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Abstract: The present work investigates how mechanical properties and ion dynamics in ionic
liquids (ILs) can be affected by ILs’ design while considering possible relationships between different
mechanical and transport properties. Specifically, we study mechanical properties of quaternary ionic
liquids with rigid anions by means of Dynamical Mechanical Analysis (DMA). We are able to relate
the DMA results to the rheological and transport properties provided by viscosity, conductivity, and
diffusion coefficient measurements. A good agreement is found in the temperature dependence of
different variables described by the Vogel−Fulcher−Tammann model. In particular, the mechanical
spectra of all the measured liquids showed the occurrence of a relaxation, for which the analysis
suggested its attribution to a diffusive process, which becomes evident when the ion dynamics are
not affected by the fast structural reorganization of flexible anions on a local level.

Keywords: mechanical spectroscopy; ionic liquids; flexibility; relaxation

1. Introduction

Ionic liquids (ILs) have attracted huge interest due to their properties [1,2], which
enable a wide range of possible applications [3,4], including catalysis and electrochem-
istry [5,6]. Moreover, these properties are tunable by means of a proper choice of the
constituent ions. The initial progress in the design of ionic liquids was based on empirical
structure–property relationships, but a new strategy is based on targeted modification [7].
The latter is a general methodology to enable purposeful design using well-defined changes
to just one isolated variable [7–9] and focusing on properties of general importance [7,8].
This method could be a powerful tool to reduce the number of empirical studies to a small
number of carefully selected promising candidates [7,8].

In this framework, it has been recently reported that [8,9] fluorination alone is not
enough to obtain low viscosity, but a major role is played by conformational flexibility [9].
In particular, the conformational flexibility of anions is a key parameter to obtain lower
values for viscosities and thermal transition temperatures and, at the same time, faster
transport properties. Moreover, anion conformational flexibility is involved in the dynamics
occurring within the ILs, and it has also been hypothesized that anion conformational
relaxation correlates with translational diffusion [9–12].

Indeed, the dynamic behavior of ILs, typically classified as fragile glass formers [13],
has been widely studied by several techniques [13–19], and the temperature dependence of
the relaxation time in the liquid phase is reported to be well-approximated by the empirical
Vogel−Fulcher−Tammann (VFT) equation [14,15,20,21]. In particular, a hopping process
due to a translational, oscillatory motion of anions and cations relative to each other as
they exchange partners in ion pairs has been reported by dielectric relaxation, a method
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that was also able to detect the occurrence of a correlated rearrangement of the molec-
ular network [22,23]. Moreover, the measurement of diffusion coefficients corroborated
the idea that any relative motion of two oppositely charged ions within the bulk liquid
is not a simple sliding movement but involves more complex intramolecular rearrange-
ments [10,13,22,23]. In imidazolium-based ILs, dielectric measurements also showed the
presence of a secondary Johari and Goldstein relaxation attributed to a common butyl
group [24]. Similar relaxations have also been observed below the glass transition tempera-
ture in phosphonium-based ILs [25]. More recently, several authors have focused on the
occurrence of possible relationships between the timescales associated with ion diffusion
and structural relaxations, which are probed by different techniques [18,19,26,27]. In this
framework, a deep understanding of how the ion dynamics behave at different length
scales is fundamental, and the dependence on ion compositions and, therefore, on the
intermolecular interactions, should not be neglected. In particular, it has been reported both
theoretically [19,27] and experimentally [18] that possible mesoscale aggregates influence
the local and mesoscale dynamics and transport properties, which can be more or less
correlated on different length scales, leading to different results depending on the physical
property of interest.

The influence aggregates have on ion dynamics has also been reported by recent Dynami-
cal Mechanical Analysis (DMA) measurements on several ILs composed of quaternary cations
and two anions with different conformational flexibility [12]. These measurements showed
the presence of a relaxation process in the liquid phase of the ILs with the flexible [NTf2]−

anion, which was related to the ion hopping between non-equivalent configurations; on the
contrary, for other ILs with rigid ions, a fast dynamic at the local level in the liquid phase was
rarely observed because a partial transition to a solid state is favored. Indeed, tetraalkylphos-
phonium cations give rise to ionic interactions between the oppositely charged ions, which can
induce strong structural correlations, thus promoting the occurrence of nanoscale structural
heterogeneities [12,28]. The presence of these aggregates, for which the organization can result
in domain formation, hinders the observation of any relaxation in the liquid state and assists
the occurrence of at least partial solidification [12,29].

Despite the large number of studies carried out, there is still demand for fundamen-
tal insight into ion dynamics to enable IL design and to inform how observations from
different techniques can be rationalized with a general model. In this framework, the
present study reports a DMA study of quaternary ionic liquids with non-flexible anions
by comparing DMA results with the rheological and transport properties provided by
viscosity, conductivity, and diffusion coefficient measurements.

