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Abstract 

Herein, the data of the intermolecular vibrations of forty 

nonaromatic cation based ionic liquids (ILs) at 293 K measured 

by femtosecond Raman-induced Kerr effect spectroscopy are 

reported. The low-frequency spectra in the frequency range of 

0.3–700 cm-1 were obtained by Fourier transform 

deconvolution analysis. The line shape of the low-frequency 

spectra below ~200 cm-1 were discussed on the basis of the ion 

species. The spectral intensity in nonaromatic cation based ILs 

was much lower than that in aromatic cation based ILs owing 

to the absence of the aromatic ring, i.e., the libration of the 

aromatic species had a strong spectral intensity in the 

low-frequency region. However, nonaromatic cation based ILs 

with a flat anion, such as dicyanamide and tricyanomethide, 

showed stronger spectral intensity because of the libration of 

the anion. Other unique spectral features were also discussed in 

the context of the structure of the ion species. Liquid properties, 

such as density, viscosity, electrical conductivity, and surface 

tension, were also estimated. On comparing the low-frequency 

spectra with the bulk liquid properties of the nonaromatic 

cation based ILs, a mild linear relationship between the first 

moment of the low-frequency spectra and a bulk parameter 

comprised of surface tension and density was observed.  
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1. Introduction 

Intermolecular vibrational dynamics in liquids and 

solutions is a central theme in chemistry, physics, and biology, 

because it significantly influences the elementary processes of 

chemical reactions such as electron transfer, proton transfer, 

and isomerization in solutions, the dynamics of structural 

changes in biological systems, phase transition dynamics, and 

so on.1,2 Fortunately, the development of femtosecond laser 

technology has made it possible to detect the time-domain data 

of intermolecular vibrations in liquids and solutions directly. 

Intermolecular vibrations, such as libration, collision- and 

interaction-induced motions, in liquids and solutions occur on 

the time scale ranging from subpicoseconds to picoseconds, 

which corresponds to the terahertz region in the frequency 

domain. Femtosecond Raman-induced Kerr effect spectroscopy 

(fs-RIKES) and time-domain terahertz spectroscopy 

(THz-TDS) are especially suited for obtaining low-frequency 

(or terahertz) spectra.3-6 The former technique captures the 

polarizability response and the latter one observes the dipole 

response. Further, these time-domain spectroscopic techniques 

provide low-frequency spectra with a high signal to noise ratio 

and in lower-frequency range in comparison with conventional 

frequency domain spectroscopies, such as steady-state Raman 

and far-infrared (far-IR) spectroscopies. In particular, fs-RIKES 

can even be used to observe orientational dynamics in liquids 

and solutions. By virtue of these advantageous attributes, 

fs-RIKES has often been used to study the intermolecular 

vibrational and orientational dynamics in liquids and 

solutions,7-13 as well as complex systems.14-16 

Ionic liquids (ILs), the target material in this study, are 

molten salts at room temperature.17,18 They exhibit unique 

properties, such as a low melting point (for salts), non-volatility 

at ambient temperature and pressure conditions (for liquids), 

high electrical conductivity, viscous behavior, glass-forming 

nature, inhomogeneous structure, and so on.19,20 The molecular 

and reaction dynamics and photochemistry in ILs often shows 

characteristic behavior in comparison with common (neutral) 

solvents.21-25 The unique features in ILs are mainly attributed to 

the amphiphilic nature of the cation in most cases, which forms 

complicated microscopic structures and engages in 

intermolecular interactions.26-29 Accordingly, it is important to 

study the intermolecular vibrations in ILs to understand the 

molecular-level aspects of ILs, because the intermolecular 

vibration directly reflects on the microscopic structure and 

intermolecular interactions. To date, the intermolecular 

vibrations in ILs have been studied by time- and 

frequency-domain Raman and IR spectroscopies.30-36 In 

particular, fs-RIKES has been extensively used to study 

ILs,37-45 IL mixtures,46-55 and IL-related deep eutectic 

solvents,56 because the detection frequency range of fs-RIKES 

(approximately 0.3–700 cm-1 in our setup) is sufficiently wide 

in the frequency range for studying the intermolecular 

vibrations of liquids, except for water.57,58 However, as 

previous studies focus on specific and topical themes, a 

systematic overview of the intermolecular vibrations of ILs 

based on a large number of samples is still needed. 

In 2016, we have reported the spectral data of the 

intermolecular vibrational dynamics of forty aromatic cation 

based ILs, such as imidazolium- and pyridinium-based ILs, 

gathered using fs-RIKES.59 The unique features of the 

low-frequency Kerr spectra of aromatic cation based ILs were 

discussed based on the constituent ion species. Furthermore, a 

linear relation between the first moment (M1) of the 

low-frequency spectrum and the bulk parameter (square root of 

surface tension divided by density, (/)1/2) was discovered.  

This study is a continuation of our previous work.59 The 

intermolecular vibrational dynamics of forty nonaromatic 

cation based ILs was investigated by fs-RIKES. The majority 

of published reports on the intermolecular vibrations of ILs 

study aromatic cation based ILs, and the number of the reports 

on nonaromatic cation based ILs is rather limited.41,44,45,60-66 

Therefore, the main objectives in this study are: (i) collecting 

the intermolecular vibrational spectrum data of a substantial 
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number of nonaromatic cation based ILs, (ii) overviewing and 

elucidating the unique spectral features of such ILs, and (iii) 

examining the relationship between the intermolecular 

vibrations and bulk properties. The data relating to the liquid 

properties of the forty nonaromatic cation based ILs, such as 

density , viscosity , electrical conductivity , and surface 

tension , are also reported in this study. 

 

2. Experiments and Quantum Chemistry Calculations 

While most ILs used in this study were obtained from 

chemical companies, several ILs were synthesized60,61,63,67 

according to the protocols established in our laboratory.61,68-70 

The sample ILs studied here and their abbreviations, as well as 

their sources, are listed in Table 1. Since the cation in 

[N112Bz][NTf2] has an aromatic ring, the IL might not be very 

suitable to treat as a “nonaromatic” cation based IL. But, we 

tentatively categorize [N112Bz][NTf2] into nonaromatic cation 

based IL in this study. This is because; the cation is an 

ammonium cation whose charged moiety is not aromatic, and 

the plot of M1 vs. (/)1/2 for 1-benzyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)amide showed the relation for 

nonaromatic cation based ILs, not for aromatic cation based 

ILs.44 [Pyrr13][DCA] obtained from Iolitec was slightly yellow 

in color, and was therefore purified by activated charcoal 

treatment using acetonitrile as a solvent to be colorless. The 

synthesized ILs were characterized by 1H NMR and elementary 

analysis (SI2-1 of the Electronic Supporting Information). In 

elementary analysis, the obtained values of carbon, hydrogen, 

and nitrogen for the ILs agreed with their calculated values 

within 0.4%. The details of the preparation methods and 

analytical data of the synthesized ILs are summarized in the 

Electronic Supporting Information (SI2-1). The sample ILs 

were dried in a vacuum oven at 313 K for more than 36 h 

before experiments. 

The densities () of the ILs were measured at 293.0 ± 0.2 

K with a densitometer (Anton Paar, DMA 4100 M). The 

viscosities (η) of the ILs were determined using a reciprocating 

electromagnetic piston viscometer (Cambridge Viscosity, 

ViscoLab 4100) equipped with a circulating water bath 

(Yamato, BB300) at 293.0 ± 0.2 K. The electrical 

conductivities () of the samples were measured by an 

electrical conductivity meter (Mettler Toledo, S470 

SevenExcellence) kept at 293.0 ± 0.2 K using a laboratory 

assembled Peltier module temperature controller (VICS, 

VPE35-5-20TS).  The surface tensions () of the samples were 

obtained using a contact angle meter (Kyowa Interface Science, 

DMs-401) maintained at 293.0 ± 0.2 K by a circulating water 

bath (EYELA, NBC-1210). When the measured values of the 

liquid properties of the ILs differed significantly from the 

reported values, the measurements were repeated to confirm the 

obtained data. The water contents of the sample ILs were 

estimated by Karl Fischer titrations using a coulometer 

(Hiranuma, AQ-300). The water content values of the ILs are 

summarized in Table 2 (vide infra). 

The details of the femtosecond optical heterodyne 

detected (OHD) RIKES apparatus built in our laboratory have 

been reported previously.13,71 In the current fs-OHD-RIKES 

setup, the light source was a titanium sapphire laser (KMLabs, 

Griffin) pumped by the second harmonic light of a Nd:YVO4 

diode laser (Spectra Physics, Millennia Pro 5sJ).72 The output 

power of the titanium sapphire laser was approximately 420 

mW. The temporal response of the fs-RIKES setup was 

measured using a 200 m thick KDP crystal (type I) as the 

cross-correlation between the pump and probe pulses, and it 

was typically approximately 38 fs (full-width at half-maximum, 

FWHM). In the fs-RIKES experiments, scans with a high time 

resolution of 3072 points at 0.5 m/step that corresponds to 

3.34 fs/step) were made for a short time window (~10.2 ps). 

Measurements of longer time window transients (~334 ps) of 

2000 points at 25.0 m/step that corresponds to 167 fs/step 

were also made. A pure heterodyne signal was obtained by 

recording the scans for both plus and minus ~1.5° rotations of 

the input probe beam using a quarter wave plate; these signals 

were then combined to eliminate the residual homodyne signal. 

The rotations of the probe beam polarization using the quarter 

wave plate were performed while monitoring the intensity of 

the local oscillator. The numbers of scans for the short and long 

time window transients were 3 and 5 in each polarization, 

respectively. The ILs were injected into a 3 mm optical path 

length quartz cell (Tosoh Quartz) through either a 0.2 m or 

0.02 m pore size Anotop filter (Whatman). During the 

fs-RIKES experiments, the samples were kept at a temperature 

of 293.0 ± 0.2 K by a Peltier-based temperature controller 

(Quantum Northwest, Luma 40). 

