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The influence of the alkyl chain length in 1-alkyl-3-methylimidazolium

bis(trifluoromethylsulfonylimide)s is studied to explore the rotation of piperidine-1-yloxyl

derivatives substituted with either hydrogen bonding hydroxy group or ionic substituents,

such as the cationic trimethylammonium or the anionic sulfate group placed at the 4 position.

Structural variation of the ionic liquids results in differences of their viscosity influencing the

rotation of the spin probes. The size of the average rotational correlation times of the spin probes

dissolved in the ionic liquids depends further on the additional substituent in 4-position at these

spin probes. The rotational correlation time exhibits a linear dependence on the ionic liquid

viscosity in the case of the spin probe forming hydrogen bonding with the ionic liquids. In

contrast to this, a deviation from the Stokes–Einstein behavior is found in the case of rotation

of the charged spin probes in the 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonylimide)s

substituted with a longer alkyl chain. This effect may be explained by phase separation on a

molecular level between the charged part of the ionic liquid and the longer alkyl chains bound

at the imidazolium ion. Although the neutral and the cationic spin probes show only a slight

dependence between ionic liquid structure variation and the hyperfine coupling constants,

structural effects cause changes in the hyperfine coupling constants in the case of the anionic

spin probes. These probes strongly interact with the imidazolium ion.

Introduction

Ionic liquids have been new materials for various applications,

such as batteries, fuel cells, solar cells, and as reaction media in

inorganic, organic, and polymer synthesis.1–6 Among the

numerous ionic liquids composed of various cations and

anions, imidazolium bis(trifluoromethylsulfonylimide)s have

received increased attention for some of the potential applications

because of their low glass transitions, their relatively low

viscosity in comparison with other ionic liquids, their hydro-

phobicity, and their high conductivity.7 Diffusion of dissolved

species in the ionic liquid is highly important for many

applications. Therefore, investigation of diffusion processes

is necessary for the understanding of the specific function of

ionic liquids and for an efficient selection of ionic liquids for

the special application.

Radicals are formed as reactive species in several chemical

reactions during organic and polymer synthesis. The mobility

of these reactive radicals in the reaction mixture is one of the

factors influencing the reaction path, and therefore, the

composition of the reaction products.8 Investigation of reactive

radicals during chemical reaction is difficult caused by their

high reactivity and their low concentration in many reaction

mixtures. Therefore, spin probes are employed as models for a

reactive radical in general.9–21 Piperidine-1-yloxyl derivatives

with various substituents have been successfully investigated in

ionic liquids.14,15,17,18–21 ESR spectroscopic investigation of

spin probes in ionic liquids provides information about

mobility of the stable radicals in the ionic liquids and micro-

polarity of the ionic liquids. Both additional substituents at the

piperidine-1-yloxyl derivatives and the structure of the ionic

liquid strongly influence the rotation of the spin probes in the

ionic liquids.14,15,17,21

One characteristic parameter obtained from the ESR

spectra describing diffusion of stable radicals is the average

rotational correlation time (t). Diffusion of radicals is strongly

influenced by the viscosity of the ionic liquid itself at a given

temperature and by the free volume effect found in many ionic

liquids.14,21 Furthermore, the isotropic hyperfine coupling

constant related to nitrogen (Aiso(
14N)) is a further parameter

obtained from ESR spectra. This parameter sensitively probes

electrostatic interactions and hydrogen bonding of the spin

probe with the surrounding solvent because these interactions

influence the spin density distribution of the radical electron

and its interaction with the nitrogen in solution.22

In this work, piperidine-1-yloxyl derivatives are discussed

regarding their average rotational mobility in 1-alkyl-3-methyl-

imidazolium bis(trifluoromethylsulfonylimide)s at room

temperature. The piperidine-1-yloxyl derivative containing a

hydroxy group can form additional hydrogen bonding with

the ionic liquid. Spin probes bearing an ionic substituent

(sulfate group or ammonium group) strongly interact with the

individual ions of the ionic liquid.
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Results and discussion

A Imidazolium bis(trifluoromethylsulfonylimide)s

1-Alkyl-3-methylimidazolium bis(trifluoromethylsulfonylimide)s

are discussed containing alkyl substituents with 1–10 carbon

atoms (Fig. 1). In the case of 1,3-dimethylimidazolium

bis(trifluoromethylsulfonylimide), the interactions between

the cation and the anion appear stronger than in the 1-alkyl-

3-methylimidazolium bis(trifluoromethylsulfonylimide)s

substituted with a longer alkyl chain because of the higher

volume of these longer alkyl substituents. This structural

variation influences the physical properties of these ionic

liquids, e.g. the viscosity.

