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1. Introduction

It is well known that the physical and chemical properties of ionic liquids (ILs) vary when
the combination of cations and anions changes. It is thus possible to tune the properties of
ILs on demand by choosing a suitable cation and anion combination. Consequently, ILs are
commonly referred to as designer fluids. Many studies have demonstrated the usefulness of
this strategy for controlling the properties of ILs (Wasserscheid & Welton, 2008; Ohno,
2005). It is possible to systematically examine the physical and chemical properties of ILs by
changing an ionic species, while leaving a counter ion unchanged, in order to understand
the relationships between an IL’s chemical and physical properties and its constituent ion
species. Extensive efforts along this line of study have clarified the relationships between the
physical and chemical properties and the ionic species.

On the other hand, the effects of replacing an atomic element in an ionic species on the
physical and chemical properties of ILs have not been very well understood. It is obvious that
one of the main themes in chemistry is to develop an understanding of how chemical and
physical properties depend on the atomic elements in molecular liquids as well as in ILs. In
2005, C and Si in a side group of an imidazolium cation (1-methyl-3-neopentylimidazolium:
[C-MIm]* and 1-methyl-3-trimethylsilylmethylimidazolium: [Si-MIm]*) were compared
(Shirota & Castner, 2005). The shear viscosities of the silicon substituted ILs are substantially
reduced in comparison with those of the respective carbon ILs, when ILs with the same anions
are compared. Actually, this feature of ILs is the opposite of that observed in conventional
neutral molecular liquids. For example, the shear viscosity of bromobenzene at a standard
ambient condition is approximately 1.4 times larger than that of chlorobenzene, and the
ambient shear viscosity of diethyl sulfide is approximately 1.9 times larger than that of diethyl
ether (Lide, 2008). Heavier atom substitution in the hexafluoropnictogenate anion ([XFe]; X: P,
As, and Sb) for 1-butyl-3-methylimidazolium ILs also gives a lower shear viscosity (Shirota et
al., 2009). In addition to aromatic cation-based ILs, reductions in the shear viscosities of ILs
with heavier atoms in the same position were also confirmed in nonaromatic cation-based ILs
(Tsunashima & Sugiya, 2007; Seki et al., 2009; Shirota et al., 2010).

Interionic interaction is a key parameter for determining the physical and chemical
properties of ILs. Because the interionic interactions in ILs are delicately balanced between
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the attractive and repulsive forces, the salts fit to be a liquid at room temperature. The
physical properties of ILs depend on the interionic interaction. Therefore, it is important to
gain an in-depth understanding of the molecular-level aspects of the interionic interaction in
ILs. Intermolecular vibration in condensed phases is a measure of the microscopic
intermolecular interaction. Most intermolecular vibrations in condensed phases are in the
frequency range of approximately 1-150 cm-1. Several groups have studied the interionic
vibrations in this low frequency region to reveal the microscopic structure and interaction in
ILs using sophisticated time-resolved spectroscopic techniques such as femtosecond Raman-
induced Kerr effect spectroscopy (RIKES) (Castner et al., 2007) and terahertz time-domain
spectroscopy (THz-TDS) (Asaki et al., 2002; Yamamoto et al., 2007; Koeberga et al., 2007) as
well as steady-state low-frequency Raman and far-infrared spectroscopies (Dominguez-
Vidal et al., 2007; Iwata et al., 2007; Fumino et al., 2008; Buffeteau et al., 2010). Among these
spectroscopic techniques, femtosecond RIKES can cover the frequency range of the
intermolecular (interionic) vibrational band in molecular liquids including ILs.

Quitevis and co-workers reported the first RIKES-based study of ILs in 2002 (Hyun et al.,
2002). The Quitevis group extensively studied the detailed aspects for the microstructures of
neat ILs (Xiao et al., 2009; Russina et al., 2010), as well as binary IL mixtures (Xiao et al.,
2006; Xiao et al.,, 2007; Xiao et al., 2008). They also reported a temperature dependent
experiment (Rajian et al., 2004). Wynne and co-workers examined the intertionic vibrational
dynamics in some imidazolium cation-based ILs with different cation and anion
combinations and found that an anion substitution produced a significant difference in the
interionic vibrations of the ILs (Giraud et al., 2003). A similar feature was also observed in
nonaromatic cation-based ILs (Shirota et al., 2005). Wynne's group also compared the low-
frequency Kerr spectra of a few ILs with the spectra measured by THz-TDS and dielectric
spectroscopy (Turton et al., 2009). We demonstrated some comparative studies such as IL vs.
neutral binary solution (Shirota & Castner) and ILs vs. concentrated electrolyte solutions
(Fujisawa et al., 2009) using femtosecond RIKES to bring out the unique natures of the ILs.
Several novel silyl- and siloxy-group-substituted imidazolium-based ILs were also
compared (Shirota et al., 2007). Fayer and co-workers focused on the slower dynamical
processes, which included a- and -relaxations and the crossover process between
intermolecular vibrations and a-relaxation, and examined the adequacy of the mode
coupling theory for several imidazolium-based ILs (Cang, 2003; Li, 2006). Some theoretical
studies based on molecular dynamics (MD) simulations further explored deeper molecular
aspects of the intermolecular dynamics of ILs reported in the experimental studies. Urahata
and Ribeiro performed MD simulations for some imidazolium-based ILs and compared
their results with the experimental data reported by Wynne and co-workers (Urahata &
Ribeiro, 2005). Their study showed that the density of states profile for the cation was
similar to the experimental Kerr spectrum shape. Hu et al. also computed the Kerr spectrum
of 1-methoxyethylpyridinium dicyanamide and compared it with the experimental Kerr
spectrum (Hu et al., 2008). They showed the importance of the interaction-induced motion
on nanosecond timescale, which is not dominant for neutral molecular liquids. Although
these studies reveal detailed molecular aspects of the ultrafast dynamics in ILs and help to
provide a better and deeper understanding of ILs, we will focus on the heavy atom
substitution effects in ILs rather than the studies in this chapter. We will provide an
overview of the heavy atom substitution effects in ILs on some static physical properties and
will discuss the features using the microscopic interionic interaction investigated by
measuring the interionic vibrations with femtosecond RIKES.
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2. Femtosecond Raman-induced Kerr effect spectroscopy: principle and data
analysis

