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Abstract 

            Room temperature ionic liquids (RTILs) are defined as materials that are composed 

of cations and anions that melt at or below 373 K. RTILs are the subject of extensive study 

by researchers of different areas due to their advantages over conventional solvents for use 

in a variety of applications. An important feature of ILs is that their physicochemical 

properties can be tuned by the selection or the functionalization of their constituent ions. 

Thus gaining an understanding of structure-property relationship of RTILs is of great 

importance in developing them for practical applications. 

            Physicochemical property measurements (i.e. density, viscosity, thermal 

transitions), molecular dynamics (MD) simulations, and optical heterodyne detected 

Raman induced Kerr effect spectroscopy (OHD-RIKES) of a homologous series of newly 

prepared branched imidazolium based ionic liquids (ILs) were carried out and compared 

with a corresponding series of linear imidazolium based ILs. A molecular level 

understanding of the structure-property relationships of these ILs was gained.  

            The change in heterogeneity in 1-alkyl-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide ([CnC1im][NTf2]) ILs with increasing alkyl chain 

length was explored by studying the dynamics of a nonpolar molecular solute CS2 by 

means of OHD-RIKES. The OHD-RIKES results indicate a change in heterogeneity 

occurring at n=3, which is consistent with previous MD simulation results. 

            The local structure and intermolecular dynamic study of benzene/[C1C1im][NTf2] 

mixtures were studied by combining MD simulations with OHD-RIKES. The simulated 

density of states (DOS) results provide a means of interpreting the Kerr spectra in terms of 
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the motions of benzene and the [C1C1im]+ cations. The Kerr spectra of mono-benzyl and 

di-benzyl substituted imidazolium bis[(trifluoromethane)sulfonyl]amide ILs indicate that 

the phenyl moieties see a stiffer intermolecular potential than benzene molecules in the 

corresponding benzene/[C1C1im][NTf2]  mixture.  
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Chapter 1 

1. Introduction 

            The physicochemical properties of chemical materials are exclusively dependent 

on the structures of their constituent molecules. The study of the microscopic dynamics 

and exploring intrinsic structure-property relationships are of great importance for 

academic research and practical applications. Room temperature ionic liquids (RTILs) are 

receiving more and more attention due to their novel physicochemical properties and their 

advantages over conventional organic solvents in terms of applications in a variety of 

fields. In this dissertation, the intermolecular dynamics and physicochemical properties of 

imidazolium-based ILs are investigated by optically-heterodyne-detected Raman-induced 

Kerr effect Spectroscopy (OHD-RIKES), molecular dynamic (MD) simulations, and 

physicochemical property characterization. 

1.1 Ionic Liquids 

           RTILs are defined as materials that are composed of cations and anions and that 

melt at or below 373 K.1 In common ILs, most constituent cations are organic, with a low 

extent of symmetry; the counter-anions can be either organic or inorganic. A 1914 report 

by Walden first introduced ILs into chemical research in the form of ethylammonium 

nitrate ([EtNH3][NO3], mp 13-14 °C).2 However, this report did not prompt any significant 

interest at the time. Research on ILs began to increase drastically in the 1980s when 1-

ethyl-3-methylimidazolium chloride-aluminium(III) chloride ([C2mim]Cl-AlCl3) was 

synthesized and shown to have a much lower viscosity and wider electrochemical window 

than its precursor 1-butylpyridinium chloride-aluminium(III) chloride ([C4py]Cl-AlCl3).
3 

This was the first genuine example of an IL that was liquid at room-temperature, which 
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opened up a field for electrochemistry specialists and laid the foundation for the explosion 

of interest in the area of ILs. However, all the chloroaluminate (III) ILs are moisture 

sensitive, restricting their industrial application. Another revolution of ILs happened in 

1992 when Wilkes and Zaworotko4 reported the synthesis of air- and water-stable 

imidazolium based ILs (1-ethyl-3-methylimidazolium acetate ([C2mim][CH3CO2]), 1-

ethyl-3-methylimidazolium nitrate ([C2mim][NO3]), and 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([C2mim][BF4])) Since then, a wide range of ILs has been developed 

incorporating many different anions (tetrafluoroborate, hexafluorophosphate, nirtrate, 

sulfate, and acetate anions), which show that ILs can be prepared and used on the bench 

rather than in an inert-atmosphere box.  The NATO Advanced Research Workshop on 

“Green Industrial Applications of Ionic Liquids” held in Crete revealed many potential 

applications of ILs,5 leading to an explosion of interest and activity, including the much 

expanded empirical development of many new ionic-liquid families based on a wide 

variety of cations and anions. Due to various combination of different kinds of cations and 

anions, the number of ILs has been estimated to be over a million if all known cations and 

anions were to be paired,6-7 or as many as 1018 if all ternary systems were to be 

investigated.5 Given the large number of ILs and their structural features that are 

reminiscent of molten salts, ionic surfactants, ionic crystals,8 and molecular liquids, it is 

challenging to classify ILs. Based on the well-established division between proton-

donating (protic) and nonproton-donating (aprotic) molecular solvents, ILs can be divided 

into protic,9  aprotic10, and Zwitterionic ionic liquids.11-12 Typical cations and anions of ILs 

are shown in Figure 1-1.13 
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            Figure 1-1. Chemical structures of representative cations and anions of ILs. From left to right, the cations (top row) include: 

ammonius, pyrrolidinium, 1-methyl-3-alkylimidazolium, 1,3-bis[3-methylimidzolium-1-yl]alkane; (second row) phosphonium,  

pyridinium, poly(dialkyldimethylammonium), metal(M+) tetraglyme. The anions include (third row) halides, formate, nitrate, hydrogen 

sulfate, heptafluoorobutyrate, bis(trifluoromethylsulfonyl)imide, tetrafluoroborate, (bottom row) thiocynaate, hexafluorophosphate, 

tris(pentafluoroethyl)trifluorophosphate, dicyanamide, poly(phosphonic acid), and tetrachloroferrate. (Adapted from Figure 3 in 

Ref.[13]).
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1.1.1 Present and Potential Applications of Ionic Liquids 

            The asymmetry of cations has long been recognized as an important factor in 

lowering the melting point of ILs.14-15 The electrostatic interactions, even weakened by the 

bulky size of the cations and anions, play an important role in determining the negligible 

vapor pressure of ILs. The low vapor pressure makes ILs combustion-resistant, 

evaporation-proof, and suitable for vacuum applications.16 ILs have a wide liquid window 

as well as a wide electrochemical window, which enables the electrodeposition of reducing 

metals and semiconductors that cannot be deposited from conventional aqueous 

electrolytes.11 The fact that ILs are entirely composed of ions makes them nonflammable 

and gives them room temperature conductivities of 1-10 mS cm-1, which are comparable 

to or larger than those of 0.1 M aqueous KCl solution. ILs with long hydrocarbon groups 

are amphiphilic, with the liquid exhibiting coexisting polar and nonpolar domains, and are 

able to dissolve and solubilize a wide range of polar and nonpolar materials that would 

otherwise not be simultaneously soluble in a conventional molecular solvent. It is worth 

noting that because of the large number of possible combinations of a variety of cations 

and anions, and also the ease of modification of the constituent ions, the physicochemical 

properties of ILs can be tuned for any specific desired purpose. For this reason ILs are also 

called designer solvents or task-specific solvents.17 In general, ILs have low melting points, 

low volatility, nonflammability, good thermal and chemical stability, high conductivity, 

wide electrochemical windows, high solubility with many organic solvents, etc., and these 

physicochemical properties can be tuned by the selection or the functionalization of their 

comprising ions. With these properties, ILs show great advantages over conventional 

organic solvents in a series of applications.18-19 
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            For energy conversion, ILs are frequently considered for use as electrolytes in dye-

sensitized solar cells (DSSCs)20-22 and fuel cells,23-24 heat reservoirs for thermo-

electrochemical cells,25-28 dissolution solvents for the production of biofuels from non-food 

biomass,29-30 extraction media for removal of sulfur or other toxic compounds that would 

otherwise cause air pollution from fossil fuels,31-32 solvents/electrolytes in the water 

splitting process for the generation of hydrogen,33  and solvents for solar thermal storage 

34 and nuclear fuel separation systems.35 

            As electrolytes, ILs have also been considered for use in every battery system 

imaginable, including lithium batteries,36-39 sodium and sodium-ion cells,40-45 magnesium 

batteries,46-49  and supercapacitors,50-54. ILs not only function as electrolytes, but also 

participate in the synthesis of energy storage materials, benefitting from the tunability of 

their properties and their large number.55-58 Materials prepared from ILs have various 

engineered morphologies such as nano-crystalline, mesoporous hollow microspheres, and 

microcubes via IL-assisted hydrothermal methods. 