The viscosity of ionic liquids is significantly higher than the

viscosity of traditional organic solvents.23 The viscosity of the

1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonylimide)s

strongly depends on the length of the alkyl chain bound at

one nitrogen atom of the imidazolium ring (Fig. 2). An

increase in the length of the alkyl chain from an ethyl group

to a decyl group bound at the imidazolium ion results in a

more than three times increase in the viscosity. Interestingly,

the 1,3-dimethylimidazolium bis(trifluormethylsulfonylimide)

exhibits a higher viscosity than the ethyl and propyl substituted

1-alkyl-3-methylimidazolium salts. The higher viscosity of the

1,3-dimethylimidazolium bis(trifluormethylsulfonylimide) may

be caused by the stronger ionic interactions between the ionic

liquid cation and anion. The ionic interactions slightly

decrease and van der Waals interactions tend to increase in

the 1-alkyl-3-methylimidazolium salts substituted with an

ethyl group or a longer alkyl chain.

The viscosity differences of the imidazolium bis(trifluoro-

methylsulfonylimide)s should influence rotational mobility of

spin probes dissolved in these ionic liquids. This can be seen in

the rotational correlation time calculated from the ESR spectra.

B Spin probes

Spin probes on the basis of piperidine-1-yloxyl derivatives

bearing different substituents at the 4 position (Fig. 3) are

selected for investigation of rotational mobility in ionic liquids.

These substituents are a hydroxy group (1), a trimethylammonium

group (2, 3), and a sulfate group (4, 5). The cationic spin

probes 2 and 3 distinguish by their anions, which is iodide in

the case of 2 and bis(trifluoromethylsulfonylimide) in the case

of 3. The latter comprises the same anion as the ionic liquid.

Although potassium is the counter ion in the anionic spin

probes 4 and 5, the spin probe 5 possesses a higher molar

volume because of complex formation between the potassium

ion and the crown ether.

The piperidin-1-yloxyl derivatives interact with the individual

ions of the ionic liquid via the radical structure. Further

interactions exist between the additional substituent bound

at each spin probe and the ionic liquid. These are hydrogen

bonding between the OH group of 1 and the ionic liquid

(e.g. the acidic hydrogen atom at C-2 of the imidazolium ion

or the anion of the ionic liquid). Furthermore, ionic inter-

actions are possible between the ammonium group of the

cationic spin probes 2 or 3 and the bis(trifluoromethylsulfonyl-

imide). In addition, the sulfate group of the anionic probes 4

and 5 can interact with the imidazolium ion. The interactions

of both the NO-group and the substituent at the 4 position of

the piperidin-1-yloxyl derivative with the ionic liquid influence

the ESR spectra, which are usually recorded as first derivative

of absorbed microwave power as function of the magnetic field

strength. The ESR spectra of the spin probes 1–5 consist of

three lines because of a spin multiplicity of 1 for 14N.

Examples of ESR spectra of the spin probes 1–5 dissolved in

1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonylimide)

are depicted in Fig. 4.

The ESR spectra of the spin probes 1–5 show line broad-

ening if they are dissolved in the ionic liquid (Fig. 4) in

comparison with the use of a polar molecular solvent such

as dimethyl sulfoxide, which causes three small lines in the

ESR spectra.18–20 Furthermore, the ESR spectra in Fig. 4

differ in their linewidth. Especially the high field line shows

significant differences between the neutral and the ionic spin

probes. Hydrogen bonding interactions between the hydroxy

group of the spin probe 1 and the individual ions of the ionic

liquid may cause the slight line broadening in the spectrum of
Fig. 1 Chemical structure of the imidazolium bis(trifluoromethyl-

sulfonylimide)s under investigation.

Fig. 2 Viscosity of imidazolium bis(trifluoromethylsulfonylimide)s at

room temperature (296 K) as function of the length of the alkyl chain

bound at one nitrogen atom of the imidazolium ring.