Femtosecond RIKES is a third-order nonlinear spectroscopic technique (McMorrow et al.,
1988; Lotshaw et al., 1995; Righini, 1993). This spectroscopic technique can be used to
observe the molecular motions such as the reorientation and inter- and intramolecular
vibrations in time domain within a range of approximately 104 to 10 s. Fig. 1 shows a
schematic diagram of the basic principle of femtosecond RIKES. The first (pump) pulse
produces a vibrational coherence between @ and @» (impulsive Raman process). Then, the
second (probe) pulse, which arrives at time 7 from the first pulse, induces the Raman
scattering, ax. It should be noted that a femtosecond laser pulse is sufficiently short in time
domain to obtain a wide spectrum in frequency domain, which shows the intermolecular
vibrations and some intramolecular vibrational modes with the frequencies smaller than o
- a (Swy). Typical femtosecond RIKES can be used to detect the signal by mixing it with a
local oscillator. This method is referred to as the optical heterodyne detection and is used to
enhance the signal and obtain a linear response to the signal polarization/electric field
(Mukamel, 1995). This pump-probe spectroscopic technique is also referred to as optical
Kerr effect (OKE) spectroscopy. The difference between the two spectroscopic techniques is
attributed to the number of light sources (different colors) used. However, if the light source
is a spectrally broad pulse such as a femtosecond pulse, the two spectroscopic techniques
are interchangeable. We use the acronym RIKES for the spectroscopic technique in this
chapter.

» [ime

[ (798 (218 P @

Pump Probe

Fig. 1. Schematic diagram of Raman-induced Kerr effect signal.

Femtosecond RIKES can provide a high-quality low-frequency spectrum with the frequency
range of approximately 0.2-750 cm? via Fourier-transform deconvolution analysis
(McMorrow & Lotshaw, 1990; McMorrow & Lotshaw, 1991). As an example, Fig. 2 shows
the Kerr transient and the Fourier-transform Kerr spectra of ethylbenzene. The femtosecond
RIKES directly captures a Kerr transient in time domain, as shown in Fig. 2a. In time-
domain data, the diffusive orientational relaxation with a timescale greater than a few
picoseconds is often characterized by a multi-exponential function (a biexponential function
in the case of ethylbenzene, as shown in Fig. 2a). The Kerr transient is then analyzed by
carrying out a Fourier-transform deconvolution procedure using the instrument’s response,
which is characterized by the cross correlation of the pump and probe pulses in a RIKES
system. A Fourier-transform Kerr spectrum with the frequency range of 0-750 cm-! is shown
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in Fig. 2b. Clear intramolecular vibrational modes are observed at 156, 486, 556, and
621 cml. The broad band located in below 150 cm is caused by the intermolecular
vibrations. In order to discuss the intermolecular vibrational band, the contribution of the
diffusive orientational relaxation (7) is subtracted from the entire Kerr spectrum. An
enlarged view of the low frequency region is shown in Fig. 2c. It should be noted that the
depolarization condition is used for the RIKES setups discussed here (the polarization
angles are 0° for the pump, +45° for the probe, and -45° for the analyzer). Accordingly, the
diffusive orientational relaxation for a spherical molecule is forbidden, and the isotropic
vibrational modes are silent for this spectroscopic condition. It is also possible to detect the
isotropic vibrational modes by changing the polarization angles for the spectroscopic setup
(Khalil et al., 2000; Wiewior et al., 2002; Heisler & Meech, 2010).

Line-shape analysis is also carried out to characterize the Kerr spectra. A common model
used to fit a low-frequency Kerr spectrum is the sum of the Bucaro-Litovitz (Is.(@)) (Bucaro
& Litovitz, 1971) and antisymmetrized Gaussian functions (Ig(®)) (Chang & Castner, 1993).

Ipi(®) = ApLo’exp(-®/ mgr) (1)

Ic(@) = Aclexp[-2(@w - ac)?/Awc?] - exp[-2(w + wc)?/Awc?]} (2)

where A, is the amplitude parameter, a, is the characteristic frequency parameter, and Aan,
is the width parameter for the model functions. When the index « in Eq. 1 is unity, the
function is an Ohmic function. We used an Ohmic function rather than a Bucaro-Litovitz
function to fit the Kerr spectra for simplicity. The Bucaro-Litovitz function was developed to
express the depolarized light scattering in atomic and molecular liquids (Bucaro & Litovitz,
1971). The antisymmetrized Gaussian function is assumed to be an inhomogeneously
broadened vibrational mode (often regarded as a librational mode) and has been empirically
used to fit the low-frequency Kerr spectrum in molecular liquids (Chang & Castner, 1993).
In reality, the model functions do not express the shape of a motion in spectrum, but this
analysis is useful to qualitatively discuss the spectral feature. Although the multi-mode
Brownian oscillator model (Tanimura & Mukamel, 1993; Nagata & Tanimura, 2006) is also
commonly used to characterize the low-frequency spectra (Giraud et al., 2003; Shirota et al.,
2005), the former analytical model is used throughout this chapter.

Most of the earlier femtosecond RIKES studies were conducted to clarify the intermolecular
vibrational and orientational dynamics in pure molecular liquids and binary mixtures
(Kinoshita et al., 1996; Castner & Maroncelli, 1998; Smith & Meech, 2002; Zhong & Fourkas,
2008; Shirota et al.,, 2009). Nowadays, femtosecond RIKES is also used to study the
intermolecular vibrational dynamics, reorientation, and microscopic intermolecular
interactions of complex condensed phases (Hunt et al., 2007; Farrer & Fourkas, 2003) such as
polymer liquids and solutions, microemulsions, aqueous protein films and solutions, and
solvents in nanoporous glasses. As mentioned above, femtosecond RIKES has also been
used to investigate ILs (Castner et al., 2007).

