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Translational and Rotational Motions  
for TFSA-Based Ionic Liquids Studied 

 by NMR Spectroscopy 

Kikuko Hayamizu 
National Institute of Advanced Industrial Science and Technology 

AIST Tsukuba Central 2, Tsukuba, Ibaraki 
Japan 

1. Introduction 

Solution-state NMR spectroscopy is an important method to study chemical structures, 
intramolecular local motions and translational and rotational motions of a whole molecule. 
NMR parameters of the solution-state NMR are chemical shift, spin-spin coupling constant, 
spectral pattern including line width, spin-lattice relaxation time (T1) and spin-spin 
relaxation time (T2). The assignment of the spectral signals is the starting task for advanced 
studies. Various two-dimensional (2D) NMR techniques can help to make assignments for 
complex compounds. Additionally, 2D-NMR techniques afford information on the 
intermolecular interactions or molecular diffusion. Generally, chemical structures of ionic 
liquids (IL) are not complex and the NMR spectra can be assigned easily using general rules. 
Once the assignment is fixed, we can obtain the precise data for the individual species for 
ILs. Multinuclear NMR techniques can be applied to magnetic active nuclei, and the nuclei 
relating to ILs are 1H, 2H, 7Li, 11B, 13C, 19F, 31P and others. In addition to general NMR 
spectra, self-diffusion coefficient (D) of each ion can be measured by the pulse-gradient 
spin-echo (PGSE) NMR method. The D’s of the individual ions in ILs are important to 
understand translational motion of ions. 
In this chapter, NMR studies for four ILs having a common anion 
bis(fluoromethylsulfonyl)amine (TFSA) will be described. The cations are N-ethyl-N-
methylimidazolium (EMIm), N,2-dimethyl-N-propylimidazolium (DMPIm), N-methyl-N-
propylpyrrolidinium (P13), and N,N-diethyl-N-methyl-N-(2-methoxylethyl)ammonium 
(DEME). These ILs are important candidates to use as electrolytes in various batteries or 

cells. The basic properties of molecular weight (MW), viscosity () and cation and TFSA 
diffusion coefficients (Dcation and DTFSA) measured at 30°C are given in Table 1 for the four 
ILs. The experimental data have been published in our previous papers for individual ILs.1-4 
In the present chapter, the individual experimental data for the four ILs are plotted on a 
sheet to clarify the cation properties. In addition, newly derived plots of Dcation versus 
correlation times of molecular motion are included. The chemical structures of the ions are 
shown.     
To study the translational and rotational motions of ILs by NMR spectroscopy, the D’s of the 
individual ions and the T1’s of the individual protons are important parameters in the  
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IL MW 
Viscosity  

mPas 

Dcation 

m2s-1 
DTFSA 

m2s-1 

EMIm-TFSA 111.2 + 280.1 27.8 6.6 × 10-11 3.9 × 10-11 

DMPIm-TFSA 139.2 + 280.1 74.8 2.2 × 10-11 1.5 × 10-11 

P13-TFSA 128.2 + 280.1 49.8 2.9 × 10-11 2.2 × 10-11 

DEME-TFSA 146.3 + 280.1 56.6 2.3 × 10-11 2.0 × 10-11 

Table 1. Molecular weight, viscosity and diffusion coefficients of the four ILs at 30 oC. 

temperature range for which ILs are in liquid state. Solution-state NMR affords information 
on molecular motions for liquids or mobile species which behave like liquids. In this 
chapter, the properties of the ILs in the liquid states will be described, where the spectral 
lines are sharp enough to measure individual peaks in the solution-mode NMR. The 
temperature-dependent D values were measured for the cations (Dcation) by 1H resonance 
and the anion of TFSA (DTFSA) by 19F resonance using the PGSE NMR method. Arrhenius 
plots of 1H T1 for the cations exhibited T1 minimum in the temperature range in the liquid 

state, and the correlation time c(cation) were evaluated for the same temperature range. The 
molecular motion of a whole molecule of the cations can be assigned to a phenomenon of 
the T1 minimum and the timescale estimated was 1~500 ps depending on the temperature. 
The motion which gives the minimum in the 1H T1 Arrhenius plots is assumed to be a 
librational flip rather than an all over reorientational motion of a whole molecule. The 

c(cation) is related to viscosity and Dcation. Since Arrhenius plots of the 19F T1 did not show a 
T1 minimum, the correlation times including internal rotations of CF3 could not be 
calculated but also related to the viscosity of the ILs.  
In this chapter, complex dynamic properties of the four ILs will be discussed based on the 

experimental data such as DTFSA, Dcation, c(cation), bulk viscosity, ionic conductivity and 
density in the temperature range from 253 to 353 K or above freezing, while the data of the 
viscosity and density were measured between 283 and 353 K. Since ILs are in wide variety of 
structures and rich in properties and applications, the description in this chapter is limited 
for the four ILs.  

2. Measurements of diffusion coefficients by NMR 

It is very popular to obtain positional information using nuclear magnetic resonance, so 
called NMR imaging including medical MRI. In addition of a large coil to produce static 
magnetic field (presently super-conductive magnet (SCM)), small three-dimensional coils 
are placed in an NMR probe to produce pulse field gradient (PFG). The diffusion 
measurement for liquids is based on the same principle, where coils are wound on a NMR 
probe to produce PFG to the direction of the magnetic field of the SCM. In a special case, if 
three-dimensional coils were placed, it is possible to measure diffusion coefficients along x, 

NN NN
N N

O

    EMIm    DMPIm      P
13   DEMEDMPIm 
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y, z-directions in an anisotropic circumstance.  Application of the PFG is controlled by a 
pulse sequence in Fig. 1 for (a) the modified Hahn echo (PGSE) and (b) stimulated echo 
(STE) pulse sequences, and the latter is valid to measure species having short T2.5 The two 
most commonly used pulse sequences in Fig. 1 are important to measure the D’s of ILs. 
Generally, the D’s of viscous ILs are smaller compared with solutions prepared by organic 
and aqueous solvents and thus require larger PFG’s to obtain sufficient echo attenuation for 
accurate D data in ILs at least up to 15 T/m depending on temperature. Generally, a high 
PFG probe is necessary for the studies on translational diffusion of ILs.  
 

