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Abstract 
Mechanical spectroscopy measurements were performed on ionic liquids (ILs) with quaternary 

cations, either ammonium or phosphonium, and two anions, bis(trifluoromethanesulfonyl)imide 

([NTf2]-) and bis(trifluoromethanesulfonyl)methanide ([CHTf2]-), which have almost the same 

molecular weight and degree of fluorination but exhibit different flexibility. Furthermore, the 

effect of multiple ether functionalization was studied by measuring the mechanical spectrum of 

[P(2O2)31][CHTf2]. The measured data evidence the occurrence of a relaxation process in the 

liquid phase of the ILs with flexible [NTf2]- anion and of [P(2O2)31][CHTf2], which is analyzed 

by means of a modified Debye model relating the peak to the ion hopping between non-

equivalent configurations. The analysis confirms the involvement of nonequivalent anion 

configurations as well as their energy separation. For other ILs having rigid ions, instead, a fast 

dynamic at local level in the liquid phase is rarely observed since a partial transition to a solid 

state is favored. For these liquids, the measurements suggest the formation of aggregates which 

is suppressed by the multiple ether functionalization. 
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1. Introduction 

Ionic liquids (ILs) present fascinating properties which make them attractive for several 

applications. ILs can be tailored according to the requirements of the applications, by means of a 

proper choice of the cation and/or the anion [1-3]. Despite the large amount of research carried 

out in recent years on ILs, there are still some challenges to be tackled to foster their widespread 

use. One of the central issues is their high viscosity, which limits liquid handling and transport 

properties [4,5]. 

Macroscopic properties are defined by microscopic properties and intermolecular 

interactions and, among various molecular features, a fundamental role is played by 

conformational flexibility [4-12]. In particular, the ions composing ILs usually present more than 

one conformer; in this case the ion has a high conformational flexibility when both the energy 

difference between the different configurations and the barrier between them is small compared 

to the available thermal energy [4]. Highly flexible ions are capable of fast structural 

reorganization on a local level, which weakens the charge network and promotes fluidity [4]. In 

contrast, rigid ions have, by definition, fewer degrees of freedom for relaxation. Indeed a 

correlation between high conformational flexibility and high ion mobility has been shown for 

several ions [8]. Moreover, it has been hypothesized that anion conformational relaxation 

correlates with translational diffusion [9-12]. 

Among possible choices of ions composing the ILs, those with quaternary phosphonium 

[4,5,8,13,14] or ammonium [13,15-17] cations are attracting considerable interest, and are still 

less studied than the more common imidazolium or pyrrolidinium based ILs. In particular, some 

phosphonium cations show promising [18, 19] properties. Generally, phosphonium based ILs 

have improved thermal stability compared to their ammonium analogues [20-22], and they also 

present lower viscosity and hence better electrical conductivity [17,23-25]. In particular, the 

lower viscosity is in part attributable to a more facile rotation around the P–C bond, since an 

increase in the barrier for the alkyl chain rotation was shown to result in a slowing down of the 

dynamics [8,17]. The different properties of phosphonium and ammonium ILs, which are 

structurally similar and only differ in the central N or P atom, have been ascribed to the 

flexibility of the phosphonium cations and to the more effective charge screening therein [17, 

26]. Due to their interesting performance at room temperature, as well as good thermal, chemical 



and electrochemical stability, phosphonium based ILs are also good candidates for batteries 

[4,5]. 

It has also been suggested that tetraalkylphosphonium cations give rise to strong ionic 

interactions between the oppositely charged ions which can induce the occurrence of nanoscale 

structural heterogeneities and strong structural correlations between oppositely charged ions 

[14,27]. Ether functionalization improves fluidity, ionic conductivity and diffusivity [5], in 

addition multiple ether functionalization has been reported to reduce the disadvantages of 

phosphonium ionic liquids with large cations [5]. Indeed, it is well known that ether 

functionalization provides an excellent mean of changing the physicochemical behavior of ionic 

liquids [28-31] and is particularly effective at increasing the transport properties [32] and 

decreasing the melting temperatures, even suppressing crystallization [28-31]. As a consequence, 

the exploitable temperature range for electrochemical applications widens [28-31]. 