Fig. 3 Chemical structure of the piperidin-1-yloxyl derivatives 1–5.
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the spin probe. The stronger line broadening in the ESR

spectra of the ionic spin probes 2–5 dissolved in the ionic

liquid may be attributed to the ionic interactions between the

ionic substituents of these spin probes and the individual ions

of the ionic liquid.

Furthermore, similar ESR spectra are obtained for the

cationic spin probes 2 and 3 on the one hand, and for the

anionic spin probes 4 and 5 on the other hand. The reason for

this effect may be counter ion exchange with the anion of the

ionic liquid in the case of the cationic spin probe 2 or with the

cation of the ionic liquid in the case of the anionic spin probes 4

and 5. Thus, the shape of the spectra shows similar mobility of

these spin probes as a result of ion exchange leading to a similar

effective rotational volume. The cationic spin probe 3 bears the

same anion as the ionic liquid. Moreover, cation exchange in

the anionic spin probes 4 and 5 with the imidazolium ion

explains the similarities in the ESR spectra although the counter

ion of spin probe 5 is significantly larger because of complex

formation with the crown ether. The use of the crown ether

probe 5 brings the benefit of improved solubility in the ionic

liquid while in a second step cation exchange occurs.

Nevertheless, the broad lines in the ESR spectra of the spin

probes dissolved in the ionic liquid show that the mobility of the

spin probes is reduced which is caused by both the higher

viscosity and the ionic nature of the ionic liquid.

C Rotational diffusion of spin probes in ionic liquids

For a more detailed discussion of the influence of the ionic

liquid on the rotation of the spin probes, the alkyl chain length

of the 1-alkyl-3-methylimidazolium bis(trifluoromethyl-

sulfonylimide)s changes between a methyl group and a decyl

group. This structural variation strongly influences the

viscosity of the ionic liquid (Fig. 2). Furthermore, the

structural changes additionally interfere the rotation of

the spin probes. This can also be seen by comparing the

ESR spectra depicted in Fig. 4–6. Moreover, the influence of

the ionic liquid on the rotation of the spin probe is also

dependent on the spin probe structure.

As expected, the three lines of the ESR spectra are broader

in the case of the ionic spin probes 2–5 in comparison with the

hydroxy substituted probe 1 in the ionic liquids (Fig. 4–6).

Furthermore, a higher extent on line broadening exists in the

ESR spectra of the spin probes 1–5 dissolved in 1-decyl-3-

methylimidazolium bis(trifluoromethylsulfonylimide) in

comparison with 1-propyl-3-methylimidazolium bis(trifluoro-

methylsulfonylimide) and 1-hexyl-3-methylimidazolium

bis(trifluoromethylsulfonylimide). A quantitative description

of these effects is possible using the average rotational correlation

time (t), which is related to the rotational motion of the spin

probe. A low average rotational correlation time corresponds

to a high mobility of the spin probe. The average rotational

Fig. 4 ESR spectra of the spin probes (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5

dissolved in 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl-

imide) at room temperature (294 K).

Fig. 5 ESR spectra of the spin probes (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5

dissolved in 1-propyl-3-methylimidazolium bis(trifluoromethyl-

sulfonylimide) at room temperature (294 K).
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correlation times are calculated from the average rotational

diffusion rate constants. The latter were obtained from the

ESR spectra using the method of Budil et al.24 In general, the

average rotational correlation time exhibits the lowest values for

the neutral spin probe 1 (Fig. 7a). Larger t values are obtained

for the anionic spin probes 4 and 5 (Fig. 7c). The cationic spin

probes 2 and 3 result in the highest t values (Fig. 7b). These data
show a hindered rotation of the ionic spin probes 2–5 in the ionic

liquids compared to the rotation of the hydroxy substituted spin

probe 1. This can be explained with stronger ionic interactions in

comparison with hydrogen bonding. Furthermore, the cationic

spin probes 2 and 3 strongly interact additionally with the anion

of the ionic liquids, which is the bis(trifluoromethylsulfonyl-

imide), although the anionic spin probes 4 and 5 undergo

additional interactions with the cation of the ionic liquids, which

are the imidazolium ions substituted with alkyl chains of different

lengths. The results obtained suggest to describe slightly stronger

interactions of the ammonium substituent in 2 and 3 with the

bis(trifluoromethylsulfonylimide) compared to interactions

between the imidazolium ions of the ionic liquid and the

negatively charged spin probes 4 and 5. Thus, the cationic spin

probes 2 and 3 exhibit a stronger hindrance of rotation, which

may be caused by the more bulky trimethylammonium

substituent in comparison with the anionic spin probes 4 and 5

that may have a lower rotational volume because of the smaller

volume of the sulfate group.