RF

Echo

PFG



 

RF

PFG



  

g



g



a) PGSE

b) STE





g

g

Echo

 

Fig. 1. (a) PGSE and (b) STE pulse sequences used to measure the self-diffusion coefficient 

(D). The ’s are the intervals of RF pulses, g is the strength of PFG for duration , and  is 
the interval between the leading edges of the gradient pulses. 

Positional information is acquired in phases of the NMR signals, and basically two 
equivalent PFG’s are applied to the sample. The first PFG pulse can put a mark in the 
initial position of a target molecule and the second PFG pulse detects the change of the 

position during the time interval . Originally, Hahn echo sequence (90o--180o--Acq) 
was proposed to T2 measurements. The modified Hahn spin-echo (SE) was proposed to 

incorporate two PFG’s.6 For nuclei having shorter T2, the stimulated echo (STE) (90o-2-

90o-1-90o-2-Acq) was introduced, where 2 is related to T2 process and 1 is governed by 
T1 process.7 PGSE data obtained using either pulse sequence can be analyzed by the 
Stejskal and Tanner equation (1).6 

 E g D2 2 2exp( ( ))
3

     ,   (1) 

www.intechopen.com



 
Ionic Liquids – Classes and Properties 212 

where γ is the gyromagnetic ratio, g is the strength of the PFG of duration , and  is the 
interval between the leading edges of the gradient pulses. 
The basic assumptions in the setup of NMR diffusion measurements to be analyzed by the 
Stejskal and Tanner equation are: (1) all the species must be in a homogeneous external 
magnetic field to prevent signal attenuation from background magnetic field gradients. The 
magnitude of the background field gradient can be estimated by the line width of signals. 
(2) The sample must be placed in the constant region of the PFG, and (3) the RF field must 
be homogeneous to produce accurate 90o and 180o pulses over the whole sample. In 
particular, condition (2) is important to achieve accurate measurement for viscous ILs since 
the requisite large PFG’s with constant profile must be generated over limited volume. If the 
sample conditions were not proper, the measurements may include artifacts. Usually, RF 

pulse width is in s order and  and  are in ms order. The PFG magnitude is determined by 

g ×  where g is larger than approximately 2 T/m for ILs and the largest  is less than 4 ms 
to prevent the decay of NMR signal during the PFG application. Eq. (1) implies that the PFG 
pulse is homogeneous and the decay of the echo signal corresponds to the movement of 
molecules whose positions are marked by the first PFG pulse and detected by the second 
PFG pulse. Thus the sample volume must be confined in the PFG coil. Cares are necessary to 
the external perturbation like convection effect induced by thermal inhomogeneity within 
the sample, particularly in high temperatures. When the PGSE measuring conditions are 
adequately prepared to obtain an accurate self-diffusion coefficient, the value becomes a 
physical constant at a certain temperature. As an example, the attenuation of echo signals 
following Eq. (1) are shown in Fig. 2 for 19F resonance of TFSA in EMImTFSA measured at 
30 oC.   
 

 

Fig. 2. The attenuation of 19F echo signals of TFSA in EMImTFSA at 30 oC.  = 50 ms, g = 2.56 

T/m and  changed from 0.1 to 2 ms (20 points). The effective PFG is determined by g × . 
Following to Eq. (1), the gradient (D) obtained by the plot of ln(E) (E=echo amplitude) 

versus 2 2 2 ( / 3)g     was 3.80  0.02 × 10-11m2s-1. 

Since the PGSE method measures the movement of the center of gravity of a molecule under 
study, all the nuclei in a molecule should have the same diffusion coefficient, for example, 
19F and 11B resonances of the anion BF4 in EMIm-BF4 give the same values of DBF4 under 
suitable measuring conditions. Also, in homogeneous liquids the D values should be 

independent of , if the experimental conditions are set properly.  However, as described 
later, many ILs having large viscosity behave differently from usual isotropic homogeneous 
solutions in the diffusion measurements.  
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3. Spin-lattice relaxation time T1 for ILs 

The 1H and 19F T1 data for the present ILs are needed in order to set the PGSE measuring 

conditions and we found that the Arrhenius plots exhibit a T1 minimum in the 1H resonance. 

Generally, Arrhenius plots in 1H T1 for organic solutions are linear where the T1 values 

become longer with the increase of temperature. On the contrary, in the solid-state NMR, 

organic materials often show 1H T1 minima. Many studies had been made for the 1H T1 in 

the solid-state and widely developed about 30 years ago before the attractive techniques of 

“high resolution solid-state NMR” were introduced. Recently, the studies on 1H T1 

measurements are seldom reported even in the solid-state NMR. Although ILs are liquids, 

some protons in ILs show a 1H T1 minimum in the Arrhenius plots where the classical 

Bloembergen, Purcell and Pound (BPP) equation8 can be applied to obtain a physical 

constant of the correlation time c for a motion of 1H-1H dipoles within a molecule in the 

liquid state. The BPP equation is given in Eq. (2). 