ILs with quaternary cations are attracting considerable interest [30–34], but they are
still less studied than the more common imidazolium- or pyrrolidinium-based ILs. In
particular, phosphonium-based ILs have lower viscosity but higher thermal stability and
electrical conductivity compared to their ammonium analogues, and these properties
make them attractive for energy storage devices that require electrochemical stability at
higher voltages (>3 V) [12,32,35]. The physical differences between phosphonium and
ammonium cations, which differ only in the central N or P atom, have been attributed to
the flexibility of the phosphonium cations [36] and to a more facile rotation around the
P–C bond [8,36]. In particular, the cations considered in the present paper are triethylpentyl
ammonium [N2225]+ and triethylpentyl phosphonium [P2225]+ (see Figure 1 for their
molecular structures). They were coupled with two non-flexible anions, tricyanomethanide
[TCM] and dicyanamide [DCA] (Figure 1).
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The choice of rigid anions, which have fewer degrees of freedom for relaxation [8,33], is
aimed at avoiding the fast structural reorganization of flexible anions on a local level, which
could affect the ion dynamics. Indeed, previous mechanical spectroscopy investigations
in combination with the calculation of ab initio PES [9] have pointed to the possible rate-
limiting steps underlying structural relaxation, because conformational flexibility can
provide alternative pathways for relaxation on an intermediate timescale. Moreover, in a
series of ILs with the same imidazolium cations and various anions with different flexibility,
DMA experiments [12] were able to highlight the role of the conformational flexibility in
the relaxation detected in the liquid phase, as well as the differences observable in this
relaxation when a rigid ion, such as [B(CN)4]−, is involved [12].

Indeed, the obtained results indicate that when the ion dynamics are not affected by
the fast structural reorganization of flexible anions on a local level the relaxation dynamics
measured by DMA show a diffusive character. The data analysis suggests that the occur-
rence of translational motion by means of hopping processes is possibly coupled to the
rotational motions and to the transport properties.

2. Results and Discussion
2.1. Thermal Transitions and Density

The thermal behavior of the four liquids is characterized by DSC measurements
(Figure 2). All the studied liquids (see curves in Figure 2) display upon cooling the typical
feature of a glass transition, and the relative transition temperatures [TG] are reported in
Table 1.
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Table 1. Thermal transitions TX (G: glass transition; CC: cold crystallization upon heating; SS: solid–
solid transition; M: melting) obtained by differential scanning calorimetry, and density ρ at 25 ◦C of
the investigated ionic liquids.

TG[K] TCC[K] TSS[K] TM[K] ρ25 ◦C[g mL−1]

[N2225][DCA] 195 – – – 0.9832
[N2225][TCM] 192 – – – 0.9589
[P2225][DCA] 183 244 – 264 1.0064
[P2225][TCM] 179 220 273 278 0.9703



Int. J. Mol. Sci. 2023, 24, 11046 4 of 16

The glass transition temperatures displayed by the phosphonium-based ILs are lower
than those of their ammonium analogues, showing little difference (in the order of 6%). An
even smaller difference is observed between liquids with the same cation but a different
anion, because the two considered anions are both rigid; as such, no contribution coming
from the different flexibilities is observable, in contrast to different series of ammonium
of phosphonium ILs previously reported [33,34], which listed anions with different flexi-
bilities. Upon heating, the ammonium-based ILs revert from the glassy to the liquid state
(Figure 2), while the two phosphonium samples undergo additional cold crystallization
and subsequent melting upon further heating.

The temperatures observed for the cold crystallization and the melting of the studied
samples are reported in Table 1 for comparison. It is worth noting that the [P2225][TCM]
sample displays an exothermic peak just before melting, which is likely due to the occur-
rence of a solid–solid phase transition, as already observed in other similar systems [33].
Indeed, it is widely accepted that ILs can display different polymorphs in their crystal state,
and that these phases can also depend upon the crystallization conditions [33,37].

The temperature-dependent density values were also measured for all four ILs; the data
and the parameters obtained from the best linear fit are reported in the Supplementary Materials,
Tables S1 and S2. The values obtained at room temperature are reported in Table 1 as a reference.
These data indicate that the liquids with the [DCA]− anion have higher density than their
[TCM]− analogues, while the liquids with the phosphonium cation have a higher density
than those with the ammonium analogues. This behavior is in agreement with similar results
obtained for phosphonium and ammonium ILs with a rigid anion, such as [B(CN)4]− [33], while
it is the opposite to what is observed in systems where the quaternary cations are combined
with flexible fluorinated anions. Indeed, in the latter case, the flexible phosphonium ionic liquids
showed a decrease in density compared to the more rigid ammonium analogues as a result of
the larger free volume [33].

2.2. Viscosity

The viscosity η of ionic liquids is a central limitation for mass and heat transport. For
the vast majority of practical applications, low viscosities are desirable to improve perfor-
mance. For the presently studied ILs, the viscosities as well as the Vogel–Fulcher–Tammann
(VFT) fitting parameters (Equation (1)) and Angell’s strength factor for temperature-
dependent viscosity are given in Table 2 and plotted in Figure 3. The experimental values
and the activation energies for the viscous flow according to the Arrhenius equation
(Equation (2)) at 25 ◦C are given in the Supplementary Materials (Table S3).
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Table 2. Experimental viscosity η of the ionic liquids at 25 ◦C, the obtained VFT fitting parameters η0,
Bη , and T0,η according to (Equation (2)) for the temperature-dependent viscosity, and Angell’s factor
for the viscosity δη .