Herein, we present a mechanical spectroscopy study of several ILs composed of quaternary 

cations and two anions having different conformational flexibility. Flexible ions are capable of a 

fast structural reorganization on a local level, which weakens the charge network and promotes 

fluidity, while rigid ions have fewer degrees of freedom for relaxation [4,5]. The experiments are 

performed by means of a method already successfully used for ILs [9-11] which allows the 

measurement of their mechanical modulus and its variation during the main phase transitions 

occurring at various temperatures, in both the liquid and the solid states [9-11]. The stress 

applied on the samples during these experiments is not a pure shear stress, thus allowing the 

detection of relaxations that are not necessarily observed by applying a pure shear deformation, 

as in the case of classic shear viscosity measurements. In particular these mechanical 

spectroscopy studies on ILs [9-11] showed the role of possible anion conformers on the complex 

relaxation dynamics of ILs, confirming that the occurrence of translational motion by means of 

hopping processes and molecular network rearrangements have also to be considered [12,33,34]. 

In particular, in the present paper we consider three different cations, 

methyltripentylammonium ([N5551]+), methyltripentylphosphonium ([P5551]+) and tris(2-

ethoxyethyl)methylphosphonium ([P(2O2)31]+), which are isostructural and have similar 

molecular weights, and two anions, bis(trifluoromethanesulfonyl)imide ([NTf2]-) and 

bis(trifluoromethanesulfonyl)methanide ([CHTf2]+), which have almost the same molecular 



weight and degree of fluorination but present different flexibility [4-8]. Indeed, the [CHTf2]-

anion is formally derived from the well-known [NTf2]- by replacing the central imide group with 

a methanide group. Both anions have cis- and trans- conformers, but the energy barrier for the 

conversion between the two conformers is considerably higher for the [CHTf2]- ion, which is 

therefore more rigid [4-8]. This allowed us to compare the effects of different structural 

modifications on the mechanical properties. 

The obtained results evidence the occurrence of a relaxation process in the liquid phase of 

the ILs with a flexible anion and the analysis of the data provides information about the possible 

involvement of nonequivalent configurations as well as their energy separation. For ILs having 

rigid ions, instead, a fast dynamic at local level in the liquid phase is rarely observed since a 

partial transition to a solid state is favored. For these liquids, the measurements seem also to 

suggest the formation of aggregates, whose organization can result in domain formation. 

 

2. Materials and Methods 

Ionic liquids composed of quaternary cations: [N5551]+, [P5551]+, [P(2O2)31]+, and 

fluorinated anions: [NTf2]- and [CHTf2]-, namely [N5551][NTf2], [P5551][NTf2], 

[N5551][CHTf2], [P5551][CHTf2], and [P(2O2)31][CHTf2] (Figure 1) were synthesized as 

described in the literature [4]. 

 
Figure 1. Structure of ions composing the ILs studied in the present work. 

 

Dynamic mechanical analysis (DMA) was carried out using a PerkinElmer DMA 8000 

instrument, by means of a method already used in previous works [9-11]: at room temperature 

the liquid samples were laid out into a stainless steel Material Pocket, supplied by PerkinElmer 

(30.0 mm by 14.0 mm by 0.5 mm), which is scored in the mid-point. The pocket was then folded 



in half and crimped closed. Flexural vibration measurements were performed in the three-point 

bending configuration. The storage modulus, M, and the elastic energy dissipation, tan δ, were 

measured in an inert nitrogen atmosphere, at variable frequencies (1 and 10 Hz in the present 

case) and scanning temperature at 4 K min-1 in the range between 160 and 350 K. With this 

setup, the stress applied on the sample is not a pure shear stress, but, due to the spatial isotropy of 

liquids, the mechanical modulus presently measured is a combination of both the shear and the 

bulk modulus [35,36]. 

When species can move between two configurations with a relaxation rate t-1 by means of 

thermal activation in a standard anelastic solid [37], the elastic energy dissipation presents a 

maximum when the Debye relaxation condition, wt = 1, is satisfied. For a single relaxation time, 

t, tan d is given by: 

 (1) 

where w is the angular vibration frequency and the relaxation intensity, (D), is proportional to the 

concentration of the relaxing species, to the elastic modulus and to the change in the local 

distortion, α is the Fuoss–Kirkwood width parameter and is equal to 1 for a single time Debye 

relaxation; α < 1 produces broadened peaks with respect to Debye ones. 