 
2 2 2 2

1 0 0

41

1 1 4
c c

c c

C
T

 
   

 
     

,  (2) 

where o is the observe frequency (rad s-1), c is the correlation time of the dipole-dipole 
motions. C in Eq. (2 ) is written as 

  4 2
6

3 1

10 j j

C
r

  ,  (3) 

where r is atomic distance between protons and the summation index j is over all interacting 

dipoles. The T1 value measured at a certain temperature is not a physical constant, and 

depends on the measuring frequency and relaxation mechanisms. Owing to the term in 

brackets in Eq. (2), the T1 is minimum when oc = 20c = 0.616. Nicely, the 
6

1

jr
  term in 

the constant C in Eq. (3) is not necessary to calculate in order to obtain c. It is known that 

the internal rotations around the three symmetrical axis of CH3 and segmental motions of 

long alkyl chains included in ILs are activated and averaged out in the condensed state. 

Since the cations of the ILs in this study exhibited the 1H T1 minima in their Arrhenius plots, 

the correlation time c, a physical constant for molecular motion, can be evaluated at each 

temperature. Arrhenius plots of 19F T1 for the CF3 of TFSA show that the T1 values become 

linearly longer as the increase of the temperature. These phenomena are often observed for 

molecules in isotropic solution state and defined as the extreme narrowing condition, i.e. 

oc << 1 and 1/T1  c from Eq. (2).  
The temperature dependence of 13C T1 have been studied for 1-butyl-3-methyl 
hexafluorophospate (BMIm-PF6),9-11 1-methyl-3-nonylimidazolium hexafluorophospate 
(MNIm-PF6),12 1-ethyl-3-methylimidazolium  butanesulfonate (EMIm-BSO3),13  1,2-
dimethyl-3-propylimidazolium bis(trifluoromethylsulfonyl)amide (DMPIm-TFSA),1 BMIm-
Br14 and 1-alkyl-3-methylimidazolium butanesulfonate,15 and the 13C T1 minima have been 
observed. Usually, 13C NMR measurements are performed under 1H decoupling, and the 
transfer efficiency of the 1H polarization (nuclear Overhauser effect, NOE) differs for 
individual carbons. Furthermore, the 13C relaxation mechanisms include 1H-13C dipolar 
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interaction, spin-rotation and 13C chemical shift anisotropy effects and thus great efforts are 

required to evaluate the correlation time c(13C). Our Arrhenius plots of the 13C T1 for 
DMPIm-TFSA showed the minima, but it was difficult to obtain physical constants. Then in 
this chapter we will not describe the 13C resonance further more. 

4. Experimental procedure 

The data in this chapter were collected from our published papers1-4 and compiled for the 
discussion. Although the experimental procedures have been written in each paper, the 
essential parts are summarized here. For NMR diffusion measurements, the samples were 
placed into a 5-mm NMR microtube (BMS-005J, Shigemi, Tokyo) to a height of 5 mm and 
sealed with epoxide resin under argon atmosphere to exclude moisture. The small height of 
the sample is important to prevent convection effects and also to obtain the homogeneity of 
the PFG. All NMR spectra were measured on a Tecmag Apollo with a 6.35 T wide bore 
magnet using a multinuclear JEOL PFG probe controlled by a JEOL console. The 
measurements of various nuclei are possible by tuning the probe for resonance frequencies 
with keeping the temperature. The gradient strength was calibrated by using H2O and D2O 
(2H NMR at the frequency 41.5 MHz). The maximum PFG strength is 20 T/m. The T1 

measurements were performed using the inversion recovery (180o--90o-Acq.) sequence. The 
1H and 19F NMR spectra were measured at 270.2 and 254.2 MHz, respectively. 1H spectra of 
the four cations and the spectral assignments are shown in Fig. 3. 
 

 

Fig. 3. 1H spectral patterns of the four cations at 30 oC and the spectral assignments. 
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Although the line widths of 1H spectra are not very sharp for ILs owing to the high 
viscosity, the 1H spectra show splitting due to the 1H-1H spin coupling as shown in Fig. 3. 
The spin-spin coupling J influences the phases of the resonances in the echo signals 
depending on the J-values. For example, echo signals for resonances with J = 7 Hz are 

distorted significantly around  = 23 (= 1/(2J)), 45 (= 2/(2J)), 68 (= 3/(2J)) ms. The J-
coupling modulations produce deleterious effects in PGSE experiments such that depending 

on the choice of . There can be large loss in signal-to-noise and distortion of the line-shape. 
Nevertheless, providing that there is sufficient signal-to-noise, the correct diffusion 
coefficient can be obtained. For  references, the effects of J-evolution on the EMIm echo 
signals obtained with the PGSE and STE pulse sequences are shown in Fig. 4(b) and 4(c).  
 

 

Fig. 4. 1H spectra of EMIm measured with (a) single pulse, (b) Hahn (PGSE) and (c) 
stimulated echo (STE) sequences. The STE echo signals were measured with small and short 
PFGs.  

Although the ethyl signals are significantly influenced by the J-evolution, the N-CH3 and 
imidazolium ring proton signals with negligible spin-spin coupling are almost unchanged 
and in all cases the evolution effects are insensitive to the presence or absence of the PFGs. 
The signals obtained with the STE sequence for different delay combinations under short 
and small PFGs are shown in Fig 4(c). Without PFGs, the J-coupled signals were 
significantly distorted. For freely diffusing species the values of these three parameters are 
somewhat arbitrary, if the sufficient echo signal attenuation can be achieved to enable an 
accurate diffusion measurement as shown in Fig. 2.  

The time interval  in the pulse sequences shown in Fig. 1 is an important parameter for the 

diffusion measurements. Practically, long  induces the reduction of S/N ratio due to the T2 
effect and T1 effect in the STE pulse sequence. Also the convection effects may have a chance 
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to enlarge the diffusion coefficients by the long interval due to the thermal inhomogeneity 

within a sample. A short  requires a large effective PFG. It is important to confirm that the 

two strong PFG’s are equivalent for short .16 If the pulse duration,  were too long, the 

magnetization may decay during the PFG application. The accuracy of short  values is 
related to a rectangular shape of the PFG pulse. It is necessary to estimate the accuracy of D 

values measured by individual PFG probes. We found that the reliable limit of short  is 20 
ms in our PFG probe.  