            Other then the applications in energy storage and conversion listed above, ILs also 

exhibit advantages over conventional organic solvents for use in electrodeposition,59-61 

separation,62-63 catalysis,64 gas sensing,65 chemical synthesis,66-67 CO2 capture,68 

lubricant,69-70 hydraulic fluids71 polymers,72-73 and so forth.  

1.1.2 Property-Structure Study of Ionic Liquids 

            The most promising ILs are ones based on the imidazolium cation. The five-

membered ring containing two nitrogen atoms with two carbon-carbon double bonds 

provides the imidazolium cation with resonance structures which delocalize the positive 
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charge. Thus the binding interaction between imidazolium cations and their counter-anions 

is reduced, and imidazolium based ILs tend to have low viscosity and high ionic 

conductivity.74-76 Given the large number of ILs and the tunability of their physicochemical 

properties, obtaining an intrinsic relationship between property and structure is necessary 

for the rational design and choice of an IL for a specific application. Watanabe and 

coworkers applied the pulsed-field gradient spin echo (PFG) NMR diffusion method to 

measure the microscopic self-diffusion coefficients of cations and anions of four ILs that 

share common cations or anions.77 The self-diffusion coefficient results were correlated 

with macroscopic viscosities and conductivities. Ionic association was considered to 

account for the lower viscosity and lower conductivity in 

bis(trifluoromethanesulfonyl)imide ([NTf2]
-) based ILs. Also in Watanabe’s group, a series 

of property-structure studies were conducted on ILs by variation of anionic species,78 alkyl 

chain length of imidazolium cations,79 and cationic structures.80 The effects of these 

variations on the ion diffusion, viscosity, conductivity, ionic association of ILs were 

systematically presented, which is of great significance in guiding our understanding of the 

structure-property relationship of ILs.  Maroncelli and co-workers81 studied the 

physicochemical properties of ILs consisting of [C4C1im]+ paired with various anions, and 

ILs consisting of [NTf2]
- paired with various cations, adding more useful data to the current 

IL database. The effects of cation symmetry and cation alkyl chain length of imidazolium 

based ILs on morphology and nanoscale structural heterogeneity were studied by Quitevis 

and coworkers82-85 through OHD-RIKES and small wide angle x-ray scattering (SWAXS) 

measurements. Martinelli et al.86 combined PFG NMR and SWAXS to systematically 

investigate how local structure and diffusional motion vary with increasing alkyl chain 
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length for 1-alkyl-3-methylimidazolium ILs. Their results showed that the self-diffusivity 

of the individual ionic species is correlated to the local structure in the corresponding ILs. 

Physicochemical properties of various ILs with different structures were also characterized 

by researchers including Brennecke87-88, Forsyth89-90, Rogers91, Seddon92, and Bartsch93. 

The structure-property research on ILs listed above have primarily focused on cations with 

linear alkyl chain. However, there is limited research about how introducing a branch 

structure into the ILs affects their physicochemical properties. Indeed, it is well known that 

branching decreases the boiling and melting points94 and increases the viscosities95-98 of 

alkanes. Andresova et al.99 examined the effect of branched and cyclic alkyl groups on the 

physicochemical properties of imidazolium-based ILs and found that the viscosities of the 

branched and cyclic ILs are greater than that of the analogous linear ILs. Kashyap et al.100 

combined X-ray scattering measurements and MD simulations to investigate the structural 

differences of ILs based on 1-alkyl-1-methylpyrrolidium cation with [NTf2]
- as the anion 

and with linear, branched, and cyclic alkyl groups.  The behavior of the branched and cyclic 

systems at the prepeak region of the structure factor function S(q) is similar to that observed 

for systems where the alkyl chain in the cations is of same length but not necessarily of the 

same number of carbon atoms (from the perspective of the charged groups). 

           In Chapter 3 of this dissertation, a series of branched ILs based on the 1-(iso-alkyl)-

3-methylimidazolium cation from 1-(1-methylethyl)-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide to 1-(5-methylhexyl)-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide were synthesized and their physicochemical 

properties were systematically studied and compared with that of a series of reference 

linear ILs, which expands the structure-property database of ILs.  
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1.1.3 Molecular Dynamic Simulation of Ionic Liquids. 

            MD simulations, which provide a convenient way of predicting thermodynamic and 

transport properties of materials from knowledge of only the chemical structure, have been 

widely used to investigate the structure and properties of ILs.101-104 Accurate MD 

simulations can make the screening of optimal ILs for certain applications more efficient. 

Several simulation works have focused on the existence of nanostructural organization in 

ILs,105-109 in which the depiction of the three-dimensional structure in terms of “aggregation 

of the alkyl chains in nonpolar domains” and “ionic channels by anions and by the 

imidazolium rings of the cations” has had a strong influence on the ways many researchers 

think about ILs. MD simulations has also been utilized to study the diffusion and viscosity 

of ILs,105, 110-111 solubility of ILs,112-116 confined ILs,117 thermodynamic and transport 

properties,118 dynamics,119-120 and surface121-123 and bulk structures107-108, 124-127 of ILs. 

            Viscosity is a collective property, which makes it much more difficult to compute 

from a simulation than the other properties listed above. The standard method for 

computing the viscosity from a simulation is to use a Green-Kubo formula:104 

𝜂 =
𝑉

𝑘𝐵𝑇
∫ < 𝑃𝑖𝑗(0)𝑃𝑖𝑗(𝑡) > 𝑑𝑡

∞

0
                                                                                          (1.1) 

where the angle bracket is an ensemble average, η is the shear viscosity, kB is Boltzmann’s 

constant, and Pij is the ij-th component of the pressure tensor, i≠j. An equilibrium MD 

(EMD) simulation is usually run in order to use eq 1.1, and the pressure tensor is computed 

at each step. The integral in eq 1.1 is then evaluated numerically to estimate the viscosity. 

However calculated viscosities of ILs through EMD tend to be overestimated by an order 

of magnitude due to the slow dynamical behavior of ILs, whereas EMD usually evaluates 
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an integral over some short period of time (less than 500 ps).128 EMD simulation with more 

complex polarizable force field produces viscosities lower than that obtained with fixed 

charge models.129-130 In non-equilibrium MD (NEMD) the system is driven away from 

equilibrium and the linear response of the system is monitored to calculate the viscosity. 

Viscosities of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([C2C1im][NTf2]) at different temperatures calculated from a reverse non-equilibrium MD 

method (RNEMD) were found much lower than that calculated from EMD, and closer to 

experimental values.111 Sprenger et al.131 applied the NEMD method to calculate the shear 

viscosities of 19 ILs, to test the widespread usage of General Amber Force Field (GAFF). 

The mean absolute error was calculated as 37.4 % when they compared the simulated 

viscosities to experimental values. So it seems like that NEMD methods may be more 

appropriate in calculating the viscosities of ILs than EMD methods. 

            Viscosities of the branched and linear ILs studied in Chapter 2 of this dissertation 

are calculated by NEMD methods and compared with experimental viscosities in Chapter 

3 of this dissertation. The reason why branched ILs have higher viscosities than linear ILs 

and why 1-(2-ethylpropyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([2mC3C1im][NTf2]) has an abnormally high viscosity compared to that of the other 

branched ILs will be discussed in detail in terms of the calculated molecular shape 

parameters and molecular interaction energies. 