Density functional theory (DFT) quantum chemistry 

calculations based on the B3LYP/6-311+G(d,p) level of 

theory73,74 were performed for geometry optimizations of some 

cations and anions using the Gaussian 16 program.75 Normal 

mode Raman spectra of some cations and anions were 

calculated on the basis of their optimized structures. Using the 

polarizability tensor elements ij of optimized ions, the mean 

polarizability 0 was calculated using eq. (1)76 

   𝛼0 =
𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧

3
    (1) 

and the polarizability anisotropy anis was calculated by,76 

𝛼𝑎𝑛𝑖𝑠 = [{(𝛼𝑥𝑥 − 𝛼𝑦𝑦)2 + (𝛼𝑦𝑦 − 𝛼𝑧𝑧)2 + (𝛼𝑧𝑧 − 𝛼𝑥𝑥)2 +

                6(𝛼𝑥𝑦
2 + 𝛼𝑦𝑧

2 + 𝛼𝑧𝑥
2)}/2]

1/2
    (2) 

The atom coordinates of the optimized geometries of cations 

and anions are summarized in Tables S2-3 and S2-4 of the 

Electronic Supporting Information. 

 

3. Data Analysis 

The time-domain data (Kerr transients) of the ILs 

measured with fs-RIKES were analyzed on the basis of the 

standard Fourier transform deconvolution analysis method 

developed by McMorrow and Lotshaw77,78 to obtain the 

low-frequency spectra. The details of the Fourier transform 

deconvolution analysis procedure followed in our laboratory 

has already been reported elsewhere.13,34 In this study, the 

analytical method was exactly the same as in our previous 

report on forty aromatic cation based ILs,59 for the sake of 

consistency of the spectral data between the aromatic and 

nonaromatic cation based ILs. For this reason, the analytical 

procedure in this study has been described briefly. 

Figure 1a shows the Kerr transient of [Pyrr13][DCA] from 

3.5 fs to 300 ps with the logarithmic scales. Figure 1b 

illustrates the linear scale in the early time stage, with 

magnification of the Kerr transient in the time range of –0.5–3 

ps. The intensity of the Kerr transient was normalized for the 

intensity at t = 0, which is because of the electronic response. 

The Kerr transient from 3 to 300 ps was analyzed by a 

triexponential function, 𝑎0 + ∑ 𝑎𝑖exp (−𝑡/𝜏𝑖)3
𝑖=1 , where a0 is 

the offset parameter, and ai and i are the amplitude and time 

constant of the i-th exponential component, respectively. The fit 

is also given in Figure 1a. The triexponential fit parameters for 

the present forty nonaromatic cation based ILs are summarized   
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Table 1. Abbreviations and Supplier Sources of ILs Used in This Study. 

No. Abbreviation Name Source 

1 [N1113][NTf2] Trimethylpropylammonium bis(trifluoromethylsulfonyl)amide TCI 

2 [N1224][NTf2] Butyldiethylmethylammonium bis(trifluoromethylsulfonyl)amide This work 

3 [N1444][NTf2] Tributylmethylammonium bis(trifluoromethylsulfonyl)amide TCI 

4 [N1444][DCA] Tributylmethylammonium dicyanamide TCI 

5 [N2228][NTf2] Triethyloctylammonium bis(trifluoromethylsulfonyl)amide Ref. 61 

6 [N112Bz][NTf2] Benzylethyldimethylammonium bis(trifluoromethylsulfonyl)amide TCI 

7 [N122(1O2)][NTf2] Diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)amide Kanto 

8 [N122(1O2)][BF4] Diethylmethyl(2-methoxyethyl)ammonium tetrafluoroborate Kanto 

9 [Pyrr13][NTf2] 1-Methyl-1-propylpyrrolidinium bis(trifluoromethylsulfonyl)amide This work 

10 [Pyrr13][NF2] 1-Methyl-1-propylpyrrolidinium bis(fluorosulfonyl)amide TCI 

11 [Pyrr13][DCA] 1-Methyl-1-propylpyrrolidinium dicyanamide Iolitec 

12 [Pyrr14][NTf2] 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide Ref. 60 

13 [Pyrr14][NF2] 1-Butyl-1-methylpyrrolidinium bis(fluorosulfonyl)amide Ref. 63 

14 [Pyrr14][DCA] 1-Butyl-1-methylpyrrolidinium dicyanamide TCI 

15 [Pyrr14][NPf2] 1-Butyl-1-methylpyrrolidinium bis(pentafluoroethylsulfonyl)amide Ref. 63 

16 [Pyrr14][NCyF] 1-Butyl-1-methylpyrrolidinium cyclohexafluoropropane-1,3-bis(sulfonyl)amide Ref. 63 

17 [Pyrr14][OTf] 1-Butyl-1-methylpyrrolidinium trifluoromethanesulfonate Ref. 63 

18 [Pyrr14][TCM] 1-Butyl-1-methylpyrrolidinium tricyanomethanide Ref. 63 

19 [Pyrr14][FAP] 1-Butyl-1-methylpyrrolidinium tris(perfluoroethyl)trifluorophosphate Merck 

20 [Pyrr16][NTf2] 1-Hexyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide This work 

21 [Pyrr18][NTf2] 1-Methyl-1-octylpyrrolidinium bis(trifluoromethylsulfonyl)amide This work 

22 [Pyrr1,10][NTf2] 1-Decyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide This work 

23 [PyrrA1][NTf2] 1-Allyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide TCI 

24 [Pyrr1(1O2)][NTf2] 1-(2-Methoxyethyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide Kanto 

25 [Pyrr1(1O2)][BF4] 1-(2-Methoxyethyl)-1-methylpyrrolidinium tetrafluoroborate Kanto 

26 [Pyrr1(1O2)][NF2] 1-(2-Methoxyethyl)-1-methylpyrrolidinium bis(fluorosulfonyl)amide Ref. 63 

27 [Pyrr1(1O2)][PF6] 1-(2-Methoxyethyl)-1-methylpyrrolidinium hexafluorophosphate Ref. 63 

28 [Pyrr1(1O2)][NCyF] 1-(2-Methoxyethyl)-1-methylpyrrolidinium cyclohexafluoropropane-1,3-bis(sulfonyl)amide Wako 

29 [Pip13][NTf2] 1-Methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)amide Wako 

30 [Pip14][NTf2] 1-Butyl-1-metylpiperidinium bis(trifluoromethylsulfonyl)amide This work 

31 [Mor1(2O2)][NTf2] 4-(2-Ethoxyethyl)-4-methylmorpholinium bis(trifluoromethylsulfonyl)amide Wako 

32 [P1444][NTf2] Tributylmethylphosphonium bis(trifluoromethylsulfonyl)amide TCI 

33 [P2228][NTf2] Triethyloctylphosphonium bis(trifluoromethylsulfonyl)amide Ref. 61 

34 [P444,10][NTf2] Tributyldecylphosphonium bis(trifluoromethylsulfonyl)amide This work 

35 [P444,10][NF2] Tributyldecylphosphonium bis(fluorosulfonyl)amide This work 

36 [P444,10][NPf2] Tributyldecylphosphonium bis(pentafluoroethylsulfonyl)amide This work 

37 [P444,10][OTf] Tributyldecylphosphonium trifluoromethanesulfonate This work 

38 [P222(1S1)][NF2] Triethyl(methylthio)methylphosphonium bis(fluorosulfonyl)amide Ref. 67 

39 [P444(2S2)][BF4] Tributyl[2-(ethylthio)ethyl]phosphonium tetrafluoroborate Ref. 67 

40 [S222][NTf2] Triethylsulfonium bis(trifluoromethylsulfonyl)amide Aldrich 
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in the Electronic Supporting Information (Table S2-1 of the 

Electronic Supporting Information). Figure 1c shows the 

Fourier transform Kerr spectra of [Pyrr13][DCA]. The entire 

spectrum was decomposed into two parts, namely, the 

overdamped relaxation component (triexponential fit excluded 

the fast component, a0 + a2 exp(–t/2) + a3 exp(–t/3)) and the 

spectrum produced by the subtraction of the overdamped 

relaxation component. Because the relaxation time constants of 

the first exponential components (a1 exp(–t/1)) in the ILs were 

a few picoseconds, i.e., a similar time scale in the dephasing of 

typical intramolecular vibrations and the collision- or 

interaction-induced intermolecular motions, this component 

was included in the low-frequency spectra in this study (Figure 

S1 of the Electronic Supporting Information). The broadened 

band below ~150 cm-1 in the spectrum without the slow 

relaxation component was mainly attributed to intermolecular 

vibrations such as librations (orientational vibrations) and 

collision- and interaction-induced motions (translational 

dynamics). It is also noted that the Kerr response was 

normalized at the intensity at t = 0 in the time domain data, 

which is the electronic response. Thus the intensities of the 

spectra are not exactly comparable, but it can be a rough guide 

because heavy atoms (> 4th period) are not included in the 

target ILs in this study.  

The line shape of broadened spectral band of each IL, 

which is mainly due to intermolecular vibrations, was also 

analyzed. The model function to fit the line shape of the 

low-frequency spectrum used in this study was a sum of the 

Ohmic functions (IO,i()),79 

  𝐼O,𝑖(ω) =  ∑ 𝑎O,𝑖𝜔exp (−𝜔/𝜔O,𝑖)𝑛
𝑖=1   (3) 

where aO,i and O,i are the amplitude and characteristic 

frequency, respectively, of the i-th Ohmic component, and a 

sum of anti-symmetrized Gaussian functions (IG,i()),80 

 

𝐼G,𝑖(𝜔) = ∑ 𝑎G,𝑖 {exp [
−2(𝜔 − 𝜔G,𝑖)

2

Δ𝜔G,𝑖
2

]

𝑛

𝑖=1

 

    −exp [
−2(𝜔 + 𝜔G,𝑖)

2

Δ𝜔G,𝑖
2

]}  (4) 

where aG,i, G,i, and G,i are the amplitude, characteristic 

frequency, and width parameter, respectively, of the i-th 

 
Figure 1. (a) Logarithmic plot of the normalized Kerr 

transient (red line) together with its triexponential fit 

function (blue line) and (b) short time window transient 

from –0.5 to 3.0 ps for [Pyrr13][DCA]. (c) Fourier 

transform Kerr spectra: entire spectrum (black line), 

picosecond overdamped relaxation component (blue line), 

and entire spectrum minus picosecond overdamped 

relaxation component (red line). 