The details of the femtosecond RIKES setups used for the studies described in this chapter
have been reported elsewhere (Wiewior et al., 2002; Shirota, 2005; Shirota et al., 2009). In
short, the light sources for the setups were titanium:sapphire lasers pumped by
approximately 3.5 W of 532-nm light from a neodymium:vanadate laser (Spectra Physics).
The center wavelength of the titanium:sapphire lasers was 800-810 nm, with a full width at
half maximum value of ca. 60 or 75 nm and a repetition frequency of ca. 85 MHz. The output
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power was 300-350 mW. The temporal response for the femtosecond RIKES setups was
approximately 30-40 fs.
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Fig. 2. (a) Kerr transient of liquid ethylbenzene (red) and its biexponential fit (blue). The fit
starts from 3 ps. (b) Fourier-transform Kerr spectrum (black), contribution of the slowest
relaxation time 7, (blue), and m-subtracted Kerr spectrum (red). (c) Magnification of the -
subtracted Kerr spectrum. The black dotted line, red line, brown lines, green lines, black
broken line, and blue line denote the Fourier-transform Kerr spectrum, its entire fit, Ohmic
functions, antisymmetrized Gaussian functions, Lorentzian function, and Lorentzian
function subtracted spectrum, respectively.

3. Target ionic liquids, electronic structures, and static properties

The sample ILs discussed in this chapter were synthesized according to the standard
procedure (Wasserscheid & Welton, 2008; Saurez et al., 1998; Holbrey & Seddon, 1999;
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Dzyuba & Bartsch, 2002; Tsunashima & Sugiya, 2007), except for 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIm][PF¢], Wako Pure Chemical) and 1-butyl-
3-methylimidazolium hexafluoroantimonate ([BMIm]|[SbF¢], Fluka), which were used as
received. Before the measurements, the ILs were dried in vacuo, typically at approximately
315 K for 36 h. The details of these sample ILs have been described elsewhere (Shirota &
Castner, 2005; Shirota et al., 2009; Shirota et al., 2010). The ILs and their abbreviations are as
follows. 1-Methyl-3-neopentylimidazolium bis(trifluoromethylsulfonyl)amide:
[C-MIm][NTf,]; 1-methyl-3-trimethylsilylmethylimidazolium
bis(trifluoromethylsulfonyl)amide:  [Si-MIm][NTf;];  1-methyl-3-neopentylimidazolium
tetrafluoroborate: [C-MIm][BF,]; 1-methyl-3-trimethylsilylmethylimidazolium
tetrafluoroborate: ~ [Si-MIm][BF4];  1-butyl-3-methylimidazolium  hexafluoroarsenate:
[BMIm][AsFs]; triethyloctylammonium bis(trifluoromethylsulfonyl)amide: [N222s][NTf2];
triethyloctylphosphonium bis(trifluoromethylsulfonyl)amide: [P2228] [NTH>]; (2-
ethoxyethoxy)ethyltriethylammonium bis(trifluoromethylsulfonyl)amide: [N22200202)] [NTf2];

(2-ethoxyethoxy)ethyltriethylphosphonium bis(trifluoromethylsulfonyl)amide:
[P22200202)] [NTf2]; (2-ethoxyethoxy)ethyltriethylammonium hexafluorophosphate:
[N222(20202)] [PFs]; (2-ethoxyethoxy)ethyltriethylphosphonium hexafluorophosphate:
[P22220202)] [PFe]; (2-ethoxyethoxy)ethyltriethylammonium hexafluoroarsenate:

[N22220202)][AsFe]; (2-ethoxyethoxy)ethyltriethylphosphonium hexafluoroarsenate:
[P22200202)][AsFg]. The chemical structures of the target cations and anions for the heavy
atom substitution studies are shown in Fig. 3.

Target lons for Atom Substitution Studies

Arom atic Cations Nonaromatic Cations Anions
|
J— RN F
S~ — Xy
N N | X5 F ). F

X
) R L e
_ . X2 o N ([N2oxr]Y) _
Xq: C ([C.-Mlm] ) P ([P222r]*) Xs: P ([PFs])
Si ([Si-MIm1*) As ([AsFe])

R: Octyl (8) Sb ((SPF.])
(2-Ethoxyethoxy)ethyl (20202)

Fig. 3. Chemical structures of target ions for atom substitution studies.

Because ions have charges in nature, it is important to understand the charge magnitudes of
the atoms in the ions. Fig. 4 shows the optimized geometries and atom charges of the target
ions. The geometry optimization calculations were performed based on the density
functional theory of the B3LYP/6-311++G(d,p) level for the [X-MIm]* and [X22s]* cations
and the B3LYP/aug-cc-pVDZ or aug-cc-pVDZ-PP level for the [XFg]- anions. The charges
were estimated using the CHelpG algorithm.

www.intechopen.com



Atom Substitution Effects in lonic Liquids:
A Microscopic View by Femtosecond Raman-Induced Kerr Effect Spectroscopy 207

-0.78 e +0.78

.9' [szzs.] I 02 ® [P2228]"

-1.65 é +1.65

@ .0 @_ .0 o o
o 0 oo t’fo

[PFg] [AsF]" [SbFs]

Fig. 4. Atom charges of target ions for atom substitution studies.

Overall, the features of the heavy atom substitutions in the three categories ([X-MIm]*,
[Xo228]*, and [XFs]) were similar. That is, the charge magnitude of the heavier atom in the
ions was larger than that of the corresponding lighter atom of the respective ions in most
cases: Si in [Si-MIm]* (+0.773) vs. C in [C-MIm]* (+0.602); P in [Ps]* (+0.250) vs. N in
[Nogos]* (+0.102); Sb in [SbFe]- (+1.650) vs. As in [AsFe]- (+1.393) vs. P in [PF¢]- (+1.414). In
addition, the bond length of the target atoms became longer with the heavy atom
substitution: Si-CHj in [Si-MIm]* (1.880 A) vs. C-CHj in [C-MIm]* (1.539 A); P-CH,CHj in
[Pas]* (1.832 A) vs. N-CH,CHj3 in [Nags]* (1.531 A); Sb-F in [SbFe]- (1.937 A) vs. As-F in
[AsFs]- (1.775 A) vs. P-F in [PFg]- (1.660 A). The ab initio quantum chemistry calculation
results thus suggest that the heavy atom substitution in ions produces two opposing
features in relation to the interionic interaction. A bigger charge magnitude in an atom
produces a stronger interionic interaction at the local site (attractive Coulomb or dipole-
dipole interaction), but a larger ionic volume brings a weaker interionic interaction (steric
repulsive force).