η25 ◦C[mPa s] η0[10−1 mPa s] Bη [K] T0,η[K] δη

[N2225][DCA] 196.7 ± 3.0 3.067 ± 0.053 695.3 ± 4.3 190.5 ± 0.4 3.65 ± 0.02
[N2225][TCM] 63.0 ± 0.9 3.852 ± 0.076 545.2 ± 5.0 191.2 ± 0.6 2.85 ± 0.03
[P2225][DCA] 141.3± 2.1 1.780 ± 0.098 881.7 ± 16.7 166.1 ± 1.4 5.31 ± 0.11
[P2225][TCM] 39.8 ± 0.6 1.615 ± 0.054 710.7 ± 10.2 169.1 ± 1.1 4.20 ± 0.07

At 25 ◦C, the viscosities for the ammonium ionic liquids are higher than those of the
phosphonium analogues for a given cation, while the [DCA]– samples have significantly
higher viscosities than the [TCM]– ionic liquids. The trend of the higher viscosity of
ammonium ionic liquids compared to the isostructural phosphonium is a quite general
finding, and this has also been observed for the bis(trifluoromethanesulfonyl)imide anion
[NTf2]– (also termed [TFSI]–), with both comparably small [38,39] and comparably large
cations [40], as well as for the tetracyanoborate [B(CN)4]− anion [33]. This is rationalized by
the stronger interactions in the ammonium samples [35] resulting from the lower flexibility
of the ions [41]. Lower viscosities of [TCM]−-based ionic liquids compared to [DCA]−-
based analogues have also been observed for the 1-buty-1-methyl-pyrrolidinium cation [42].
For samples with the 1-ethyl-3-methyl imidazolium cation, only minor differences in
viscosity for the two anions have been found [43].

The temperature-dependent viscosity reveals that the order of magnitude of the
viscosity remains the same in the experimental temperature range. Due to the temperature
dependence of the activation energy for the viscous flow, fitting with the phenomenological
VFT equation needs to be applied, as shown in Figure 3. The temperature dependence of
transport properties Y for glass-forming materials, such as ionic liquids, can be quantified
by Angell’s strength parameter δY (δY = BY/T0,η). Therefore, low values of δY indicate
a highly temperature-dependent activation energy, which is found for so-called ‘fragile’
liquids, while ‘strong’ liquids, on the contrary, have a constant activation energy and high
values of δY [44]. For the investigated ammonium and phosphonium ionic liquids, the
fragility of the ammonium samples with the same anion is higher than for the phosphonium
samples, and the samples with the [TCM]− anion are more fragile than the [DCA]−-based
ones. All of these ionic liquids with cyano-based anions are highly fragile. For comparison,
the δY of [P2225][NTf2] has been given as 6.32 [45], while the commonly used cations
1-butyl-3-methylimidazolium and 1-buty-1-methylpyrrolidinium with the [DCA]− anion
have been reported to have δY values of 7.24 and 3.24 [41,45].

2.3. Conductivity and Walden Plot

The conductivity of ionic liquids is a central quality for their use as electrolytes in
electrochemical applications. The obtained values for the molar conductivity ΛM, the VFT
fitting parameters for the temperature-dependent molar conductivity, and Angell’s strength
factor are reported in Table 3 and plotted in Figure 4a. Experimental values for the specific
conductivity, and calculated values for the molar conductivity as well as activation energy
at 25 ◦C according to the Arrhenius equation, are given in the Supplementary Materials
(Table S4, Table S5 and Table S6 respectively)

The molar conductivity at 25 ◦C shows the exact inverse order of the viscosity, so the
values of the [P2225]+ samples are higher than those of the [N2225]+ samples for the same
anion, and the [TCM]− anions give higher conductivities than the [DCA]− samples. The
order of the molar conductivity is maintained upon increasing the temperature, with the
samples [N2225][DCA] and [P2225][DCA] exchanging their positions around 60 ◦C. This is
the result of the different temperature dependence of the two [DCA] samples. The values
for Angell’s strength parameter for the molar conductivity δΛM are very similar to the ones
obtained for the viscosity δη , showing higher fragilities for the [N2225]+ cation and for the
[TCM]− anion.
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Table 3. Molar conductivity ΛM of the ionic liquids at 25 ◦C, the obtained VFT fitting parameters
ΛM,0, BΛM , and T0,ΛM according to (Equation (1)) for the temperature-dependent molar conductivity,
and Angell’s factor for the molar conductivity δΛM .