 

 
Figure 2. Line shape analysis results for the 

low-frequency Kerr spectra of (a) [N112Bz][NTf2], (b) 

[Pyrr13][DCA], and (c) [P222(1S1)][NF2]. Black dots denote 

the experimentally obtained spectra, red lines represent the 

entire spectral fits, blue areas denote the Ohmic functions, 

green areas correspond to the anti-symmetrized Gaussian 

functions, brown areas represent the Lorentz functions 

(intramolecular vibrational bands), and red areas denote 

the sums of the Ohmic and anti-symmetrized Gaussian 

functions. 
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anti-symmetrized Gaussian function component. When a clear 

intramolecular vibrational band was observed in the 

low-frequency spectrum, the band was fitted by a Lorentzian 

function, 

   𝐼L(𝜔) =
𝑎L

(𝜔 − 𝜔L)2 + Δ𝜔L
2   (5) 

where aL, L, and L are the amplitude, characteristic 

frequency, and width parameter, respectively. Figure 2 displays 

the line shape fits to the low-frequency spectra of 

[N112Bz][NTf2], [Pyrr13][DCA], and [P222(1S1)][NF2], as 

examples. All low-frequency Kerr spectra of the forty 

nonaromatic cation based ILs were fitted with a similar fit 

quality. All the low-frequency Kerr spectra of the ILs and the 

line shape analysis results are summarized in the Electronic 

Supporting Information (Figure S1). The forty values of the 

first moment (M1) of each low-frequency spectrum (sum of 

Ohmic and anti-symmetrized Gaussian components), were 

defined as,81 

   𝑀1 = ∫ 𝜔𝐼(𝜔)𝑑𝜔/ ∫ 𝐼(𝜔)𝑑𝜔  (6) 

where I() is the frequency-dependent intensity of a spectrum 

that does not include the contributions of the picosecond 

overdamped relaxations and clear intramolecular vibrational 

modes. For the present ILs, these intensities were estimated in 

the frequency region of 0–1000 cm-1 and are listed in Table 2. 

In the line shape analysis (Figure 2), each function is not 

infallible to assign a band to its origin vibrational mode, unlike 

common intramolecular vibrational modes. This is because the 

intermolecular vibrations overlap in the frequency region (as 

well as the time region), and the vibrational bands in the liquid 

phase are broad in comparison with the intermolecular 

vibrational band in the gas phase. In addition, the 

intermolecular vibrational modes in liquids and solutions are 

often coupled with each other. Molecular dynamics (MD) 

simulations indicate that the cross-term (or coupling term) of 

different kinds of intermolecular vibrations in both molecular 

liquids82,83 and ILs provides either a positive or negative 

intensity depending on the target system.84-86 Although there 

have been attempts to obtain a more realistic feature from the 

line shape analysis of the low-frequency spectrum in molecular 

liquids,13,87,88 the purposes of the line shape analysis in this 

study are removing the contributions of clear intramolecular 

vibrational modes from a broad spectrum, estimating M1 of the 

spectrum, and representing the low-frequency spectrum 

quantitatively for overview of the intermolecular vibrational 

bands of the forty nonaromatic cation based ILs. 

 

4. Results and Discussion 

4.1 Bulk Liquid Properties 

4.1.1 Density    The  values for the forty nonaromatic 

cation based ILs at 293 K estimated in this study are 

summarized in Table 2. The  values of the ILs at 293 K and/or 

near temperatures from previous reports41,61,67,89-115 are also 

given in Table 2. The  values measured in this study were 

quite similar to the reported values, i.e., within experimental 

errors if we consider the effect of temperature on the liquid 

density. The  data of some ILs (e.g., [Pyrr1(1O2)][NCyF], 

[P444,10][NF2], and so on) have not been reported to date, to the 

best of our knowledge. 

Figure 3 shows the plot of  versus the number of 

carbons of the alkyl group, NRC, of 

1-alkyl-1-methylpyrrolidinium cations ([Pyrr1n]+, n = NRC) for 

the bis(trifluoromethylsulfonyl)amide ([NTf2]–) salts 

([Pyrr13][NTf2], [Pyrr14][NTf2], [Pyrr16][NTf2], [Pyrr18][NTf2], 

and [Pyrr1,10][NTf2]). It is evident from the figure that the  

value of [Pyrr1n][NTf2] series decreased with the increasing 

length of the alkyl group. This is a rather general feature of 

liquid density in not only pyrrolidinium-based ILs, but also 

other ILs such as imidazolium-based and pyridinium-based 

ILs.19,59,116 Previously, we showed the linear relations between 

 and NRC for 1-alkyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amides, [CnMIm][NTf2] (n = 2–10), 

N-alkylpyridinium bis(trifluoromethylsulfonyl)amides, 

[CnPy][NTf2] (n = 4–12), and 1-alkyl-3-methylimidazolium 

tetrafluoroborates, [CnMIm][BF4] (n = 2–10).59 The alkyl group 

dependence of  in [Pyrr1n][NTf2] is, however, represented by 

an exponential function, as shown in Figure 3: 

 (g mL-1) = 1.086 + 0.4700 exp(–0.1027NRC) (7) 

where NRC is the number of carbons of the alkyl group in the 

cation. As the nonlinearity of  in relation to NRC for 

[Pyrr1n][NTf2] was not significant, it is possible that we missed 

the nonlinear behavior of  with respect to NRC for the aromatic 

cation based ILs in that study.59 

Figure 4 shows the plot of  vs. the total number of 

carbons of the alkyl and aromatic groups of [N1113][NTf2], 

[N1224][NTf2], [N1444][NTf2], [N2228][NTf2], and [N112Bz][NTf2]. 

Note that Figure 4 shows the plot for the total number of 

carbons of cations, but Figure 3 is for the number of carbons of 

only the alkyl groups in the cations. It is clear from Figure 4 

that the  values of the ammonium-based ILs depended on the 

total number of carbons of the cation, except for [N112Bz][NTf2]. 

This was attributed to the nature of the compact (or dense) 

structure of the phenyl ring. The dependence of  on the total 

number of carbons of the cations in the ammonium-based ILs 

with [NTf2]–, except for [N112Bz][NTf2], is given as follows: 

 (g mL-1) = 0.8794 + 0.7568 exp(–0.05176NC) (8) 

Comparing the  values of [N1224][NTf2], [Pyrr14][NTf2], 

and [Pip13][NTf2] provides an insight into the effect of the 

structures of cation skeletons on the density, because the 

number of carbons of the cations is the same. The trend of 

decreasing influence on density is as follows: [Pip13]+ > 

[Pyrr14]+ > [N1224]+. A comparison of the  values of the 

ammonium-based ILs, [N1444][NTf2] and [N2228][NTf2], and 

their respective phosphonium-based ILs, [P1444][NTf2] and 

[P2228][NTf2], revealed that the densities of the 

ammonium-based ILs, [N1444][NTf2] and [N2228][NTf2], and 

their respective phosphonium-based ILs, [P1444][NTf2] and   

 
Figure 3. Plots of liquid density, , vs. number of carbons 

of the alkyl group in [Pyrr1n]+, NRC, for [Pyrr13][NTf2], 

[Pyrr14][NTf2], [Pyrr16][NTf2], [Pyrr18][NTf2], and 

[Pyrr1,10][NTf2]. Fit curve by an exponential function is 

also indicated by a solid curve. 
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Table 2. Physical Properties of Nonaromatic ILs at 293 K. 

No. Ionic Liquid FW 

(g/mol) 

 

(g/mL) 

Vm 

(mL/mol) 

 

(cP) 

 

(mS/cm) 

 

(Scm2/mol) 

 

(mN/m) 

M1 

(cm-1) 

H2O Cont. 

(ppm) 

1 [N1113][NTf2] 382.34 1.433 

(1.430e89, 1.43d90) 

267 95.3 

(78.1e89, 95a117) 

1.89 

(3.03e89, 3.24d90) 

0.504 34.4 

(35.1118) 

44.0 42 

2 [N1224][NTf2] 424.42 1.358 

(1.34a91, 1.38 d92) 

313 157 

(161a91, 120 d92) 

1.22 

(1.0a91, 1.6 d92) 

0.381 33.6 

 

49.7 50 

3 [N1444][NTf2] 480.53 1.265 

(1.270a93, 1.26794) 

380 784 

(819.294) 

0.464 

(2.10j119) 

0.176 30.8 

(30.6i93) 

52.9 91 

4 [N1444][DCA] 266.43 0.948 

(0.98d95) 

281 407 

(410d95) 

0.783 

(0.57d95) 

0.220 44.1 

 

65.4 35 

5 [N2228][NTf2] 494.55 1.253 

(1.249b61, 1.251c96) 

395 211 

(227.0b61, 221.4c96) 

0.595 

(0.33d120) 

0.235 32.0 

(32.8b61, 33.1c96) 

49.4 41 

6 [N112Bz][NTf2] 444.41 1.429 311 650 0.441 0.137 37.7 47.2 56 

7 [N122(1O2)][NTf2] 426.39 1.413 

(1.42d92, 1.407d97) 

302 88.8 

(69d92, 70.96d97) 

2.06 

(2.6d92) 

0.622 35.0 

(33.6d97) 

49.6 82 

8 [N122(1O2)][BF4] 233.06 1.182 

(1.20d92) 

197 544 

(426d92) 

1.26 

(1.3d92) 

0.248 50.6 

 

72.0 61 

9 [Pyrr13][NTf2] 408.37 1.432 

(1.434c98, 1.432a99) 

285 69.5 

(63c121, 72a99) 

2.86 

(3.6c121, 2.20a99) 

0.816 35.3 

(34.4d108) 

45.2 63 

10 [Pyrr13][NF2] 308.36 1.343 

(1.339c98) 

230 47.1 

(40c122, 39a123) 

4.91 

(6.4c122, 9.14a123) 

1.13 47.9 

 

44.7 22 

11 [Pyrr13][DCA] 194.28 1.029 

(1.038a100) 

189 28.7 

(33.2a100, 27.1a124) 

8.18 

(15.7a124) 

1.55 57.3 

 

63.9 78 

12 [Pyrr14][NTf2] 422.40 1.399 

(1.396e89, 1.399a99) 

302 96.4 

(97.163, 95a99) 

1.96 

(2.84f125, 1.77a99) 

0.592 33.6 

(33.0d108) 

46.8 29 

13 [Pyrr14][NF2] 322.39 1.311 

(1.311a101, 1.306d102) 

246 62.1 

(61.463, 64.13a101) 

5.72 

(5.25a101) 

1.41 44.6 

(35.04d102) 

47.0 47 

14 [Pyrr14][DCA] 208.31 1.015 

(1.013d103) 

205 36.8 

(36.5d103, 38.863) 

6.63 

(10.1a124) 

1.36 53.0 

(56.2k126) 

64.0 68 

15 [Pyrr14][NPf2] 522.42 1.480 

(1.481a99) 

353 324 

(341.063, 350a99) 