Furthermore, the average rotational correlation times of the

spin probes 1–5 in the imidazolium bis(trifluoromethyl-

sulfonylimide)s increase with the length of the alkyl chain

bound at the nitrogen atom of the imidazolium ring from an

ethyl to a decyl substituent (Fig. 7). This may be attributed in

general to the increase in the viscosity of the ionic liquids

with increasing alkyl chain lengths starting with an ethyl

substituent, which is depicted in Fig. 2. Moreover, the higher

viscosity of the 1,3-dimethylimidazolium ionic liquid in

comparison with 1-ethyl-3-methylimidazolium bis(trifluoro-

methylsulfonylimide) results also in an increase in the average

rotational correlation time of the ionic spin probes in the

1,3-dimethylimidazolium bis(trifluoromethylsulfonylimide)

(Fig. 7).

The viscosity of the ionic liquids mainly influences the

rotation of the spin probes, and thus the mobility. The straight

line in the plot of the rotational correlation time of the spin

probes as a function of the viscosity of the ionic liquids clearly

shows Stokes–Einstein behavior (eqn (1)) in the case of the

hydroxy substituted spin probe 1 (Fig. 8). The proportionality

constant between the viscosity (Z) and the rotational correlation

time (t) contains the rotational volume of the spin probe

(Vrot), the Boltzmann constant (kB) and the temperature (T).25

t ¼ Vrot p
kB T

Z ð1Þ

Fig. 6 ESR spectra of the spin probes (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5

dissolved in 1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl-

imide) at room temperature (294 K).

Fig. 7 Dependence of the average rotational correlation time (t) of
the spin probes (a) 1, (b) 2 and 3, and (c) 4 and 5 from the length of the

alkyl chain (n) bound at one nitrogen atom of the imidazolium ring at

a temperature of 294 K.
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However, the ionic spin probes show Stokes–Einstein behavior

only in the case of imidazolium bis(trifluoromethylsulfonyl-

imide)s substituted with an alkyl chain between an ethyl and a

hexyl group. The lines of the Stokes–Einstein plot have their

origin at zero as expected from the Stokes–Einstein theory

(Fig. 8). The slopes of the Stokes–Einstein plot are higher for

the ionic spin probes in comparison with the neutral spin

probe. We obtained slopes from Fig. 8 of 0.03 ns/(mPa s) for

the hydroxy substituted spin probe 1, 0.15 ns/(mPa s) for the

cationic spin probe 2, 0.14 ns/(mPa s) for the cationic spin

probe 3, 0.12 ns/(mPa s) for the anionic spin probe 4, and

0.11 ns/(mPa s) for the anionic spin probe 5. This follows roughly

the tendency for the size of the probe indicating that the

experiment discloses a higher rotational volume for the ionic

spin probes compared to 1.21 The slope is 4 to 5 times larger

for the ionic spin probes 2–5 than for the neutral spin probe 1.