One can assume for the relaxation time t a Vogel-Fulcher-Tammann type (VFT) temperature 

dependence: 

𝜏 = 𝜏!𝑒
"# $(&'&!)) * (2) 

 

where W is the activation energy and T0 is the temperature parameter. Indeed, the empirical VFT 

formula has been largely used to describe the temperature dependence of several physical 

properties of ionic liquids above the glass transition, such as the conductivity and the inverse of 

the viscosity [4,5], as observed in many other glass forming liquids. 

If the relaxation occurs between two equivalent sites, the relaxation intensity in Eq. (1) decreases 

with increasing T, leading to a higher intensity for the peaks measured at lower frequencies. 

Instead, in the case of hopping between two nonequivalent configurations with energy separation 

DE, the relaxation intensity, which is proportional to the product of the respective populations in 

the two configurations, becomes [9-11]: 

( )
( ) ( )

1tan T -a ad = D
wt + wt



 (3) 

Considering equations 1 and 3, a more general expression for tan δ is then given by: 

 (4) 

 

3. Results and Discussion 

Figure 2 displays the DMA spectra (modulus, M, and tan δ) of samples sharing the [NTf2]- anion 

measured on cooling at 4 K min-1. The storage modulus is reported as the variation with respect 

to the value measured around room temperature because it is not possible to separate the 

contribution of the ILs from that of the pocket, which, as already shown elsewhere [9-11], has to 

be considered as a background. 

 
Figure 2. DMA spectra of the samples [P5551][NTf2] and [N5551][NTf2], measured 

inside the pocket on cooling at two frequencies (blue 10Hz, red 1Hz). The continuous thick line 

is a fit according to Eqs 1−4 for the thermally activated peak. 

 

The spectrum of the [P5551][NTf2] displays the occurrence of a thermally activated relaxation 

process around 250 K (for a vibration frequency of 1 Hz). Indeed, at this temperature the tanδ 
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curve shows a peak, whose maximum shifts to higher temperature with increasing frequency (∼ 

270 K for a vibration frequency of 10 Hz; see Fig. 2), and concomitantly, a step is observed in 

the modulus (Fig. 2). On further cooling, around 190 K, the anelastic spectra shows an intense 

stiffening of the modulus and an intense peak of tanδ. These last features indicate the occurrence 

of the glass transition, in agreement with previous DSC data [4,5]. Similar features are observed 

also in the spectrum of sample [N5551][NTf2] (Fig. 2). On cooling a thermally activated peak 

appears around 260 K (for a vibration frequency of 1 Hz), accompanied by a concomitant step in 

the modulus and, on further cooling, around 200 K the typical features of the glass transition, 

i.e.intense stiffening of the modulus and an intense peak of tan δ, are displayed. The temperature 

measured for the glass transition is in agreement with previously reported calorimetric 

measurements [4,5]. However, the thermally activated process displayed by [N5551][NTf2] 

seems to be slightly broader compared to the one measured for the phosphonium containing IL 

and, indeed, the peak shown by tan d is not fully resolved since its low temperature side is 

partially superimposed on another peak appearing at lower temperature and attributed to the 

glass transition. However, for both samples it was possible to reasonably fit the data of the two 

frequencies (continuous lines in Fig. 2) using Eq. 4, which is appropriate for jumps in an 

asymmetrical potential well, and assuming for the relaxation time (τ) a Vogel−Fulcher−Tamman 

type (VFT) temperature dependence (Eq. 2). This model has been already successfully used to fit 

similar relaxation processes found in the supercooled liquid phase of ILs having the same 

([NTf2]-) or other perfluorinated anions [9-11] of those ones presently reported. The values of the 

best-fit parameters are reported in Table 1. 

 

 to [s] T0 [K] a E [eV] DE [meV] 

[P5551][NTf2] (4.1±0.1)10-13 35 ±5 0.9 ±0.1 0.49±0.02  27±3  
[N5551][NTf2] (1.5±0.2)10-13 56±5 0.6±0.2 0.49±0.02 27±7 

[P(2O2)31][CHTf2] (1.0±0.1)10-13 88±8 0.95±0.02 0.32±0.01 52±8 

Table1. Best fit parameters obtained for the relaxation processes in the three ILs. 

 

The values obtained for the pre-exponential factor of the relaxation time and the activation 

energy are in good agreement with previous literature [9-11], while the width parameter α lower 

than 1 indicates interaction among the relaxing units. The value for the energy separation of the 



nonequivalent configurations (DE) is the same for the two samples, i.e. 27 ± 3 meV, and it is 

close to the energy separations measured for other ILs having the same [NTf2]- anion and well 

comparable to the energy separations obtained by calculations for the trans and cis [NTf2]- anion 

conformers [4,5,9,38-40].  