Λ25 ◦C
M [S cm2 mol−1] ΛM,0[S cm2 mol−1] BΛM [K] T0,ΛM [K] δΛM

[N2225][DCA] 0.501 ± 0.01 263.6 ± 6.5 –680.5 ± 7.6 189.7 ± 0.9 3.59 ± 0.04
[N2225][TCM] 1.017 ± 0.02 203.4 ± 4.0 –611.1 ± 6.3 182.7 ± 0.8 3.34 ± 0.04
[P2225][DCA] 0.580 ± 0.01 391.3 ± 10.6 –856.8 ± 9.6 166.6 ± 1.0 5.14 ± 0.07
[P2225][TCM] 1.372 ± 0.03 234.9 ± 5.0 –676.2 ± 7.5 166.6 ± 1.0 4.06 ± 0.05
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This behavior can be rationalized by the fact that two transport properties are interre-
lated by the Walden equation ΛM ∝

(
η−1)−t, with t being a fractional exponent that obtains

values close to unit [46,47]. The linear relationship of the two transport properties is illus-
trated by the Walden plot (Figure 4b). The values for the exponent t range from 0.92 to 0.99,
and are thus in the range commonly found for ionic liquids [46,47]. As all samples are
very close to the bisection in the Walden plot (often termed the ‘ideal KCl line’), they are
classified as ‘good ionic liquids.’ Although this classification is somewhat arbitrary [48], it
still allows for comparison with other ionic liquids and electrolytes. For instance, 1-alkyl-1-
methylpyrrolidinium cations with the [DCA]− anions have been reported to show values
closer to the Walden bisection than other ionic liquids [49].

2.4. Self-Diffusion Coefficients

Compared to the macroscopic properties (viscosity and conductivity), the self-diffusion
coefficients give insight into the dynamics on the molecular scale. The cation self-diffusion
coefficients DS+, as well as the VFT fitting parameters and Angell’s strength parameters for
the T-dependence of the cation-self diffusion coefficients, are given in Table 4. The values
are plotted in Figure 5a. The experimental values and Arrhenius activation energies at 25 ◦C
are given in the Supplementary Materials (Table S7, Table S8 and Table S9 respectively).

At ambient temperature, the values of the cation self-diffusion coefficients have the
same order as the molar conductivity and are inverse to the viscosity. Consequently, the
[P2225]+ samples have larger self-diffusion coefficients than the [N2225]+ samples, and the
cations combined with [TCM]− diffuse faster than the ones paired with [DCA]. This order
of [P2225][TCM] > [N2225][TCM] > [P2225][DCA] > [N2225][DCA] is maintained in the
investigated temperature range, with the two [DCA]− samples exchanging their positions
at approximately 65 ◦C. This crossing of the values for the self-diffusion coefficients at a
particular temperature is similar to the behavior of the molar conductivity. By investigating
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the self-diffusion coefficients, the macroscopic transport behavior can be explained by the
larger increase in self-diffusion for the cation of [P2225][DCA] with temperature.

Table 4. Experimental cation self-diffusion coefficients DS+ of the ionic liquids at 25 ◦C, the obtained
VFT fitting parameters DS+,0, BDS+ , and T0,DS+ according to (Equation (1)) for the temperature
dependent cation self-diffusion coefficients, Angell’s factor for the viscosity δDS+ .

D25 ◦C
S+ [10−12 m2 s−1] DS+,0[10−8 m2 s−1] BDS+ [K] T0,DS+ [K] δDS+

[N2225][DCA] 5.89 ± 0.12 1.295 ± 0.080 –914.7 ± 19.8 179.1 ± 1.7 5.11 ± 0.12
[N2225][TCM] 16.75 ± 0.34 1.029 ± 0.048 –784.2 ± 14.9 175.9 ± 1.5 4.46 ± 0.09
[P2225][DCA] 7.18 ± 0.14 2.589 ± 0.262 –1215.4 ± 37.8 149.6 ± 2.9 8.12 ± 0.30
[P2225][TCM] 22.63 ± 0.45 1.255 ± 0.058 –887.4 ± 16.2 157.6 ± 1.6 5.63 ± 0.12
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The fragility of the cation self-diffusion coefficients with temperature is similar to the
other transport properties. Thus, the samples with the ammonium cation are more fragile
than the isostructural phosphonium analogues, and the tricyanomethanide samples have
lower δDS+ values than the dicyanamide ionic liquids with the same cation. The absolute
values for Angell’s strength parameter are higher for the cation self-diffusion coefficients
than for the macroscopic transport properties (viscosity and molar conductivity).

The self-diffusion coefficients are related to the viscosity by the Stokes–Einstein relation
DS ∝

(
η−1)−u, with u being a fractional exponent close to unity. The linear relationship

between the cation self-diffusion coefficients and the viscosity is shown in Figure 5b. The
values for the exponent u range from 0.98 to 1.06.