The -dependence of D for species in structurally heterogeneous systems like polymers and 
porous materials is referred to as anomalous diffusion and been reviewed by Metzler and 
Klafter.17 ILs cannot be assumed to have such structures resulting in motional restrictions. 

Experimentally, the -dependence D’s for ILs have been observed in the lower temperature 

region especially in viscous ILs. As an example, the -dependence observed for DEME-
TFSA at 273 K are shown in Fig. 5. The diffusion plots following Eq. (1) are always linear 
with good precisions similar to an example shown in Fig. 2 for different protons of DEME in 
1H resonance and CF3 in 19F resonance. 
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Fig. 5. The -dependence of the apparent diffusion constant (Dapparent) for DEME (1H) and 
TFSA (19F) measured at 0 oC. 

Clearly when  became shorter, apparent diffusion constant (Dapparent) became larger both in 

DEME and TFSA. At shorter , the individual protons in DEME showed slightly different 

values. At the longer , the Dapparent values approached to equilibrated values for all proton 

signals and agreed within experimental errors. The similar experimental results were 

observed for ILs with high viscosity. Actually, DEME-TFSA does not show a -dependence 

above 30 oC, while very viscous DEME-BF4 showed significant -dependent Dapparent values 

at 30 oC. For the longer  values, each signal has the same values of Dapparent and we adopt 
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such value as a diffusion coefficient D. In our experiments, we always observe values of 

Dapparent for several  values and determine D at each temperature. Generally, in high 

temperatures the values measured in short  are adopted, while the values at long  are 

adopted in low temperatures.   

5. Results 

5.1 Temperature dependent T1 

Arrhenius plots of 1H T1 for various protons of the four cations are shown in Fig. 6 for EMIm, 
DMPIm, P13 and DEME. Since not all the protons show a T1 minimum in their plots, the curves 
having minima are shown in solid marks. As a general trend, the protons located near the 
center of the molecules have T1 minimum. For example, t-CH3 of the propyl group in P13 gave 
the longest T1 and did not exhibit a T1 minimum, indicating that rapid local motion around the 
CH3 group is contributed to T1. Similarly, t-CH3 in the ethyl group of EMIm did not give the T1 
minimum, while the t-CH3 in the propyl group in DMPIm showed the T1 minimum. When the 

T1 minimum is observed, it is possible to calculate c using Eq. (2).  
 

 

Fig. 6. Arrhenius plots of 1H T1 for the four cations, (a) EMIm, (b) DMPIm, (c) P13 and (d) 
DEME. 

From Eq. (2), at the temperature of T1 minimum, oc = 20c = 0.616 holds as described 

above. Since the present 0(H) = 270.17 MHz, c = 3.63 × 10-10 s (363 ps) at the T1 minimum 

temperatures. From Fig. 6, it is possible to calculate c values for each proton within a 
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molecule at every temperature. The dominant relaxation process showing 1H T1 minimum 
in the present temperature range can be assumed to be an isotropic motion of a whole 
molecule.  

The calculated c can be contributed by additional relaxation processes like fast local motions 

such as internal rotation around a three symmetrical axis in CH3, segmental motions of alkyl 

chains, conformational exchange of imidazorium ring or ring inversional motion of 

pyrrolidinium ring as given in Eq. (4). 

 
1 1 1

c o s  
  ,   (4) 

where o and s are the correlation times for the isotropic reorientational and local 

intramolecular motions, respectively. Each proton having T1 minimum afforded a little 

different c values within a molecule. We adopted the longest c values as the isotropic 

reorientational motion of a whole molecule, since the shorter c values include the 

contribution of faster local motion. The Arrhenius plots of c(cation) are shown in Fig. 7, and 

the activation energies are given in Table 2, where the c(cation) values at 30oC are included. 

Since the Arrhenius plots are almost linear for the four ILs, the same mode of molecular 

motion is predominant to the T1 process and the relaxation process is the isotropic 

reorientational motion. Clearly, the molecular rotation of DMPIm was the slowest in the 

whole temperature, and the other three cations have similar c(cation) values at the high 

temperatures and in the low temperature range the isotropic motions are quicker in the 

order of P13, EMIm, DEME and DMPIm. 
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Fig. 7. Arrhenius plots of c(cation) for the four ILs.  
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Cation 
 

Ea for c 

(kJ/mol) 
c at 30oC 

(s) 

Ea for 19F T1 
(kJ/mol) 

EMIm 19.4  0.2 
1.5 × 10-10 

(15 ps) 
14.4  0.2 

(above 40oC) 
8.8  0.2 

(below 5oC) 

DMPIm 22.1  0.3 
2.7 × 10-10 

(27 ps) 
15.4  0.3 

(above 40oC) 
8.3  0.2 

(below 20oC) 

P13 17.5  0.2 
1.5 × 10-10 

(15 ps) 
14.1  0.2 

(above 30oC) 
8.1  0.2 

(below 25oC) 

DEME 21.8  0.2 
1.8 × 10-10 

(18 ps) 
10.2  0.2 

(above 40oC) 
7.1  0.4 

(below 20oC) 

Table 2. The activation energies Ea (kJ/mol) of the c for the cation motion and the c (s) at 
30oC, and the Ea (kJ/mol) for 19F T1 of CF3. 

As shown in Fig. 6, the protons of the imidazolium rings of EMIm and DMPIm showed 

longer T1 than those of the side chains and in the low temperature region the T1 values did 

not increase. In other words T1 minimum was not observed for the imidazolium ring 

protons. In the present discussion, the reorientational motion should affect significantly 1H 

T1 of the ring protons.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. The observed T1 values of H4 and H5 of the imidazolium ring of DMPIm and the 

calculated T1 (dotted line) for the H5 using the c(DMPIm) in Fig. 6 and Eqs. (2) and (3). 