Table 1 summarizes the data for the liquid density, shear viscosity, and surface tension at
297 K for the sample ILs, as well as their formula weights and molar volumes. The molar
volumes were estimated from the formula weights and liquid densities at 297 K. In the data
for the liquid densities, the result of the heavy atom substitutions is slightly confusing: C —
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Si and N — P in the cations ([C-MIm]* — [Si-MIm]* and [Naxr]* — [P22r]*) decrease the
liquid density, whereas P — As — Sb in the anions ([PF¢]- — [AsFs]- — [SbFe]-) increase the
liquid density. A larger atom definitely has a heavier mass and a larger volume. These
effects on the liquid density arising from the heavy atom substitution are thus
counterintuitive. If we look at the periodic table, the gap in the atomic masses between the
periods 2 and 3 is much smaller than that between the periods 3 and 4 and between the
periods 4 and 5 (Lide, 2008). Conversely, the difference in the atomic volumes between the
periods 2 and 3 is larger than that between the periods 3 and 4 and between the periods 4
and 5 (Bondi, 1964). As a result, the heavy atom substitutions, C — Si and N — P, in the
cations give a lower liquid density as a dominant factor for the volume effect, whereas the
heavy atom substitutions, P — As — Sb, in the anions give a higher liquid density as the
dominant parameter of the mass effect.

b W |y | @ | @/ | /mon
[C-MIm][NT£,] 4334 | 1413 | 1614 31.6 306.7
[Si-MIm][NTf,] | 4495 | 1.398 90.7 30.1 3215

[C-MIm][BF,] 2401 | 1207 | 3337 40.0 198.9
[Si-MIm][BF,] 2561 | 1188 | 5462 36.8 215.6
[BMIm][PFg]a 2482 | 1368 | 2896 437 181.4
[BMIm][AsFq]a 3281 | 1540 | 228.0 448 213.1
[BMIm][SbF]a 3750 | 1.690 | 1337 452 221.9
[Noos] [NT]b 4946 | 1249 | 2270 328 396.0
[Pasas] [NTH]b 5115 | 1244 | 1233 32.7 411.2
[Nozponop INTE]> | 4985 | 1.328 70.4 353 375.4
[Paonop][NTEIP | 5155 | 1.319 437 35.0 390.8
[Noxpoxonl[PRele | 3633 | 1.255 | 699.0 45.0 289.5
[Panporon][PRele | 3803 | 1250 | 232.8 443 304.2
[Nomeosonl[AsFelb | 4073 | 1.381 | 607.4 453 294.9
[Panpoon][AsFel> | 4242 | 1368 | 2161 445 310.1

Table 1. Formula weights FW, liquid densities d, shear viscosities 7, surface tensions y, and
molar volume V at 297 K for ILs. The data are from 2 Shirota et al., 2009, and b Shirota et al.,
2010. Data at 297 K for the upper four ILs are newly published data.

In the data for the shear viscosity, the heavy atom substitution effect is clearly observed with
the same trend for any ILs: the heavier atom substitution gives a lower shear viscosity. As
mentioned previously, this effect is the opposite of that for common neutral molecular
liquids (e.g., n(fluorobenzene): 0.550 cP < 7(chlorobenzene): 0.753 cP < n(bromobenzene):
1.074 cP and n(diethyl ether): 0.224 cP < n(diethyl sulfide): 0.442 cP at 298 K (Lide, 2008)). In
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general, this effect in conventional molecular liquids arises from the heavier mass and larger
molar volume (dispersion force).

In ILs, the ion volume is critical for the interionic interaction strength because the distance
between a cation and an anion affects the interionic interaction strength. In the simplest
case, e.g., in a spherical ion pair, the Coulombic energy, Ecoulomb(r), is inversely proportional
to the distance between a cation and an anion: Ecoulomb(t) o« 1/7 (Israelacvili, 1992).
Moreover, the total interaction energy in ionic crystals is proportional to the inverse of the
distance between a cation and anion (the Madelung constant) (Israelacvili, 1992). As seen in
Table 1, we can confirm that the molar volume in the ILs becomes larger as the cation and
anion become heavier. Although the self-diffusion, interionic interaction, and ion-pair
formation do not always correlate to the ionic volume (Tsuzuki et al., 2005; Katsuta et al.,
2008), it is suggested that discussing the interionic interaction with the effect of the ion
volume is appropriate when comparing the present ions because the structures of the ions
are relatively less influenced by a heavy atom substitution compared to the case in which a
whole ion is exchanged.

Polarizability is another factor responsible for the intermolecular (or interionic) interaction.
The polarizability increases with a longer bond length (and thus a larger molecule),
according to the charge response kernel model (Iuchi et al., 2002). Because the increased
polarizability could soften the force between the charges, the polarizability effect can
reasonably explain the tendency for the shear viscosities of the three ILs to decrease, as well
as the volume effect. Indeed, the increased polarizability also provides the stronger
interionic interaction because of the larger dispersion and inductive forces. However, the
trend of the shear viscosities for the ILs is inconsistent with the effects of the dispersion and
inductive forces. With regard to the charge population, the study of the atom charges of the
ions indicates that the negative charge magnitude of F for [XFs¢]- and the positive charge
magnitude of the target element for the cations are larger for a heavier ion. The charge
localization in the ions should have a stronger interaction with a counter ion than the ions
with the delocalized charge distribution, and the stronger interaction between the cation
and anion provides the larger shear viscosity in fluids. Accordingly, the calculation results
for the charge magnitude of the anion cannot be used to explain the observed heavy atom
substitution effect on the shear viscosity in the ILs. Therefore, the present result of the shear
viscosity trend of the three types of ILs can be reasonably explained in the context of the
interionic interaction arising from the ionic volume effect.

