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Scaling exponent as a key parameter to probe self-organization changes in solution with the 

respect to the IL structure 

ABSTRACT: Electrical conductivity of the supercooled ionic liquid [C8MIM][NTf2], determined as 

the function of the temperature and pressure, highlights strong differences in its ionic transport 

behavior between low and high temperature regions. To date, the crossover effect which is very well-

known for low molecular van der Waals liquids is rarely described for classical ionic liquids. This 

finding highlights that the thermal fluctuations could be a dominant mechanism driving the dramatic 
slowing down of ion motions near Tg. An alternative way to analyze separately low and high 

temperature dc-conductivity data using a density scaling approach was then proposed. Based on which 

a common value of the scaling exponent γ=2.4 was obtained, indicating that the applied density 
scaling is insensitive to the crossover effect. By comparing scaling exponent γ reported herein along 

with literature data for other ionic liquids, it appears that γ decreases by increasing the alkyl chain 

length on the 1-alkyl-3-methylimidazolium-based ionic liquids. This observation may be related to 
changes in the interaction between ions in solution driven by an increasing of the van der Waals type 

interaction by increasing the alkyl chain length on the cation. This effect may be related to changes on 

the ionic liquid nanostructural organization with the alkyl chain length on the cation as previously 

reported in the literature based on molecular dynamic simulations. In other words, the calculated 

scaling exponent γ may be then used as a key parameter to probe the interaction and/or self-

organizational changes in solution with the respect to the ionic liquid structure. 
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Introduction 

 The last decade has brought an impressive number of the works devoted to ionic 

liquids (ILs).  To a large degree this is dictated by the fact that they are at the center of interest 

in both fundamental and applied research. The range of their industrial applications is diverse. 

For example, ILs are used in the chemical industry,
1
 electrochemistry,

2
 pharmacy,

3,4
 

catalysis,
5
 etc. From the perspective of their applications in electrochemical devices,

6
 a 

physical quantity of particular interest is an ionic dc-conductivity (σdc), and its dependence on 

temperature has also a practical meaning.  

 It is very well known that some ILs can be very easily supercooled below their melting 

point and by further cooling transformed into the disordered solids (glasses).
7
 In this case, the 

dc-ionic conductivity will usually change by more than 12 decades achieving values of 

approximately 10
-15

 [Ω
-1

·cm
-1

] in the vicinity of the glass transition temperature (Tg). Since, in 

general, the ionic conductivity depends on the concentration of charge carriers and their 

mobility this enormous decrease in σdc value observed upon approaching Tg is mainly due to 

the dramatic slowing down of ionic movement. In the case of a simple thermally activated 

process, where an ion hopes over an energy barrier, the temperature dependence on σdc should 

follow the Arrhenius law (eq.1):   

( ) ( )RTET Adc exp0σσ =  (1) 

where σ0 is a pre-exponential factor, EA is the activation energy, and R is the universal gas 

constant.
 

However, it has been experimentally recognized that the σdc(T) dependence is usually stronger 

than the simple Arrhenius behavior and for that reason it is often known as the super-

Arrhenius behavior. This almost universal behavior can be rationalized on the basis of the 

cooperative nature of the ions’ diffusion. It is nearly always reported that the three-parameter 

Vogel-Fulcher-Tammann (VFT) type fitting equation fairly well accounts the experimental 

data for σdc (eq.2): 

( )
0

0
01010 loglog

TT

TD
T T

dc −
+= σσ

 
(2) 

where log10σ0 is a pre-exponential factor, DT is a material constant and T0 is the temperature 

usually regarded as the ‘ideal’ glass temperature.  
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Naturally, the degree of deviation from the Arrhenius law is not the same for each IL and is 

determined by a number of factors like hydrogen bonding, van der Waals and Columbic 

forces along with the molecular volume of ions. From the thermodynamic point of view, the 

main factors controlling the conduction process are the thermal and density fluctuations. In 

general, both of them need to be taken into account when discussing the super Arrhenius 

behavior of the ionic conductivity. However, the relative importance of these factors on the 

conduction process is not yet clarified. In other words, to what extent is the deviation from the 

Arrhenius behavior a consequence of the variation in molecular packing upon approaching Tg. 