The trial was made to calculate the T1 values for the H5 of DMPIm using the c(DMPIm) in 

Fig. 7. Here the H-H distances for the H5 between H4 and CH3 were included. Clearly, above 

303 K the calculated T1 of H5 agreed with the observed T1’s of the H4 and H5 of which the T1 

values were almost the same. As the temperature decreased, the observed T1 became shorter 

since additional fast relaxation mechanisms become operative. The calculations were made 

for the 1H T1 for the H4 and H5 of the imidazolium protons in EMIm and the similar results 

were obtained.4 In the low temperature, the rate of the isotropic reorientation of the whole 

molecule becomes slower and the long T1 is reduced by local motions such as planar-
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nonplanar conformational changes of the imidazolium ring changes having the activation 

energy of about 5 kJ/mol observed by Raman spectroscopy.18  

Arrhenius plots of 19F T1 of CF3 in TFSA are shown in Fig. 9 for the four ILs. The plots are 

curved and the activation energies were calculated for the higher and lower temperature 

regions as given in Table 2. Two relaxation processes are possible for the 19F T1, i. e. the 

internal rotation around the three-symmetrical axis and the isotropic reorientational 

molecular motion. Probably an overall molecular motion is the major relaxation process in 

the high temperature region with larger activation energies and the internal rotation of the 

CF3 contribute predominantly to the 19F T1 in the lower temperature region with the smaller 

activation energies. Among the four ILs, the values of 19F T1 of the TFSA in EMIm-TFSA are 

much longer than those of the other three ILs, owing to faster motions of the fluorine atoms 

in the smallest viscosity.   
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Fig. 9. Arrhenius plots of 19F T1 for CF3 of the TFSA in the four ILs. 

5.2 Translational diffusion 

The diffusion coefficients are plotted versus temperature in Fig. 10 for (a) cations and (b) 
TFSA. The order of Dcation and DTFSA is EMIm > P13 > DEME > DMPIm, which is consistent 

with the order of 1/ in Table 1. Within the same IL it always holds Dcation > DTFSA in the 
present four ILs. 
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Fig. 10. (a) The Dcation and (b) the DTFSA are plotted versus temperature. 

5.3 Viscosity, ionic conductivity and density 

The viscosity () is plotted versus temperature in Fig. 11(a) and the Arrhenius-type plots 

were made for 1/ for inverse of temperature in Fig. 11(b) for the four ILs. 

2.8 3.0 3.2 3.4 3.6 3.8 4.0

10
-12

10
-11

10
-10

2.8 3.0 3.2 3.4 3.6 3.8 4.0

10
-12

10
-11

10
-10

(a) Cation

 

D
ca

ti
o
n (

m
2 s-1

)

EMIm

P13

DEME

DMPIm

(b) TFSA

 

D
T

F
S

A
 (

m
2 s-1

)

1000/T

in EMIm

in P13

in DEME

in DMPIm

www.intechopen.com



 
Ionic Liquids – Classes and Properties 222 

280 290 300 310 320 330 340 350 360

10

100

2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6

0.01

0.1

(a)

V
is

co
si

ty
 

 (
m

P
as

)

Temperature (K)

DMPm-TFSA

DEME-TFSA

P13-EMIm

EMIm-TFSA

(b)

 1
/

 (
m

P
as

)-1

1000/T

EMIm-TFSA

P13-TFSA

DEME-TFSA

DMPIm-TFSA

 

Fig. 11. Temperature dependent viscosity for the four ILs (a)  vs temperature and (b) 

Arrhenius plots of 1/.  

The viscosity differences among the ILs became small at the higher temperature. In the low 

temperature region the order of the viscosity is EMIm-TFSA << P13-TFSA < DEME-TFSA 

<DMPIm-TFSA. The values of  at 30oC are given in Table 1. 

The ionic conductivities () of the four ILs are plotted in Fig. 12 and the order of the 

magnitudes is EMIm-TFSA >> P13-TFSA ≥ DEME-TFSA ~DMPIm-TFSA. The largest  for 

EMIm-TFSA was obtained for the smallest . 

The densities are plotted against temperature in Fig. 13. The order is EMIm-TFSA >> 

DMPIm-TFSA > P13-TFSA > DEME-TFSA and for reference the order of the molecular 

weight given in Table 1 is EMIm-TFSA < P13-TFSA < DMPIm-TFSA < DEME-TFSA.  
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Fig. 12. The temperature dependence of ionic conductivity for the four ILs 
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Fig. 13. The densities are plotted against temperature for the four ILs. 
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6. Discussion 

6.1 Stokes-Einstein relation 

By the classical Stokes-Einstein (SE) (or Einstein-Sutherland) relation we will describe our 

experimental results between the individual ion diffusion coefficients in Fig. 10 and the 

viscosity in Fig. 11. The SE equation is given as  

 
kT

D
c a

  (4) 

where a is the radius of the diffusing species, k is the Boltzmann constant and the constant 

c theoretically ranges between 4 to 6 for slip and stick boundary conditions, 

respectively.16,19 In the limit of the slip condition (c = 4), no interaction is assumed 

between a particle and surrounding molecules. When a particle interacts strongly with 

solvent molecules, the stick condition holds (c = 6). Here, we attempted to plot the 

experimentally determined D versus 1/ according to the classical SE by assuming that c 

is an empirical parameter. The D values are plotted against kT/ for (a) DTFSA and (b) 

Dcation of the four samples in Fig 14. When we presume that the SE equation is valid, the 

gradient of each line corresponds to the inverse of c  a. In Fig. 14 the plots are linear for 

the all ions. The experimental values of c  a are summarized in Table 3, where the errors 

estimated for the linear plots were less than 3 %. Clearly, the classical SE relationship (4), 

i.e., D  1/ can be used to obtain physical meaning between the translational ion motion 

and bulk viscosity in the present four ILs. Here we assume that the van der Waals radius 

calculated from the van der Waals volume can be used as the radius of diffusing ion as 

given in Table 3.  