1.1.4 OHD-RIKES study of ionic liquids 

             The interionic interactions in ILs are basically a result of a delicate balance of 

Coulombic forces, dispersion forces, repulsive forces and so forth.132 These interactions 

give rise to an intermolecular vibrational band in the low-frequency region below 200 cm-
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1.132 Techniques characterizing the low frequency vibrational spectra mainly include OHD-

RIKES, terahertz time-domain spectroscopy (THz-TDS), as well as steady-state 

spectroscopy methods such as conventional Raman spectroscopy and far-infrared 

spectroscopy. OHD-RIKES is a nonlinear optical time-domain technique that is widely 

used to capture the ultrafast dynamics of pure liquids by measuring the anisotropic 

component of the collective polarizability response. Detailed information about OHD-

RIKES in terms of history, theory, apparatus set-up, and data analysis will be specifically 

discussed in Chapter 4 of this dissertation. OHD-RIKES has significant advantages over 

other spectroscopic methods in that it produces signals with high signal-to-noise ratio and 

allows easy access to the low-frequency region, and thus has been extensively used for the 

investigation of ILs.132-158 

            The information about ILs studied through OHD-RIKES include the reorientational 

dynamics of ILs,135, 141, 150 nanostructural organization in ILs,140, 143-144, 146 effect of cation 

or anion substitution on the intermolecular dynamic of ILs,140, 143, 145, 151, 159 the difference 

between the dynamics of ILs and that of concentrated electrolytes,148 comparison between 

the dynamics of ILs and that of neutral solvents,160 the effect of atom substitution on the 

dynamic of ILs,152 the effect of cation structures on the dynamics of ILs,132, 157-158, 161 and 

the dynamics of  molecular solutes in ILs.147, 154-156 

            In Chapter 5 of this dissertation, the ultrafast dynamics of a series of branched ILs 

based on the 1-(iso-alkyl)-3-methylimidazolium cation from 1-(1-methylethyl)-3-

methylimidazolium bis[(trifluoromethane)sulfonyl]amide to 1-(5-methylhexyl)-3-

methylimidazolium bis[(trifluoromethane)sulfonyl]amide are systematically studied by 

OHD-RIKES and compared with that of a series of reference linear ILs. The effect of 
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branch structure on the intermolecular dynamics and local structure of ILs will be 

discussed. 

1.1.5 Study of heterogeneity of ionic liquid through molecular solvent  

            As discussed above, ILs with long hydrocarbon groups are amphiphilic, which can 

lead to IL being structurally heterogeneous on a nanoscale or to the coexistence of polar 

and nonpolar domains. The nonpolar domain arises from the aggregation of the alkyl chains 

which are embedded in a polar charge-ordered network. This structural heterogeneity was 

first revealed by MD simulations of ILs based on the 1-alkyl-3-methylimidaolium 

([CNC1im]+) cation (see Figure 1-2),162-164 and later confirmed experimentally by the 

appearance of the prepeaks  in the SWAXS signal of [CNC1im][Cl] and [CNC1im][BF4].
165 

Although there has been controversy about the attribution of the prepeaks to 

nanosegregation in ILs,166 the link between these two was proved by the simulation work 

of  Margulis and co-workers,167 in which the structure factor function S(q) was resolved 

into apolar-apolar, polar-polar, polar-apolar terms.  

            Studying the dynamics of molecular solutes in ILs provides another valuable means 

of probing the heterogeneity of ILs. OHD-RIKES measurements of 

CS2/[C5C1im][NTf2]
147, 154, 168and CH3CN/[C5C1im][NTf2]

155, 168 mixtures by Quitevis’ 

group were combined with MD simulation by Voth’s group to study the location of the 

nonaromatic molecular solutes in ILs and their intermolecular dynamics. MD simulations 

showed that nonpolar CS2 molecules tend to be located in the interior of the nonpolar 

domains of 1-pentyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide whereas 

dipolar CH3CN molecules appear to “bridge” the nonpolar and polar domains with nitrogen 

atoms pointing toward the headgroups of the cation and  
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            Figure 1-2. Snapshots of simulation boxes containing 700 ions of [CnC1im][PF6]. 

(a) [C2C1im][PF6] CPK Coloring; (b) [C2C1im][PF6] same configuration as in a with 

red/green (charged/nonpolar) coloring; (c) [C4C1im][PF6] l=49.8 Å; (d) [C6C1im][PF6] 

l=52.8 Å; (e) [C8C1im][PF6] l=54.8 Å; (f) [C12C1im][PF6] l=59.1 Å (Adapted from Figure 

5 in Ref. [109]). 

methyl groups residing in the nonpolar domain. The CS2 contribution to the OKE spectrum 

in the mixture is lower in frequency and narrower than the OKE spectrum of neat CS2, 

similar to what is observed for the OKE spectrum of CS2/alkane mixtures.169-174 The CS2 
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molecules in the mixture see a less stiff intermolecular potential than in neat CS2, which is 

consistent with the MD simulation result that show CS2 to be localized in the nonpolar 

domain formed by the aggregation of the alkyl chains. The contribution of CH3CN to the 

OKE spectra of CH3CN/[C5mim][NTf2] mixture is higher in frequency and broader than 

the OKE spectrum of neat CH3CN, indicating that CH3CN molecules experience a stiffer 

intermolecular potential in the mixture than in the neat liquid, which is consistent with the 

MD simulation result showing that CH3CN molecules are localized in the interfacial region 

of the polar and the nonpolar domains of the [C5mim][NTf2].  

            From MD simulations,162-164 ILs based on the 1-alkyl-3-methylimidazolium cation 

start to have nanosegregation from [C4C1im]+ to ILs with longer alkyl chains. So it is worth 

tracking the intermolecular dynamics of CS2 in CS2/[CNC1im][NTf2] as a function of alkyl 

chain length N. A series of 10 mole percent (mol.%) CS2/[CNC1im][NTf2] (N=1-4) 

mixtures are studied through OHD-RIKES measurement. This work constitutes Chapter 6 

of this dissertation. It is expected that we can observe a transition in the dynamics of CS2 

in the mixtures from CS2/[C1C1im][NTf2] to CS2/[C4C1im][NTf2].           

1.1.6 Distribution and dynamics of aromatic solutes in solute/IL mixtures 

            The manner in which nonpolar nonaromatic molecular solutes are distributed in ILs 

with long alkyl chains depends on the polar nature of the molecular solutes.116, 175-176 

Nonpolar solutes such as CS2
147, 154, 168 or butane177 tend to reside in the nonpolar domains 

of ILs, whereas dipolar CH3CN molecules tend to be localized in the interfacial region 

between polar and nonpolar domains of ILs,124, 136 and polar protic molecules such as water 

tend to be localized in the ionic  network.178 Aromatic molecular solutes obey their own 

rule of distribution in the solute/IL mixtures in that they tend to be localized in the high 
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charge density regions due to π-π or charge-quadrupole interactions between the aromatic 

group and the imidzolium rings.179-183 The correlation between the solublity of benzene and 

its fluorinated derivatives in [C2C1im][NTf2] and their dipole and quadrupole moments has 

been studied by Shimizu et al.,184 using ab initio calculations and MD simulations. In their 

study the ionic aspect of ILs was emphasized since the ethyl chain of [C2C1im][NTf2] is 

too short to give rise to nano-segregation. C6H6/IL and C6F6/IL mixtures are the subject of 

extensive study because of the structural arrangement around the aromatic molecules, as 

evidenced by X-ray data (solid phase) and MD simulations (liquid phase).183-184 In C6H6/IL 

mixture, anions of the IL are found at equatorial positions around the aromatic plane, 

whereas the cations are found above and below the aromatic plane due to π-cation 

interactions. In contrast, the arrangement in C6F6/IL is reversed with anions of the IL above 

and below C6F6 plane and cations at equatorial positions of the C6F6 plane due to the 

hydrogen bond between the F-atoms on the C6F6 ring and the acidic hydrogens on the 

imidazolium ring of the cations. 