On the other hand, the trend in the surface tension by the heavy atom substitutions is
somewhat complicated in comparison with that in the shear viscosity. As listed in Table 1,
the surface tension becomes slightly smaller with the heavier element substitution in the
aromatic and nonaromatic “cations” but becomes larger with the heavier element
substitution in the “anions”. There is an inverse correlation between surface tension and
molar volume in molten salts, including ILs (Jin et al., 2008). The change in surface tension
for the ILs by the heavy atom replacement in the cation is well explained by the empirical
scheme. However, the feature in the anions is evidently the opposite of the predicted heavy
atom substitution effect on the surface tension.

In addition to the shear viscosity, the surface tension in conventional neutral molecular
liquids increases with a heavier atom substitution (e.g., /(fluorobenzene): 26.66 mN/m <
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#(chlorobenzene): 32.99 mN/m < y(bromobenzene): 35.24 mN/m and jy(diethyl ether): 16.65
mN/m < y(diethyl sulfide): 24.57 mN/m at 298 K (Lide, 2008)). Therefore, the characteristics
of the atom substitutions in the anions of ILs are fairly normal for liquids, but the heavy
atom substitutions in the aromatic and nonaromatic cations show an unusual feature. It
seems that the mass effect is greater than the volume effect for the surface tension as well as
the liquid density.

4. Interionic vibrational band

As shown in Fig. 2, the intermolecular vibrational band in molecular liquids is broad and
located in the low frequency region below ca. 150 cm, in contrast to most of the
intramolecular vibrational modes. The same is also true for ILs. Actually, a detailed
molecular-level understanding of the intermolecular vibrations in molecular liquids,
including ILs, is not simple at all. This is because the molecules or ions in liquids are
fluctuating, these molecular or ionic fluctuations give different intermolecular or interionic
vibrational modes, and such intermolecular or interionic vibrational modes are often
coupled to each other and are fairly anharmonic. In addition, the spectral shape is more
complicated than simple Gaussian and Lorentzian line shapes which are usually used to
express the line shapes of intramolecular or intraionic vibrational modes. However, this
spectrum contains a large quantity of microscopic or molecular-level information. Because
heavy atom substitutions in ILs do not have a very great effect on the constituent ionic
shape in comparison with a whole ion exchange, a specific comparison between ILs with
lighter and heavier atom-substituted ions is possible. The details of such a comparison are
given below.

4.1 Cation in aromatic ionic liquids

The first example of an atom substitution study of the interionic vibrational dynamics in ILs
is C vs. Si for a side group of an imidazolium cation: [C-MIm]* vs. [Si-MIm]* (Shirota &
Castner, 2005). Fig. 5 shows the low-frequency Kerr spectra and fits for the ILs with [NTf,]-
and [BF4]. It should be noted that the contributions of the picosecond orientational
relaxations were removed from the full Kerr spectra to focus on the vibrational motions in
the ILs.

The low-frequency spectral region from ca. 1 to 150 cm is usually dominated by the
intermolecular vibrational components in most neutral molecular liquids. The same is true
for ILs, but the spectrum is somewhat shifted to a higher frequency (Shirota & Castner,
2005). The substantial flexibility of the IL cations and anions often leads to low frequency
modes, which are found at the same low-frequency region of the spectrum. Fig. 5 shows
how sharper Lorentzian features arising from the cation and anion intraionic vibrational
modes are superposed on the broad spectra in the 0 to 150 cm? spectral range. For strongly
dipolar liquids such as acetonitrile, the dominant contributions to the intermolecular
vibrational dynamics arise from librational and density fluctuation (translational) dynamics,
with the former dominating the spectral density (Ryu & Stratt, 2004, Madden & Cox, 1981;
Madden, 1983; Geiger & Ladanyi, 1988; Geiger & Ladanyi, 1989). Because these motions
have a strong overlap on timescale and are in fact likely coupled for such strongly
interacting ions as those in the ILs reported here, it is difficult to distinguish between them.
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Fig. 5. Low-frequency Kerr spectra of ILs (a) [C-MIm][BF4], (b) [C-MIm][NT%], (c) [Si-
MIm][BF4], and (d) [Si-MIm][NTf,]. The black dotted lines, red solid lines, brown solid lines,
green solid lines, and black broken lines denote the Fourier-transform Kerr spectra, entire
fits, Ohmic components (Eq. 1), antisymmetrized Gaussian components (Eq. 2), and
Lorentzian components (intraionic vibrations), respectively. The blue solid lines denote the
spectra with the Lorentzian components subtracted.

It is quite likely that the features that fit to Eqs. 1 and 2 cannot be correlated directly with
any simple decomposition of the line shape into orientational and translational motions.
From the line-shape features in the interionic vibrational spectra and the line-shape analysis
shown in Fig. 5, it becomes clear that (1) the first moments, M, (and the peak frequencies of
all model functions) for the [Si-MIm]* ILs are lower than those for the [C-MIm]* ILs (71.1
cm-! for the [C-MIm][BF4], 65.8 cm-! for the [Si-MIm][BF,4], 64.3 cm-! for the [C-MIm][NTf;],
and 63.1 cm? for the [Si-MIm][NTf;]) and (2) the magnitudes of the differences for the
spectral first moments are larger for the [BF4]- ILs than for the [NTf;]- ILs.