This is only understandable if the ionic liquid ions directly

interact with the ionic probes resulting in a higher rotational

volume as expected from molecular modeling calculations.21

The t values of the ionic spin probes dissolved in the 1,3-

dimethylimidazolium bis(trifluoromethylsulfonylimide) do not

fit well into the line (not shown in Fig. 8). A slightly lower

rotational correlation time exists for the ionic spin probes in

the 1,3-dimethylimidazolium salt as compared to the value

expected from the viscosity of this ionic liquid. Presumably,

microviscosity effects may explain this behavior as previously

demonstrated in a distinct ionic liquid.21 The 1,3-dimethyl-

imidazolium bis(trifluoromethylsulfonylimide) bears the

smallest alkyl substituent at the heterocyclic ring. Therefore,

it is the smallest cation in this series. This possibly leads to a

different packaging in the matrix as compared to the other

ionic liquids substituted with a longer alkyl chain. Thus, the

spin probe mobility cannot be described according to the

Stokes–Einstein theory because differences at the microscopic

level are important to describe the spin probe behavior. In a

previous publication we discussed that microviscosity theory

might be applicable to describing such phenomena.21 The ionic

liquid discussed in this previous publication was 1-butyl-3-

methylimidazolium tetrafluoroborate bearing with the tetra-

fluoroborate a small anion. This leads to the conclusion

that small ions in the ionic liquid result in probe mobility,

which can be described rather by the microviscosity theory

while large ions such as the bis(trifluoromethylsulfonylimide)

favor a diffusion according to the Stokes–Einstein theory.

Temperature dependent measurements on the imidazolium

bis(trifluoromethylsulfonylimide)s would be necessary to

underline these statements, which will be the focus of a future

publication.

Moreover, the rotational correlation times of the ionic spin

probes are significantly lower than expected from the viscosity

of the imidazolium bis(trifluoromethylsulfonylimide)s

substituted with an octyl or a decyl group. This effect may

be caused by the structure of these ionic liquids. The ionic

spin probes may relatively strong interact with either the

bis(trifluoromethylsulfonylimide) in the case of the cationic

spin probes 2 and 3 or the imidazolium ion in the case of the

anionic spin probes 4 and 5. The longer alkyl substituents

presumably form separate nonpolar phases on a molecular

level that are not directly involved in the rotation of the ionic

spin probes. In contrast to this, the hydroxy substituted spin

probe 1 may not as strong interact with the individual ions of

the ionic liquid as the ionic spin probes do. Therefore, the

rotation of the non-charged spin probe 1 agrees with the

macroscopic viscosity of the ionic liquid. Formation of such

phase separation was also reported from other investigations.26

D Micropolarity detected by spin probes in ionic liquids

The hyperfine coupling constants (Aiso(
14N)) are not influenced

by the alkyl chain length bound at the imidazolium ion in the

case of the hydroxy substituted spin probe 1 (Fig. 9). A similar

result was observed for the nonionic spin probe 1 dissolved in

1-alkyl-3-methylimidazolium tetrafluoroborates.14 This shows

that the micropolarity detected by this spin probe is similar for

both the imidazolium bis(trifluoromethylsulfonylimide)s and

the imidazolium tetrafluoroborates independent of the length

of the alkyl chain bound at the imidazolium ion. This may be

caused by weak interactions between the non-charged spin

probe 1 and the individual ions of the ionic liquid. The

Aiso(
14N) values of the spin probe 1 in these ionic liquids are

similar to the value obtained in dimethyl sulfoxide (15.9 G).14

Furthermore, the Aiso(
14N) values of the cationic spin

probes 2 and 3 do only slightly decrease with the length of

alkyl chain bound at the nitrogen atom of the imidazolium

ring (Fig. 9). This slight dependence differs from the stronger

Fig. 8 Average rotational correlation time of the spin probes 1–5 as a

function of the viscosity of the ionic liquids.

Fig. 9 Hyperfine coupling constants (Aiso(
14N)) of the spin probes 1,

2, 3, 4, and 5 dissolved in 1-alkyl-3-methylimidazolium bis(trifluoro-

methylsulfonylimide)s determined from ESR spectra at room

temperature (294 K).
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decrease of the hyperfine coupling constants with increasing

alkyl chain length of the imidazolium tetrafluoroborates in the

case of the spin probe 2 and may be caused by differences

in the interactions between the cationic spin probe with

tetrafluoroborate or bis(trifluoromethylsulfonylimide).14

Moreover, the Aiso(
14N)-values are higher for the anionic

spin probes than for the cationic spin probes. This may be

explained with the preference of the ionic structure of the NO

group in comparison with its neutral structure resulting in

higher spin density at the nitrogen atom in the case of the

anionic spin probes. Thus, the free electron at the nitrogen

radical results in higher hyperfine coupling constants.

Furthermore, the hyperfine coupling constants of anionic spin

probes 4 and 5 increase with increasing alkyl chain length of

imidazolium bis(trifluoromethylsulfonylimide)s substituted

with alkyl chains containing between 2 and 10 carbon atoms.

