
1 
 

Heterogeneous nature of relaxation dynamics of Room Temperature Ionic Liquids 
(EMIm)2[Co(NCS)4] and (BMIm)2[Co(NCS)4] 

Stella Hensel-Bielowka1, Zaneta Wojnarowska2, Marzena Dzida1, Edward Zorębski1, Michał Zorębski1,  
Monika Geppert-Rybczyńska1, Tim Peppel3, Katarzyna Grzybowska2, Yangyang Wang4, Alexei Sokolov5,6, 
Marian Paluch2 

1Institute of Chemistry, University of Silesia, Szkolna 9,40-006 Katowice, Poland 
2Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland 
SMCEBI, University of Silesia, 75 Pulku Piechoty, 41-500 Chorzow, Poland 
3Leibniz Institute for Catalysis, Albert-Einstein-Str. 29a, 18059 Rostock, Germany, 
4 Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 37831, 
USA  
5 Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA 
6 Department of Chemistry, University of Tennessee Knoxville, Knoxville, Tennessee 37996, USA 

Abstract 

Dynamic crossover above Tg has been recognized as a characteristic feature of molecular 

dynamics of liquids approaching glass transition. Experimentally it is manifested for example as 

a change in Vogel-Fulcher-Tammann dependence or a breakdown of the Stokes–Einstein and 

related relations. In this letter we report the exception from this rather general pattern of behavior. 

By means of dielectric, ultrasonic, rheological and calorimetric methods dynamics of ionic 

liquids (BMIm)2[Co(NCS)4] and (EMIm)2[Co(NCS)4] was studied in a very broad temperature 

range. However, none of the mentioned dynamic changes was observed in the entire studied 

temperature range. On the contrary, the single VFT and the same fractional Walden coefficient 

were found for a conductivity and viscosity changes over 12 decades. Moreover, ultrasonic 

studies revealed that the data at temperatures which cover the normal liquid region cannot be 

fitted by a single exponential decay, and Cole-Cole function should be used instead. 
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Ionic liquids (ILs) have triggered great interest in both scientific and industrial society. Their 

special attraction lies in their unique properties like huge range of fluidity, chemical and thermal 

stability, high conductivity (>10-4S*cm-1) or large electrochemical window together with fast ion 

mobility that makes them especially promising candidates for electrochemical 

applications1.Furthermore, many of them are non-volatile and non-flammable, although 

nowadays it is obvious that these properties are not general2. Also their impact on natural 

environment is not as neutral as it was thought earlier, although they are still regarded as “green” 

chemicals. Another branch of industry interested in special properties of ILs is pharmacy.3,4  

Among different classes of ILs metal-containing ones attract particular attention of researchers 

due to properties that cannot be associated with typical ILs5. Unfortunately, the most popular ILs 

with halogenometalate complexes as anions turn out to be unstable5. A new class of substances 

are liquids with thio- and isotiocyanatometalates of transition metals in anions6. In the previous 

papers7,8 few basic properties of newly synthetized paramagnetic 1-alkyl-3-methylimidazolium 

ionic liquids (EMIm)2[Co(NCS)4] and (BMIm)2[Co(NCS)4] were reported. These substances 

appeared to have many features interesting for engineers7,8. However, their chemical structure  

and less common stoichiometry makes them also very interesting from the point of view of basic 

science. Recently molecular dynamics of supercooled and glassy ILs have been extensively 

studied. An in-depth knowledge of molecular dynamics’ behavior near Tg of ionic liquids is also 

necessary to formulate complete theory of a liquid-glass transition. Thus, we decided to expand 

the scope of our interests beyond the common physicochemical characteristic of these materials. 

In this paper, we focused on the molecular dynamics of both mentioned ILs in normal and 

supercooled liquid as well as in a glassy state. Combining ultrasonic, dielectric, rheological and 

calorimetric methods we were able to trace evolution of dynamical properties of studied samples 

over 12 decades, down to the glass transition temperature. Details of each experiment can be 
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found in the supplementary materials. As a result we observed several interesting phenomena like 

non-Newtonian behavior, lack of the dynamical crossover in the range of 1.2-1.5Tg and slight 

decoupling between conductivity and structural relaxation times. Since (EMIm)2[Co(NCS)4] and 

(BMIm)2[Co(NCS)4] behave differently than commonly noted for ionic liquids, it provides better 

understanding the mechanisms governing molecular dynamics of such type of substances over a 

very wide temperature range, including the supercooled state.  

