chemistry of the
Russian Academy of Sciences of Novosibirsk (Russia).

ESR spectra were measured using a modified ESR 300
X-band spectrometer (ZWG and Magnettech GmbH,
Adlershof, Berlin, Germany) working with a microwave
power of 2mW, a modulation frequency of 100 kHz, and a
modulation amplitude of about 1/10th of the respective
line width at 293 K. The slow-motion ESR spectra were
analyzed using least-squares fits of model calculations
based on the stochastic Liouville equation that were
described by Budil e al.>* The method used includes the
isotropic nuclear Zeeman interaction and all three Euler
angles. The latter describe the relative orientation of the a
and g tensors within the molecular diffusion frame. The
nitrogen isotropic hyperfine coupling constants of the spin
probes were additionally determined using a computer
program provided by Pfeiffer.”’

RESULTS AND DISCUSSION

Ionic liquids are complex solvents possessing a large
variety of interactions, such as Coulomb interactions,
hydrogen bonding, and van der Waals forces. The ionic
liquids investigated in this work are 1-alkyl-3-methyli-
midazolium or I-alkyl-2,3-dimethylimidazolium salts
containing tetrafluoroborate or hexafluorophosphate as
anions (Fig. 1, Table 1), which are liquid at room
temperature (la—1h, 1k, 2a-2f, 2h) or possess a low
crystallization tendency (1i, 2g) after heating to a
temperature higher than their melting temperature
followed by cooling to room temperature. Therefore,
all ionic liquids investigated in this work are viscous melts
under the conditions used for ESR measurements.
Probe molecules dissolved in the ionic liquids can
participate in the interactions between the individual ions
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of the ionic liquids mentioned above. We chose the spin
probes depicted in Fig. 1 as probe molecules for
investigation of the imidazolium based ionic liquids
because these probes have a similar skeleton and a
different substituent in the p-position to the NO group
resulting in a variation of interactions between these spin
probes and the ionic liquids. Therefore, the spin probes
can effectively describe their surrounding on a molecular
level as expressed by the average rotational correlation
time (7) and the isotropic nitrogen-14 hyperfine coupling
constants (A;, (*N)), which were obtained by complete
simulation of the ESR spectra. The t value is obtained
from the average rotational diffusion rate constant (R)
according to Eqn (1). R is defined as the geometric mean
of the rate constants for rotational diffusion about the x-,
y-, and z-axes of the molecular diffusion frame, and it was
obtained by the method of Budil e al.*® The spin coupling
constants (A, (1*N)) are affected by interactions between
the radical and the surrounding solvent including dipolar
aprotic interactions, hydrogen bonding, and complex
formation.*®**° These perturbations cause a redistribution
of the m-electron charge and spin density in the probe
molecules.

r=107F (1

Representative ESR spectra of TEMPO, TEMPOL,
and CAT-1 dissolved in selected imidazolium tetrafluor-
oborates are shown in Fig. 2. The ESR spectra of these
spin probes consist of three lines, which are due to the
nitrogen-14 isotropic hyperfine splittings. However, the
ESR spectra of these radicals differ significantly in their
habitus and in their line widths if the three probes are
dissolved in the same ionic liquid, as well as if different
ionic liquids are used as solvents for the same probe. A
quantitative measure for this effect can be seen in the
values, which are given in the caption of Fig. 2. The t
values are higher for the spin probes dissolved in 1f in
comparison with the same spin probes dissolved in 1a.
Concerning the three probes, the lowest 7 values are
obtained for TEMPO in these ionic liquids. This is
attributed to weaker interactions between TEMPO and the
ionic liquids in comparison with the other spin probes
bearing an OH group (TEMPOL) or an ammonium group
(CAT-1) at the p-position to the nitroxyl group. The polar
substituents cause additional interactions with the ionic
liquids. Specific interactions between the OH group of
TEMPOL and the ionic liquids result in higher 7 values in
comparison with TEMPO. However, the t values for
TEMPOL are lower than the t values for CAT-1, which
shows the highest values in these series. Thus, the specific
interactions between TEMPOL and the ionic liquids may
not as strongly influence the mobility of the radicals as the
additional Coulomb interactions between CAT-1 and the
ionic liquids.

