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Abstract
Rotational motion of the spin probe 4-hydroxyl-2,2,6,6- tetramethyl-1-piperidinyloxy (TEMPOL) in methyl 

imidazoium based ionic liquid was studied by Electron Paramagnetic Resonance spectroscopy (EPR). The influence 
of rotational tumbling of the paramagnetic spin probe on the width and shape of EPR transition was studied to calculate 
rotational correlation time, equilibrium radius, and rotational diffusion coefficient of spin probe in different ionic liquid 
media; CnmimPF6/NTf2 (n=4, 6, 8). The glass transition temperatures for CnmimNTf2 (n=4, 6) were calculated from the 
inflection point of τc vs T plots whereas activation energy of the rotation were calculated from the Arrhenius plots of 
lnD vs 1/ T(K).
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Introduction
On the growing awareness of the potential hazards associated 

with the use of conventional molecular solvent, there is a need of 
alternative environmentally benign diluents. Room temperature 
ionic liquids have been considered as alternative ‘green solvents’ to 
the conventional molecular diluents in several fields like separation 
science, electrochemistry, synthesis, catalysis etc due to their attractive 
properties of the former like low vapour pressure, wide liquid 
range, solubility of wide range of organic, inorganic and polymeric 
materials, relatively large potential window, etc. In nuclear industry, 
several attempts were also made to use trill along with extractants 
as organic phase for metal ion separation from waste stream [1-8] 
or use of functionalized ionic liquid [9-13] (for the same. Because of 
large potential window, ionic liquid is also used for electrochemical 
studies [14-17] Room temperature ionic liquid showed very promising 
extraction properties of actinides compared to molecular diluents. 
However, one of the major drawbacks of using ionic liquid is slower 
extraction kinetics because of its high viscosity coefficient. The 
extraction and separation process is highly influenced by the diffusion 
properties of metal ions; ligands etc. through the ionic liquid medium 
and solvating ability of the new class of the RTIL. Therefore, Electron 
Paramagnetic Resonance (EPR) studies were conducted to understand 
the molecular dynamics of spin probe in RTIL media. An attempt was 
made to correlate the changes in cationic and anionic moieties on the 
molecular dynamics of spin probe and physicochemical properties of 
the ionic liquid media which have significant role in separation science 
as well as electrochemistry.

Although a few studies have been completed on the dynamics of 
ionic liquids [18-21] only a few studies were found in the literature on 
electron paramagnetic spin probe in RTIL. In the present study, stable 
free radical 4-hydroxy-2, 2, 6, 6-tetramethylammoniumpiperidine-1-
oxyl (TEMPOL) was selected as the diffusional probe for this study as it 
possess simple and well characterized EPR spectrum and consequently 
information on both translational and rotational diffusion of this 
molecule may be obtained by investigating the line shape of the EPR 
signals as a function of temperature which is needed for understanding 
the transport properties and complexation ability of this new class of 
molecular solvents. The correlation time (τc), diffusion coefficient (D) 
of the spin probe and its equilibrium radius (re) in different RTIL were 
investigated at room temperature. From the temperature variation EPR 
spectra, the ‘glass transition temperature (Tg)’ and the activation energy 
(Ea) for diffusion of the spin probe were evaluated for CnmimNTf2 (n=4 
and 6).

Experimental
EPR studies were carried out using a Bruker-EMX (EMM1843) 

spectrometer at X-band frequency operated at 9.5 GHz with 100 kHz 
field modulation. The ‘g’ values were evaluated relative to a small single 
crystal of BDPA (a,v bisdiphenylene –B-phenyallyl) with g=2.0028 
and a line width of 0.63 Gauss. Temperature variation studies were 
done on a Bruker variable temperature accessory Eurotherm BVT-
2000. CnmimNTf2 / PF6 (where n=4, 6, 8) >99% purity was obtained 
from Ioli Tech, Germany and was used after ensuring the absence of 
moisture (<0.1%). The stable nitroxide radicals 4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl (Fulka, > 97%) was employed as spin 
probes. Samples were prepared gravimetrically; i.e., values and 
molar concentrations were calculated from literature densities [22]. 
The concentration of spin label was taken as 5 × 10-3 M. The sample 
solutions were transferred into borosilicate glass capillary tubes with 
a bore diameter of 0.8 mm under an argon atmosphere, subjected to 
three freeze – pump – thaw cycles, and sealed off under vacuum.

Results and Discussion
The main information provided by the EPR of nitroxide probes 

are the determination of the local viscosity if the radical is rigid or the 
dynamics of segmental motions if it is attached to a flexible molecule. 
The tumbling motion, the translational diffusion on a curved surface 
as well as the exchange of the probe among rigid and fluid sites result 
in a reduction of the anisotropic components of the magnetic tensors 
to finite values if the medium is organized (liquid crystal) or isotropic 
and viscous. In an isotropic fluid these components are averaged 
out. Accordingly, as the molecular tumbling is isotropic or not, the 
re orientational motion is characterized by one or several correlation 
times. In the following, the geometrical mean of the re-orientation 
correlation time about the principal axes of the rotational diffusion 
tensor will be defined as the effective correlation time. The nitroxide 
radicals are of widespread use as spin labels or spin probes in the 
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applications of EPR to physical-chemistry and biophysics on account 
of their thermal stability and of the significant anisotropy of the A and 
g tensors Figure 1.