0.671 

(0.774f125, 0.42a99) 

0.237 30.1 

 

44.9 41 

16 [Pyrr14][NCyF] 434.41 1.449 300 459 

(48663) 

0.716 

(0.35a127) 

0.225 34.1 

 

49.0 20 

17 [Pyrr14][OTf] 291.33 1.256 

(1.256a104, 1.256a105) 

232 222 

(22763, 221.7a39) 

1.67 

(1.3a105) 

0.387 36.4 

 

65.9 47 

18 [Pyrr14][TCM] 232.32 1.008 

(1.001l106, 1.01d107) 

230 30.4 

(33.063, 29.0d42) 

5.55 

(8.7d107) 

1.28 51.1 

(48.04l106) 

54.9 68 

19 [Pyrr14][FAP] 587.28 1.588 

(1.580d103, 1.589a43) 

370 260 

(221.0d103, 28863) 

1.10 

(1.053d128) 

0.407 33.7 

(35.0a129) 

41.3 44 

20 [Pyrr16][NTf2] 450.46 1.340 

(1.32d108) 

336 137 

(133.2a130) 

1.13 

(1.0a131, 1.2a130) 

0.380 32.0 

(31.7d108) 

47.2 69 
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21 [Pyrr18][NTf2] 478.51 1.294 

(1.289d109) 

370 178 

(138.17d109) 

0.787 

(0.54a131) 

0.291 31.6 

 

46.9 76 

22 [Pyrr1,10][NTf2] 506.56 1.255 

(1.25d108) 

404 239 

(150d108) 

0.585 

(0.37a131) 

0.236 31.8 

(31.4d108) 

49.2 37 

23 [PyrrA1][NTf2] 406.36 1.454 

(1.447m110) 

279 70.9 

(52c121, 39.5m110) 

2.49 

(3.7c121, 4.2m110) 

0.696 36.1 

 

42.4 35 

24 [Pyrr1(1O2)][NTf2] 424.37 1.458 

(1.46g41, 1.459a99) 

291 64.4 

(64.063, 62a99) 

3.26 

(3.88d132, 3.45d27) 

0.949 35.9 

(35.26d132) 

49.2 70 

25 [Pyrr1(1O2)][BF4] 231.04 1.234 

(1.235d111) 

187 217 

(23263, 213d111) 

2.59 

(2.9d111) 

0.485 52.6 

 

68.9 74 

26 [Pyrr1(1O2)][NF2] 324.36 1.379 235 47.0 

(47.963, 43.6n133) 

4.65 

(7.66n133) 

1.09 47.9 

 

51.1 71 

27 [Pyrr1(1O2)][PF6] 289.20 1.397 207 768 

(75363) 

0.587 0.122 50.7 

 

70.2 36 

28 [Pyrr1(1O2)][NCyF] 436.38 1.510 289 289 

(30863) 

0.688 0.199 35.4 

 

56.5 42 

29 [Pip13][NTf2] 422.40 1.414 

(1.414e89, 1.416a94) 

299 184 

(145.8e89, 198.1a94) 

1.21 

(1.58e89) 

0.361 35.8 

(34.4j118, 35.6o94) 

46.3 36 

30 [Pip14][NTf2] 436.43 1.384 

(1.38d93, 1.38d112,) 

315 253 

(183d112, 247.7a94) 

1.03 

(1.11d90, 1.2d112) 

0.325 34.2 

(34.5p94) 

46.9 44 

31 [Mor1(2O2)][NTf2] 454.40 1.464 

(1.46d112) 

310 341 

(298d112) 

0.643 

(1.1d112) 

0.200 35.1 

 

47.2 34 

32 [P1444][NTf2] 497.49 1.259 

(1.28d113) 

395 352 

(207d113) 

0.576 

(0.42d113) 

0.228 30.7 

 

52.7 33 

33 [P2228][NTf2] 511.52 1.249 

(1.244b61, 1.244d114) 

410 151 

(123.3b61, 119.42d114) 

0.797 

(0.891d114) 

0.326 31.6 

(32.7b61) 

53.5 76 

34 [P444,10][NTf2] 623.74 1.146 

(1.142d114) 

544 324 

(301.06d114) 

0.415 

(0.226d114) 

0.226 30.2 

 

54.0 90 

35 [P444,10][NF2] 523.72 1.077 486 438 0.408 0.198 34.4 52.7 77 

36 [P444,10][NPf2] 723.75 1.211 598 647 0.347 0.207 28.0 53.5 56 

37 [P444,10][OTf] 492.66 1.041 473 900 0.327 0.155 30.5 62.8 50 

38 [P222(1S1)][NF2] 359.40 

 

1.344 

(1.34467) 

267 58.4 

(58.267) 

2.61 

(2.92567) 

0.698 47.8 

(47.267) 

56.1 72 

39 [P444(2S2)][BF4] 378.30 1.075 

(1.07667) 

352 1825 

(184767) 

0.337 

(0.33267) 

0.119 35.4 

(36.667) 

60.6 89 

40 [S222][NTf2] 399.38 1.465 

(1.46a115, 1.46794) 

273 37.9 

(41.1a94, 30d134) 

4.88 

(7.1d134) 

1.33 35.4 

(35.5p94) 

56.0 46 

a Data at 293.15 K. b Data at 297 K. c Data at 298 K. d Data at 298.15 K. e Data at 298.2 K. f Data at 305 K. g Data at 295K. h Data at 296K. i Data at 294.399 K. 
j Data at 303 K. k Data at 293.05 K. l Data at 308.15 K. m Data at 303.15 K. n Data at 296.15 K. o Data at 293.4 K. p Data at 293 K. 
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[P2228][NTf2], revealed that the densities of the 

phosphonium-based ILs were slightly higher than those of the 

respective ammonium-based ILs. Tsunashima and Sugiya,135 as 

well as our group,61 have previously reported similar density 

behavior of phosphonium-based ILs as compared to 

ammonium-based ILs. It is also noteworthy that the substitution 

of an alkyl group in the cations with its respective ether group 

(e.g., [Pyrr1(1O2)]+ vs. [Pyrr14]+) gives a higher density in ILs. 

This is a rather general feature of the ether group substitution 

effect of cations on the density of ILs, as well as (neutral) 

molecular liquids.19,136 

 Regarding anion species, we compared the  values of 

the 1-butyl-1-methylpyrrolidinium ([Pyrr14]+)-based ILs with 

eight anions in this study, as shown in Table 2. The decreasing 

trend of densities of the anion species was: [FAP]– > [NPf2]– > 

[NCyF]– > [NTf2]– > [NF2]– > [OTf]– > [DCA]– ~ [TCM]–. In 

addition, it was evident from the  data of the 

1-methxoyethyl-1-methylpyrrolidinium-based ILs that [PF6]– 

was likely in between [NTf2]– and [NF2]–, and [BF4]– was in 

between [OTf]– and [DCA]– or [TCM]–. 

 4.1.2 Viscosity    The viscosity data at 293 K for the 

present ILs are given in Table 2. The  values of the ILs 

reported in preceding works are also listed in Table 

2.61,63,67,89,91,92,94-97,99-101,103,108-114,117,121-124,130,133,134 The reported 

 values of the ILs were in a good agreement with those 

estimated in this study (within the range of experimental error), 

taking the effect of temperature into consideration overall. 

 It is known that the viscosity in ILs depends strongly on 

the length of the alkyl group of cations.19 The 

pyrrolidinium-based ILs with [NTf2]– studied here also showed 

this viscosity behavior. Figure 5 shows the semi-logarithmic 

plots of  vs. NRC for [Pyrr1n][NTf2]. The relation between  

and NRC is: 

  log( (cP)) = 1.664 + 0.07323NRC   (9) 

The slope for [Pyrr1n][NTf2] was found to be close to that for 

[CnMIm][NTf2] (log( (cP)) = 1.457 + 0.07404NRC), but the 

viscosity at the intercept for [Pyrr1n][NTf2] was similar to that 

of [CnPy][NTf2] (log( (cP)) = 1.628 + 0.06392NRC). 

 In terms of the effect of the total number of carbons of the 

ammonium cations, except for [N112Bz]+, on the viscosity, there 

was no simple Nc dependence of  evident for [N1113][NTf2], 

[N1224][NTf2], [N1444][NTf2], and [N2228][NTf2] in Table 2. It 

seems that the van der Waals interactions originating from the 

bulky cation strongly affected the viscosity in [N1444][NTf2]. 

Substitution of an alkyl group of the cation with the respective 

alkoxyalkyl group reduced the IL viscosity, as shown in Table 

2. Comparison of the IL viscosities of the ammonium and 

phosphonium cations ([N1444]+ vs. [P1444]+ and [N2228]+ vs. 

[P2228]+) revealed a substantial reduction in the viscosity for the 

phosphonium-based ILs. Further, it was evident from the data 

in Table 2 that the pyrrolidinium-based ILs had a lower 

viscosity than their corresponding piperidinium-based ILs (e.g., 

[Pyrr14][NTf2] vs. [Pip13][NTf2] or [Pip14][NTf2]). 

 It is also known that the viscosity of an IL depends 

strongly on the anion species. The trend of decreasing  in the 

[Pyrr14]+-based ILs with eight different anions in this study 

was: [NCyF]– > [NPf2]– > [FAP]– > [OTf]– > [NTf2]– > [NF2]– 

> [DCA]– > [TCM]–. 

 4.1.3 Electrical Conductivity     The  data of the 

forty nonaromatic cation based ILs are summarized in Table 2. 

The  values of the ILs reported previously are also given in 

Table 2 as 

references.67,89-92,95,99,101,105,107,110-114,119-125,127,128,130-134,137 The 

molar electrical conductivities , defined as Vm, are also 

given in Table 2. Figure 6 shows (a) plots of  vs. -1 and (b) 

logarithmic plots of  vs. -1 for the forty nonaromatic cation 

based ILs in this study. In addition, the data for the forty 

aromatic cation-ILs in our previous work13 are also plotted in 

Figure 6. It is clear from Figure 6a that the plots for the ILs 

show almost linear relationships between  and -1. The 

relations between the electrical conductivity  and -1 for 

different types of ILs are: 

  (mS/cm) = 205-1 (cP-1) + 0.118  

(nonaromatic cation based ILs) (10) 

  (mS/cm) = 292-1 (cP-1) – 0.068  

(aromatic cation based ILs)  (11) 

For both types ILs, 

  (mS/cm) = 256-1 (cP-1) + 0.001  

(both ILs)     (12) 

The relations between the molar electrical conductivity  and 

-1 are analyzed by the fractional Walden rule:138 

  (Scm2/mol) = 19.5[-1 (cP-1)]0.753 

(nonaromatic cation based ILs) (13) 

  (Scm2/mol) = 46.6[-1 (cP-1)]0.911    

(aromatic cation based ILs)  (14) 

 
Figure 5. Semi-logarithmic plots of viscosity, , vs. 

number of carbons of alkyl group in [Pyrr1n]+, NRC, for 

[Pyrr13][NTf2], [Pyrr14][NTf2], [Pyrr16][NTf2], 

[Pyrr18][NTf2], and [Pyrr1,10][NTf2]. The fit curve is 

indicated by a black line. 