Considering a harmonic oscillator, @ = (k/u)!/2, where k is the force constant and u is
the reduced mass, we might expect that the frequencies for such an intermolecular mode
would be reduced for the [Si-MIm]* ILs relative to the [C-MIm]* ILs for at least two reasons:
(i) The effective mass for the [Si-MIm]* cation is larger than that for the [C-MIm]* cation and
(ii) the intermolecular interactions for the [Si-MIm]* ILs are weaker than those for the [C-
MIm]* ILs.
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In a neutral aprotic molecular liquid, there is a single correlation between the spectral first
moment and the square root of the value of surface tension divided by density, (y/d)'/2
(Shirota et al., 2009). The ratios of the surface tensions, }[Si-MIm]* IL)/ {([C-MIm]* IL), are
0.89 for ILs with the [BF4]- anion and 0.95 for the ILs with the [NTf;]- anion. Because of the
reduction in M; by the heavy atom substitution in the cation, the trends are the same, since
the difference in liquid density is tiny. We also recall that the ratios of the shear viscosities
n([Si-MIm]* IL)/ n([C-MIm]* IL) are 0.135 for ILs with the [BF4]- anion and 0.625 for the ILs
with the [NTf]- anion. The interionic vibrational spectrum can be seen to be lower in
frequency for the [Si-MIm]* ILs than for the corresponding [C-MIm]* ILs by the first spectral
moment. The magnitude of the difference in frequencies resulting from the silicon
substitution on the cation does not correlate with the difference in effective mass for either
the [NTf,]- or [BF4]- ILs. Therefore, the difference in effective mass or liquid density between
silicon-substituted and normal IL cations is not the only factor in determining the interionic
vibrational frequencies in these four ILs. We think that liquids with lower shear viscosities
and surface tensions should have weaker interionic interactions, and thus overall lower
frequency interionic vibrational modes, relative to the liquids having higher shear viscosities
and surface tensions.

4.2 Anion in aromatic ionic liquids

Next, we compare 1-butyl-3-methylimidazolium [BMIm]* based ILs with a series of
hexafluoropnictogenate anions ([XF¢]-: X is P, As, or Sb) (Shirota et al., 2009). As discussed
above, the substitution of C by Si in the cation shifts the first moment of the low-frequency
spectrum of an IL to a lower value. However, a change in the dipole moment of an ion
caused by atom substitution gives a difference in the spectra. Because the
hexafluoropnictogenate anion is octahedral, the substitution of a center atom affects the
mass and volume (mean polarizability) of the ion, but does not affect the shape (dipole
moment and polarizability anisotropy). Thus, it is more ideal to simply examine the atom
substitution effects caused by the mass and volume on the interionic vibration in the ILs.

Fig. 6 focuses on the low-frequency Kerr spectra in the frequency range of 0-200 cm-1. To
clearly see the heavy atom substitution effect, the spectral intensities were normalized to
make them uniform. To find the regional frequency differences of the low-frequency Kerr
spectra for the three ILs, the fit components (Eqs. 1 and 2) are also compared. As shown in
the figure, the spectral differences between the three ILs are not very large. However, if we
look closely at the low frequency Kerr spectra of the [XFg]- ILs, there are two meaningful
differences. In the higher-frequency region (100-150 cm-), a small spectral difference can be
observed: the spectral band shifts to a higher frequency or becomes broader with the smaller
[XFe]- anion of the IL. A clearer heavy atom substitution effect on the interionic vibrational
spectrum is seen in the lower frequency region (<50 cm-). In addition, the order of the first
spectrum moments for the three ILs is [BMIm][PF¢] > [BMIm][AsFs] > [BMIm][SbFs] (69.6
cm! for [BMIm][PF¢], 69.3 cm-! for [BMIm][AsFs], and 68.2 cm-! for [BMIm][SbFs]). The effect
of the heavy atom substitution on the interionic vibration (first moment) is similar to the
tendency for the shear viscosity, rather than that for the surface tension. However, it is
obvious that the tendency for the first spectrum moment in the three ILs is the same as that
for the square root of the value of the surface tension divided by the liquid density, which is
derived from a simple consideration of a harmonic oscillator, as well as the case for the [X-
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MIm]* ILs. That is, the mass effect is significant compared to the interionic interaction effect
coming from the ionic volume for the [XF¢]- ILs.
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Fig. 6. (a) Normalized low-frequency Kerr spectra of [BMIm][PFs] (red), [BMIm][AsFe]
(blue), and [BMIm][SbF¢] (green). Low-frequency Kerr spectra and fits for (b) [BMIm][PF],
(c) [BMIm][AsFs], and (d) [BMIm][SbFe]. The black dotted lines, red solid lines, brown solid
lines, green solid lines, and black broken lines denote the Fourier-transform Kerr spectra,
entire fits, Ohmic components (Eq. 1), antisymmetrized Gaussian components (Eq. 2), and
Lorentzian components (intraionic vibrations), respectively. The blue solid lines denote the
spectra with the Lorentzian components subtracted.

For further insights, we compare the experimental result with the MD simulation result
(Ishida et al., 2009). The decomposition analysis of the computed Kerr spectra based on the
MD simulations of the three ILs shows that the composition of the spectrum for the
[BMIm][PFs] is dominated by the cation-anion cross correlation, while the dominant
contribution for the other two ILs is the cation’s motion. This indicates that the interionic
interaction between the cation and anion becomes weaker with an increase in the volume of
the anion, which is in good agreement with the experimental results. The MD simulation
work further reveals that the contribution of the reorientation of the cations and anions
mainly dominates the Kerr spectrum profile in the three ILs, but the collision-induced and
cross (coupling motion) terms do not show large contributions to the Kerr spectrum profile.

A comparison between the heavy atom substitution effects of the [XF¢]- anion and [X-MIm]*
cation on the low-frequency Kerr spectrum provides further detailed aspects for the heavy
atom substitution effect on the interionic vibrational dynamics in the aromatic ILs. Let us
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recall the key points for the silicon substitution effect of an imidazolium cation ([C-MIm]* —
[Si-MIm]*) on the interionic vibrational dynamics discussed above. First, the characteristic
frequency such as the first moment of the low-frequency broad spectrum shifts to a lower
value with the silicon substitution of the side group from the neopentyl group
((CHs3)3CCH>-) to the trimethylsilylmethyl group ((CHs)3SiCH»-) of the imidazolium cation.
Second, the silicon substitution effect is larger for the [BF;]- IL than for the [NTf,]- IL,
because the [BF4]- IL has a larger shear viscosity and surface tension. Third, the silicon
substitution effect on the Kerr spectra is clear in the higher frequency region (100-150 cm-?)
than in the lower frequency region (<50 cm?). From a comparison of the present results for
the [XF¢]- ILs with the results for the silicon substitution effect, we find a remarkable point,
besides the lower frequency shift in the vibrational band by the heavy atom substitution.
The frequency region of the spectral difference caused by the heavy atom substitution for
the [XFe]- ILs is clearly different from that for the [X-MIm]* ILs. It is a lower frequency
region for the [XFs]- ILs and a higher frequency region for the [X-MIm]* ILs.