           Compared to the extensive work on the structure of local enviroment and the 

interaction of benzene and its fluorinated derivative in mixtures with ILs, the dynamics of 

these systems have not been studied much. Yasaka et al.185 determined the rotational 

correlation time (τ2R) and the quadrupole coupling constant (QCC) of C6D6 by measuring 

the 2H NMR spin lattice relaxation time (T1) as a function of temperature in [C4C1im][Cl] 

and [C4C1im][PF6]. The values of τ2R of benezene were more than two orders of magnitude 

larger in the benzene/IL mixture than in neat benzene, which is consistent with the fact that 

the mixture has a much higher viscosity than neat benzene. The QCC value of benzene was 

three times smaller in the mixture than in pure benzene, consistent with benzene being in 
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a strongly polar environment in the mixture.  

            OHD-RIKES was applied by Shirota et al.156 to the study of the dynamics of 

mixtures of benzene and [C8C1im][NTf2] as a function of the benzene mole fraction X (0, 

0.2, 0.6, 0.8, 1.0). The experimental mixture spectra was lower in intensity especially in 

low-frequency region but higher and broader in frequency than the mole-fraction weighted 

calculated spectra. Shirota attributed the lower intensity in experimental spectra especially 

in the low-frequency part to the suppression of the translational motion of benzene in the 

mixture. That the experimental spectra is broader was ascribed to inhomogeneous 

broadening as a result of mixtures. Also, the increased intensity on the high-frequency side 

of the experimental spectrum was ascribed to arise from modes caused by quadrupole-ion 

interaction in the benzene/IL mixture. However the conclusion was made by referring to 

other systems that are similar to but not exactly the same with the C6H6/[C8C1im][PF6] 

mixtures. 

            A joint MD simulation and OHD-RIKES study of an equimolar 

C6H6/[C1C1im][NTf2] mixture, which was done in collaboration with Professor Ruth M. 

Lynden-Bell of the Cambridge University, is presented in Chapter 7 of this dissertation. 

The difference between the experimental OKE spectra and ideal mixture spectra formed 

from sums of the OKE spectra of the neat liquids will be discussed on the basis of the 

results obtained from MD simulations, which provide an indirect way of determining the 

modes that underlie an OKE spectrum. [C1C1im][NTf2] was chosen because of a lack of a 

long alkyl chain to insure that benzene molecules only interact with the polar parts of the 

IL. An OHD-RIKES measurement of 2:1 benzene/[C1C1im][NTf2] mixture was also 

carried out and compared with that of the equimolar mixture. 
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1.1.7 Functionalization of ionic liquids with aromatic groups 

            Benzene and its fluorinated derivatives in ILs especially in imidazolium-based ILs 

have been extensively studied as discussed in the previous section. Of related interest is 

the study of the physicochemical property and dynamics of imidazolium-based ILs with 

one or two phenyl groups attached to their imidazolium rings. Thermophysical properties 

and rheology of imidazolium-based ILs functionalized with aromatic groups were studied 

and compared with those of imidazolium-based ILs with aliphatic group by Tao et al.186 

Their results showed that ILs with aromatic groups have higher density and higher glass 

transition temperatures Tg, and are more fragile than ILs with aliphatic groups. In an early 

study by Shirota et al.142 a phenyl group was connected to an imidazolium cation through 

a silyl group in the synthesis of 1-dimethylphenyllsilylmethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [PhSi-mim][NTf2]. In the OKE spectra comparison of 

[PhSi-mim][NTf2] with two other silyl substituted ILs ([Si-mim][NTf2] and [SiOSi-

mim][NTf2]), the phenyl group in [PhSi-mim][NTf2] gives rise to a strong feature at 60 cm-

1 in the OKE spectra, while the RSDs of the other two ILs didn’t show this feature and 

were of similar shape. The effects of aromaticity in cations and their functional group on 

the low frequency spectra were also studied by Shirota et al.158 by means of OHD-RIKES 

spectrum and physical property characterization. The low frequency spectra of 1-

cyclohexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([CHxmC1im][NTf2]) 

is much higher intensity and broader than that of  1-cyclohexylpyridinium 

bis(trifluoromethylsulfonyl)imide ([CHxmPyrr][NTf2]), due to the fact that the libration of 

the aromatic imidazolium rings leads to broadened and strong-intensity Kerr spectrum, 

whereas the nonaromatic pyrrolidinium does not. The spectral comparison between 
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[CHxmC1im][NTf2] and 1-benzyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([Bz C1im][NTf2]) showed that [Bz C1im][NTf2] had an 

obvious large intensity at around 85 cm-1 due to the libration of the aromatic phenyl group, 

which made the spectrum of [BzMim][NTf2] to be broader and higher in frequency than 

that of [CHxm C1im][NTf2]. The cyclohexylmethyl group of the imdazolium cation weakly 

affects the interionic vibrational motions, since the Kerr signal intensity coming from the 

cyclohexylmethyl group is much weaker than that from the aromatic groups. 

            The principal differences between [BzC1im][NTf2] and an equilmolar mixture of 

C6H6/[C1C1im][NTf2] is that in the former the benzene moieties are tied to the imidazolium 

ring, while in the latter they can move independently. This occasion is similar to the 

comparison between [(Bz)2im][NTf2] and 2:1 C6H6/[C1C1im][NTf2] mixture. In chapter 8, 

MD simulations and OHD-RIKES measurements were carried out in which the dynamics 

between [BzC1im][NTf2] and the 1:1 C6H6/[C1C1im][NTf2] mixture are compared. The 

effect of connecting the phenyl group with the imidazollium ring as well as the charge on 

the low-frequency spectra will be discussed. The spectral comparison between 

[(Bz)2im][NTf2] and the 2:1 C6H6/[C1C1im][NTf2] mixture, as well as that between 

[BzC1im][NTf2] and [(Bz)2im][NTf2] was also performed to make this study more 

complete. 
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Chapter 2 

2. Effect of Alkyl Chain Branching on Physicochemical Properties of 

Imidazolium-Based ILs 

2.1 Introduction 

            Room temperature ionic liquids (RTIL) are attractive alternatives to conventional 

organic solvents in a variety of applications due to their novel physicochemical properties 

such as low vapor pressure, high conductivity, good thermal and chemical stability, and 

wide liquid and electrochemical windows etc. What is more important is that these 

physicochemical properties can be tuned by choosing or modifying their constituent cations 

or anions, and thus ILs are also called designer solvents or task-specific solvents.1 The 

estimated number of ILs is over 106 if all known cations and anions were to be paired,2-3 

or as many as 1018 if all ternary systems were to be investigated.4 Given the large number 

of ILs and the ease of modification of their constituent ions, it is worth obtaining intrinsic 

structure-property relationships for the rational design and screening of ILs for task-

specific applications. Experimental characterization, molecular dynamic (MD) simulations 

or the combination of these two have been extensively carried out to achieve this goal. The 

effects of alkyl chain length of imidazolium cations,5-10 anionic species,11-12 cation 

structure,13-16 and atom substitution17-19 on the physicochemical properties and 

morphologies of ILs have been successfully investigated by researchers. There is limited 

research about how introducing a branch structure into the ILs affects their 

physicochemical properties. Indeed, it is well known that branching decreases the boiling 

and melting points20 and increases the viscosities21-24 of alkanes.  Andresova et al.16 

examined the effect of branched and cyclic alkyl groups on the physicochemical properties 
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of imidazolium-based ILs and found that the viscosities of the branched and cyclic ILs are 

greater than that of the analogous linear ILs.  In contrast to alkanes, Erdmenger et al.25 

found melting temperatures to be higher for branched ILs than for linear ILs.  Kurnia et 

al.26 studied the effect of cation alkyl branching in ILs on the mutual solubility of water 

and found that branching decreased the solubility of water in the IL while increasing the 

solubility of the IL in water. Kashyap et al.27 used X-ray scattering measurements and MD 

simulations to investigate the differences in the structures of ILs based on 1-alkyl-1-

methylpyrrolidium cation with [NTf2]
- as the anion and with linear, branched, and cyclic 

alkyl groups.  The X-ray structure factor S(q) showed features characteristic of ILs:  a low-

q peak or prepeak associated with polarity alternations; an intermediate-q peak associated 

with charge alternations; and a high-q peak associated with adjacency intramolecular and 

intermolecular contact correlations.  By examining the polar contributions to the cation-

cation component of S(q) for cyclic and branched systems, they showed the polar-polar 

components scatter in a way similar to systems with linear tails of the approximately the 

same spatial length but not the same number of carbons. 