 
Figure 4. Plot of liquid density  vs. total number of 

carbons of the cations Nc for [N1113][NTf2], [N1224][NTf2], 

[N1444][NTf2], [N2228][NTf2] (circles), and [N112Bz][NTf2] 

(triangle). Fit curve by an exponential function for 

[N1113][NTf2], [N1224][NTf2], [N1444][NTf2], and 

[N2228][NTf2] is also given. 
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  (Scm2/mol) = 36.2[-1 (cP-1)]0.872 

(both ILs)     (15) 

 It is evident from Figure 6 that the slopes in the plots for 

the aromatic cation based ILs are slightly steeper than those for 

the nonaromatic cation based ILs, i.e., the electrical 

conductivity was more sensitive to the viscosity of the aromatic 

cation based ILs than that of the nonaromatic cation based ILs. 

This implied that the nonaromatic cation based ILs required 

lower viscosity to achieve the same molar electrical 

conductivity as the aromatic cation based ILs. Watanabe and 

coworkers have reported a larger value of the ratio of the molar 

conductivities estimated by electrical conductivity and NMR 

measurements for nonaromatic cation based ILs 

(butyltrimethylammonium bis(trifluoromethylsulfonyl)amide 

and [Pyrr14][NTf2]) than that for aromatic cation based ILs 

(1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide and N-butylpyridinium 

bis(trifluoromethylsulfonyl)amide).139 Because the value of the 

ratio of the molar conductivities estimated by electrical 

conductivity and NMR measurements is essentially related to 

the percentage of ions (charged species) contributing to the 

ionic conduction in the diffusing species, nonaromatic cation 

based ILs are more ionic in nature than aromatic cation based 

ILs. Therefore, the results in Figure 6 indicate that a higher 

ionicity increases the viscosity of ILs. It looks that this 

tendency is clearer in the higher viscosity region, as shown in 

Figure 6b. The analysis results based on the fractional Walden 

rule138 also show that the exponent value is farer from unity for 

nonaromatic cation based ILs than aromatic cation based ILs. 

This implies that nonaromaic cation based ILs tend to be more 

decoupled between the electrical conductivity and viscosity 

than aromatic cation based ILs. 

 In addition to the overall picture of the electrical 

conductivities of nonaromatic cation based ILs, the NRC 

dependence of  for the 1-alkyl-1-methylpyrrolidnium 

bis(trifluoromethylsulfonyl)amide, [Pyrr1n][NTf2], series is 

shown in Figure 7. Note that Figure 7 shows semi-logarithmic 

plots. It is clear from the figure that  decreases with the 

increasing length of the alkyl group for the [Pyrr1n][NTf2] 

series. As seen in Figure 7, the  and  values do not simply 

express an exponential feature. Previously, a variant of the 

Vogel-Tammann-Fulcher (VTF) equation140-143 was used to 

express the NRC dependence of  and  for 

1-alkyl-1-methylimidazolium-based ILs with 

bis(trifluoromethylsulfonyl)amide and tetrafluoroborate anions 

and [CnPy][NTf2].59 The results for [Pyrr1n][NTf2] also showed 

the VTF-type behavior in electrical conductivity and molar 

electrical conductivity: 

  𝜎 = 𝜎0 exp[𝐵/(𝑁𝑅𝐶 − 𝑁𝑅𝐶,0)]   (16) 

𝛬 = 𝛬0 exp[𝐵′/(𝑁𝑅𝐶 − 𝑁′𝑅𝐶,0)]   (17) 

where 0 is the limiting electrical conductivity, B is a constant 

that is related to a parameter of the carbon number sensitivity to 

 and NRC,0 is a constant that could be the critical carbon 

number of the alkyl group where the electrical conductivity 

diverges, 0 is the limiting molar electrical conductivity, Bʹ is a 

constant related to a parameter of the carbon number sensitivity 

to  and NʹRC,0 is a constant that could be the critical carbon 

number of the alkyl group where the molar electrical 

conductivity diverges. The fit parameters obtained for 

[Pyrr1n][NTf2] were: 0 = 0.0949 (mS/cm), B = 12.0, and NRC,0 

= −5.09, 0 = 0.0781 (Scm2/mol), Bʹ = 6.40, and NʹRC,0 = −3.28. 

From the comparison with the parameters of [CnMIm][NTf2]s 

and [CnPy][NTf2], B and Bʹ for [Pyrr1n][NTf2] are slightly low, 

as well as NRC,0 and NʹRC,0. This indicates that the (molar) 

electrical conductivity for the [Pyrr1n][NTf2] series was less 

sensitive to the alkyl group and possess the larger critical 

carbon number of the alkyl group. 

 
Figure 6. (a) Plots of  vs. -1 and (b) logarithmic plots of 

 vs. -1 for forty nonaromatic cation based ILs studied 

here (blue symbols). Data for forty aromatic cation based 

ILs reported in Ref. 59 are also given (red symbols). Fit 

curves for nonaromatic and aromatic cation based ILs are 

shown by red and blue lines, respectively. Fits for all data 

of nonaromatic and aromatic cation based ILs are given by 

black lines. Black dashed line denotes the ideal Walden 

line with the unity slope. 

 

 
Figure 7. Plots of (a) log() vs. NRC and (b) log() vs. NRC 

for [Pyrr1n][NTf2]. The VTF fit curves are also shown by 

solid lines. 
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The decreasing trend of  with respect to the eight anions 

in the [Pyrr14]+-based ILs in this study was found to be: [DCA]– 

> [NF2]– > [TCM]– > [NTf2]– > [OTf]– > [FAP]– > [NCyF]– > 

[NPf2]–. Overall, this trend of  for the [Pyrr14]+-based ILs is 

similar to that for 1-butyl-3-methylimidazolium-based ILs and 

1-ethyl-3-methylimidazolium-based ILs. 

 4.1.4 Surface Tension  : The values of  of the target 

nonaromatic cation based ILs are listed in Table 2. As far as we 

know, the  data of only about a half of the present ILs are 

reported.61,67,93,94,96,97,102,106,108,118,126,129,132 The  values of the 

remaining ILs are reported here, for the first time. 

 Figure 8 shows the  value as a function of the number of 

carbons of the alkyl group in the cations of the [Pyrr1n][NTf2] 

series. For comparison, the data of the [CnMIm][NTf2] series 

are also given.59 The data of the [Pyrr1n][NTf2] series fitted an 

exponential function: 

   (mN/m) = 28.3 exp(–NRC / 1.48) + 31.6 (18) 

In the case of the [Pyrr1n][NTf2] series, the relationship is given 

by  (mN/m) = 27.5 exp(–NRC/1.38) + 30.6, as shown in Figure 

8. It is clear from Figure 8 that the change in  to NRC for the 

pyrrolidinium-based ILs is quite similar to that for the 

imidazolium-based ILs. However, the saturated  value to NRC 

in the pyrrolidinium-based ILs (31.6 mN/m) is slightly higher 

than that in the imidazolium-based ILs (30.6 mN/m). This 

implies that the surface of the IL is more structured (covered 

with alkyl groups) in the imidazolium-based ILs than in the 

pyrrolidinium-based ILs. The X-ray scattering study by Russina 

et al. showed that the nonaromatic piperidinium-based ILs are 

less segregated than their comparable imidazolium-based ILs.28 

Using sum frequency generation spectroscopy that is a 

surface-selective vibrational spectroscopy, looser or more 

defective structure of alkyl groups of cations in ammonium- 

and pyrrolidinium-based ILs than imidazolium-based ILs144 

was also observed.145 The higher surface tension in the 

pyrrolidinium-based ILs than the respective imidazolium-based 

ILs is likely related to a similarly weak segregation or defective 

structure in the former ILs compared to the latter ILs.  

 On comparing the  values of the pyrrolidinium- and 

piperidinium-based ILs, it was evident that the surface tension 

of the former ILs was slightly lower than that of the respective 

piperidinium-based ILs: 35.3 mN/m for [Pyrr13][NTf2] vs. 35.8 

mN/m for [Pip13][NTf2], and 33.6 mN/m for [Pyrr14][NTf2] vs. 

34.2 mN/m for [Pip14][NTf2]. The  values of the ammonium- 

and phosphonium-based ILs ([N1444][NTf2] vs. [P1444][NTf2] 

and [N2228][NTf2] vs. [P2228][NTf2]) were similar. The 

substitution of an alkyl group with its respective alkoxyalkyl 

group (C4H9– → CH3OCH2CH2–) gave a slightly higher  

value. For example, the  values of [Pyrr14][NTf2] and 

[Pyrr1(1O2)][NTf2] were 33.6 and 35.9 mN/m, respectively 

(Table 2). 

 From Table 2, the decreasing order of  with respect to 

the different anions for the [Pyrr14]+-based ILs was found to be: 

[DCA]– > [TCM]– > [NF2]– > [OTf]– > [NCyF]– > [FAP]– ~ 

[NTf2]– > [NPf2]–. 

 Maroncelli and coworkers have reported a correlation 

between  and Vm in molten salts including ILs.108 Subsequently, 

a similar correlation between  and Vm was identified in 

aromatic cation based ILs.59 In the latter study, a dramatic 

change in Vm was observed in the low-Vm region. Figure 9 

displays the plots of  vs. Vm for the present forty nonaromatic 

cation based ILs. The data for previously reported forty 

aromatic cation based ILs are also shown in the plots. The 

correlation between  and Vm in the nonaromatic cation based 

ILs was slightly different from that in the case of aromatic 

cation based ILs. Similar to the reported data on the aromatic 

cation based ILs, the correlation for the nonaromatic cation 

based ILs was expressed by a single exponential function: 

   (mN/m) = 265.1 exp(–0.0123Vm) + 29.4 (19) 

Compared to the correlation for the aromatic cation based ILs 

( (mN/m) = 178.5 exp(–0.0124Vm) + 28.7),59 the parameters of 

the amplitudes of the exponential terms of the two types of ILs 

were different. This indicated that the intrinsic surface tension, 

which is defined as the value at zero molar volume, of the 

nonaromatic cation based ILs was higher than that of the 

aromatic cation based ILs. 