2.5. DMA Measurements

The low-frequency mechanical spectroscopy experiments performed by DMA enable
measurement of the mechanical modulus of the ionic liquids and its variation during the
main phase transitions occurring by varying the temperature in both the liquid and the
solid states. Figure 6 reports the DMA spectra (modulus, M, and tan δ) of the [P2225][DCA],
[P2225][TCM], [N2225][DCA], and [N2225][TCM] samples. The storage modulus is plotted
as the relative 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 is considered as a background [10,11].
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Figure 6.DMA spectra of the samples [P2225][DCA] (a), [N2225][DCA] (b), [P2225][TCM] (c), and 
[N2225][TCM] (d), measured upon cooling at three frequencies (blue, 10 Hz; green, 5 Hz; and red, 1 
Hz). The continuous thick line is a fit according to Equations (6)–(8) for the thermally activated peak. 

Figure 6. DMA spectra of the samples [P2225][DCA] (a), [N2225][DCA] (b), [P2225][TCM] (c), and
[N2225][TCM] (d), measured upon cooling at three frequencies (blue, 10 Hz; green, 5 Hz; and red,
1 Hz). The continuous thick line is a fit according to Equations (6)–(8) for the thermally activated peak.

The spectra measured upon cooling of the four samples are qualitatively similar
because they display the same features. In particular, all the samples show the occurrence
of a thermally activated relaxation process, which appears at a different temperature for
each of them: for a vibration frequency of 1 Hz, it is detectable around 240 K for the two
[DCA]-containing ILs, at 210 K for [P2225][TCM], and at 225 K for [N2225][TCM].

Indeed, at these temperatures, the tan δ curve shows a peak; its maximum shifts to
a higher temperature with increasing frequency, and, concomitantly, the modulus curve
displays a step.

Upon further cooling, all the samples show an intense stiffening of the modulus and
an intense peak in tanδ, which displays a limited shift with the frequency. These last
features indicate the occurrence of the glass transition, which is detected around 190 K for
[P2225][DCA], around 200 K for [N2225][DCA], at 180 K for [P2225][TCM], and around
200 K for [N2225][TCM]. The obtained temperature values are in agreement with those
previously obtained by DSC and further confirm that all the liquids undergo a transition to
a glass phase.

To obtain information about the dynamic process giving rise to the observed relax-
ation peak, the data measured at the three frequencies were fitted for each sample using
Equation (7), which is appropriate for jumps in an asymmetrical potential well with asym-
metry ∆E, and assuming for the relaxation time (τ) a Vogel–Fulcher–Tammann-type (VFT)
temperature dependence (Equation (6) or (1)). This model is the same as previously used
to fit similar relaxation processes found in the liquid phase of other ILs [9–12]. The val-
ues of the best-fit parameters are reported in Table 5. The values obtained for the B and
T0 parameters are comparable with those obtained from the VFT fitting of the transport
properties and of the diffusion coefficient. In the present case,B represents the activation
energy measured in K. In all cases, the asymmetry ∆E was found to be zero. This last fact is
consistent with the observation that in the spectra, the intensity of the relaxation peaks after
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background subtraction does not increase with the frequency. In particular, the background
shift was slightly higher for the curve measured at 1 Hz. Overall, for all the samples, the
value obtained for ∆E indicates that the relaxation involves two sites with the same energy.
An evaluation of the energy barrier that the relaxing unit has to overcome to go from one
configuration to the other one is easily obtained by the B parameter.

Table 5. Best-fit parameters obtained for the relaxation processes in the four ILs. In all cases, the
value obtained for ∆E was zero.

τ0 [s] T0 [K] α B [K]

[N2225][DCA] (4.5 ± 2.7) 10−7 180 ± 4 0.8 775 ± 85
[N2225][TCM] (4.4 ± 0.1) 10−7 186 ± 1 0.86 452 ± 220
[P2225][DCA] (4.0 ± 2) 10−7 141 ± 1 0.85 1271 ± 405
[P2225][TCM] (8.8 ± 5.3) 10−7 156 ± 3 0.98 661 ± 69

For all the samples, the obtained energy barriers are rather small, ranging between
452 K (3.6 kJmol−1) obtained for the [N2225][TCM] and 1271 K (10.6 kJmol−1) obtained for
[P2225][DCA]. These values are lower than those usually reported by DMA analyses on
other ILs with flexible anions, but closer to that obtained for 1-butyl-3-methyl imidazolium
tetracyanoborate [C4C1im][B(CN)4]. Similarly, the relaxation time is in the order of tenths
of microseconds and is much larger than those obtained for other ILs. Again, it is close to
that obtained for [C4C1im][B(CN)4] [9], as its dynamics are dominated by a mechanism of
an intermolecular nature. As previously stated, the obtained B parameters are in agreement
with those obtained for the VFT fitting of other quantitiessuch as conductivity, viscosity, and
cation self-diffusion coefficient. In particular, in all cases, the corresponding energy barrier
values obtained for [N2225][DCA] and [P2225][TCM] are very close, while the highest and
lowest energies are displayed by [P2225][DCA] and [N2225][TCM], respectively. It must
be pointed out that these energy barrier values imply a temperature dependence and are
obviously different to those obtained at a certain temperature by a local approximation
applying the Arrhenius low, which is not valid to describe the energy behavior in the whole
temperature range.