            We report herein, the synthesis and physicochemical properties of a homologous 

series of branched ILs based on the 1-(iso-alkyl)-3-methylimidazolium cation from 1-(1-

methylethyl)-3-methylimidazolium bis[(trifluoromethane)sulfonyl]amide to 1-(5-

methylhexyl)-3-methylimidazolium bis[(trifluoromethane)sulfonyl]amide. In this chapter, 

the chemical formula [(N-2)mCN-1C1im]+ will be used to designate the branched cations, 

where (N-2)mCN-1 represents an N carbon atom alkyl chain, CN-1 being the backbone and 

m being the methyl group at the (N-2) position relative to the carbon connected to the 

imidazolium ring. To understand branching effects in ILs, the physical properties of [(N-
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2)mCN-1C1im][NTf2] are compared to those of the corresponding [CNC1im][NTf2]. The 

structures of these ILs and the abbreviations used to identify them in this article are given 

in Table 2-1.  

            The content of this chapter is based on a manuscript entitled “Effect of Alkyl Chain 

Branching on Physicochemical Properties of Imidazolium-Based Ionic Liquids” which was 

recently submitted to the Journal of Chemical Engineering Data.28 This work is a  

Table 2-1. Structures of the linear CNC1 and branched (n-2)CN-1C1 ILs investigated in this 

study. 

Ionic Liquid 

 

FW                  

g mol-1 

 

Cation Structure Abbreviation 

Water 

Content  

g/g 

1-propyl-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 405.34 
 

C3C1
 33 

1-butyl-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 419.37 
 

C4C1 143 

1-pentyl-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 433.39 

 

C5C1 184 

1-hexyl-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 
 

447.42 
 

C6C1 80 

1-heptyl-3-methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 461.45 

 

C7C1 51 

1-(1-methylethyl)-3-

methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 405.34 

 

1mC2C1
 70 

1-(2-methylpropyl)-3-

methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 

419.37 

 

2mC3C1 51 

1-(3-methylbutyl)-3-

methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 
433.39 

 

3mC4C1 84 

1-(4-methypentyl)-3-

methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 

 

447.42 
 

4mC5C1 40 

1-(5-methylhexyl)-3-

methylimidazolium 

bis[(trifluoromethane)sulfonyl]amide 461.45 

 

5mC6C1 81 

 

collaborative effort with Dr. Tamas (IL synthesis, Department of Chemistry & 
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Biochemistry, TTU), Yung P. Koh and Sindee L. Simon (thermal measurements, 

Department of Chemical Engineering, TTU), Michael Shadeck and Mark Maroncelli (PFG 

NMR measurements, Department of Chemistry, The Pennsylvania State University), and 

Eshan Gurung (density measurements, Department of Chemistry, TTU). This chapter is 

organized as follows: In Section 2.2, the synthesis and purification of the ILs and the 

methods used to measure the physicochemical properties are described. In Section 2.3, the 

properties of the branched ILs (specifically, density ρ, viscosity η, glass transition 

temperature Tg, melting temperature Tm and self-diffusion coefficient D) are compared to 

those of the linear ILs.  Differences in the properties of branched and linear ILs are 

discussed within the context of the structure and possible intermolecular/interionic 

interactions within these ILs. We finish with conclusions and plans for future work. 

2.2 Experimental section 

2.2.1 IL synthesis 

             All reagents and solvents were acquired from commercial sources (Acros Organics, 

3M, and Sigma-Aldrich) and were used as received, without further purification. All 

reactions were run under nitrogen atmosphere, using oven-dried glassware. NMR spectra 

were recorded on JEOL 400 spectrometer and collected as solutions of deuterochloroform 

(bromide ILs) or deuteroacetone (bistriflate ILs).   The synthesis of the branched ILs is 

summarized in Scheme 1.  The synthesis of the linear ILs has been described previously.29-

30   

            A one-neck round bottom flask, under nitrogen, equipped with a magnetic stirrer 

and a condenser, was charged with 1-methylimidazole. To this closed system, an excess 

(1.05 eq.) of the iso-alkyl bromide was added. The reaction was left under constant stirring 
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at 55 °C until complete consumption of the 1-methylimidazole. The reaction times varied 

from 12 to 36 hours, with longer durations corresponding to the substitutions involving the 

shorter-chain branched halides. The iso-alkylmethylimidazolium bromide formed was then 

washed three times with 50 mL of a 4:1 v/v mixture of hexanes and dichloromethane to 

remove the unreacted excess alkyl bromide. The products were concentrated in vacuo using 

a rotary evaporator. For decolorization, 3 g of activated charcoal and 60 mL of 

dichloromethane were added to the viscous, slightly yellow bromide, and left under stirring 

for 96 h. The black slurry was then filtered through a gravitational column packed with 10 

cm of aluminum oxide (activated, basic, 50-200 micron) and 3 cm of Celite 545. 

            The removal of the solvent under reduced pressure afforded the iso-

alkylmethylimidazolium bromide as a colorless, viscous liquid at room temperature. 

 

            Scheme 1. Generic procedure for the synthesis of the branched 1-(iso-alkyl)-3-

methylimidazolium bis[(trifluoromethane)sulfonyl]amide [(N-2)mCN-1C1Im][NTf2] ionic 

liquids. 

            The last stage of synthesis was accomplished via a metathesis reaction.31 An 

aqueous solution of lithium bis[(trifluoromethane)sulfonyl]amide (0.98 eq.) was added to 
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the bromide IL and left to stir overnight. The two-phase system was then repeatedly washed 

with triple-deionized water until no bromide ions could be detected by the silver nitrate 

test. The final product, [(N-2)mCN-1C1im][NTf2], a colorless liquid at room temperature, 

was dried with a benzene azeotrope and the residual benzene removed under vacuum. The 

1H NMR spectra showed only peaks of the ILs and deuteroacetone.   The yield was: 83 - 

91%. 

2.2.2 Karl-Fisher Coulometric Titration 

            The moisture content of the samples were determined using Karl-Fischer (KF) 

coulometric titration using a Mettler-Toledo DL36 KF coulometer with Aquastar Coulomat 

C as the catholyte and Aquastar Coulomat A as the anolyte.  Sample volumes were 0.1 mL. 

The lowest amount of water that can be measured by this instrument is 10 g. The moisture 

contents of the samples determined by KF coulometric titration are listed in Table 1. 

2.2.3 Density Measurement 

            The densities of ILs with branched and linear alkyl chains were measured as 

functions of temperature using an Anton Paar DMA 60/602 vibrating tube density meter. 

The density meter was calibrated in the standard way using water and air. Densities of 

common liquids were measured and found to be within 0.1% of literature values.  In this 

study the temperature was varied between 283.15 and 313.15 K using a recirculating water 

bath. The IL samples were transferred to a gas-tight syringe in a nitrogen-purged glove box 

and introduced into the inlet of the vibrating tube of the density meter, which was then 

capped.  To further confirm the accuracy of the density measurements, the density values 

of C4C1 and C6C1 at 298.15 K were compared to the IUPAC-recommended density for 
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C6C1 at 298.15 K (1.372 g/cm3)32 and the value for dry C4C1 at 298.15 K (1.438 g/cm3) 

from the work of Jaquemin et al.33 In the current work, the values of the density for C6C1 

and C4C1 at 298.15 K are respectively, 1.373 g/cm3 and 1.437 g/cm3, which agree within 

experimental error with the literature values. 