 
 

Ion Counter ion
c × a 
(nm) 

Van der Waals 
volume 
(nm3) 

Van der Waals 
radius 
(nm) 

c 

EMIm 

 
TFSA 

0.833  0.016 0.11756 0.304 2.75 

DMPIm 0.850  0.061 0.15053 0.330 2.56 

P13 0.982  0.013 0.15025 0.330 2.98 

DEME 1.138  0.007 0.17806 0.349 3.26 

 
TFSA 

EMIm 1.323  0.019 

 
0.14950 

 
0.329 

3.75 

DMPIm 1.162  0.013a) 3.53 

P13 1.228  0.013 3.73 

DEME 1.204  0.018 3.66 

 

a)Two points in DMPIm were not included for the calculation, which were largely deviated in the low 
temperature region 

 

Table 3. SE relationships for each ion in the four ILs. 
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Fig. 14. Diffusion coefficients were plotted vs kT/ for (a) TFSA and (b) cations. 

It is noted that the c values of TFSA range between 3.5 and 3.8 and the cations have the 
smaller c values compared to TFSA. Previously we have reported that the c values of 
bis(fluorosulfonyl)amide (FSO2-N--SO2F, FSA, MW = 180.1 and van der Waals radius = 0.284 
nm) are 2.8 and 3.1 for EMIm-FSA and P13-FSA, respectively. Also, the c values of EMIm and 
P13 were 2.5 and 3.0 in the FSA-based ILs.3,4 The c values are purely empirically derived 
parameters for individual ions in neat ILs based on the SE equation. As a general trend, ions 
in ILs have their individual c values. The empirical c values are smaller than 4, the 
theoretically predicted smallest limit. Experimental values were calculated as c × a for each 
ion. If we assume the size of the diffusing ions become larger owing to the ion association, 
the c values becomes smaller. The classical SE relation was derived for a diffusing rigid 
particle with radius a in a medium having viscosity . Ionic liquids are quite different 
materials from the assumptions of the SE equation. Fractional SE relation (F-SE) has been 
proposed to explain the relation between D and  as D  (T/)m.20-22 We attempted to apply 
the F-SE and found that even when the extra parameter m was introduced, the fitting in the 
linear plots ln(D) versus ln(kT/) were not much improved.  
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6.2 Walden plot 

Walden’s rule in electrochemistry describes the relationship between ionic conductivity σ 

with viscosity , that is, σ ×  = constant.23 The electrochemical molar conductivity (Λimp) 
can be calculated from ionic conductivity as Λimp = σM/ρ, where M is the molecular weight 

and ρ is the density. The Walden plots of the molecular conductivity versus 1/- in the unit 
of 0.1 Pas (=poise) proposed by Angell and coworkers24 are shown in Fig. 15 for the present 

four ILs. The Walden rule relates the molecular mobility (1/) to the molar conductivity 
induced from the charged ions in solution electrolytes and characterizes ILs. The fully 
dissociated ions such as diluted aqueous KCl solution give a behavior shown as a line in Fig. 

15. The deviation from the ideal plot, W has been proposed to relate with the ion pairing of 

ILs.25 In the present ILs, the W for EMIm-TFSA exhibited the smallest value, followed by 
DMPIm-TFSA, DEME-TFSA and P13-TFSA.  
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Fig. 15. Walden plots for the four ILs. 

6.3 Nernst-Einstein relation 

The relationship between the ion diffusion and ionic conductivity has been studied by the 

Nernst-Einstein (NE) equation (5) for molar conductivity . 

 
2

( )
zF

D D
RT

    ,                        (5) 

where z is the ionic valency, F is Faraday’s constant, R is gas constant, and D+ and D- are the 
self-diffusion coefficients of the cation and anion, respectively under the assumption of 
complete ion dissociation.23 Studies of aqueous electrolytes have been made to verify the NE 
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equation. It is known that when a salt concentration increases, the modification of the 
original NE equation is necessary to give Eq. (6)  

 
2

( )(1 )NE

zF
D D

RT
     ,                    (6) 

where  is a parameter to relate with the ion association. Then 1- means a degree of ion 

dissociation. In the early stage of our studies for PGSE NMR diffusion measurements of 

solution electrolytes, we verified that Eq. (6) is valid for electrolytes including lithium salts 

in organic solvents (propylene carbonate and -butyrolactone) near the infinitesimal 

concentration by measuring the ion diffusion coefficients and ionic conductivity. As the 

concentration of the salt increased, the values of 1- became smaller to indicate the 

promotion of ion association. The diffusion coefficients of the solvents became smaller as the 

increase of the salt concentration owing to the increase of viscosity.26 Since the PGSE self-

diffusion measurements reflect the average D’s for species in both free and associated forms, 

the value of the NMR molar conductivity (NMR) calculated using Eq. (5) ( = NMR) is 

always overestimated. The calculated NMR and imp are plotted versus temperature in Fig. 