The DMA spectra (modulus, M, and tan δ) measured on cooling for the samples having the 

[CHTf2]- anion are reported in Figure 3. 

 

 
Figure 3. DMA spectra of the samples [N5551][CHTf2], [P5551][CHTf2] and 

[P(2O2)31][CHTf2] measured inside the pocket on cooling at 4 Kmin-1 and at two frequencies 

(blue 10Hz, red 1Hz). The continuous thick line is a fit according to Eqs. 1−4 for the thermally 

activated peak of [P(2O2)31][CHTf2]. 

 

The spectra of [P5551][CHTf2] and [N5551][CHTf2] are similar. On cooling, they both 

display a first pronounced peak in the tand accompanied by an intense step in the modulus curve, 

at 280 and 265 K for the [N5551][CHTf2] and the [P5551][CHTf2] sample, respectively. These 

features are not thermally activated since their maximum does not shift at higher temperature 
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with increasing frequency and are more likely attributable to the occurrence of a phase transition. 

The larger variation of the modulus value, compared to the one observed for the relaxation 

process in the [NTf2]- analogues previously discussed, further confirms this attribution. Indeed, 

for thermally activated relaxation in Fig. 2 the modulus almost doubles its value, while the 

variations observed around 280 and 265 K for the [CHTf2]- samples induce an increase of six or 

eight times in the normalized modulus. Also, the peak in tand is very intense with values at the 

maximum similar to those previously observed for glass transitions in the [NTf2]- samples. For 

the [N5551][CHTf2] a crystallization temperature of 281 K has been reported [4,5] thus 

suggesting that the observed transition could be related to the occurrence of solidification. 

However, on further cooling an additional transition is observed around 200 K for the [P5551]+ 

sample (220 K for the [N5551]+ sample), which is similar to a glass transition. Indeed, for 

[P5551][CHTf2] the occurrence of a glass transition has been reported at 200 K [4,5]. The 

observation of both transitions (possible solidification and transition to a glassy state) suggests a 

non-homogeneity in the sample, which likely only partially crystallizes on cooling, while the 

remaining part displays undercooling. It must be pointed out that the samples were all measured 

on cooling after heating to 80°C in order to make them as homogeneous as possible and to erase 

their thermal history. 

Measurements carried out on heating back to room temperature and reported in the supporting 

info (Figure S1) show that both [N5551][CHTf2] and [P5551][CHTf2] display a glass transition 

and a cold crystallization on further heating (whose signature is an increase in the modulus 

around 230 (220) K for [N5551][CHTf2] ([P5551][CHTf2])) and finally a subsequent melting 

around 290 (280) K, in agreement with previously reported data [4,5]. A similar behavior has 

been reported for other ILs [9-11] and confirms that at least part of the samples is undercooled 

into a glassy state. 

The occurrence of partial solidification on cooling in these samples could be related to 

occurrence of aggregation and clustering in quaternary cations [4,5]. In particular for [NTf2]- 

containing ILs with phosphonium cations this tendency is reduced, while it is more evident in 

ILs with non-fluorinated anions. The occurrence of a higher level of clustering would result in an 

increased inhomogeneity of samples and thus in the observation of partial crystallization of the 

[CHTf2]- samples, despite the same thermal treatment of their [NTf2]- analogues. 



Partial solidification, i.e. the coexistence of solid and liquid phases, has been reported previously 

[41-43]. However, the size of the liquid pockets is not known, this would be an interesting 

subject for future studies. The spectrum of the ether functionalized [P(2O2)31][CHTf2] sample 

(Fig. 3) on cooling presents a peak accompanied by a stiffening of the modulus around 220 K 

(for a vibration frequency of 1 Hz) which is thermally activated since the maximum shifts to 

higher temperatures with increasing vibration frequency. It is worth noting that the intensity of 

the relaxation peak and of the concomitant modulus variation are larger than those observed for 

the relaxation processes in the [NTf2]- samples and are even more intense than those displayed 

by the non-thermally activated process observable in the [P(2O2)31][CHTf2] spectrum on further 

cooling. The latter process, well visible as a peak in the tand accompanied by an increase of the 

modulus, is likely due to the occurrence of the glass transition around 200 K. This value for the 

glass transition temperature is indeed in agreement with the previously literature data of 197 K 

[4]. Measurements carried out on heating back to room temperature and reported in the 

supporting info (Figure S2) show that the same features are displayed also on heating back. 