2.2.4 Differential scanning calorimetry 

            A Mettler Toledo DSC1 differential scanning calorimeter (DSC) was used with a 

liquid nitrogen cooling system maintained at -150 °C under nitrogen atmosphere.  DSC 

samples were prepared in a glove box to minimize absorption of adventitious water with 

samples of approximately 10 mg sealed in Perkin Elmer hermetic DSC pans.  Before and 

after DSC measurements, the DSC samples were stored in a desiccator.  Prior to all DSC 

measurements, samples were heated to 120 °C and held for 3 min in the DSC to erase their 

thermal history.  Samples were then cooled to -120 °C at 10 K/min, and immediately heated 

again to 80 °C to obtain the limiting fictive temperature (Tf'), cold crystallization 

temperature (Tc), and melting temperature (Tm).  The fictive temperature is determined by 

the Moynihan method34 as the intersection of the extrapolated liquid and glass enthalpy 

lines. We note that the fictive temperature is termed the limiting fictive temperature Tf' 

when no isothermal aging occurs between the cooling and heating35 as in the case of this 

work.  Although Tf' is measured on heating, we call this value the glass transition 

temperature in the remainder of the article since Tf' is approximately equal (within 1 K) to 

the Tg-value that would be obtained on cooling at the same rate.36-38 One sample (1mC2C1) 

crystallized on cooling at 10 K/min and no Tg was observed on heating; for this sample, 

we employed a higher cooling rate to avoid crystallization with cooling performed by 

placing the sample on a heavy metal block in liquid N2.  The cooling rate was found to be 
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600 K/min in the vicinity of Tg (190 K) and 2 times higher in the region of maximum 

crystallization (220 - 240 K).  After cooling, the sample was measured at 10 K/min on 

heating.  In order to compare all samples at the same rate, this same quench procedure was 

used on all samples. In addition to the glass transition, cold crystallization and melting 

behaviors were observed on heating and the onset of these thermal transitions and their 

associated enthalpy changes are reported.  Enthalpies have the unit of joule per gram of 

material, not per gram of crystalline material, because of the presence of both amorphous 

and crystalline phase in the supercooled samples.  The DSC temperature was calibrated 

with n-hexane, n-octane, mercury, and gallium at 10 K/min on heating.  The heat flow of 

DSC was calibrated with n-octane. 

2.2.5 Viscosity Measurement 

            The viscosities of the branched ILs were measured as functions of temperature by 

use of a TA Instruments AR2000 rotational rheometer with a Couette cell. The error in 

viscosity of this rheometer was determined to be  2 mPa·s by using N35, S20, and S60 

Cannon viscosity standards. The viscosities of these three standards cover the viscosity 

range of all the ILs in this study. The amount of IL sample for the measurement was 

approximately 10 mL. To confirm that moisture in the air has a minimal effect on the 

viscosity, the viscosity of a representative IL was measured at a specific temperature once 

and then again after approximately one hour, during which time the viscosity was observed 

to be constant. The viscosities of C3C1, and C7C1 were also measured using the rheometer 

with a Couette cell. The viscosities of C4C1, C5C1, and C6C1 were obtained previously in 

our laboratories using the rheometer with a cone-plate geometry.8 
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Table 2-2. Comparison of the Values of the Viscosities (units - mPas) of [CNC1im][NTf2] 

in the Current Study to Literature Values at 298.15 K and P = 0.1 MPa. 

Reference 
Ionic Liquid 

C3C1 C4C1 C5C1 C6C1 C7C1 

This worka 43 51 61 73 82 

Ref 39b 45.7 50.5 62.4 70.7 81.4 

Ref 40b 43.7 51.7 61.5 72.2 84.3 

Ref 41c
  49     

Ref 42b  49.6  67.8  

Ref 43    69.4  1.4  

Statistics      

Average 44.1 50.2 61.6 70.6 82.6 

Standard Dev. 1.4 1.1 0.7 2.1 1.5 

95% C.L. 3.5 1.4 1.8 2.6 3.8 
aError = 2 mPas. 
bValues obtained from fits of VFT equation (see references) to the measured viscosities. 
cError = 10%. 

 

            Table 2-2 lists values of the viscosities obtained in the current study and literature 

values of the viscosities of CNC1 (N = 3-7) for which the water contents of the samples 

were reported to be less than 150 g/g. The value of 73 ± 2 mPas for the viscosity for C6C1 

at 298.15 K is in good agreement with the IUPAC-recommended value of 69.4  1.4 

mPas.32  Although IUPAC-recommended values have not yet been established for other 

ILs, the viscosities reported in the literature for the linear ILs were used as benchmarks for 

the viscosities of the other linear ILs determined in the current study. The values of the 

viscosities of the linear ILs obtained in the current study are in good agreement with the 

literature, being generally within 1 mPas of the average of literature values. From Figure 

2-1 it is obvious that the viscosity values of linear ILs obtained in this study are consistent 

with the average of literature values. 
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            Figure 2-1. Comparison between viscosities measured in the current study with 

average of literature values for [CNC1im][NTf2] with N = 3-7 at 298.15 K. 

2.2.6 Pulsed Field Gradient Spin-Echo (PFG) NMR Diffusion Measurements. 

            Self-diffusion coefficients were measured on a Bruker AV-III-850 MHz NMR 

spectrometer with a Di-30 probe using the longitudinal-eddy-current delay / bipolar 

gradient pulse pair sequence44 as described previously.45 Cation diffusion coefficients were 

from 1H measurements averaged over cation protons and anion diffusion coefficients from 

19F measurements of the CF3 resonance.  Temperatures were checked using the calibration 

of Raidford et. al.46 Uncertainties of 10-15% in the diffusion coefficients are estimated 

from three independent measurements. 

2.3 Results and Discussion 

2.3.1 Densities 

            Densities of the branched (N-2)CN-1C1im and linear CNC1im ILs are listed in Table 

2-3 and plotted as functions of temperature in Figure 2-2. As can be seen from Figure 2-2  
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Table 2-3. Densities of the linear CNC1 and branched (N-2)mCN-1C1 ILs as functions of 

temperature at P = 0.1 MPa.a 

ρ, g·cm-3 

IL 283.15 
K 

288.15 
K 

293.15 
K 

298.15 
K 

303.15 
K 

308.15 
K 

313.15 
K 

C3C1 1.491 1.486 1.481 1.476 1.471 1.466 1.460 

C4C1 1.452 1.447 1.442 1.437 1.432 1.427 1.422 

C5C1 1.418 1.413 1.409 1.404 1.399 1.394 1.389 

C6C1 1.387 1.382 1.377 1.373 1.368 1.364 1.359 

C7C1 1.359 1.355 1.350 1.345 1.341 1.337 1.332 

1mC2C1 1.494 1.488 1.483 1.478 1.473 1.468 1.463 

2mC3C1 1.451 1.446 1.441 1.436 1.431 1.427 1.422 

3mC4C1 1.418 1.413 1.408 1.403 1.398 1.394 1.389 

4mC5C1 1.387 1.382 1.377 1.372 1.368 1.363 1.358 

5mC6C1 1.358 1.354 1.349 1.344 1.340 1.335 1.331 

aUncertainties are  u(T) = 0.02 K; u() = 0.1 % 

Table 2-4. Density parameters of the linear CNC1 and branched (N-2)mCN-1C1 ILs.a,b,c 

Ionic Liquid ρ0
 

g·cm-3 
a, 10-4 

g·cm-3·K-1 
p, 10-4 

K-1
 

C3C1 1.775 10.0 6.84 
C4C1 1.785 10.0 6.84 
C5C1 1.730 9.83 6.89 
C6C1 1.728 9.78 6.75 
C7C1 1.692 9.67 6.79 

1mC2C1 1.696 9.82 6.97 
2mC3C1 1.649 9.27 6.81 
3mC4C1 1.652 9.37 7.00 
4mC5C1 1.620 9.22 6.82 
5mC6C1 1.620 9.22 6.86 

aParameter of fit equation ρ=ρ0-aT to density. bαp -- isobaric thermal expansion coefficient 

at T = 298.15 K and p = 0.1 MPa. cUncertainties are u(ρ0)=0.001 g·cm-3; u(a)= 4 x 10-6 

g·cm-3·K-1; u( p)=3 x 10-6 K-1. 

densities of both branched and linear ILs decrease linearly along the increase of 

temperature. A similar temperature dependence of the densities is observed for the 

branched and linear ILs with slopes a= – (𝜕𝜌/𝜕𝑇) varying from 9.22 to 10.0 x 10-4 g cm-3 

K-1 as listed in Table 2-4. The values of isobaric thermal expansion coefficient P =-

(ln/T)P are also similar for both the linear and branched ILs, with αP varying from 6.81 



Texas Tech University, Lianjie Xue, December, 2015 

 

 41 

to 7.00 x 10-4 K-1 as seen in Table 2-4. For a given N, the density of each (N-2)mCN-1C1 IL 

almost equals to that of each CNC1, except for the C3C1 and 1mC2C1 while the density of 

1mC2C1 is higher than the density of C3C1 (by 0.13%, which is slightly greater than the 

0.1% experimental error in the density measurement). And for both branched and linear 

ILs, densities decrease along the increase of carbon number N. 