Although the polarity of imidazolium bis(trifluoromethyl-

sulfonylimide)s should decrease with increasing alkyl chain

length, the opposite result is obtained in the experiments.

Indeed, the hyperfine coupling constants of 5 are lower in

the case of lower polar solvents, e.g. Aiso(
14N) is 15.1 G for

tert-butyl methyl ether, 15.7 G for dimethyl sulfoxide, 16.0 G

for ethanol, and 16.9 G for water.20 This would indicate

micropolarity of the imidazolium bis(trifluoromethylsulfonyl-

imide)s increasing from ethanol to water with increasing alkyl

chain length, which contradicts the experience. Therefore, a

further factor of influence must be taken into consideration,

which is the preferred place of residence for the anionic spin

probe. The increase in the hyperfine coupling constants

indicates a preference of the ionic structure of the NO group

resulting in stronger interactions with the imidazolium ion.

Furthermore, the increased tendency of the ionic liquids to

separate into polar and nonpolar domains on a molecular level

with increasing alkyl chain length at the nitrogen atom may be

discussed as one reason for the increase of the Aiso(
14N) values.

Heterogeneities in ionic liquids at the nano-scale are also

discussed in literature based on simulation techniques and

experimental methods such as dynamic light scattering or

X-ray diffraction.26 This must lead to different mobility as

shown for the rotational mobility and different polarity at the

microscopic level. The probe reports about the environment

around it that it feels by itself. The anionic spin probes show

strong interactions with the imidazolium ion, which may

undergo an increased phase separation tendency with longer

alkyl chains on a molecular level. Interestingly, the hyperfine

coupling constant is higher for the anionic spin probe 4 in

1,3-dimethylimidazolium bis(trifluoromethylsulfonylimide) in

comparison with the use of 1-alkyl-3-methylimidazolium

bis(trifluoromethylsulfonylimide) substituted with an ethyl,

propyl, or butyl group at one nitrogen atom of the imidazolium

ring. This shows that the 1,3-dimethylimidazolium based ionic

liquid is something special in comparison with the other ionic

liquids. The small methyl substituents enable stronger

electrostatic interactions between the anionic spin probe and

the 1,3-dimethylimidazolium ion in comparison with 1-alkyl-

3-methylimidazolium ions substituted with a longer alkyl

chain. The stronger ionic interactions between the anionic

spin probe 4 and the 1,3-dimethylimidazolium ion relative to

the other imidazolium cations bearing a longer alkyl chain

may cause an increase in the electrostatic interactions, and

therefore, an increase in the hyperfine coupling constant

relative to the other ionic liquids. These results show the

complex relation between the hyperfine coupling constant of

spin probes and discussion of micropolarity. Micropolarity

discussion is strongly coupled on the spin probe structure and

on the interactions with the ionic liquid on a molecular level.

Conclusions

Viscosity measurements of 1-alkyl-3-methylimidazolium bis-

(trifluoromethylsulfonylimide)s show an increase in the

viscosity from the ethyl substituted to the decyl substituted

imidazolium salt that is caused by an increase in the size of the

cation. In contrast to this, the viscosity of the 1,3-dimethyl-

imidazolium salt is also higher in comparison with the 1-ethyl

or the 1-propyl substituted ionic liquid. From this we can

conclude that the stronger ionic interactions between the

cation and the anion of the ionic liquid make the 1,3-dimethyl-

imidazolium salt to some special ionic liquid relative to those

with longer alkyl chains.

Similar to the viscosity of the ionic liquids, the rotational

correlation times of the ionic spin probes show qualitatively

the same tendency in their dependence on the length of the

alkyl chain bound at the imidazolium ion. Viscosity dependence

of the rotational correlation times indicates Stokes–Einstein

behavior only up to a hexyl substituent at the imidazolium ion

in the case of the ionic spin probes. Longer alkyl substituents

at the imidazolium ion result in a deviation from the Stokes–

Einstein behavior that may be caused by phase separation on a

molecular level between the charged part of the ionic liquid

and the longer alkyl chains. In contrast to this, the rotation of

the neutral spin probe shows Stokes–Einstein behavior also in

the case of 1-alkyl-3-methylimidazolium bis(trifluoromethyl-

sulfonylimide)s substituted with a longer alkyl chain. From

this we can conclude that the ionic interactions between the

individual ions of the ionic liquids and the ionic spin probes

strongly influence the rotation of the ionic spin probes in the

ionic liquids. However, the neutral spin probe does not as

strong interact with the ionic liquid as the ionic spin probes.