The values obtained for τ0 are indicative of a diffusive process, as already reported for
some ionic liquids, where the structural relaxation is not dominated by anion flexibility [9–12].
Moreover, the obtained energy values are quite small, ranging between 3.6 and 10.6 kJmol−1, and
suggest that the mechanism dominating the observed dynamics is likely of an intermolecular
nature [9].

Indeed, contrarily to what is observed in other quaternary ILs with non-flexible
anions [12], in the presently studied samples, the presence of rigid anions does not induce
the occurrence of at least partial solidification of the samples upon cooling, and this allows
the observation of a relaxation process in the supercooled liquid phase. The relaxations
observed in these cases, moreover, present parameters very close to those reported by other
transport techniques, such as viscosity, conductivity, and self-diffusion coefficients. These
observations suggest that in the present case, all these techniques report the same dynamic
process. In particular, the similarity between DMA and viscosity VFT analysis parameters
indicates that the two techniques provide consistent results regarding the diffusive process
dominating the viscous flow, even though they measure a different quantity in different
conditions. In fact, as previously stated, the stress applied on the samples during DMA
experiments is not a pure shear stress [10], 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. Moreover, it is worth noting that, similarly to
what was already observed in the case of [C4C1im][B(CN)4], when the local dynamics
are not dominated by the anion flexibility, the DMA data provide indications about the
diffusive processes involved in the transport properties. In particular, previous mechanical
spectroscopy measurements on ILs with imidazolium cations and anions with different
flexibility [9] showed that the fast structural reorganization of flexible anions on a local level
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affects the dynamics and results in the observation of a relaxation strongly affected by the
anion flexibility, which can provide alternative pathways for relaxation on an intermediate
timescale. In this framework, the occurrence of translational motion by means of hopping
processes (as suggested by the model used for the DMA data) is possibly coupled to the
rotational motions and to the transport properties.

2.6. Ab Initio Simulations

Throughout the experimental methods used in this work, activation energies tend to
be higher for [DCA]− ionic liquids compared to [TCM]− ionic liquids—this was found to
be the case for DMA, viscosity, conductivity, and diffusion data. This observation inspired
us to perform additional ab initio calculations to gain insight into plausible underlying
molecular mechanisms. Specifically, we calculated ion pair complexation energies in the
gas phase at two levels of theory (Table 6). For the sake of simplicity, the tetramethyl
substituted cations were used as model systems.

Table 6. Complexation energies in kcal/mol, calculated at the full MP2/cc-pVTZ (counterpoise-
corrected) and the SAPT2+/aug-cc-pVDZ level of theory. Both calculation types were performed on
geometries optimized at the B3LYP-GD3BJ/6-311+G(d,p) level of theory. The results of the SAPT2+
decomposition are shown in the four rightmost columns.

MP2 SAPT2+ Electrostatics Exchange Dispersion Induction

[N1111][DCA] −87.4 −86.1 −90.2 25.2 −11.2 −9.9
[N1111][TCM] −78.8 −77.9 −79.7 21.4 −10.4 −9.2
[P1111][DCA] −88.7 −87.5 −91.6 26.5 −12.4 −10.1
[P1111][TCM] −79.9 −79.0 −80.8 22.7 −11.5 −9.3

The difference in complexation energy between the pairs with [N1111]/[P1111] cations
but the same anion is negligible. However, the complexation energies for pairs with
the same cation but different anions are much more negative for [DCA]− compared to
[TCM]−. Specifically, [DCA]− complexes are between 8.2 and 8.8 kcal/mol more stable
than [TCM]− complexes. This corresponds to 34 and 37 kJ/mol, or approximately 14 times
RT (14 × R × 298 ≈ 35 kJ/mol). The largest part of this stabilizing energy stems from
electrostatic interactions (see also Table 6).Thus, it seems plausible that the larger activation
energy in [DCM]−-based ionic liquids is simply a result of the smaller size of this anion
and the resulting higher charge density that dominates the intermolecular interactions and,
thus, the structural relaxation.

3. Materials and Methods

Details on the synthesis of the investigated ionic liquids and their bromide precursors,
including their NMR characterization, are given in the Supplementary Materials. Prior
to each physicochemical measurement, the ionic liquids were dried for at least two days
in high vacuum. Samples were then handled using Schlenk techniques with argon to
avoid the uptake of moisture from the ambient atmosphere. Experimental values for the
temperature-dependent density, viscosity, specific conductivity, molar conductivity, and
cation self-diffusion coefficients are given in the Supplementary Materials.