Effect of modification in cationic and anionic moieties of 
ionic liquids on the mobility of the spin probe

One of the interesting properties of the room temperature ionic 
liquids is their tunability i.e., small structural modifications in the 
cationic and anionic moieties in the ionic liquid can lead to drastic 
changes in the physical chemical properties of ionic liquids. It was 
observed that for imidazolium based ionic liquids, with increasing 
chain length of alkyl substituents the extraction kinetics become slower 
[23] and the potential window extends to the more negative potential 
value [15,16]. It was also reported that with increasing chain length 
of the alkyl substituents, the extraction mechanism changes from 
ion exchange to salvation [24]. Similarly, effect of anion on either 
separation science or in electro-chemistry was also studied [15,16]. 
Though there are a few literature reports are available which may help 
one to understand the motions of spin probes in ionic liquid [19,20,22], 
a systematic study was carried out to understand the structural 
modifications of ionic liquid on the motion of spin probe into the ionic 
liquid. Figure 2 shows the room temperature (300K) EPR spectra of the 
above mentioned spin probe in different ionic liquids. The isotropic 
nature of the spectra revealed that the spin probes are in complete 
motion in all the ionic liquids at 300K. The correlation time for motion 
of spin probe, τc, is typically the Stockes-Debye-Einstein rotational 
correlation time is given by the equation [22,25,26], 

τR=1/6DR=4πr3η/3kBT 	               (1)

Where DR and τR are termed as the rotational diffusion coefficient 
and the rotational correlation time, r is the hydrodynamic radius, η is 
the micro viscosity, T is absolute temperature and kB is the Boltzmann 
constant. Η is higher in the ‘water phase of the membrane than in the 
bulk aqueous solution. It may be noted that there is an inverse relation 
exist between rotational diffusion coefficient and viscosity of solvent/
medium. For sufficiently viscous solvents, EPR spectroscopy is used 
to measure the rotational coefficient of spin probe by analyzing the 
spectral line shapes, a technique which exploits the fact that restricted 
molecular tumbling of the rotational probe leads to an incomplete 
averaging of the EPR signal on the experimental time scale, which in 
term leads to an asymmetry in the resulting spectrum. For nitroxide 
with S=1/2 in fluid solution the EPR line shapes are governed by two 

main mechanisms: spin rotation and modulation of the magnetic 
anisotropies. If the reorientation time of the relaxing species (T2) is 
short with respect to the various anisotropies, T2

-1 is given by equation 

T2
-1

(mI)=α+α’+βmI+γmI
2 				                             (2)

More detailed information about the radical mobility were obtained 
from the analysis of the spectral line shapes and line widths in terms 
of a correlation times (τ) and hence on the experimental temperature 
[25,26]. 

τc=(6.5 × 10-10) ∆H (0) {[h(0)/h(-1)]
1/2-[h(0)/h (1)]

1/2} 	                    (3)

τB=(6.5 × 10-10) ∆H (0) {[h(0)/h(1)]
1/2+[h(0)/h (-1)]

1/2-2} 	                     (4)

Where 6.5 × 10-10 is an averaged parameter that takes in to account 
A and g anisotropies, ∆H (0) is the actual line width inside the central 
manifold and h(1), h(0) and h(-1) corresponds to the intensities of 
low field, center and high field lines corresponding to mI=+1, 0 and -1, 
respectively. The width ∆H(m) (m=1, 0, -1) of the individual hyperfine 
line is given by 

∆H(m)=A+BmI+CmI
2				                   (5)

In case of anisotropic motion τc ≠ τB, with the motion rate along 
z axis faster than along the x and y axis. When condition τc≈τB is 
fulfilled the motion can be treated as isotropic (10-11<τ<5 × 10-9). Table 
1 summerizes the correlation time, rotational diffusion coefficient, 
and equilibrium radius of spin probes in different ionic liquids. It was 
observed that with increase the chain length of alkyl substituent, the 
viscosity coefficients of the RTIL medium increases [23]. Consequently, 
the motion of spin probe is restricted and it requires longer time to 
complete a single rotation. Similar trend is observed if the anionic 
counterpart i.e., NTf2

- is changed to PF6
- due to viscosity effect. The 

rotational coefficient for TEMPO in the six ionic liquids at room 
temperature was found in the range 1.27 × 10-8 s-1-7.82 × 10-8 s-1. The 
rotational correlation time of imidazolim based ionic liquids with BF4

- 
as anion was reported to be in the range of 130-770 ps [25] while that of 
C8mimPF6 calculated in present case was found to be similar with that 
reported in the literature [25]. The equilibrium radius of spin probe 
was found to be ~ 1.3 A. A slight variation can be due to the difference 
in the interaction of the spin probes with the ionic liquid.