The only way to answer this question is through the use of pressure that allows the separation 

of the joint effects of temperature and molecular packing.
8
 However, high pressure ionic 

conductivity measurements might pose a challenge for researchers due to some experimental 

difficulties to determine accurately this property. That is why little work in comparison to 

ambient pressure measurements has been done so far towards studying the effect of pressure 

on the ion conducting process in the vicinity of the glass transition.
9,10

 

The main motivation of this letter was to establish whether molecular packing is a 

relevant parameter required to explain the evolution of dc-conductivity as the liquid-glass 

transition is approached. To address this problem, we carried out broadband dielectric studies 

of the IL 1-octyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide [C8MIM][NTf2], 

which is one of the most typical ILs studied to date. The dielectric experiments were 

performed under both isothermal and isobaric conditions. However most of them were done 

isothermally. In addition, we also carried out pressure-volume-temperature (PVT), 

measurements. Thus, we were able to analyze thoroughly the charge transport in 

[C8MIM][NTf2] as a functions temperature, pressure and volume.  

 

Experimental 

Examined material 

The sample under tests is ionic liquid 1-octyl-3-methylimidazolium 

bis[(trifluoromethyl)sulfonyl]imide [C8MIM][NTf2]. This sample was synthesized and 

purified in-house in the QUILL center within a purity, expressed in mole fraction unit, close 

to 99%. Details about sample preparation and purification are presented in electronic 

supporting information.  

Dielectric measurements 
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Ambient pressure dielectric measurements of [C8MIM][NTf2] were performed over a wide 

frequency range from 10
-1

 to 10
6
 Hz using a Novo-Control GMBH Alpha dielectric 

spectrometer. During the ambient pressure measurements the sample was placed between two 

round stainless steel electrodes of the capacitor (diameter 10 mm). Silica spacers of 100 µm 

diameter were used to ensure constant sample thickness. The temperature was controlled by 

the Novo-Control Quattro system, with the use of a nitrogen gas cryostat. Temperature 

stability of the samples was better than 0.1 K.   

For the pressure dependent BDS experiment the stainless steel capacitor (square-shape 

electrodes with plate’s area the same as for ambient pressure measurements, separated with 

silica spacers 100 µm) was used. It was next installed in a special holder, covered by a Teflon 

capsule and filled with a tested liquid. Such a prepared sealed cell was next placed in the 

high-pressure chamber and compressed by means of a hydraulic pump using a nonpolar 

pressure-transmitting liquid (silicon oil). Note, the examined sample was in contact only with 

stainless steel and Teflon. The general scheme of the apparatus used to investigate the 

properties of [C8MIM][NTf2] under high pressure conditions is presented in ref [
11

]. The 

pressure was measured by using a Nova Swiss tensometric pressure meter with a resolution of 

0.1 MPa. The temperature was controlled within 0.1 K by means of Weiss fridge. The 

ambient and high pressure dielectric measurements were performed within the linear response 

regime, with voltage of 1 V. Standard uncertainty is log10σdc = 0.001 S/cm.  

Pressure-volume-temperature (PVT) measurements 

The PVT experiments of the [C8MIM][NTf2] were carried out using a fully automated 

GNOMIX high pressure dilatometer
12,13

. The apparatus is described elsewhere.
14

 The 

principle of the GNOMIX-PVT apparatus is the confining fluid technique. About 1.9 g of the 

IL has been added into the cell and the remaining cell volume was filled with mercury acting 

as a confining fluid, which ensures that the material is under hydrostatic pressure at all times. 

PVT data in the range from 20 MPa to 200 MPa in increments of 20 MPa, and from room 

temperature up to 393 K in steps of 5 K have been collected in the isothermal standard mode. 

The values for 0.1 MPa are obtained by extrapolation according to the Tait equation for each 

temperature using the standard PVT software. In the studied range the accuracy limit for the 

absolute values of the specific volume is within 0.002 cm
3
/g. 
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Results and Discussion 

The key quantity considered throughout this work is the ionic dc-conductivity 

determined from broadband dielectric spectroscopy (BDS) measurements. The obtained 

experimental data can be presented and analyzed in a variety of representations, i.e.: the 

complex dielectric permittivity ε*(ω) = ε’(ω) - iε’’(ω), complex electric modulus M*(ω) = 

M’(ω) + iM’’(ω) and complex electric conductivity σ*(ω) = σ’(ω) + iσ’’(ω). However, all 

these quantities are interrelated to each other: ε*(ω) = 1/M*(ω) = σ*(ω)/iωε0 and therefore 

contain the same information about the processes of relaxation and conduction in materials.
15

 

These various formalisms are used just to emphasize the different aspects of the same 

phenomenon. In the case of conducting materials the σ*(ω) representation is preferred 

because the dc conductivity can be easily identified and determined as will be discussed later. 