Generally speaking, the ionic liquids (EMIm)2[Co(NCS)4] (I) and (BMIm)2[Co(NCS)4] 

(II) are relatively easy to supercool. However, the first one shows some tendency to 

crystallization that is in agreement with other imidazole-based ILs.5 In this case a cold 

crystallization was observed at Tc = 264K with melting point at Tm = 292K when heated with a 

rate of 5K/min. The crystallization process does not occur at higher heating rates.  

Dielectric spectra were measured in a temperature range from below Tg (208K for (I) and 

209 for (II)) up to 293.15K for (BMIm)2[Co(NCS)4] and 233.15K for (EMIm)2[Co(NCS)4]. 

Usually the dielectric data of conducting materials are analyzed in either conductivity or 

electrical modulus representation. Both representations trace the same phenomena and are 

interrelated with each other. The results in both representations are shown in Fig 1a, b and Fig 1c, 

d for (I) and (II) respectively. In an imaginary part of modulus spectra (M”) the dominant feature 

is the asymmetric peak of the σ-relaxation. The inverse of the frequency of M” peak maximum 

designates the relaxation time (𝜏𝜏𝜎𝜎 = 1 2𝜋𝜋𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚⁄ ).  

Values of the dc-conductivity at a given temperature can be determined from the plateau 

region in the middle part of the conductivity spectrum. The temperature dependence of the dc-

conductivity, presented in Figure 2, is very similar for both samples although, as expected, values 

of conductivity of (EMIm)2[Co(NCS)4] are a bit higher due to the fact that shorter side chain 

makes these cations more mobile. For (BMIm)2[Co(NCS)4] we were able to carry out dielectric 
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measurements in a wider temperature range due to the lack of tendency to crystallization. 

Analysis of conductivity data obtained for sample (II) reveals unexpected behavior with 

decreasing temperature. In many fragile liquids (liquids with strongly non-Arrhenius temperature 

variations of relaxation time) the temperature dependence of relaxation times reveals several 

characteristic changes: At high temperatures it follows an Arrhenius law; then at some TA it 

changes to a VFT dependence; and at some TB  between TA and Tg it usually crosses over to 

another VFT. This TB usually appears in the range ~1.2-1.5Tg
9. The last change of the 

temperature dependence of relaxation times is observed at Tg where temperature dependence 

crosses over to an Arrhenius type. Among different views on the origin of the dynamic crossover 

at TB the most common ascribes it a temperature below which cooperativity becomes a crucial 

factor and where dynamical heterogeneity of the system starts to play a key role in the molecular 

dynamics10,11. The change of VFT dependence at TB was observed for small molecular liquids 

like OTP12, diisobutyl phthalate13 and polymers like polyisoprene14.  

Surprisingly, a close examination of Figure 2 reveals that for sample (II) a single VFT in a form: 
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(with σ∞ - conductivity at infinite temperature, T0 –temperature of an ideal glass transition and D - 

a strength parameter) can perfectly describe the temperature dependence of σ in the entire 

temperature range above Tg. To make our experimental range of temperatures even broader we 

added to Figure 2 conductivity data obtained by Geppert-Rybczyńska7,8 in a normal liquid state at 

temperatures as high as 333K which is around 1.6Tg.  

The best way to identify precisely the existence of any specific changes in temperature 

dependence of the interested transport coefficient is to analyze the experimental data by means of 
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the so-called Stickel’s derivative operators15. These operators linearize VFT (eq.1) and transform 

Arrhenius relation   







 −= ∞ RT

Eaexpσσ   (2) 

into a constant value according to the following equation (in the case of Arrhenius relation T0=0): 

( ) ( )[ ] ( ) ( )TTBTdxd 0
2121 11log −∗= −−  (3)  

where x is the studied property, B - a respective constant. Thus, any change in the temperature 

dependence of x should be visible as an intersection of straight lines. The result of such analysis 

for (BMIm)2[Co(NCS)4] is presented in the inset in Figure 2. It clearly shows that the only visible 

crossover occurs around 209K and is related to crossing the glass transition. On the other hand no 

clear indication of existence of TB exists up to 1.6Tg. Similar picture can be obtained for 

viscosity. Result of Stickel’s analysis for viscosity data of (II) is shown in upper right inset to 

Figure 2. Again when we add the data from ref. 17, no signs of the dynamical crossover can be 

found at any temperature up to 323K ~ 1.5Tg. It is worth mentioning that the same pattern of 

behavior was previously found also for (BMIm)[PF6], (BMIm)[NTf2] and (BMIm)[TFA]16 for 

which temperature dependence of structural relaxation times and diffusion coefficient were 

studied. The question arises immediately whether it can be more general behavior of ILs. In this 

context, it has to be noted that all the ILs studied by Griffin16 contained BMIm cation similarly to 

our sample. It is interesting that one of the very few known molecular liquids for which TB is not 

observed is di-n-butyl phthalate. It turns out that structure of di-n-butyl phthalate13 slightly 

resembles BMIm cation. Thus, also their behavior may be similar.  