Temperature dependence EPR spectra of spin probe, 
determination of glass transition temperature, activation 
energy

The ESR spectra of the RTIL with TEMPO were recorded over a 
wide temperature range of 100-300 K and they are shown in Figure 
3. As the viscosity of the samples increases with decreasing the 
temperature, the rotation of the TEMPO molecule become increasingly 
restricted and the anisotropy in the hyperfine coupling constants and g 
value are less effectively averaged out. As evident from the Figure 3, the 
EPR spectra were increasing asymmetric at about 260 K. The motion 
of the spin probe in the temperature range 350-300 K, corresponds 
to fast thumbing region 10-10<τR<5 × 10-9 sec. In the intermediate 
temperature range 300-220 K, EPR spectrum became relatively broad 
and progressively asymmetric on lowering the temperature. This 
region corresponds to slow thumbing region 5 × 10-9<τR<50 × 10-9 sec. 
And on further cooling these room temperature ionic liquids at 100 K, 
all types of molecular motions (translational and rotational motion) 
of TEMPOL are completely frozen yielding an axially symmetric 
spectrum corresponding to time scale of rotation ~ 10-6 sec which could 
be assumed to be in rigid limits. The rotational correlation time can be 
estimated by analyzing the EPR line widths and the relative intensities 
(line shapes).

Figure 1: X band spectrum of the TEMPOL radical computed with gxx=2.0096, 
gyy=2.0058, gzz=2.0022, axx=7, ayy=6, azz=36 G.
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Ionic liquid τ (ps) D (s-1) η (mPa.S) re (A)

C4mim+NTf2
- 213.00 7.82E+08 46.41 1.66

C4mim+PF6
- 316.50 5.27E+08 250.16 1.08

C6mim+NTf2
- 229.50 7.26E+08 52.02 1.63

C6mim+PF6- 421.50 3.95E+08 308.56 1.11

C8mim+NTf2
- 240.00 6.94E+08 72.64 1.48

C8mim+PF6
- 1311.00 1.27E+08 694.25 1.23

Table 1: Determination of correlation time (τ), diffusion coefficient (D) and equilibrium radius (re) of spin probes in different ionic liquid.
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Figure 3: Temperature dependent EPR spectra of spin probe in C4mimNTf2.

Figure 2: Isotropic EPR spectra of spin probe in different ionic liquids at 300K.
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Figure 3 showed the temperature dependent EPR spectra of 
C4mimNTf2 in the range 100K-300K. The EPR spectra at 100K 
and 300K are entirely different, as 300K spectra is isotropic spectra 
obtained due to fast motion of spin probe into the medium, while 100 
K spectra is completely resolved anisotropic spectra representing the 
rigidity of the spin probe. As the temperature of the system decreased 
the motion of the spin probe is restricted and anisotropy in the EPR 
spectra arises. Glass transition temperature is one of the important 
parameters for a medium. Monitoring the motion of spin probe by 
EPR spectra in ionic liquid, attempt was made to determine the glass 
transition temperature of CnmimNTf2 (n=4, 6). Figure 4 showed a 
plot of correlation time at different temperature for these ionic liquids 
mentioned above. It was observed that on lowering of temperature, the 
correlation time increases gradually as the motion of the spin probe is 
getting restricted. a sharp increase in τc values is noticed at a particular 
temperature interval. The temperature at which the inflection point 
observed is termed as glass transition temperature. For C4mimNTf2 
the glass transition temperature was determined as 215K whereas for 

C6mimNTf2 it is 225K (Table 2). Form τc values the diffusion coefficient 
for the rotation can be calculated at various temperature as shown by 
eqn (2). The diffusion coefficient (D) and the activation energy (Eact) 
can be related by the well-known Arhenious equation as follows [25,26] 

D=A exp (Eact/RT)	                         (6)

A plot of lnD as a function of T should give a straight line. From 
the slope the activation energy values are determined. More viscous the 
medium is, less will be the D value and more will be the Eact value as 
signature in Table 2. The Arrhenius plot is shown in Figure 5.

Conclusions
An attempt was made to correlate the structural modifications of 

imidazolium based ionic liquids on the mobility of spin probe which is 
important to understand the mechanism of any reaction in ionic liquid 
media. It was observed that on increasing the length of alkyl substituent 
in methyl imidazolium moiety, the mobility of spin probe gets freezed, 
correlation time becomes more. This fact can be attributed to the 
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Figure 4: Plots of correlation time as a function of temperature.
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Figure 5: Arrhenius plots for CnmimNTf2 (n=4, 6).
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viscosity effect. Similar observation was also seen in case of changing 
the anionic parts of the ionic liquids from NTf2

- to PF6
- (which leads 

to the increase in viscosity coefficient of the medium). The rotational 
coefficient, solvodynamic radius of spin probe was calculated for 
CnmimPF6/NTf2 (n=4, 6, 8). From Arrhenius plot the activation energy 
for rotation of the spin probe and glass transition temperatures were 
also evaluated.
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