A few exemplary spectra of electrical conductivity obtained at various temperature conditions 

and ambient pressure for [C8MIM][NTf2] are displayed in 3D plot in Figure 1a. Aside from 

the ambient pressure studies we also carried out a number of isothermal measurements as a 

function of compression (see Figure 1b). In the presented spectra three characteristic 

dispersive regions can be identified. Starting from the highest to the lowest frequencies, one 

can observe that the electric conductivity sharply decreases according to a power law and 

reaches the plateau value. This constant value determines the dc-conductivity which varies 

both with temperature and pressure. It is obvious from Figures 1a and 1b that cooling and 

compression basically exert the same effect on the behavior of σdc. As the movement of the 

ions is limited by the surface of the capacitor plates it results in the gradual dropping of the 

conductivity at the lower frequencies. This phenomenon is well known as an electrode-

blocking effect. 

 As outlined above, the values of σdc at various T and P conditions were determined 

directly from the plateau region on the conductivity spectra. The isobaric and isothermal 

dependences on σdc are shown separately in Figures 2a and 2b, respectively. The isobaric data 

are plotted versus inverse of temperature to emphasize their super-Arrhenius behavior. In such 

cases, the experimental data are often well described by the three-parameter type fitting VFT 

equation (eq.2). However, as we found from the fitting analysis, this procedure is not valid for 

[C8MIM][NTf2]. As shown in Figure 2a, two VFT laws are required to parameterize the data 

over the entire temperature range. This fact suggests the occurrence of high temperature 

“crossover” effect that is rarely observed in the case of ILs. It might be due to the fact that ILs 

in general, exhibit much weaker crossover effects when compared to low molecular van der 
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Waals liquids. Differences in ionic transport behavior between low and high temperature 

regions are also manifested in Figure 2b. As shown in this figure, isotherms measured at 

higher temperatures exhibit a linear dependence which agrees well with the prediction of 

simple volume activated model (eq.3).  

( )
RT

VP
Pdc

∆
+= 01010 loglog σσ        (3) 

where ∆V is an activation volume and log10σ0 is the value of dc conductivity at atmospheric 

pressure.  

On the other hand, the above equation fails to describe low temperature isotherms due to their 

strongly non-linear character indicating the absence of a single activated volume over the 

entire pressure range.  This feature can be captured by using the pressure counterpart of the 

temperature VFT law (eq.4).
16

  

( )
PP

PD
T P

dc −
+=

0

01010 loglog σσ  (4) 

The effectiveness of the eq.4 for the description of low temperature isotherms is demonstrated 

as exemplified in Figure 2b. From above discussion, it is concluded that the crossover effects 

can also be revealed when we analyze both high and low temperature isotherms.  

 In order to determine the contributions of both density and thermal fluctuations in the 

super Arrhenius behavior of σdc(T) dependence, data under isochoric conditions are also 

required.   For this purpose, we additionally performed PVT measurements which are 

presented in Figure 2c. The temperature range covered in this study was from (297 to 395) K 

and differs somewhat from that covered in the dielectric measurements. Therefore, the 

collected PVT data were then parameterized by means of an equation of state (eq.5),
17,18

 and 

extrapolated to lower temperatures based on the values of parameters obtained from the fitting 

procedure.  

( )0

0

0

)(
1

),(

),(
pp

pBpTv

pTv

T

EOS

EOS

−+=






 γ
γ

 (5) 

where: ))(exp()()( 0200 0
TTbpBpB TT −−=  and 2

020100 )()(),( TTATTAApTv −+−+=  

Having the parameterized PVT data, it is now possible to plot the temperature dependence of 

σdc at constant volume (see Figure 3). From the Figure 3, it is evident that the isochoric curves 

also exhibit super-Arrhenius behavior. For comparison, we included also in Figure 3 the 

isobaric dependence on σdc. A relative importance of the thermal and density fluctuation can 

be assessed based on the value of the ratio of the apparent activation enthalpy at constant 
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 7

volume to the activation enthalpy at constant pressure.
19

 In practice, it requires the 

determination of both these parameters from analysis of isochoric and isobaric σdc(T) 

dependences by using:  

V

dc
V

T
RH

1

ln
−∂

∂
=

σ
 (6) 

P

dc
P

T
RH

1

ln
−∂

∂
=

σ
 (7) 