The t values obtained for TEMPO (Fig. 3a) and
TEMPOL (Fig. 3b) dissolved in the two series of ionic

Copyright © 2006 John Wiley & Sons, Ltd.

liquids investigated in this work increase with increasing
viscosity (1) of the ionic liquids and level off at higher
viscosities. The t values of CAT-1 show a similar
tendency if the probe is dissolved in the imidazolium
tetrafluoroborates (Fig. 3c). The t values for CAT-1 in
imidazolium hexafluorophosphates were not determined
because simulation of the spectra for CAT-1 in these ionic
liquids was not possible because of the extreme broad
high field line. Generally, higher t values were obtained
for TEMPOL in comparison with TEMPO (Fig. 3) caused
by additional interactions between the OH group of
TEMPOL and the ionic liquids. The highest  values were
obtained for CAT-1 (Fig. 3c). This is attributed to
additional ionic interactions between this probe and the
individual ions of the ionic liquids.

Moreover, no Stokes Einstein behavior is observed for
the three spin probes (Fig. 3). Therefore, the mobility of
the spin probes in the ionic liquids is not a simple function
of macroscopic viscosity. Application of the Gierer—Wirtz
theory gives information about the influence of micro-
viscosity on the entire dynamic processes of a probe
molecule in a matrix.*®*® The plot of 7/t as a function of
1" according to the theory of Gierer and Wirtz results in a
linear function as described by Eqn (2). The exponent x is
an expression for the function of the activation energy for
the viscous flow (£,) and the activation energy for the
jump into the free volume (E,) as shown in Eqn (3). A and
B are intrinsic constants in Eqn (2).

g:A+wa @)

E, — E
x=-1_=2 A3)
E’?

Examples of the plots are given for the radicals
dissolved in imidazolium tetrafluoroborates in Fig. 4. The
linear plots obtained show that both macroscopic friction
and diffusion into the free volume affects the mobility of
radicals in the ionic liquids independent on the
substitution of the radicals investigated. The exponent
x is about 1 for TEMPO and TEMPOL in all ionic liquids
and for CAT-1 in imidazolium tetrafluoroborates
(Table 2). From this one can conclude that the activation
energy for the jump into the free volume (E,) is nearly
zero for TEMPO and TEMPOL in all studied ionic
liquids, and for CAT-1 in imidazolium tetrafluoroborates.
Therefore, the activation of the viscous flow (E,)
dominates in these systems. The influence of micro-
viscosity on mobility of a probe molecule in a
nonactivated process seems to be of general importance
for ionic liquids. However, such an effect is an exception
for molecular solvents.**° This result may be attributed
to the special structure of the molten salts composed of
positive and negative ions, which interact with the spin
probes.

A further parameter that was obtained by analysis of the
ESR spectra is the nitrogen isotropic hyperfine coupling

J. Phys. Org. Chem. 2006; 19: 318-325



MOBILITY OF SPIN PROBES IN IONIC LIQUIDS 321
+ ,CH3 + /CH3
& §
\ - \ -
oF L) e
D e .
|
CzHs CgHiz
a) b)
>@<
O
T T T T T T T T T T T T
333 334 335 336 337 338 333 334 335 336 337 338
TEMPO T mT
c) d)
OH
N
O
T T T T T T T T T T T T
TEMPOL 333 334 335 336 337 338 333 334 335 336 337 338
mT mT
|4 !
_N_
N
0 ) f)
CAT-1
53 334 55 336 337 338 3 134 335 336 357 38
mT mT

Figure 2. ESR spectra of TEMPO ((a) T =
() t=18.6ns) in 1a (3, ¢, e) and 1f (b, d, f) at 293K

constant (A;g (**N)), which is sensitive to electrostatic
interactions and hydrogen bonding (Fig. 5).315% The A,
(**N) value is a measure for perturbations of the spin-
density distribution of the radicals in solution caused by
electrostatic interactions and hydrogen bonding with the
solvent.***® Polar solvents should generally stabilize
structures Ila and IIb resulting in an increase of A;, (MN).
Solvents forming specific hydrogen bonding with the
probe favor more stabilization of the structure IIb.
Therefore, A, ("*N) should be higher for solvents

Copyright © 2006 John Wiley & Sons, Ltd.