 Temperature dependence of σ-relaxation times are presented in Figure 3a and b for (I) 

and (II) respectively. It is commonly believed that for ILs, temperature dependence of σ and τσ 
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follows that of shear viscosity η, as expected from the Walden rule for conductivity in molecular 

liquids. However, it was shown for several ionic materials that there is a decoupling between 

viscosity (structural relaxation) and conductivity (conductivity relaxation). It is especially 

prominent for protic ionic liquids17 due to enhanced proton conduction caused by Grotthuss 

mechanism.  

In Figure 3 glass transition is demonstrated as a crossover from VFT (eq.1) to Arrhenius 

(eq.2) temperature dependence of σ-relaxation times. We compared these data with the viscosity 

and specific heat relaxation, which reflect the structural relaxation. It is clearly visible in Figure 3 

that a slight decoupling between studied properties takes place, in violation of the classical 

Walden rule. Instead fractional Walden rule constb =Λ η0  can be used, where b is a measure of 

decoupling. In our case b values equals 0.91 and 0.95 for samples (I) and (II) respectively (see 

the inset in Figure 3). The decoupling of diffusion and structural relaxation (viscosity) has been 

found in many glass forming liquids, but usually only for temperatures below TB
18. For our 

samples almost the same values of the exponent b were obtained in the entire temperature range. 

This observation strengthens our view that no change in the dynamics occurs in the range of 1.2-

1.5Tg.  

Further interesting details can be revealed from studies of the ultrasound absorption in normal 

liquid range. The ultrasound absorption coefficient α per squared frequency f, i.e. the productα⋅f-2 

for both liquids are summarized in Table 3 of supplementary materials. As evidenced from this 

table and Figures 4a and 4b, the dependence of the quotient α⋅f -2 on frequency changes strongly 

with temperature. It appears also that within the investigated frequency range the quotient α⋅f - 2 is 

clearly dependent on frequency as high as above 10 MHz. Thus, in both cases the dispersion 

characteristics d(α⋅f -2)/df < 0 is observed. Moreover, both liquids are rather highly absorbing, 
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i.e., the frequency normalized attenuation (at T = 298.15 K and f = 100 MHz) are 837⋅10-15 and 

1321⋅10-15 s2⋅m-1, respectively. At the same time it is observed in both liquids that above some 

frequency, the experimental values of αf -2 are smaller than those predicted by the Navier-Stokes 

relation (αcl). In other words, the absorption curves shown in Figure 4 indicate that α > αcl at 

lower frequencies and α < αcl at higher frequencies, and that the frequency for which α = αcl 

decreases with the increasing temperature. Most probably this kind of behavior results from a 

relaxation mechanism of the viscous type. Similar behavior has been reported previously for 

several molecular liquids 1-dodecanol19 and castor oil20, diols21 as well as ionic liquids 

(OMIm)NTf2
22

 and a series of Cn MIm [PF6]23. 

The obtained numerical values of αcl⋅f -2 are summarized in Table 4 of the supplementary 

material. Shear viscosity used for calculations were taken from [7,8]. 

The small ratio of the observed absorption to that calculated from the Stokes rule (i.e., 

classical absorption) and the negative temperature coefficients of the experimental absorption in 

the non-dispersive region are observed for both liquids. These findings are characteristic for 

liquids with structural relaxation, i.e., for liquids from group III according to liquid classification 

in relation to absorption data24. Detailed inspection of Table 4 shows that for (I), α/αcl is 

temperature independent. This finding indicates an equal temperature dependence of the volume 

viscosity, ηV, and shear viscosity. On the other hand, for (II) this ratio decreases with 

temperature. Similar scenario was observed in the case of (EMIm) and (OMIm)NTf2
22. It means 

that changes in the alkyl chain cause the detectable differences in molecular mechanisms of the 

volume and shear viscosity. However, in the case of (OMIm) cation the temperature dependence 

was weaker in comparison to that observed for (II). Immediately the question arises, whether it is 

anion dependent. Another possible scenario is that there is a maximum of difference for cations 
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with alkyl substituent between C2 and C8 beyond which again the molecular mechanisms of the 

volume and shear viscosity become similar.  