3.1. DSC Measurements

DSC measurements were performed on a STARe1 DSC (Mettler Toledo, Gießen, Ger-
many) equipped with a nitrogen cooling unit. Approximately 10 mg of the samples were
hermetically sealed in aluminum crucibles inside a glove box. The samples were heated
from 25◦ to 125 ◦C with a heating rate of +5 ◦C/min to remove the thermal history. Af-
terwards, the samples were cooled at −1 ◦C/min down to −120 ◦C followed by a 5 min
isothermal step and subsequent heating to 125 ◦C with a heating rate of +1 ◦C/min. The
glass transitions are reported by the midpoint method, while the transitions with latent
heat are given as the maximum of the thermal event.
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3.2. Density

Density ρ was measured using a pycnometer with 5 mL nominal volume calibrated
with pure water and octane. The pycnometer was filled with the ionic liquid and placed
in the bath of a Proline 1845 thermostat (LAUDA, Lauda-Königshofen, Germany). After
thermal equilibration, the ionic liquid (with T-stability better than ±0.01 K) was adjusted
to the mark of the pycnometer and cooled, and the weight was determined with a high-
precision balance. The density was then calculated from the determined mass and the
volume obtained by the calibration. The procedure was repeated in steps of 10 K to
construct the T-dependent density curves.

3.3. Viscosity

Viscosity η was measured by stress-controlled rheology using a Physica MCR301
rheometer (Anton Paar, Graz, Austria) with cone-plate geometry (cone diameter of 50 mm)
and inert gas flow to avoid uptake of ambient moisture. After thermal equilibration, the
viscosity was determined with shear rates that varied from 50 to 150 s−1 in linear steps
(30 measurement points, each 15 s). As there was no shear rate or time-dependent flow
behavior observable (Newtonian fluid behavior), the viscosity values for each temperature
were averaged. The process was repeated in 5 K steps, starting from 298.15 K to 378.15 K,
to construct the temperature-dependent viscosity curves. The temperature stability during
the measurements was better than ±0.01 K. An uncertainty of the viscosity values of ±1.5%
was estimated by repeated measurements as well as comparison of the obtained values to
commercial (temperature-dependent) viscosity standards and values from the literature for
other ionic liquids.

3.4. Fitting of the Transport Properties

The temperature-dependent curves of the transport properties Y were fitted using the
Vogel–Fulcher–Tammann (VFT) Equation (1).

Y = Y0· exp
(

BY
T − T0,Y

)
(1)

with Y0, BY, and T0,Y (Vogel temperature) being empirical fitting parameters. As the viscos-
ity of ionic liquids decreases with the temperature, Bη takes positive values; meanwhile,
conductivity and self-diffusion coefficients increase with the temperature, so negative
values are found for BY in these cases. The ratio of the absolute values of BY divided by T0,Y
is called Angell’s strength factor δY (often termed D in the literature), and it is a measure of
the liquid fragility according to the Angell classification [44,47,50].

The activation energy of a particular transport property Ea,Y was determined using
the Arrhenius-type equation (Equation (2)). Therefore, the slope of the Arrhenius plot
(ln(Y) vs. T−1) at the stated temperature was multiplied with the negative of the gas
constant R.

Y = Y0· exp
(
−Ea,Y

RT

)
(2)

3.5. Specific and Molar Conductivity

The specific conductivity κ was measured by impedance spectroscopy using a SP-150
potentiostat (Biologic, Seyssinet-Pariset, France) in combination with a commercial con-
ductivity probe (WTW, Weilheim, Germany) with a nominal cell constant of 0.5 cm−1. The
conductivity probe consisted of two rectangular platinum electrodes in parallel orientation
fused in glass. The electrodes were freshly platinized before the measurements, and the
actual cell constant was determined using commercial conductivity standards at different
temperatures. The conductivity cell was filled with the ionic liquids under argon, sealed,
and immersed into the bath of a Proline 1845 thermostat (LAUDA, Germany). After temper-
ature equilibration, three impedance measurements with voltage amplitudes of 5, 10, and
15 mV were measured in the frequency range of 200 kHz to 1 Hz in 50 logarithmic steps.
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From the impedance measurements, the electrolyte resistance was determined, and the
results of the three measurements at each temperature were averaged. From the determined
electrolyte resistance, the specific conductivity was calculated. The process was repeated
from 298.15 K to 373.15 K in steps of 5 K to obtain the temperature-dependent curves of
the specific conductivity. The temperature stability during the impedance measurements
was better than ±0.01 K. An uncertainty for the specific conductivity values of ±2% was
estimated from repeated measurements and the comparison of values obtained this way to
commercial conductivity standards and values from the literature of other ionic liquids.
The molar conductivity ΛM was calculated from the specific conductivity and the density
given by Equation (3).

ΛM =
κ

c
=

κ·M
ρ

(3)

with the concentration c of the electrolyte and M the molar mass of the ionic liquid.