0.1ns, (b) =1.8ns), TEMPOL ((c) t=1.1ns, (d) t=5.5ns), and CAT-1 ((e) r=4.0ns,

undergoing hydrogen bonding with the probe than for
other polar solvents. Nevertheless, the hyperfine coupling
constant (A, (“*N)) reports about the polarity of the
environment, which is sensed by the probe.

The A, (*N) values obtained for TEMPO and
TEMPOL in ionic liquids are not dependent on the
structure of the ionic liquid in case of both imidazolium
tetrafluoroborates (Fig. 6) and imidazolium hexafluor-
ophosphates (Ajq, (14N) values are 1.58-1.59mT for
TEMPO in 2a-2g and 1.57-1.59mT for TEMPOL in

J. Phys. Org. Chem. 2006; 19: 318-325
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Figure 3. Rotational correlation time () for TEMPO (a),
TEMPOL (b), and CAT-1 (c) dissolved in the imidazolium salts
1a—k and 2a-h as function of the viscosity of the solvents at
293K

2a-2g). Furthermore, the A;y, ("*N) values for TEMPO
(Ajso (14N) is about 1.59 mT for TEMPO in li and 1.58 mT
in 1k, and about 1.57 mT in 2h) and TEMPOL (4;, (**N)
is about 1.56 mT for TEMPOL in 1i and 1k, and about
1.52mT in 2h) measured in imidazolium salts methyl
substituted at C-2 of the imidazolium ring are similar to or
slightly lower than those obtained in imidazolium salts
unsubstituted at this position (Fig. 6). Therefore, the Aj,
(**N) values of TEMPO and TEMPOL cannot distinguish
between micropolarity of imidazolium salts methyl
substituted or unsubstituted at C-2. The latter shows
only a low C-H acidity.>*” Furthermore, these probes
are also not sensitive enough to detect the influence of the
alkyl chain length at the nitrogen atom on micropolarity

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 4. Plot of n/t as function of #* (Egn (2)) for TEMPO
(a), TEMPOL (b), and CAT-1 (c) dissolved in 1a~h at 293 K

of the ionic liquids. Moreover, the A;, (‘*N) values
obtained for TEMPO are comparable with the value found
in methylenechloride (A;s, (**N): 1.58 mT), and TEM-
POL shows an A;, (14N) value similar to that obtained in
dimethylsulfoxide (A;, (**N): 1.59 mT). This suggests a

Table 2. Exponent x from Egn (2) obtained for TEMPO and
TEMPOL in imidazolium tetrafluroborates and hexafluoro-
phosphates, and for CAT-1 in imidazolium tetrafluorobo-
rates

X
Ionic liquids TEMPO TEMPOL CAT-1
la-1h 0.88 0.99 0.97
2a-2f 1.0 0.99 —
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Figure 5. Schematic presentation of electrostatic interactions and hydrogen bonding between the spin probes (TEMPO,

TEMPOL, CAT-1) and an ionic liquid that may influence the nitrogen isotropic hyperfine coupling constants (Aiso ("N

N)) of the spin

probes. a: Simplified scheme summarizing different contributions to the nitrogen isotropic hyperfine structure. b: Radical (I) and
ionic (Il) structures of the spin probes; lla: ionic interactions between the imidazolium ion and the NO-group; llb: hydrogen
bonding between the hydrogen at C-2 of the imidazolium ion and the NO-group. c: Electrostatic interactions between the
ammonium substituent at CAT-1 and the anion of the ionic liquid. d: Hydrogen bonding between the hydrogen at C-2 of the

imidazolium ion and the OH group of TEMPOL

micropolarity of ionic liquids similar to methylenechlor-
ide for nonpolar solutes, and similar to dimethylsulfoxide
for solutes that can form hydrogen bonding to the ionic
liquids. This result is supported by other results published
in literature that show a probe dependent micropolarity of
the ionic liquids.58 However, this discussion bases on a
simplification of the microstructure of ionic liquids.
Interestingly, A, (™N) values for CAT-1 are lower
than for TEMPO and TEMPOL, and they depend on the
structure of the imidazolium salt (Fig. 6). The positive
charge of the substituent at CAT-1 may cause the lower
nitrogen isotropic hyperfine coupling constant in com-