 

 

 

            Figure 2-2. Comparison of density data for [(N-2)mCN-1C1im][NTf2] and 

[CNC1im][NTf2] pairs with N=3-7. See Table 2-3 for density values.  Solid lines are linear 

fits of the equation ρ=ρ0-αT to the data, with fit parameters given in Table 2-4.  

2.3.2 Glass-Transition Temperatures and Melting Temperatures. 

            Figure 2-3 shows the DSC heating curve of C6C1, which is similar to the heating 

curves of all the other branched and linear ILs except for that of 1mC2C1. The heating curve 

of C6C1 displays a glassy transition at Tg=187.4 K, followed by an exothermic peak at 
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238.9 K corresponding to cold crystallization with an enthalpy ΔHcc=-15.4 J/g and a sharp 

endothermic peak at Tm=261.9 K corresponding to a melting transition with an enthalpy 

ΔHm=15.4 J/g. 

 

            Figure 2-3. DSC heating curve of [C6C1im][NTf2] (10 K/min cooling, 10 K/min 

heating) showing glass transition, cold crystallization, and melting transition. See Table 2-

5 for thermal properties. 

            DSC cooling and heating curves of 1mC2C1 are depicted in Figure 2-4. When the 

cooling rate is 10 K/min, a crystallization peak appeared during the cooling process, which 

can be seen in the black curve of Figure 2-4. Since the liquid became crystal during the 

cooling process, neither glass transition nor cold crystallization is observed during the 

heating process (red curve in Figure 2-4). To get the glass transition temperature Tg of 

1mC2C1, the sample was quenched at a rate of 600 K/min. The resulting heating curve (blue 

in Figure 2-4) shows the transition stage, as well as the cold crystallization and melting 
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peaks. Glass transition temperatures depend on the cooling rate, so all the other samples  

 

            Figure 2-4. DSC scans of [1mC2C1im][NTf2].  Black -- 10 K/min cooling; red -- 

10 K/min heating after 10 K/min cooling; blue -- 10 K/min heating after quenching at 600 

K/min. Inset image shows an enlarged view of the DSC scans in the region of glass 

transition.  See Table 2-5 for thermal properties. 

were also quenched at the rate of 600K/min to measure the glass transition temperatures 

(see the blue points in Figure 2-5), obtaining a systematic difference between Tg values 

measured after a quench rate of 600 K/min and that measured after a cooling rate of 10 

K/min. Using this systematic difference we can approximately estimate the glass transition 

temperature Tg of 1mC2C1 which is hypothetically measured under a cooling rate of 10 

K/min (the hollow red point in Figure 2-5).   

            Shown in Figure 2-5 are the Tg values of the linear and branched ILs as a function 

of alkyl chain carbon number N. It can be easily seen that for each pair of branched and 

linear ILs with the same alkyl chain carbon number N, the branched IL has a higher glass 
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transition temperature than its corresponding linear analog. An even-odd alternation in Tg 

is quite obvious for the branched 

 

            Figure 2-5. Glass transition temperatures for branched and linear ILs as a function 

of alkyl chain carbon number N (black: Tg of linear ILs measured after 10 K/min rate of 

cooling; red: Tg of branched ILs measured after 10 K/min rate of cooling; blue: Tg of 

branched ILs measured after quenching at 600 K/min).  See Table 2-5 for Tg values. 

ILs, with Tg of 2mC3C1 appearing to be abnormally high compared to the other branched 

ILs. Whereas the even-odd alternation is less evident in the Tg of the linear ILs. The even-

odd alternation has been reported in network-forming glass-formers.47 

            The thermal properties of the branched and linear ILs are summarized in Table 2-

5. Except for C3C1, which only shows glass transition, both the branched and linear ILs 

exhibit glass transitions, cold crystallizations, and melting transitions. Also shown in Table 

2-5 are values of the ratio of Tg to Tm (Tg/Tm). The value of Tg/Tm for 2mC3C1 is statistically 

an outlier based on Chauvenet’s criterion.48 Without the outlier, the value of Tg/Tm for 
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these ILs is 0.69 0.01 (95%, N = 8), which is typical for glass-formers.49  

Table 2-5. Thermal properties of the linear CNC1 and branched (N-2)mCN-1C1 ILsa.b 

 Tg 

K 

ΔCp 

J·g-1·K-1 

Tcc 

K 

ΔHcc 

J·g-1  

Tm 

K 

ΔHm 

J·g-1  

Tg/Tm 

C3C1
c 184.0 0.35 -- -- -- -- -- 

C4C1 184.2 0.38 225.9 47  266.7 62.9  0.691 

C5C1
c 186.5 0.31 240.5 3.2 262.6 3.1  0.710 

C6C1 187.4 0.43 238.9 15.4 261.9 15.4  0.716 

C7C1 187.7 0.41 226.9 0.02 272.2 0.8 0.690 

1mC2C1 190.0 0.37 222.3 38.3  282.1 58.9 0.674 

2mC3C1 191.9 0.35 241.0 16.6 256.9 16.3 0.747 

3mC4C1 189.4 0.36 230.0 0.029  273.1 0.33 0.694 

4mC5C1 192.0 0.39 273.2 0.04  276.3 0.30 0.695 

5mC6C1 191.8 0.39 260.2 1.11  284.3 1.11 0.675 

aTg, glass transition temperature; ΔCp, heat capacity change at Tg; Tcc, cold crystallization 

temperature; ΔHcc, enthalpy of cold crystallization; Tm, melting temperature; ΔHm, 

enthalpy of melting. bUncertainties are u(Tg)=0.6 K, u(ΔCp)= 0.02 J g-1 K-1, u(Tcc)= 1 

K, u(ΔHcc)= 4 J g-1, u(Tm)= 0.3 K, u(ΔHm)= 0.1 J g-1. cRef.50. 

 

 

            Figure 2-6. Melting temperatures Tm for branched and linear ILs vs. alkyl chain 

carbon number N.  See Table 2-5 for Tm values. 

            Melting temperatures Tm of the linear and branched ILs as functions of carbon 
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number N are plotted in Figure 2-6. Similar to the case of Tg, for each pair of branched and 

linear ILs with a given N, Tm of the branched IL is normally higher than Tm of its linear 

analog, except for that 2mC3C1 again. In contrast to Tg, the Tm of 2mC3C1 is lower than the 

Tm of C4C1 (256.9 K versus 266.7 K) 

2.3.3 Viscosities 

            In Figure 2-7 are plotted the temperature dependency of the viscosities for branched 

and linear ILs. The viscosities were fitted by a Vogel-Tammann-Fulcher (VTF) equation51-

53 

𝜂 = 𝜂0 exp (
𝐵

𝑇−𝑇0
)                                                                                                                 (2.1) 

with fit parameters η0, B, T0 listed in Table 2-7. The viscosities of branched and linear ILs 

as functions of carbon number N at room temperature (298.15 K) are plotted in Figure 2-

8. Figure 2-7 and Figure 2-8 both clearly show that each branched (N-2)mCN-1C1 IL has 

higher viscosity than its linear analog CNC1 with the same N. What is also obviously shown 

in Figure 2-8 is that viscosity of 2mC3C1 is abnormally high compared to what it would be 

based on the trend of the other branched ILs. Other than 2mC3C1, the viscosities of these 

ILs increase monotonically with increasing alkyl carbon number as reported previously. 8-

9, 54-55 
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            Figure 2-7. Comparison of viscosity data for [(N-2)mCN-1C1im][NTf2] and 

[CNC1im][NTf2] pairs with N=3-7. See Table 5 for viscosity values.  Solid lines are fits of 

the VFT equation (eq 2.1) to the data, with fit parameters given in Table 2-6. 
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            Figure 2-8. Viscosity of branched and linear ILs vs. alkyl chain carbon number N 

at T = 298.15 K and P = 0.1 mPa.  See Table 2-7 for viscosity values. 