Therefore, the behavior of the sample on heating is quite similar to that observed on cooling, as 

on increasing temperature it undergoes a transition from the glass to the liquid phase and in this 

latter phase it displays the same relaxation reported on cooling. 

The relaxation process displayed by the [P(2O2)31][CHTf2] sample on cooling was fitted by the 

same model previously used for the [NTf2]- samples. The best fit curves are displayed in Fig. 3 

and the best fit parameters are reported in Table 1. 

The values obtained for the pre-exponential factor of the relaxation time and the width parameter 

are in good agreement with those displayed by the [NTf2]- samples. The activation energy, 

0.32±0.01 eV, is lower than those obtained for the other two samples. This lower value for the 

energy barrier of the relaxation would be in agreement with the accelerated dynamics already 

observed in terms of increased diffusivity and ionic conductivity for quaternary ILs with ether 

containing side chains [4]. It is worth noting that the activation energy is related to the whole 

relaxing unit, which likely conveys also the presence of the multiple ether functionalized cation. 

Conversely, the value for the energy separation of the nonequivalent trans and cis configurations 

of the [CHTf2]- anion, i.e.52 ± 8 meV, is almost twice the energy separations obtained for the ILs 

having the [NTf2]- anion. This is in agreement with the calculated higher energy separation 

between the two lowest energy conformers of the [CHTf2]- anion compared to its more flexible 



isoelectronic [NTf2]- analogue [4,5]. This result further confirms the role of the anion conformer 

flexibility on the dynamic processes occurring in ILs. Moreover, similar to the models usually 

used to describe relaxation peaks by mechanical spectroscopy in solids, it would be possible to 

hypothesize that an increased intensity in the relaxation process (the intensity of the peak 

observed in the [P(2O2)31][CHTf2] is almost the double of those displayed by [N5551][CHTf2] 

and [P5551][CHTf2]) could be related to an increase of the local deformation involved in the 

relaxation, just like the elastic dipole in solids. This could be explained in terms of an increased 

local ionic rearrangement during the relaxation, likely connected to the increased rigidity of the 

[CHTf2]- anion whose relaxation mechanism is less assisted by conformational flexibility and 

thus involve rigid local movements of the same conformer. 

Moreover, for the [P(2O2)31] the side chains curl up [5] and possibly decrease the interaction 

between cation and anion, thus facilitating the sliding motion of the two ions. This sliding 

motion indeed results in the DMA spectrum in a relaxation with a lower activation energy and a 

bigger local distortion as the two ions are more isolated by the chains curling [44-49]. 

It is worth noting that the [P(2O2)31][CHTf2] sample does not display any partial solidification, 

conversely to the observations for the other two [CHTf2]- containing ILs. In this framework the 

higher homogeneity displayed by the former sample is likely due to the ether functionalization, 

which has been found to prevent or at least suppresses segregation in ILs with alkylphosphonium 

or alkylammonium cations [4], and further confirms that the partial crystallization reported for 

[N5551][CHTf2] and [P5551][CHTf2] can be related to occurrence of clustering. Moreover, this 

behavior is also in agreement with the largely reported suppression of crystallization in ether-

functionalized ILs [28-31]. 

 

4. Conclusions 

The mechanical spectra of ILs with quaternary cations having similar structures differing only in 

the central atom of the cation, ammonium or phosphonium, and anions with different flexibility 

were measured, together with one sample with an ether substituted phosphonium cation. The 

relaxation processes measured in the ILs liquid phase allowed the study of the ions dynamics 

which has been described by the ion hopping between non-equivalent configurations. These 

configurations are strongly affected by the different anion conformers, further confirming the 

central role of the ion flexibility in the dynamical processes in ILs. Moreover, for ILs having 



rigid ions, a partial transition to a solid state is reported and it is attributed to the formation of 

aggregates, which seems to be suppressed by multiple ether functionalization.  
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Supporting Info 
 

 
Figure S1. DMA spectra of the samples [N5551][CHTf2], [P5551][CHTf2] measured 

inside the pocket on cooling and heating at 4 Kmin-1. 
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Figure S2. DMA spectra of the sample [P(2O2)31][CHTf2] measured inside the pocket 

on cooling and heating at 4 Kmin-1. 
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