In the case of aromatic molecular liquids, the intermolecular vibrational dynamics in the
lower frequency region, which is typically less than 50 cm-, includes the interaction-induced
motion, which is translation-like, coupled with the librational motion, which is rotation-like,
whereas that in the higher frequency region is predominantly due to the librational motion
(Ryu & Stratt, 2004; Elola & Ladanyi, 2006). If the molecular motions and timescale of the
interionic vibrational dynamics in the ILs are similar to those of simple aromatic molecular
liquids, it would be permissible to consider the origins of the heavy atom substitution effects
on the interionic vibrational dynamics in the ILs by taking into account the analogy of
simple aromatic liquid dynamics.

The spectral difference for the [XFs]- ILs is evident in the lower frequency region, and that
for the [X-MIm]* ILs is dominant in the higher frequency region. Thus, the interaction-
induced (translation-like) motion is sensitive to the heavy atom substitution effect of the
[XFg]- anion, and the substitution for the [X-MIm]* cation is critical for the librational
(rotation-like) motion. Why do the heavy atom substitution effects of the [X-MIm]* cation
and the [XFg]- anion on the interionic vibrational spectra appear in the different frequency
regions?

It is worthwhile to think of the shapes of the constituent ions of the ILs. Because the [XFs]-
anion has an octahedral symmetry, the effective dipole, which is defined as the vector from
the center of mass to the center of charge by Kobrak and co-workers (they called it the
“charge arm”) (Kobrak & Sandalow, 2006; Li et al., 2008), never changes with the heavy
atom substitution of the [XFg]-. On the other hand, the (static) effective dipole of the [X-
MIm]* varies with the heavy atom substitution: the effective dipole of the [Si-MIm]* is
approximately 20% larger than that of the [C-MIm]* (Shirota & Castner, 2005).

The nonzero effective dipole of the ion (and the molecule) contributes to both orientational
and translational motions, but the zero effective dipole of the ion (and the molecule) never
contributes to rotational motion. Accordingly, a comparison between the present and
previous studies indicates that the change in the effective dipole (or asymmetric molecular
shape) by the heavy atom substitution of the ion provides the dominant heavy atom
substitution effect on higher-frequency interionic vibrational dynamics. On the other hand,
the change in the pure mass and spherical volume by the heavy atom substitution of the ion
gives the large substitution effect on the lower-frequency interionic vibrational dynamics.
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Qualitatively, the MD simulation showed the same picture as the experiment (Ishida et al.,
2009). The larger masses of As and Sb, compared to P, in the [XF¢]- anion inactivate the
translational motion (and its coupling motion with librational motion).

4.3 Nonaromatic ionic liquids

Now, let us move to nonaromatic ILs. The unique characteristics of nonaromatic ILs include
their flexibility and charge distribution. The comparisons are the ammonium and
phosphonium cations, as well as the [PFs]- and [AsFe]- anions (Shirota et al., 2010). Fig. 7
shows the low-frequency Kerr spectra of [N2xs][NTf], [P2228][NTf2], [N22220202)][NTf2], and
[P222020202)][NTf2], and Fig. 8 compares the low-frequency Kerr spectra of [N22220202)][PFs),
[Pzzz(zozoz)] [PF6] P [szz(zozoz)] [ASF(,], and [Pzzz(zozoz)] [ASF6]. The results of the line—shape
analysis are also shown in the figures. It is clear from these figures that the intensity in the
high frequency region (>50 cm?) is low for the nonaromatic ILs, in comparison with the
aromatic ILs (Figs. 5 and 6). A similar feature was also confirmed in conventional molecular
liquids (Shirota et al., 2009). Some MD simulations have indicated that the rotation-like
motions, such as libration, of aromatic molecules are dominant in the high frequency region,
as mentioned before (Ryu & Stratt, 2004; Elola & Ladanyi, 2006). Thus, it seems that the
spectral difference in the high frequency region between the aromatic and nonaromatic ILs
is caused by the presence or absence of a flat aromatic ring.

The first moments of the low-frequency spectra for the phosphonium-based ILs are slightly
lower overall or are similar to those for the ammonium-based ILs, and that the first moment
in ILs with the [XFs]- anion becomes lower through the heavy atom substitution of As for P
in the [XFe]- anion (50.6 cm for [Na][NTf:], 50.0 cm? for [Paxns][NTf;], 52.3 cm-! for
[szz(zozoz)][Nsz] ; 52.3 cm! for [Pzzz(zozoz)] [Nsz] P 66.6 cm! for [szz(zozoz)] [PF6] , 64.0 cm! for
[Pzzz(zozoz)][PFd, 64.5 cm-! for [szz(zozoz)][Ast, and 63.5 cm! for [Pzzz@ozozﬂ[ASFd). A
similar feature was observed in aromatic ILs, as seen above (Shirota & Castner, 2005; Shirota
et al., 2009). Thus far, we have discussed the change in the interionic vibrational spectra of
the ILs caused by the heavy atom substitution in terms of the microscopic interionic
interaction. The interionic vibrational frequency decreases with heavy atom substitution. If
we consider a harmonic oscillator as a simple model for an interionic vibration, it is clear
that the vibrational frequency becomes lower with the weaker interionic interaction because
of the heavy atom substitution. The experimental results and ab initio quantum chemistry
calculations have shown the nearly neutral charges of the central heteroatoms of the
ammonium and phosphonium cations, the large difference in the N-C and P-C bond
lengths, and the larger volume of the ion pair for the heavy-atom-substituted ILs. Therefore,
it is plausible that the interionic interactions become weaker because of the larger ionic
volumes.