4.2 Ultrafast Dynamics: Low-Frequency Spectra 

 4.2.1 General Features of Nonaromatic Cation Based 

ILs: The intensity of the low-frequency spectrum in liquids and 

solutions obtained by fs-RIKES with the polarization 

configuration for the depolarized signal (like this study) 

depends on the magnitude of the collective polarizability 

anisotropy of the sample.7,146 The molecular polarizability 

anisotropy of an aromatic molecule is usually larger than that of 

the corresponding nonaromatic molecule.147,148 This is also true 

for ILs.34,44,60 Therefore, the line shape in the low-frequency 

spectra of aromatic cation based ILs, such as imidazolium- and 

pyridinium-based ILs, is governed by the aromatic group. In 

fact, this makes difficult to understand the effect of the anion, 

whose magnitude of polarizability anisotropy is small, and thus 

its effect on the line shape of the spectrum, is relatively small 

as compared to that of typical aromatic cations. 

 Figure 10 compares the low-frequency Kerr spectra of the 

bis(fluorosulfonyl)amide salts of 

 
Figure 8. Plots of  vs. NRC for [Pyrr1n][NTf2] (red circles) 

and [CnMIm][NTf2] (blue squares).59 Exponential fit 

functions are also shown by the respective colored lines. 

 

 
Figure 9. Plots of  vs. Vm for the present forty 

nonaromatic cation based ILs (red circles) and forty 

aromatic cation based ILs (blue triangles).59 Exponential 

fits are shown by corresponding colored lines. 
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1-butyl-1-methylpyrrolidinium ([Pyrr14][NF2]) and 

1-butyl-3-methylimidazolium ([C4MIm][NF2]) cations, as an 

example. The spectral intensity relative to the electronic 

response of [Pyrr14][NF2] is smaller than that of [C4MIm][NF2]. 

According to the quantum chemistry calculations based on the 

B3LYP/6-311+G(3df) level of theory,60 the polarizability 

anisotropy anis of [Pyrr14]+ was about half of that of [C4MIm]+. 

In this study, we also confirm that the results of the quantum 

chemistry calculations based on the B3LYP/6-311+G(d,p) level 

of theory show similar difference in anis of the two cations 

(anis([Pyrr14]+) = 3.515 Å3 and anis([C4MIm]+) = 7.317 Å3 

(Table S2-4 of the Electronic Supporting Information). This is 

consistent with the results in this study shown in Figure 10. 

This feature in the spectral density is rather general for the 

low-frequency spectra of other aromatic and nonaromatic 

cation based ILs, as well.34,60 

 There is a clear difference in the spectral line shapes 

between [Pyrr14][NF2] and [C4MIm][NF2], as shown in Figure 

10. The line shape of the low-frequency Kerr spectrum of 

[Pyrr14][NF2] is triangular, while that of [C4MIm][NF2] is 

bimodal. The stronger spectral density in the high-frequency 

region above ~50 cm-1 in aromatic cation based ILs, such as 

imidazolium- and pyridinium-based ILs,34,44 compared to the 

nonaromatic cation based ILs with the same anions, is 

attributed to the libration of an aromatic ring. In fact, a 

substantial contribution of the aromatic ring libration to the 

low-frequency Kerr spectrum is observed not only for aromatic 

cation based ILs but also in aromatic molecular liquids. On 

comparing the low-frequency spectra of [Pyrr14][NF2] and 

[C4MIm][NF2], as shown in Figure 10, it was evident that the 

spectral line shape having the low-frequency peak at ~20 cm-1 

was mainly due to the anion [NF2]–. Accordingly, the line shape 

of the low-frequency spectrum of nonaromatic cation based ILs 

is useful to clarify the effects of the anion species on the 

spectrum line shape. In the following discussion, examples of 

low-frequency Kerr spectra are given for the forty nonaromatic 

cation based ILs with different cations and anions. 

 4.2.2 Effect of Anion Species: The effect of the anion 

species on the low-frequency Kerr spectrum of ILs is focused 

in this section. As discussed in section 4.2.1, the contribution of 

the nonaromatic cation to the spectral density in the 

low-frequency broadened spectrum of the IL is small as 

compared to that of the aromatic cation. Therefore, the 

contribution of the anion species to the spectral line shape is 

often buried under the spectrum arising from the cation species. 

Consequently, it is useful to measure the low-frequency spectra 

of nonaromatic cation based ILs with a wide variety of anion 

species to understand their effects on the spectral line shape of 

the low-frequency Kerr spectrum of ILs. 

 Figure 11 compares the low-frequency spectra of ILs with 

spherical top anions, [PF6]– and [BF4]–. The spectral density 

mainly arises from the cations because of zero polarizability 

anisotropy of these anions ([PF6]–: Oh and [BF4]–: Td). Thus, the 

spectral line shapes of the ILs with the spherical top anions are 

largely attributable to the cations. It is evident from Figure 11 

that the line shapes of the low-frequency spectra of the three 

[BF4]– salts ([P444(2S2)][BF4] in particular) are different. 

 
Figure 10. Comparison of the low-frequency Kerr spectra 

of (a) [Pyrr14][NF2] and (b) [C4MIm][NF2]. The spectrum 

of [C4MIm][NF2] was previously reported in Ref. 59. 

 

 
Figure 11. Low-frequency Kerr spectra of ILs with 

spherical top anions. (a) [Pyrr1(1O2)][PF6], (b) 

[Pyrr1(1O2)][BF4], (c) [N122(1O2)][BF4], and (d) 

[P444(2S2)][BF4]. 
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 The line shapes of the low-frequency spectra of 

[Pyrr1(1O2)][PF6] and [Pyrr1(1O2)][BF4] are similar. However, the 

spectral intensity in the high-frequency region above ~70 cm-1 

for [Pyrr1(1O2)][BF4] is slightly higher than that for 

[Pyrr1(1O2)][PF6] (the spectral intensity at 100 cm-1 for 

[Pyrr1(1O2)][BF4] was ~0.6 relative to the maximum intensity at 

~50 cm-1 and that for [Pyrr1(1O2)][PF6] was ~0.5). The 

difference in the low-frequency spectra of [Pyrr1(1O2)][PF6] and 

[Pyrr1(1O2)][BF4] was similarly observed in the 

1-butyl-3-methylimidazolium-based ILs with [PF6]– and 

[BF4]–.59 Therefore, the origin of this type of difference in the 

spectra of the salts of [PF6]– and [BF4]– is the nature of the 

anions. As the molar volume and mean polarizability of [PF6]– 

are larger than those of [BF4]–, the collision-induced (or 

interaction-induced) intermolecular vibrational motion of 

[PF6]– likely contributed more strongly to the spectral density 

than [BF4]–, as observed by the higher spectral intensity in 

[Pyrr1(1O2)][PF6] than [Pyrr1(1O2)][BF4] (Figure 11). 

 Figure 12 shows the low-frequency spectra of 

[Pyrr14]+-based ILs with [NF2]–, [NTf2]–, [NPF2]–, [NCyF]–, and 

[OTf]–. When we compare the spectra of the ILs with the 

anions of bis(perfluoroalkylsulfonyl)amide derivatives, [NF2]–, 

[NTf2]–, and [NPF2]–, triangular spectral line shapes are 

observed. The peak shifts to lower frequencies in the order of 

[Pyrr14][NF2] (~21 cm-1) > [Pyrr14][NTf2] (~20 cm-1) > 

[Pyrr14][NPf2] (~18 cm-1). This order is also valid for the 

spectral peak in the low-frequency region below 30 cm-1 in the 

tributyldecylphosphonium-based ILs, although the peak is a 

little ambiguous for the spectral density of the cation (Figure 

S1 of the Electronic Supporting Information). Previously, we 

assigned the peak for imidazolium-based ILs with these anions 

to the anion species, and the trend for the ILs was the same as 

the results of [Pyrr14]+-based ILs.149 This order is trivial, 

because the order of the peak frequencies of the three ILs is the 

inverse of the trend of the volumes and masses of the anion 

species. In addition to the order of the peak frequencies, the 

spectral intensity in the higher frequency region above ~50 

cm-1 increased in the order of [Pyrr14][NF2] < [Pyrr14][NTf2] < 

[Pyrr14][NPf2]. 

 The line shape of the low-frequency spectrum of 

[Pyrr14][OTf] is quite different from those of [Pyrr14][NF2], 

[Pyrr14][NTf2], and [Pyrr14][NPf2]; rather, it is closer to that of 

[Pyrr1(1O2)][PF6], [Pyrr1(1O2)][BF4], and [N122(1O2)][BF4] (Figure 

11). In fact, the polarizability anisotropy of [OTf]– is almost 

null (anis([OTf]–) = 0.327 Å3, Table S2-4 of the Electronic 

Supporting Information). On the other hand, the other anions 

possess the substantial magnitudes of the polarizability 

anisotropy (anis([NF2]–) = 3.396 Å3, anis([NTf2]–) = 3.942 Å3, 

and (anis([NPf2]–) = 6.052 Å3, Table S2-4 of the Electronic 

Supporting Information). Thus, the distinct line shape of the 

low-frequency spectrum of [Pyrr14][OTf] compared to 

[Pyrr14][NF2], [Pyrr14][NTf2], and [Pyrr14][NPf2] is attributed to 

the polarizability anisotropy of the anion.  

 The line shape of the low-frequency Kerr spectrum of 

[Pyrr14][NCyF] is triangular and similar to those of 

[Pyrr14][NF2], [Pyrr14][NTf2], and [Pyrr14][NPf2], as shown in 

Figure 12. [NCyF]– possesses a similar structure and 

polarizability anisotropy value (anis([NCyF]–) = 2.694 Å3, 

Table S2-4 of the Electronic Supporting Information) as [NF2]–, 

[NTf2]–, and [NPf2]–. 

 Figure 13 shows the calculated Raman spectra of [NF2]–, 

[NTf2]–, [NPf2]–, [NCyF]–, and [OTf]–. The strong Raman 

bands at 104 cm-1 for [NTf2]– and at 95 cm-1 for [NPf2]– are the 

coupled bending modes (symmetric N–S–C bending motions). 