From the frequency dependent ultrasonic absorption data, relaxation times can be obtained via 

the relation: 

    BffAf reli

n

i
i ++⋅=⋅ ∑

=

− 1-2
,

1

2 ))/((1α   (5) 

where Ai and fi,rel are the relaxation amplitudes and relaxation frequencies, respectively. B 

represents the sum of the classical part of absorption and contributions from processes with 

relaxation frequencies considerably higher than fi,rel. It appears that for the studied liquids, the 

frequency dependence of ultrasonic absorption data cannot be fitted with a single Debye-type 

relaxation processes (n=1). It is in odd to what is commonly observed for ultrasonic spectra of 

both molecular and ionic liquids in a normal liquid regime21,22. Thus, in this paper we would like 

to discuss fitting with a stretched function (shape parameters (α and β) should be introduced to 

the equation (5)). We found that not a Cole-Davidson but a symmetrical Cole-Cole function with 

the shape parameter (αCC) around 0.8 provides the best fit (full results are given in a Table 5 of a 

supplementary materials). The relaxation times denoted as τ sound (calculated as τrel = (2⋅π⋅frel)-1) 

can be found in Figure 3. The symmetrical shape of the spectra is puzzling. A possible 

explanation is that the process which can be observed by ultrasonic method does not reveal 

features of the α relaxation but of the β-one. In fact, it was reported several times that in shear 

mechanical spectra amplitude of the β-process at low temperatures far exceeds the one observed 

for dielectric spectra. Moreover, it increases much faster with temperature25. Thus, it is very 

likely that for such high frequencies as used in the ultrasonic method it is the dominant relaxation 
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process. In such case our samples would be examples of scenario I according to Donth and co-

workers26.   

With the elongation of the alkyl chain the influence of the non-polar domains increases and C2 

atom involved in H-bonds with sulphur atom of the anion27 becomes less acidic. This probably 

causes higher decoupling in sample (I) and differences in ultrasound absorption. On the other 

hand it is not fully understood whether sterical hindrance, various types of interactions (Coulomb 

interactions, H-bonds) between cations and anions or non-Newtonian nature of studied liquids are 

the reasons why the dynamical crossover with all accompanying phenomena is not observed in 

the region of 1.2-1.5Tg. In fact, it remains an open question whether the observations (lack of 

change in VFT dependence at TB, lack of the point in which Walden rule breaks down and 

symmetrically stretched ultrasonic absorption spectra at high temperatures) are related to each 

other and whether each of them indeed can be treated as an indicator for existence/nonexistence 

of a dynamical crossover. However, all our experimental data seem to indicate that the dynamical 

heterogeneity and cooperativity play a role in the molecular dynamics of ionic liquids studied 

herein not only in the vicinity of Tg, but also in normal liquid state at least up to 1.6Tg. It means 

that even at temperatures much higher than Tg they behave like supercooled not like normal 

liquids. More experimental data in broad temperature range are necessary to answer the question 

whether it is a general rule for ILs or it is only specific feature of samples based on BMIm cation. 
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Figure 1 

Representative spectra of imaginary part of modulus and real part of conductivity for 
(EMIm)2[Co(NCS)4] (a,b) and (BMIm)2[Co(NCS)4] (c,d). Dashed line in panel (d) shows the 
slope equal to 1. The horizontal arrow indicates the direction of the experiment 
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Figure 2 

Activation plot of the conductivity of (EMIm)2[Co(NCS)4] (solid squares) and 
(BMIm)2[Co(NCS)4] (open squares). (ψ) and (ξ) data from references 7 and 8 respectively. Solid 
lines are fits by means of eq.1 (parameters are given in Table 1 of supplementary materials). Left 
lower inset: Stickel’s analysis for conductivity data of (BMIm)2[Co(NCS)4]. Right upper inset: 
Stickel’s analysis for viscosity data of (BMIm)2[Co(NCS)4].  
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Figure 3 

Relaxation map of (a) (EMIm)2[Co(NCS)4] and (b) (BMIm)2[Co(NCS)4]. Conductivity 
relaxation times are compared with viscosity and structural relaxation times from TMDSC. At the 
highest temperature limit structural and secondary relaxation times obtained from ultrasound 
absorption are added. Solid and dashed lines are VFT and Arrhenius fits respectively. Crossover 
point on τσ(T) dependence determines Tg. Inset: Walden plot 
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Figure 4 

Ultrasound absorption coefficient per squared frequency ⋅α⋅f-2 versus log f for (upper panel) 
(EMIm)2[Co(NCS)4] and (lower panel) (BMIm)2[Co(NCS)4] at temperatures: 293.15 K (•);  and 
298.15 K (○). Solid lines are fits by means of CC function. Dashed and dotted lines – classical 
absorption at temperatures 293.15 K and 298.15 K, respectively. The inset presents the fit with 
use of a single Debye function to ultrasonic spectrum for (BMim)2[Co(NCS)4] at 298.15 K. 
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