16 for the four ILs. Clearly the NMR values are always larger than imp, and precise 

watching indicates that the relationship between the NMR and imp are a little different 

dependent on temperature and ILs. 
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Fig. 16. The molar conductivities derived from ionic conductivity imp(solid) and NMR 

NMR(open) are plotted versus temperature for the four ILs. 
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The imp can be obtained from the electrochemical impedance method by measuring only 

the charged ions. The relationship between ionic conductivity  and the mobility   of ions is 

expressed as  = nq, where n is the number of carrier ions, q is the electric charge of ions 

and μ is the mobility of ions. The ion mobility can be assumed to be parallel to the D, 

although the question remains whether isolated and paired ions diffuse with the same 

diffusion coefficients. The actual values are averaged ones. The discrepancy between imp 

and NMR is considered to be related to the relative numbers of the charged and paired ions, 

and/or the lifetime of the paired ions. Then, the Haven ratio, imp/NMR, calculated as the 

ratio of imp divided by the NMR has been named as “ionicity” of ILs proposed by Tokuda 

et al27-28 and is related to the ratio of the charge carrying ions. Previously, no temperature 

dependence of the ionicity was observed, but our recent measurements indicate a decrease 

in ionicity with increasing temperature.1-4 The imp/NMR values of the four ILs are plotted 

against temperature in Fig. 17 and it is shown that the temperature dependent behaviors of 

the imp/NMR are a little different with each other for the individual ILs.  
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Fig. 17. The imp/NMR (ionicity) are plotted vs temperature for the four ILs. 

The experimental values of imp/NMR were calculated from the empirical values of , , 

Dcation, and Danion, all of which were measured independently. Even if an error bar of each 

measurement is small, the scattering of the imp/NMR can easily become larger. In the 

higher temperature region, the values of EMIm-TFSA, DMPIm-TFSA and DEME-TFSA are 

similar and that of the P13-TFSA is smaller than the other three ILs. When the temperature 

decreased, the value of DEME-TFSA decreased largely. Generally, the imp/NMR values 

became smaller as the higher temperature region. 
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From Eqs. (5) and (6), imp/NMR corresponds to 1-, which is defined as the degree of ion 

dissociation or ion dissociation parameter in aqueous and organic solution electrolytes. It 

has been established that (1) as the ion concentration increases, the  increases and the  

decreases owing to the formation of ion pairs, and (2) when the  increases, the D decreases 

without distinguishing isolated or paired ions. The degree of ion dissociation 1- (=1 is the 

complete ion dissociation) has parallel relationships with 1/,  and D and increases with 

the increase of temperature for series of a solution electrolyte. The empirical behaviours of 

imp/NMR for the ILs in Fig. 17 conflict with general concepts that ion dissociation becomes 

larger in higher temperature. Comparing the Arrhenius plots of ionic conductivity (Fig. 12), 

1/ (Fig. 11 (b)) and diffusion coefficients (Fig.10), the curvatures in the ionic conductivities 

were larger than those of the other parameters in the high temperature region. 

Phenomenologically, the decreasing trends of imp/NMR in the higher temperature region 

can be interpreted from the facts that Arrhenius plots of the ionic conductivity for most ILs 

are curved significantly at the high temperatures and the values do not increase as expected 

from viscosity and ion diffusion coefficients. 

We must say that “ionicity” in ILs is not a static “degree of ion dissociation” as pointed out 

by Harris,29 but the original definition of “ionicity” as the ratio of the charge carrying ions 

by Watanabe’s group may be still valid. The experimental facts that the imp/NMR increases 

with the increase of the viscosity is very strange and conflicts with the general properties of 

solution electrolytes. More precise studies are necessary to connect experimental “ionicity” 

(imp/NMR) to ion pairings in ILs including timescales of ionic interactions, such as 

dynamic ion associations and static ion-ion interactions.   

6.4 Cation molecular motion 

We assume that the 1H correlation time c for the cations in Fig. 7 corresponds to whole 

molecular motion rather than intramolecular local motions. The segmental motion of alkyl 

substituents and CH3 rotational motion are accelerated and averaged out in the condensed 

state. The activation energies for the c(cation) in Table 2 are 17 to 22 kJ/mol in the 

temperature range studied. The conformational change of the ethyl chain attached to 

imidazolium ring for EMIm has been reported to take place with activation energies about 5 

kJ/mol.18 Similarly, the activation energies of the pseudo-rotation of the pyrrolidinium ring 

was reported to less than 5 kJ/mol.30-31 Then, the motion of a whole molecule can contribute 

to the temperature-depending 1H T1 having T1 minima. The activation energies for 

translational diffusions (26, 30, 32 and 33 kJ/mol for EMIm, P13, DEME and DMIm, 

respectively for the linear plots in the higher temperature regions in Fig. 10 (a)) are much 

larger. In NMR relaxation theory, the translational correlation time can be defined as c = 

2a2/D following Abragam,32 where a is the radius of the diffusing particle. The temperature 

dependences of t values for the four cations are shown in Fig. 18 together with the c(cation) 

values obtained from the 1H T1.   

The overall isotropic molecular correlation time 2 is related to the viscosity  by the Stokes-

Einstein-Debye (SED) relation as 

 2

V

kT

   (7) 
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where V is the effective molecular volume. The model was originally proposed for 

rotational time of a solute in a solvent of the shear viscosity . Significant studies have 

been reported about the SE and SED relationships based on MD simulations, and the 

validities and limitations of the SE and SED have been discussed.33,34 Experimental studies 

on the rotational motion of small molecules dissolved in ILs have also been reported.35-39 

We calculated 2 in Eq. 7 by using the measured viscosity data and assuming V of the van 

der Waals volumes of the cations in Table 3. The calculated 2 values are also shown in 

Fig. 18 together with the c and t values for the temperature range between 283 and 353 

K. 
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Fig. 18. Temperature dependences of the correlation times c for librational motion, 2 for 

reorientational motion and t for translational motion of the four cations.  

The c values evaluated from NMR relaxation times are always shorter than the values 

estimated using the SED model. The NMR relaxation takes place for one motion of a single 

dipole-dipole flip and can describe the time interval for the motion but not the amplitude. 