The strong bands at 120 cm-1 observed in the Kerr spectrum of 

[Pyrr14][NTf2] and 106 cm-1 for [Pyrr14][NPf2] shown in Figure 

12 are assigned to the modes of the anion species. The quantum 

chemistry calculations also show no strong Raman-active 

modes in the low-frequency region below 70 cm-1. Thus, the 

differences in the low-frequency broadened spectra of 

[Pyrr14][NF2], [Pyrr14][NTf2], [Pyrr14][NPf2], [Pyrr14][NCyF], 

and [Pyrr14][OTf] shown in Figure 12 arise primarily from the 

difference in the intermolecular vibrations of the anion species. 

 The line shape of the low-frequency spectrum of 

[Pyrr14][NCyF] is similar to that of [Pyrr14][NTf2] and 

[Pyrr14][NPf2]. On the other hand, the spectral shape for 

 
Figure 12. Low-frequency Kerr spectra of (a) 

[Pyrr14][NF2], (b) [Pyrr14][NTf2], (c) [Pyrr14][NPf2], (d) 

[Pyrr14][NCyF], and (e) [Pyrr14][OTf]. 
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[Pyrr14][OTf], whose anion is a simple mono functional-type, is 

monomodal and totally different from that of [Pyrr14]+-based 

ILs with the bis(sulfonyl)amide-type anions whose spectral 

shape is triangular. Therefore, the 

bis(perfluoroalkylsulfonyl)amide-type anions give a unique 

triangular line shape having a peak at ~20 cm-1 in the 

low-frequency spectrum, regardless of whether there could be 

different conformers or not (rigid cyclic shape). 

 The low-frequency spectra of [Pyrr14][DCA] and 

[Pyrr14][TCM] are shown in Figure 14, which compares the 

different numbers of cyano groups in the anion. On the basis of 

the quantum chemistry calculations, the strong band at 180 

cm-1 for [Pyrr14][DCA] is assigned to the bending mode 

(NC–N–CN) of [DCA]–, and that at 157 cm-1 for 

[Pyrr14][TCM] is assigned to the degeneracy bending modes 

(NC–C–CN) of [TCM]–. Regarding the frequency region below 

~100 cm-1, the intensities of the low-frequency spectra of 

[Pyrr14][DCA] and [Pyrr14][TCM] shown in Figure 14 are very 

high as compared with the low-frequency spectra of 

[Pyrr14]+-based ILs (see Figure 12). The strong spectrum 

intensities in these ILs are attributed to the larger polarizability 

anisotropies (anis([DCA]–) = 8.035 Å3 and anis([TCM]–) = 

6.883 Å3, Table S2-4 of the Electronic Supporting Information) 

and the strong librational motions of the anions. Previously, we 

observed that the temperature-dependent spectral features of 

the low-frequency spectra of [Pyrr14]+-based ILs, as well as 

1-butyl-3-methylimidazolium-based ILs, with flat- and 

rod-shaped anions, such as [DCA]–, [TCM]–, and [SCN]–,63,150 

were different from those of the ILs with common anions, e.g., 

[NTf2]–, [BF4]–, [OTf]–. The difference spectra between the 

low-frequency spectra at 293 K and higher temperatures of 

these ILs showed a negative difference spectral area in the 

frequency region of ~50–100 cm-1. This feature is attributed to 

the red shift of the librational motion of the flat- and 

rod-shaped anions, because it is also commonly observed in the 

aromatic cation based ILs owing to the librational motions of 

the aromatic cations.34 

 The line shapes of the low-frequency spectra of 

[Pyrr14][DCA] and [Pyrr14][TCM] are similar. However, the 

peak frequency of the spectrum of [Pyrr14][DCA] (35 cm-1) is 

higher than that of [Pyrr14][TCM] (32 cm-1). This indicates that 

the bulk and higher molecular weight of [TCM]– as compared 

to that of [DCA]– slows the librational motion of the former 

anion. 

 Figure 15 shows the low-frequency spectrum of 

[Pyrr14][FAP]. The line shape of the low-frequency spectrum of 

[Pyrr14][FAP] is a triangle having a peak at 19 cm-1 and similar 

to that of [Pyrr14][NTf2], [Pyrr14][NPf2], and [Pyrr14][NCyF] 

(Figure 12). It appears that the ILs with non-spherical top 

anions having relatively large molecular weights (Mw > ~200 

g/mol) show a triangular low-frequency spectrum peaked at 

~20 cm-1. Such a triangular line shape of the low-frequency 

spectrum of ILs with non-spherical top anions having relatively 

large molecular weight, such as [FAP]–, [NF2]–, [NTf2]–, 

[NPf2]–, and [NCyF]–, might arise from the librational motion 

of the anions. In comparison to the calculated Raman spectrum, 

 
Figure 13. Calculated Raman spectra of [NF2]– (black 

line), [NTf2]– (blue line), [NPf2]– (red line), [NCyF]– 

(green line), and [OTf]– (purple line) optimized at the 

B3LYP/6-311+G(d,p) level of theory. 

 

 
Figure 14. Comparison of low-frequency Kerr spectra of 

(a) [Pyrr14][DCA] and (b) [Pyrr14][TCM]. 

 

 
Figure 15. (a) Low-frequency Kerr spectrum of 

[Pyrr14][FAP] and (b) calculated Raman spectrum of 

[FAP]– optimized on the basis of the B3LYP/6-311+G(d,p) 

level of theory. 
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many bands above 100 cm-1 in the Kerr spectrum are 

essentially attributable to the intramolecular vibrational bands 

of [FAP]–. 

 4.2.3 Effects of Cation Species: We examine the effect 

of the cation species on the low-frequency Kerr spectrum in 

this section.  Compared to the anion species, the contribution 

of the cation species to the low-frequency Kerr spectrum in ILs 

is not large. However, it is also important to understand the 

effect of the cations on the low-frequency Kerr spectrum in 

detail. 

 Figure 16 shows the low-frequency Kerr spectra of the 

[Pyrr1n][NTf2] series. Though there are small differences in the 

spectral shapes in the frequency range from 150 to 250 cm-1 of 

the [Pyrr1n][NTf2] series probably owing to the intramolecular 

vibrational modes of the alkyl groups, the line shapes of the 

low-frequency broadened bands in the frequency below 100 

cm-1 are quite similar. This spectral feature in the [Pyrr1n][NTf2] 

series is in contrast to the [CnMIm][NTf2] series. The difference 

in the line shapes of the low-frequency spectra of the 

[CnMIm][NTf2] series was attributed to the bending mode 

between the imidazolium ring and alkyl group, which shifts to 

lower frequencies for ILs with longer (heavier) alkyl groups.59  

Calculated Raman spectra of the [Pyrr1n]+ based on the ab 

initio quantum chemistry calculations are shown in Figure 17. 

A significant alkyl group substitution effect is confirmed in the 

bend and torsion coupled with the pyrrolidinium ring torsion: 

335 cm-1 for [Pyrr13]+, 300 cm-1 for [Pyrr14]+, 240 cm-1 for 

[Pyrr16]+, 178 cm-1 for [Pyrr18]+, and 155 cm-1 for [Pyrr1,10]+. 

On the other hand, the Raman intensities of the low-frequency 

modes below 100 cm-1 of [Pyrr1n]+ are very weak. Therefore, it 

is as concluded that the intramolecular band does not influence 

the line shape of the low-frequency spectrum. Consequently, 

the line shapes of the low-frequency Kerr spectra of the five 

[Pyrr1n][NTf2] are quite similar (Figure 16). 

 Figure 18 compares the low-frequency Kerr spectra of the 

ammonium- and phosphonium-based ILs, [N1444][NTf2] and 

[P1444][NTf2]. The spectral intensity at ~50 cm-1 relative to that 

at ~20 cm-1 is slightly higher in [P1444][NTf2] as compared to 

[N1444][NTf2]. Such a spectral feature was also observed in 

[N2228][NTf2] and [P2228][NTf2]61 (also see the Electronic 

Supporting Information). Because the phosphonium cations 

show stronger intramolecular vibrational bands in the 

frequency range above 150 cm-1 than the ammonium cations, 

the spectral wing at the low-frequency side of the 

intramolecular vibrational bands likely contribute to the higher 

relative intensity at ~50 cm-1 in the phosphonium-based ILs as 

compared to the ammonium-based ILs. Compared to the 

calculated Raman spectra of [N1444]+ and [P1444]+ by the 

quantum chemistry calculations based on the 

B3LYP/6-311+G(d,p) level of theory shown in Figure 19, one 

can think that the stronger spectral intensity in the frequency 

region 50 – 100 cm-1 of the low-frequency Kerr spectrum of 

[P1444][NTf2] than that of [N1444][NTf2] might be attributed to 

the lower frequencies of the torsional motions of the butyl 

groups in [P1444]+ than [N1444]+ (note that bands in the 

frequency of 170 – 300 cm-1 in Figure 19 are only the most 

stable conformation in each cation). 

 
Figure 16. Low-frequency Kerr spectra of the 

[Pyrr1n][NTf2] series. (a) [Pyrr13][NTf2], (b) 

[Pyrr14][NTf2], (c) [Pyrr16][NTf2], (d) [Pyrr18][NTf2], and 

(e) [Pyrr1,10][NTf2]. 

 

 
Figure 17. Calculated Raman spectra of [Pyrr13]+ (black 

line), [Pyrr14]+ (red line), [Pyrr16]+ (blue line), [Pyrr18]+ 

(green line), and [Pyrr1,10]+ (purple line) optimized at the 

B3LYP/6-311+G(d,p) level of theory. 
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 The low-frequency Kerr spectra of [Pyrr14][NF2] and 

[Pyrr1(1O2)][NF2] are shown in Figure 20 and illustrate the effect 

of substituting an alkyl group with its respective alkoxyalkyl 

group. The spectral line shapes of the two ILs are quite similar, 

as shown in Figure 20. A small difference in the low-frequency 

spectra between the two ILs is confirmed in the frequency 

range of ~80–150 cm-1. [Pyrr1(1O2)][NF2] shows a slightly 

higher spectral intensity in this frequency region than 

[Pyrr14][NF2]. Other ILs with butyl and methoxyethyl groups in 

this study also show similar spectral line shapes. This spectral 

feature was also confirmed in [Pyrr14][NTf2] and 

[Pyrr1(1O2)][NTf2]. As seen in the spectra of the Raman-active 

normal modes of [Pyrr14]+ and [Pyrr1(1O2)]+ based on the 

B3LYP/6-311+G(d,p) level of theory of Figure 21, [Pyrr1(1O2)]+ 

has a weak intramolecular mode at ~140 cm-1 that is the 

torsional mode of the pyrrolidinium ring coupled with the 

bending motion of the methoxyethyl group and pyrrolidinium 

ring. This vibrational band can influence the slight difference in 

the frequency region of ~80–150 cm-1. In addition, we found a 

weak intramolecular vibrational band at ~240 cm-1 of 

[Pyrr1(1O2)]+, which is not observed in [Pyrr14]+. A weak 

intramolecular Raman-active band is also observed for the 

optimized [Pyrr1(1O2)]+ at ~250 cm-1 (see Figure 21). The 

vibrational band at ~240 cm-1 of [Pyrr1(1O2)]+ is hard to confirm 

in the ILs with more complicated anions, but the ILs with 

simpler anions ([BF4]– and [PF6]–) also show this band (Figure 

S1 of the Electronic Supporting Information). 