Copyright © 2006 John Wiley & Sons, Ltd.

parison with TEMPO. The decrease of the Aj, (‘*N)
values for CAT-1 with increasing alkyl chain length at the
nitrogen atom of imidazolium tetrafluoroborates indicates
a decrease in micropolarity with increasing alkyl chain
length bound at the nitrogen atom of the imidazolium ring
(Fig. 6). The A, (14N) values for CAT-1 in la-le are
comparable with the value determined in dimethylsulf-
oxide (Ajso (**N): 1.58mT) indicating a similar micro-
polarity as this molecular solvent. The A;y, (*N) values
for 1f-h indicate a significantly lower polarity caused by
the longer alkyl chain. Although CAT-1 is insoluble in
nonpolar solvents such as toluene it can be dissolved in

J. Phys. Org. Chem. 2006; 19: 318-325
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Figure 6. Nitrogen isotropic hyperfine coupling constants (A, (**N)) for imidazolium tetrafluoroborates (1a—1h) as function of
the alkyl chain length at the nitrogen atom of the imidazolium salt

ionic liquids bearing longer alkyl chains and indicates a
low micropolarity of these solvents.

Moreover, the A;,, (**N) values for CAT-1 in 1i (A;y
("*N): 1.36 mT) and 1k (A;s, ("*N): 1.37 mT), which bear
a methyl substituent at C-2, are lower in comparison with
the imidazolium salts unsubstituted at C-2 (1b and 1d)
containing the same substituents at the nitrogen atoms
(Fig. 6). This indicates a lower micropolarity of 1i and 1k
relative to 1b and 1d that is attributed to the methyl
substituent at C-2 in 1i and 1k. The higher A;, (**N)
values for CAT-1 in 1b and 1d may be caused by the C—H
acidity of the imidazolium ion®* resulting in additional
hydrogen bonding, and therefore, in an increase in
micropolarity of the imidazolium salts unsubstituted at C-
2. The ionic structure of CAT-1 makes this probe more
sensitive than TEMPO and TEMPOL to detect differ-
ences in micropolarity between the imidazolium salts.

CONCLUSION

Investigation of the spin probes TEMPO, TEMPOL, and
CAT-1 in imidazolium based ionic liquids shows an
influence of microviscosity of the ionic liquid on mobility
of all probes investigated. The effect is higher for
TEMPOL and it is strongest for CAT-1. Hydrogen
bonding in case of TEMPOL and ionic interactions
between CAT-1 and the individual ions of the ionic liquids
may be discussed as responsible parameter describing this
phenomenon. However, motion into the free volume of
the ionic liquid becomes a non-activated process, and it
seems to be typical for these molten salts whereas this
phenomenon is an exception for molecular solvents.
Furthermore, micropolarity of the ionic liquids described
by the nitrogen hyperfine coupling constant (A, (MN)) is
not only dependent on the probe investigated. The Aj,
(14N) values of CAT-1 show also an influence of the

Copyright © 2006 John Wiley & Sons, Ltd.

substituents at the imidazolium ion on micropolarity of
the ionic liquids. Microviscosity and micropolarity are
very important for application of ionic liquids as solvents
for reactions in organic, inorganic, and polymer
chemistry. Furthermore, micropolarity is crucial for
selection of ionic liquids for special separation processes.
Moreover, the spin probes can function as models for
radicals formed during radical polymerization. The lower
mobility of the radicals caused by the higher viscosity of
the ionic liquids and the free volume effects may affect
radical polymerization. The results obtained for solute
dependent micropolarity may be useful for selection of
monomers and ionic liquids for an efficient copolymer-
ization in the ionic liquids.
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