For purposes of the computation of HV (eq.6) and HP (eq.7), we used the parameters obtained 

from fitting the VFT equation to the experimental data shown in Figure 3 and tabulated in the 

electronic supporting information.  The ratio HV/HP is plotted as a function of -logσdc(T) in the 

inset of Figure 3. The value is nearly constant and equal to 0.79±0.02 indicating that when 

approaching the glass transition at ambient pressure the temperature is the dominant control 

variable responsible for the dramatic slowing down of ion mobility. This finding is different 

from that reported for simple van der Waals liquids.
8
 Usually, for this type of liquid, the value 

of the ratio lies in the range from 0.40 to 0.55 which means that the density and thermal 

energy have nearly the same effect. However, a weaker effect of the density is commonly 

observed in the case of associated liquids and is comparable to what we found herein for 

[C8MIM][NTf2]. A common feature of associated liquids with strong hydrogen-bonding 

interactions is the existence of hydrogen-bonded clusters or networks. Since, in the case of 

associated liquids the characteristic value of ratio HV/HP is usually close to unity,
8
 thermal 

fluctuations become a main driving force for breaking H-bonding and facilitating the 

molecular rearrangements. The large value of ratio HV/HP obtained for [C8MIM][NTf2] could 

also be related to strong nanostructural organizations previously postulated based on the 

molecular dynamic simulations.
20

 From the simulations of the imidazolium-based ILs with 

varying the alkyl side-chain length ([CnMIM][PF6], with n = 2, 4, 6, 8 or 12) it was observed 

that polar and nonpolar domains are already formed for n = 4 and the non-polar domains 

become larger and more connected as the length of the alkyl chain increases. Thus, there is a 

straightforward analogy to associated liquids which explains why temperature is the dominant 

control variable in the case of [C8MIM][NTf2]. Finally, it is also interesting to determine the 

effect of compression on the ratio of HV/HP. By performing the analysis similar to that 

presented above, we see that the ratio increases with pressure (see lower inset in Figure 3). 

Thus, it can be concluded that compression enhances the role of thermal fluctuations.  

 An alternative approach to analysis of thermal and density effects is in terms of the 

density scaling.
21

 This approach entails using a new variable: TV
γ
 which was previously 
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demonstrated to lead to the superposition of high pressure viscosity data (or the structural 

relaxation times) into a single master curve. The validity of the density scaling was proved 

experimentally for van der Waals liquids, polymers and more recently also for some ILs.
22

 

The scaling exponent γ reflects the relative contributions of thermal and density effects on the 

ion transport and for that reason it can be considered as an alternative measure of these 

effects. In the limiting cases, when γ tends to zero or infinity then thermal activation or free 

volume, respectively, become dominant. In this context, it is worth noting that the scaling 

exponent γ is related to the ratio HV/HP by23 

)(1

1

gpgTTp

V

TTH

H

g

αγ+
=

=

     (8) 

The other interesting point is that the scaling exponent γ is believed to be also related to the 

steepness of the repulsive intermolecular potential in solution. In fact, based on the numerous 

molecule dynamics simulations of van der Waals liquids, it was pointed out that values of the 

scaling exponent γ and the exponent in the inverse power law describing the intermolecular 

repulsive potential are nearly the same.
24,25

 Undoubtedly, this is a very appealing perspective 

as one can get insight into the microscopic interactions between molecules in solution from 

the macroscopic measurements. Thus, we will further focus on the application of the density 

scaling idea to analysis the conductivity data of [C8MIM][NTf2]. As a starting point, we 

recalled the entropic Avramov model
26

 used by Casalini, Mohanty and Roland
27

 to derive the 

equation which establishes the functional relationship between the viscosity, η, and TV
γ
 

Avramov parameter (eq.9).  

φ

γηη 






+=
TV

A
VT 01010 log),(log  (9) 

In fact, this is the first theoretical approach that confirms the density scaling concept. Here, 

eq.9 was used to analyze the dc conductivity data as shown in Figure 4. However, from the 

numerical fitting procedure we found that eq.9 cannot describe the experimental data over the 

whole range of σdc. If there is a lack of satisfactory fit at this step, it can be attributed to the 

existence of a crossover effect as already highlighted above. Therefore, we repeated this 

process by fitting the high and low conductivity data separately. The dotted line in Figure 4 

indicates a border between these two sets of the data, which corresponds to the high and low 

temperature regions. As can be seen very good fits with the resulting values of the fitting 

parameters presented in Figure 4, were obtained. The most interesting outcome of this 

analysis is that the same value of exponent γ was obtained for both sets of the data whereas 
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 9

the other fitting parameters take different values. This means that the density scaling is 

insensitive to crossover effects, i.e. the same value of exponent γ describes high and low 

temperature regions. How it works in practice is illustrated in Figure 5. It is now evident that 

all isothermal and isobaric curves can be collapsed into a master curve using a common value 

of the scaling exponent γ=2.40±0.05. At this point, it is instructive to mention that the value of 

scaling exponent γ can be also determined from model independent analysis. At a given value 

of σdc the product constVT =γ
σσ , which results directly from the density scaling law, leads to 

linear logarithmic dependence Tσ(Vσ):  

gg VconstT 1010 loglog γ−=  (10) 

offering a simple method of determining the scaling exponent γ. From the linear regression 

(eq.10) to the data shown in the inset to Figure 5, we found γ = 2.4 which nicely agrees with 

the result from the previous analysis obtained using the Avramov model (eq.9).   