As proposed in our previous papers,1-4 we assume that the c process is the small-angle 

librational motion of the cation. Assuming the 2 value calculated from  correspond to a 

360o rotation, the angles for the librational motions were calculated and plotted versus 

temperature in Fig. 19. The flip angle for EMIm is particularly larger than those for the other 

anions. The molecular flip amplitude becomes smaller at lower temperature.  

In the present study, we propose experimental correlation times for the three different 

modes of motion with different times, i.e. t, 2 and c derived from the experimental data of 

Dcation,  (and the volume) and 1H T1 of the cations, for the translational, molecular overall 
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rotational and librational motions of the cations, respectively. Clearly, the order was c 

(librational) < 2 (overall molecular rotation) < t(translation) for the all cations in the present 

temperature range. It is noted that although the values c for EMIm enter the values of the 

other cations, the t and 2 for EMIm are particularly short compared with those of the three 

cations probably due to the extremely small viscosity of EMIm-TFSA.   
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Fig. 19. The flip amplitude of the cations versus temperature for the four cations. 

6.5 Relationships of c(cation) with  and D 

The c(cation) is defined as a time of a motion for the librational flip of a whole molecule. An 

attempt was made to plot the c(cation) versus viscosity as shown in Fig. 20. When the 

viscosity is small (about less than 50 mPas) above room temperature, the relations between 

the c(cation) and the bulk  are linear, while in the lower temperatures, the plots were 

curved and the gradients became smaller. It is clearly shown that the viscosity became 

larger, the time interval for the librational flip of the cation became longer. The larger 

gradients for the relations c(cation) versus  were obtained for EMIm and DMPIm having 

imidazolium rings and P13 exhibited the smallest gradient. The rate of the librational motion 

is proportional to the bulk viscosity.  
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Fig. 20. The c was plotted versus viscosity for the four cations. 

Log-log plots of the Dcation versus the c(cation) are shown for the four cations in Fig. 21. 

Although the plots are curved, the Dcation and the c(cation) are clearly correlated.  
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Fig. 21. The plots of Dcation versus c(cation) for the four cations. 
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It is interesting to compare the Arrhenius plots of Dcation in Fig. 10 (a) and the plots of Dcation 

against c(cation) in Fig. 21. Since the viscosity of EMIm-TFSA is much smaller compared 

with that of DMIm-TFSA, DEMIm is much faster than DDMPIm at the same temperature as 

shown in Fig. 10(a), while the D’s are closer for the same c(cation) in Fig 21, suggesting the 

correlation time of librational flip is related to translational diffusion.  

Next, the values of the Dcation were plotted against the rates of librational motion 

(1/c(cation)) as shown in Fig. 22. Although the plots were bent, linear relations were 

obtained. EMIm exhibited the linear relation in the whole temperature range. The gradients 

were calculated for the plots Dcation versus 1/c(cation) above and below 30oC. Since the unit 

of the gradients is m2, the square root values are summarized in Table 4 as a diffusion 

distance during one-flip for each cation. Except for EMIm they became a little longer in the 

higher temperature region. It is noted that the distance is not sensitive to temperature. As a 

general trend, the distances are in the order for EMIm ~ DMPIm > P13 ~ DEME. Since the 

distance is much smaller than the van der Waals radius given in Table 3, translational 

movement is closely coupled with a molecular librational flip. In other words, the distance 

for translational movement of the cation during one flip is smaller than the molecular size. 

The librational flip and translational motion are strongly coupled, and the translation takes 

place by accompanying librational flip motions. The diffusion scheme for the cation in ILs is 

different from the rigid-body diffusion model which is the basic concept to drive the SE 

relation.     
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Fig. 22. The Dcation is plotted versus the rate of the librational flip. 
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 Above 30oC Below 30oC 

EMIm 0.114  0.002 

DMPIm 0.122  0.002 0.083  0.02 

P13 0.09  0.01 0.07  0.02 

DEME 0.09  0.01 0.07  0.02 

Table 4. Translational distances during a librational flip of the cations (nm) 

6.6 CF3 motion of TFSA 

The Arrhenius plots of 19F T1 for CF3 of the TFSA in Fig. 8 were almost linear and the T1(F) 

values became longer as the temperature increased, indicating the 19F relaxation takes place 

under the extreme narrowing condition, i. e. Fc(F) << 1 and thus, c(F) is proportional to 

1/T1(19F). In Fig. 23, the viscosity was plotted against 1/T1(19F). The tendency exists that the 

c(F) is affected by the bulk viscosity and became longer as the viscosity increased.  
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Fig. 23. The viscosity was plotted versus 1/T1(19F) of CF3. 

7. Conclusion 

The motions of cations for the four TFSA-based ILs with EMIm, DMPIm, P13 and DEME 

were studied by 1H NMR spectroscopy by measuring the self-diffusion coefficient (D) and 
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1H spin-lattice relaxation time (T1). The correlation time c for the cation motion was derived 

from the Arrhenius plots of T1 where the T1 minimum was observed. The relationship of the 

D and c suggests that the translational motion is coupled with a small-angle librational flip 

of the cation. In other words, the position change of a cation takes place by accompanied 

with a flip motion. The flip amplitude is related to the viscosity and the shape of cation. By 

using the physicochemical parameters such as ionic conductivity, density, and viscosity, the 

experimental approaches were discussed for the classical SE, NE, and SED relations. We 

propose an empirical constant of SE for individual ions in ILs. Since ILs have specific 

properties induced by ion-ion interactions, deviations from classical relations are clearly 

shown. In this chapter, the experimental data are described following to the classical 

relationships without any modification to indicate the varieties of ILs. Particularly, cation 

diffusion in ionic liquids is shown to couple with a small-angle librational flip. Strong ion-

ion interactions must be effective in various time-scales and distances in space. Theoretical 

approaches are waited to interpret the analysis based on the experimental data for ionic 

liquids.     
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