Therefore, the rotation of the neutral spin probe is less

influenced by the individual ions of these ionic liquids.

The structural variation of 1-alkyl-3-methylimidazolium

bis(trifluoromethylsulfonylimide)s influences the hyperfine

coupling constants (Aiso(
14N)) significantly only in the case

of the anionic spin probe. This shows that electrostatic inter-

actions between the anionic spin probe and the imidazolium

ion are necessary to describe the differences in the spin density

at the nitrogen of the spin probe dissolved in 1-alkyl-3-

methylimidazolium bis(trifluoromethylsulfonylimide)s.

Experimental

Materials

1-Alkyl-3-methylimidazolium bis(trifluoromethylsulfonylimide)s

are prepared in a two step synthesis. In the first step, 1-alkyl-3-

methylimidazolium iodides or chlorides are synthesized followed

by anionmetathesis with lithium bis(trifluoromethylsulfonylimide)s.
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1-Alkyl-3-methylimidazolium iodides substituted with a

methyl or ethyl group are synthesized from 1-methylimidazole

and the corresponding alkyl iodide using a 25 wt% excess on

the alkyl halogenide at room temperature. tert-Butyl methyl

ether is used as solvent in the case of methyl iodide and ethyl

iodide because of the high exothermic reaction in these

examples. The volume ratio of the solvent to the alkyl iodide

is 1 : 1. The 1-propyl-3-methylimidazolium iodide is synthesized

using a 5 wt% excess of the propyl iodide in bulk. 1-alkyl-3-

methylimidazolium chlorides substituted with a butyl, hexyl,

octyl or decyl chain are synthesized from 1-methylimidazole

and the corresponding alkyl chloride in bulk at 65 1C in the

case of butyl chloride and hexyl chloride and at 70 1C in the

case of octyl chloride and decyl chloride using 5 wt% excess on

the alkyl chloride. 1-Alkyl-3-methylimidazolium halogenide

obtained and lithium bis(tifluoromethylsulfonylimide) from

Iolitec are separately dissolved in water. The amount of each

starting material is 1 g per 1 ml water. A 5 wt% excess of the

lithium bis(trifluoromethylsulfonylimide) relative to the

necessary stoichiometric amount is used for anion metathesis.

The water solutions are unified under stirring and kept further

stirring for 18 h. After stirring, ethyl acetate or methylene

chloride (500 ml solvent relative to 70 g of the imidazolium

iodide) is added to the water solution. Both solvents result in

similar products. Methylene chloride is preferred because of

phase inversion in the case of ethyl acetate. The organic phase

is separated, washed 8 times with 300 ml water each, and

filtered over sodium sulfate. The solvent is evaporated from

the organic solution in vacuo. The remaining ionic liquid is

dried in vacuo (1–4 mbar) at a temperature between 70 and

90 1C for 3 days. No remaining halide was detected after

addition of a solution of AgNO3 dissolved in a water–acetone

mixture. The water content of these ionic liquids is lower than

1000 ppm.

The nonionic spin probe 1 was purchased from Sigma-

Aldrich and used as obtained. Synthesis of the spin probes

2–5 is described elsewhere.18–20

Measurements

ESR spectra of 0.05 wt% of each spin probe dissolved in the

ionic liquids were measured in X-band with a CW spectro-

meter ELEXSYS E500 (Bruker) at 9.4 GHz. Rotational

correlation time (t) was calculated from the average rotational

diffusion rate constant, which was determined using the

method of Budil et al. using the model of isotropic viscosity

for the fitting procedure.24 This procedure comprises an

experimental error of about�5–10% depending on the quality

of the ESR signal. Furthermore, shear rate viscosity measurements

on ionic liquids were carried out using shear rates between

0.1 s�1 and 800 s�1 at 296 K. Data are given at a shear rate of

10 s�1 because viscosity of all ionic liquids investigated is

independent on the shear rate at 10 s�1.
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