 For completeness of our discussion, we then recalled some experimental results 

obtained for other ILs. Very recently, our group reported that the γ value of [C4MIM][NTf2] is 

equal to 3.0.
28

 On first sight, it appears that the γ parameter seems to decrease with an increase 

in the alkyl chain length on the imidazolium cation. This decrease can be related to the well-

known variation of volumetric properties as the function of the alkyl chain length on this 

cation.
29

 Surprisingly, the same pattern emerges by solely taking into account transport 

properties results. For example, from high pressure viscosity studies of 1-alkyl-3-

methylimidazolium hexafluorophosphate [CnMIM][PF6] with n = 4 or 8 published by Roland 

et al.
30

 γ values close to 2.9 and 2.4 were reported for [C4MIM][PF6] and [C8MIM][PF6], 

respectively. In other words, both the volumetric and transport properties analyses seem to 

lead to similar conclusions, which can be related to the specific interactions in these ILs. In 

fact, this structure-properties relationship should be considered in the light of the findings 

from MD simulations already mentioned above.
20

 The observed decrease of the γ with an 

increase of the alkyl chain length on the imidazolium cation corresponds to the formation of 

larger and more connected nanostructures. This is a meaningful result because the scaling 

exponent γ may reflect the degree of self-organization evolving with the change of the alkyl 

side-chain length in some ILs.  

 

Conclusions  

 To sum up, we have studied the isobaric and isothermal dependences on the ionic 

conductivity of [C8MIM][NTf2] by means of broadband dielectric spectroscopy in broad 
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 10

temperature and pressure ranges. The dc-conductivity data at atmospheric pressure reveal a 

high temperature crossover effect, which is also supported by isothermal data. A second 

important point is that the thermal fluctuations could be a dominant mechanism driving the 

dramatic slowing down of ion motions near Tg. We also presented an alternative way to 

analyze high-pressure dc-conductivity data based on a density scaling approach. In this 

connection, we then compared our results with other published data for different ILs and 

found that their structure affects strongly the scaling exponent γ of electric conductivity. This 

data analysis also highlights that this scaling exponent γ may be used as a key parameter to 

probe interaction and/or self-organization changes in solution with the respect to the IL 

structure.  
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Figure 1. Dielectric relaxation spectra of [C8MIM][NTf2] presented in the conductivity representation in the 

form of frequency dependent data measured at various (a) temperature and (b) pressure conditions.  

 

 

Figure 2. Panels (a) and (b) present the dc-conductivity data of [C8MIM][NTf2] measured at various isobaric and 

isothermal conditions, respectively. Solid red lines are fits of pVFT equation to the experimental data with the 

parameters collected in supporting materials. Panel (c) presents the isobaric dependence of volume in the 

pressure range of 0.1–200 MPa. PVT data have been parameterized by means of equation of state with the 

following parameters: A0= 0.704 cm
3
/g, A1=4.665·10

-4
cm

3
/(g·K), A2=1.59·10

-7
 cm

3
/(g·K

2
), BT(P0)= 3139 MPa, 

b=0.00421 K
-1

, γEOS=10.1, T0= 185.96 K 
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Figure 3. The temperature dependence on dc-conductivity at constant volume condition. The open circles 

represent the dependence on dc-conductivity at 0.1 MPa. The upper inset shows the ratio of the activation 

enthalpy at constant volume to the enthalpy change at constant pressure as a function of logσdc. On the other 

hand, the lower inset presents the pressure dependence of HV/HP ratio. 

 

 

Figure 4. Isothermal and isobaric data for [C8MIM][NTf2] plotted as a function of volume. Solid lines are fits 

obtained using the eq.9.  
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Figure 5. The electrical conductivity data for [C8MIM][NTf2] plotted versus (TVγ)-1 with the scaling exponent 

calculated herein as γ = 2.4. The inset shows the scaling exponent determined from the linear regression of the 

logarithmic dependence of glass transition temperature on volume. The solid lines denote the regression lines.     
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