3.6. Cation Self-Diffusion Coefficients

The cation self-diffusion coefficients DS+ were determined using the pulsed-field
gradients stimulated spin echo pulse sequence of NMR spectroscopy utilizing bipolar
gradient pulses and longitudinal eddy current delay. Therefore, the dried ionic liquids were
placed in the inserts of coaxial NMR tubes (which had an inner diameter of approximately
1 mm) under argon, evacuated, and flame sealed. The narrow tube geometry was chosen
to allow for fast thermal equilibration and minimized convection. The measurements were
conducted on an Avance 500 Neo (Bruker, Rheinstetten, Germany) with a Prodigy TCI cryo
probe head and a BCU II temperature control unit. The temperature unit was calibrated
with neat methanol and ethylene glycol [51]. The cation self-diffusion coefficients were
determined utilizing the 1H signals. Parameter optimization includes the determination of
the pulse width, the longitudinal relaxation time T1, and a set of diffusion time ∆ and gra-
dient duration δ that yielded sufficient signal attenuation in the measurements. Therefore,
a pair of ∆ and δ was determined that gave 5% residual signal intensity of the spectrum
with the highest field gradient strength g compared to the initial measurement when the
gradient was increased from 2 to 95% of the maximum gradient strength (65.7 G cm−1 for
this setup). The shape of the applied field gradients was that of a smoothed rectangle. The
gradient strength was checked by measuring the self-diffusion coefficients of molecular
solvent and established ionic liquids and comparing these to values from the literature.
With the optimized parameters, a series of 16 measurements with 16 scans were conducted
with linearly increased gradient strength from 2 to 95% of the maximum gradient strength.
The cation self-diffusion coefficients were obtained by regression of the Stejskal–Tanner
Equation (4).

I = I0· exp
(
−DS+(γgδ)2

(
∆ − δ

3

))
(4)

with I the signal intensity of the measurement with applied field gradient, I0 the initial
signal intensity, and γ the gyromagnetic ratio of the nucleus under investigation. An
uncertainty of the cation self-diffusion coefficients of ±2% was estimated from repeated
measurements, measurements with varied parameters, and the comparison of obtained
self-diffusion coefficients to the published values of molecular and ionic liquids.

3.7. Dynamical Mechanical Analysis

The Dynamical Mechanical Analysis (DMA) was carried out using a PerkinElmer
(Waltham, MA, USA) DMA 8000 instrument by means of a method successfully used in
previous studies [9–12]. Flexural vibration measurements were performed in the three-
point bending configuration on a material Pocket supplied by PerkinElmer (30.0 mm by
14.0 mm by 0.5 mm) and filled with the liquid samples. The storage modulus, M, and the
elastic energy dissipation, tan δ, were measured in an inert nitrogen atmosphere at variable
frequencies (1, 5, and 10 Hz, in the present case) and a scanning temperature at 4 K min−1

in a range between 160 and 350 K. With this setup, the stress applied on the sample is not
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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 [10,11,52,53].

The data were analyzed by means of a two-site model, assuming that the mechanism
of relaxation requires a transition between two nonequivalent configurations with an
asymmetric potential profile.

When species can move between two configurations with a relaxation rate τ−1 by
means of thermal activation in a standard anelastic solid [54], the elastic energy dissipation
presents a maximum when the Debye relaxation condition,ωτ = 1, is satisfied. For a single
relaxation time, τ, tan δ is given by:

tanδ = ∆(T)
1

(ωτ)−α + (ωτ)α (5)

whereω is the angular vibration frequency and the relaxation intensity, (∆), is proportional
to the concentration of the relaxing species, to the elastic modulus, and to the change in
the local distortion, and 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.

A Vogel–Fulcher–Tammann-type (VFT) temperature dependence is assumed for the
relaxation time τ:

τ = τ0e
[ B

k(T−T0)
]

(6)

It must be noticed that this is the same dependence previously reported in Equation (1),
provided that the B parameter represents the activation energy and T0 is the temperature
parameter. Indeed, the empirical VFT formula has largely been 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, as observed in many
other glass-forming liquids [14,15].

If the relaxation occurs between two equivalent sites, the relaxation intensity in
Equation (6) decreases with increasing T, leading to a higher intensity for the peaks mea-
sured at lower frequencies. Instead, in the case of hopping between two nonequivalent
configurations with energy separation ∆E, the relaxation intensity is proportional to the
product of the respective populations in the two configurations, and a more general expres-
sion for tan δ is then given by [10,55,56]:

tanδ =
c

Tcosh2(∆E/2kT)
1

(ωτ)−α + (ωτ)α (7)

3.8. Ab Initio Calculations

Geometry optimizations were performed at the B3LYP-GD3BJ/6-311+G(d,p) level of
theory using the Gaussian software package Revision E.01 [57]. Tight geometry convergence
criteria were used together with tight SCF convergence criteria (10−10 RMS change in
the density matrix). Stationary points were confirmed to be true local minimaviathe
absence of imaginary frequencies. Counterpoise/BSSE-corrected complexation energies
were calculated at the full MP2/cc-pVTZ level of theory with SCF convergence criteria
tightened to 10−11 RMS change in the density matrix. All calculations in Gaussian were
performed using a pruned integration grid with 99 radial shells and 590 angular points per
shell, without using symmetry constraints.

SAPT2+/aug-cc-pVDZ (frozen core approximation) calculations were performed using
the Psi4 software package, version 1.6.1 [57]. SCF convergence to an energy threshold of
10−8 was achieved using a density fitting (DF) algorithm. The Psi4 recipe was followed in
calculating and reporting the energy contributions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241311046/s1.
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