On the other hand, the reduced mass is another parameter for the peak frequency of the
harmonic oscillator model. The liquid density is substantially increased by the heavy atom
substitution of As for P in [XF¢], but becomes slightly lower by the substitution of P for N in
a cation (Table 1). By an analogy of the better correlation between the first moment
of the intermolecular vibrational spectrum and the square root of the value of surface
tension divided by liquid density than by formula weight in aprotic molecular liquids
(Shirota et al., 2009), we find that the relatively large substitution effect on the low-
frequency spectrum in the [XF¢]- ILs could be attributed to the difference in liquid density.
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Fig. 7. Low-frequency Kerr spectra and fits for (a) [N22s][NTf2], (b) [P2228][NT£2], ()
[N222(20202)][NTf2], and (d) [P22220202)][NTf2]. The black dotted lines, red solid lines, brown
solid lines, green solid lines, and black broken lines denote the Fourier-transform Kerr
spectra, entire fits, Ohmic components (Eq. 1), antisymmetrized Gaussian components (Eq.
2), and Lorentzian components (intraionic vibrations), respectively. The blue solid lines
denote the spectra with the Lorentzian components subtracted.

We will further discuss this correlation in the eight ILs later. In any event, the liquid density
affects the interionic vibrational spectrum in ILs, as well as the interionic interaction.

We also found that the dual heavy atom substitution effect on the interionic vibrational
spectrum of both the cation and anion ([N22220202)][PFs] = [P22220202)][AsFs]) is almost the
sum of the respective effects of the cation and anion. In summary, the heavy atom
substitution effects on the interionic vibration are rather general for any ion constituents:
cation, anion, aromatic, or nonaromatic species.

In addition to the heavy atom substitution effects, we found clear changes caused by the (2-
ethoxyethoxy)ethyl group substitution for the octyl group in the cations. The first moment
of the low-frequency Kerr spectrum becomes higher with the ether group substitution in
both the ammonium and phosphonium cations. The shear viscosity of [N22200202)][NTf;] is
lower than that of [Nxxs][NTf,] (Table 1). As well as the ammonium-based ILs,
phosphonium-based ILs show a similar substitution effect on the shear viscosity. However,
the surface tension becomes larger with the substitution of the (2-ethoxyethoxy)ethyl group
for the octyl group in the cations. That is, the substitution effect of the ether group
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Fig. 8. Low-frequency Kerr spectra and fits for (a) [N22220202)][PFe], (b) [P22220202)][PFe¢], ()
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spectra, entire fits, Ohmic components (Eq. 2), antisymmetrized Gaussian components (Eq.
2), and Lorentzian components (intraionic vibrations), respectively. The blue solid lines
denote the spectra with the Lorentzian components subtracted.

on the first moment of the low-frequency Kerr spectrum is similar to that on the surface
tension, but not the shear viscosity.

Finally, it might be worth mentioning a comparison between the low-frequency spectrum
(microscopic aspect) and bulk property (macroscopic feature) for a broad range of ILs.
Unlike conventional molecular liquids (Shirota et al., 2009), the correlations for the ILs are
not great. In particular, the correlations of the aromatic and nonaromatic ILs seem to be
different (Fujisawa et al.,, 2009; Shirota et al., 2010). Obviously, ILs are much more
complicated than conventional molecular liquids. Because ILs are mixtures of cations and
anions in nature and most ILs, particularly ILs containing an ion with a long alkyl group,
consist of ionic and hydrophobic parts, the inhomogeneity could give bulk and microscopic
interionic/intermolecular interactions that are different from those of neat liquids. Traces of
inhomogeneity in ILs were reported in experiments (Triolo et al., 2007; Xiao et al., 2009;
Shigeto & Hamaguchi, 2006), as well as MD simulations (Lopes et al., 2006; Wang & Voth,
2006). These natures of ILs surely provide more complicated microscopic features. However,
the heavy atom substitution effect on the interionic vibrational band in the ILs is reasonably
accounted for by the harmonic oscillator scheme.
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5. Conclusions

In this chapter, we provided an overview of the heavy atom substitution effects of the

constituent ions in some ILs on the static properties such as liquid density, shear viscosity,

and surface tension, along with the effects on the interionic vibrational dynamics. With
respect to the static properties, we can summarize the heavy atom substitution effects in the

ILs as follows.

e Theliquid density slightly decreases because of the heavy element substitution from the
period 2 element to the period 3 element, but the substitution from the period 3 element
to the period 4 element and the period 4 element to the period 5 element substantially
increases the liquid density. This complicated feature arises from the counter
parameters: volume and mass.

e  The shear viscosity is reduced by the heavy atom substitution in any cationic, anionic,
aromatic, or nonaromatic species. In addition, the reduction in shear viscosity by a dual
cation and anion substitution is simply the sum of the respective effects of the cation
and anion substitutions (no synergistic or compensative effect).

e  The heavy atom substitution effect on the surface tension shows the same trend as that
on the liquid density.

With regard to the interionic vibrational spectrum, the heavy atom substitutions provide a

lower frequency shift of the characteristic frequency, the first spectrum moment, M;. This

feature is observed for both the cation and anion. Comparing the interionic vibrational
spectra with the bulk properties, the heavy atom substitution effect on the interionic
vibration in the ILs is the same as that on the shear viscosity. The shifts in the interionic
vibrational band by heavy atom substitution in both the aromatic and nonaromatic cations
are also reasonably accounted for by the feature of the surface tension. However, the
substitution in an anion cannot be simply explained by the surface tension. Considering a
harmonic oscillator as a simple model, the heavy atom substitution effect on the interionic
vibration in the ILs arises from the differences in both the interionic interactions (or
volumes) and masses (or liquid densities). The spectral shift in the interionic vibrational
band by the heavy atom substitution in the cations is mainly caused by the interionic
interaction, whereas the mass effect is large for the substitution in the anions. Although,
within the same group, the heavy atom substitution effects on the interionic vibration in the

ILs are reasonably taken into account by the harmonic oscillator scheme, the whole picture

of the interionic vibrations in ILs still remains unclear. Additional and broader studies will

provide a further understanding of the general and deeper aspects of ILs.
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