4.3 Relationship between Low-Frequency Spectrum and 

Bulk Parameter 

 Previously, we have reported that there is a linear 

relationship between M1 and (/)1/2 for forty aprotic molecular 

liquids.13 The idea of this type of plots is based on a simple 

consideration that the intermolecular vibrational band regards 

as the harmonic oscillator. The vibrational frequency of the 

harmonic oscillator 𝜈 is given as 

    𝜈 =
1

2𝜋𝑐
√

 𝑘 
 𝜇 

    (20) 

where c is the velocity of light, k is the force constant, and  is 

the reduced mass. For the intermolecular vibrational band, Eq. 

(20) can be rewritten as 

    𝑀1 ∝ √
 𝛾 

 𝜌      (21) 

The constants k and  in the harmonic oscillator correspond to 

 and  in the intermolecular vibration, respectively. It should 

be noted that k and  are the parameters of the oscillator itself 

(intramolecular parameters), but  and  are the bulk 

parameters. In a sense, Eq. (21) implies a sort of scaling 

relation between the microscopic (intermolecular vibration) and 

macroscopic (bulk liquid properties) quantities. A linear 

relation between M1 and (/)1/2 was also observed in aromatic 

cation based ILs, although it is different from that for aprotic 

 
Figure 20. Low-frequency Kerr spectra of [Pyrr14][NF2] 

(blue) and [Pyrr1(1O2)][NF2] (red). 

 

 
Figure 19. Calculated Raman spectra of [N1444]+ (red line) 

and [P1444]+ (blue line) optimized at the 

B3LYP/6-311+G(d,p) level of theory. 

 

 
Figure 18. Comparison of low-frequency Kerr spectra of 

ammonium- and phosphonium-based ILs. (a) 

[N1444][NTf2] and (b) [P1444][NTf2]. 

 

 
Figure 21. Calculated Raman spectra of [Pyrr14]+ (blue 

line) and [Pyrr1(1O2)]+ (red line) optimized at the 

B3LYP/6-311+G(d,p) level of theory. 
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molecular liquids.59 

 Figure 22 plots the M1 values to the (/)1/2 for the 

nonaromatic cation based ILs. As shown in the figure, there is a 

mild linear correlation between the two quantities, though the 

data are scattered compared to aprotic MLs. The figure also 

shows that the relation for the nonaromatic cation based ILs is 

close to that for aprotic molecular liquids, but clearly different 

from that for aromatic cation based ILs. The relations estimated 

by the linear fits together with their correlation parameters, r, 

are followings: 

𝑀1(cm−1) = 7.11(±1.28)√𝛾(mN/m) 𝜌(g/mL)⁄ +
                         14.5(±7.0)                         (𝑟 = 0.67)  

  (nonaromatic cation based ILs) (22) 

𝑀1(cm−1) = 3.51(±0.95)√𝛾(mN/m) 𝜌(g/mL)⁄ +
                         48.6(±5.2)                         (𝑟 = 0.51)  

   (aromatic cation based ILs)59  (23) 

𝑀1(cm−1) = 11.2(±0.9)√𝛾(mN/m) 𝜌(g/mL)⁄ −
                         9.12(±5.1)                         (𝑟 = 0.86)  

   (aprotic MLs)13,72,151   (24) 

It should be reminded that the relation for aprotic molecular 

liquids includes the data for both aromatic and nonaromatic 

MLs. 

 In previous preliminary results, a less sensitive M1 to 

(/)1/2 relation is found for the aromatic cation based ILs than 

aprotic MLs and nonaromatic cation based ILs (only ten 

nonaromatic cation based ILs in that study).34 The weak bulk 

parameter dependence of M1 in aromatic cation based ILs as 

compared to that in aprotic MLs (and some nonaromatic cation 

based ILs) was mainly attributed to the spectral density and the 

more segregated structure in ILs.34 This is because 

[CnMIm][NTf2] (aromatic cation based ILs) showed clearer 

low-Q (low scattering vector) peaks at ~4 nm-1 owing to micro 

segregation than 1-alkyl-1-methylpiperidinium 

bis(trifluoromethylsulfonyl)amides (nonaromatic cation based 

ILs).152 On the basis of the data of these forty nonaromatic 

cation based ILs, it is clear that the relationships for the 

nonaromatic and aromatic cation based ILs are different in this 

study. It should be emphasized that aprotic MLs show a single 

linear correlation for both aromatic and nonaromatic MLs, but 

the ILs show different relations for nonaromatic and aromatic 

ILs. In addition, the relation for nonaromatic ILs is close to that 

for aprotic MLs. This relation between M1 and (/)1/2 in 

liquids seems to be universal, except for aromatic cation based 

ILs. However, slightly weaker (/)1/2 dependence of M1 is 

observed for the nonaromatic cation based ILs than aprotic 

MLs. This might also be originated from the micro segregation 

structure in nonaromatic cation based ILs, though it is not 

significant when compared to that in aromatic cation based ILs. 

We therefore believe that the relation between M1 and (/)1/2 in 

liquids is rather universal, although the segregation structure 

also influences the relation. Accordingly, liquids with no 

segregation structure likely obey this relationship between the 

microscopic and macroscopic quantities. 

 

5. Conclusions 

In this study, we reported the low-frequency spectral data 

of as many as forty nonaromatic cation based ILs via fs-RIKES, 

as well as the data of liquid properties, , , , and . On the 

basis of the data of liquid properties of [Pyrr14]+-based ILs, the 

following trends were identified: 

density (), [FAP]– > [NPf2]– > [NCyF]– > [NTf2]– > [NF2]– > 

[OTf]– > [DCA]– ~ [TCM]–;  

viscosity (), [NCyF]– > [NPf2]– > [FAP]– > [OTf]– > [NTf2]– > 

[NF2]– > [DCA]– > [TCM]–;  

electrical conductivity (), [DCA]– > [NF2]– > [TCM]– > 

[NTf2]– > [OTf]– > [FAP]– > [NCyF]– > [NPf2]–;  

surface tension (), [DCA]– > [TCM]– > [NF2]– > [OTf]– > 

[NCyF]– > [FAP]– ~ [NTf2]– > [NPf2]–. 

On the basis of the results of the [Pyrr1n][NTf2] series, the 

relationships between the liquid properties and the number of 

carbons of the alkyl groups for 1-alkyl-1-methylpyrrolidinium 

cations were also estimated. The plots of  or  vs. -1 for the 

nonaromatic cation based ILs showed a linear relationship, 

which was somewhat different from that of aromatic cation 

based ILs. In addition, the relationship between  and Vm for 

nonaromatic cation based ILs, especially in the lower Vm region 

below ~300 mL/mol, was different from that in the case of 

aromatic cation based ILs. 

 Further, the broad low-frequency Kerr spectra in the 

frequency below ~200 cm-1 were discussed on the basis of the 

ion species. Compared to common aromatic cation based ILs, 

the intensity of the low-frequency spectrum of nonaromatic 

cation based ILs was quite low because of the absence of an 

aromatic ring, whose libration has a strong spectral intensity. 

However, ILs with a flat anion, such as dicyanamide and 

tricyanomethide, showed a relatively strong spectral density 

owing to the libration of the anions. From the comparison of 

the anions [NF2]–, [NTf2]–, and [NPf2]– for [Pyrr14]+-based ILs 

and 1-(methoxy)ethyl-1-methylpyrroldnium-based ILs, the 

peak at ~20 cm-1 shifted to lower frequency with the increasing 

size of the anions: [NF2]– > [NTf2]– > [NPf2]–. The line shape of 

the low-frequency spectrum of [Pyrr1n][NTf2] was not sensitive 

to the alkyl group, unlike the [CnMIm][NTf2] and [CnPy][NTf2] 

series. From the results of the normal mode quantum chemistry 

calculations of 1-alkyl-1-methylpyrrolidinium cations, it was 

found that there was no intense Raman-active intramolecular 

vibrational band in the low-frequency region below ~100 cm-1, 

where the intermolecular vibrational band typically appears. 

The line shapes of the low-frequency Kerr spectra of 

ammonium-based ILs and the respective phosphonium-based 

ILs were significantly different. The difference could be largely 

attributed to the lower-frequency intramolecular vibrational 

bands of the phosphonium cation compared to the respective 

ammonium cation. The substitution of the butyl group of 

[Pyrr14]+ by a methoxyethyl group did not influence the line 

 
Figure 22. Plots of M1 versus (/)1/2 for nonaromatic 

cation based ILs (red circles). Linear fit for the data is 

shown by a red solid line. Relationships between M1 and 

(/)1/2 for aprotic MLs (nonaromatic MLs: black circles; 

aromatic MLs: black triangles)13,72,151 and aromatic cation 

based ILs (blue triangles).59   
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shape of the low-frequency spectrum of the ILs. 

 In addition, a linear relationship between the first moment 

M1 of the low-frequency spectrum and the bulk parameter, 

(/)1/2, was observed. Compared to our previous studies of 

aprotic MLs13 and aromatic ILs,59 this relationship for the 

nonaromatic cation based ILs was quite similar to that for 

aprotic MLs, including nonaromatic and aromatic analogs. 

However, it was different from that for aromatic cation based 

ILs. The distinct feature in the relation between M1 and (/)1/2 

for aromatic cation based ILs could be attributed to the 

significant segregation liquid structure in these ILs as 

compared to the nonaromatic cation based ILs, as well as 

aprotic MLs. 
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