Table 2-6. Viscosities of the linear CNC1 and branched (N-2)mCN-1C1 ILs as functions of 

temperature at P = 0.1 MPa.a 

, mPa·s 

 278.2 

K 

288.15 

K 

298.15 

K 

308.15 

K 

318.15 

K 

328.15 

K 

338.15 

K 

 

C3C1
 103 64 43 30 22 17 13  

C4C1
b 133 79 51 35 26 20. 16  

C5C1
b 165 97 61 42 30. 22 18  

C6C1
b 209 118 73 49 35 26 20.  

C7C1 234 132 82 54 37 27 20.  

 278.15 

K 

288.15 

K 

293.15 

K 

298.15 

K 

303.15 

K 

313.15 

K 

323.15  K 333.15 

K 

1mC2C1 122 75 59 48 39 28 21 16 

2mC3C1 244 132 103 79 61 40 28 20. 

3mC4C1 195 112 86 69 56 38 27 20. 

4mC5C1 237 137 107 85 69 45 32 23 

5mC6C1 306 164 124 96 76 50. 35 25 
aUncertainty in the viscosity u(η) = 2 mPa·s.

Table 2-7. VFT fit parameters of ionic liquids.a 



Texas Tech University, Lianjie Xue, December, 2015 

49 

IL 
η0, 

mPa·s 

B, 

K 

T0, 

K 

C3C1 0.149±0.004 849±8 148.1±0.7 

C4C1 0.16±0.08 841±151 152±12 

C5C1 0.20±0.08 792±108 160±9 

C6C1 0.17±0.05 836±82 160±6 

C7C1 0.186±0.03 799±40 165±3 

1mC2C1 0.12±0.09 888±207 149±17 

2mC3C1 0.07±0.04 1007±160 154±11 

3mC4C1 0.13±0.07 885±140 157±11 

4mC5C1 0.20±0.12 817±149 162±11 

5mC6C1 0.13±0.02 883±42 164±3 
aSee Eq 2.1 for definition of VFT parameters. 

2.3.4 Pulsed Gradient Spin Echo Diffusion 

            The self-diffusion coefficients of cations and anions at 298.15 K as functions of 

alkyl chain carbon number N for both branched and linear ILs are plotted in Figure 2-9 

and summarized in Table 2-8. Figure 2-9 shows clearly that the self-diffusion 

coefficients of the linear cations are generally (except for N=5) higher than those of the 

corresponding branched cations, which is in contrast with the viscosities of the branched 

and linear ILs. What can also be seen in Figure 2-9 is that the self-diffusion coefficient 

of the anion is generally smaller than that of the cation for a given liquid. This is 

interesting if we consider that the size of the anions are smaller than that of the cations. 

However, similar behavior has also been observed in simulations56-58 as well as other 

experiments.59-60 Urahata and Ribeiro were the first to give an explanation of this 

phenomena using MD simulations.61 The reason why imidazolium cations have higher 

self-diffusivities than the anions, was due to the preferential displacement of the cation 

ring along the direction of the carbon at the 2 position of the ring, which is the same  
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            Figure 2-9. Cation and anion self-diffusion coefficients vs. alkyl chain carbon 

number N at T = 298.15 K and P = 0.1 MPa.  See Table 3-8 for self-diffusion coefficient 

values. 

directions that exhibits the lowest frequency contribution to the vibrational density of 

states obtained by Fourier-transforming of velocity-time correlation functions.61 This 

suggests that other large cations may not display the same behavior. A combined MD 

and NMR study of various alkyl-pyridinium cations conducted by Cadena et al.62 

showed that 1-n-octyl-3-methylpyridinium ([C8mpy]+) cation and 1-n-hexyl-3,5-

dimethylpyridinium cation ([C6dmpy]+) had lower self-diffusion coefficients than 

[NTf2]
- anion, confirming that not all the cations have higher self-diffusion coefficients 

than anions, and that imidazolium cations have high diffusion coefficients due to their 

special structures and dynamics. An even-odd alternation effect is obvious in the 
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diffusion coefficients of both components of the branched series. Such alternation is less 

apparent in the case of the linear series. 

Table 2-8. Self-diffusion coefficients, hydrodynamic radii and van der Waals of cations 

and anions of ionic liquids at T = 298.15 K and P = 0.1 MPa.a 

Ionic liquid 
D+ 

10-11 m·s-1 

D- 

10-11 m·s-1 

Rhyd
+ 

10-10 m 

Rhyd
- 

10-10 m 

RvdW
+ 

10-10 m 

RvdW
- 

10-10 m 

C3C1 4.5±0.4 3.1±0.3 1.7±0.2 2.4±0.3 3.17 3.36 

C4C1 2.9±0.3 2.1±0.2 2.2±0.3 2.9±0.4 3.30 3.36 

C5C1 2.2±0.2 1.9±0.2 2.4±0.3 2.8±0.4 3.42 3.36 

C6C1 2.0±0.2 1.8±0.2 2.2±0.3 2.5±0.4 3.53 3.36 

C7C1 1.5±0.1 1.4±0.2 2.7±0.4 2.8±0.5 3.64 3.36 

1mC2C1 4.2±0.4 2.9±0.3 1.6±0.2 2.3±0.3 3.17 3.36 

2mC3C1 2.3±0.2 1.8±0.2 1.8±0.3 2.3±0.3 3.30 3.36 

3mC4C1 2.3±0.2 2.0±0.2 2.0±0.3 2.3±0.3 3.42 3.36 

4mC5C1 1.6±0.2 1.5±0.2 2.4±0.3 2.5±0.3 3.53 3.36 

5mC6C1 1.4±0.1 1.4±0.1 2.4±0.3 2.5±0.4 3.64 3.36 

aD+: self-diffusion coefficients of cations; D-: self-diffusion coefficients of anions; Rhyd
+: 

hydrodynamic radius of cations; Rhyd
-: hydrodynamic radius of anions, RvdW

+: van der 

Waals radius of cations; RvdW
- van der Waals radius of anions. 

            The Stoke-Einstein (SE) equation is widely used to correlate diffusivity with 

fluidity (1/η) as: 

       𝐷 =
𝑘𝐵𝑇

𝐶𝜋𝜂𝑅ℎ𝑦𝑑
                                                                                                             (2.2) 

where kB is the Boltzmann constant, T is the absolute temperature, Rhyd is the effective 

hydrodynamic radius, and C is a constant equal to 6 for stick boundary conditions and 

4 for slip boundary conditions62. The hydrodynamic radius Rhyd of the cations and anions 

for the branched and linear ILs are calculated by Eq. 2.2 with constant C equals to 4 and 

shown in figure 2-10. Previous studies have shown that C equaling to 4 often provides 

reasonable estimates for the self-diffusion coefficients of imidazolium-based ILs10 and  
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            Figure 2-10. Hydrodynamic radii (Rhyd = kBT/4Dη) and van der Waals radii 

RvdW of ions vs. alkyl chain carbon number N at T = 298.15 K and P = 0.1 MPa. See 

Table 2-8 for values of Rhyd and  RvdW. 

many other liquids.45 Rhyd of cations increases linearly with carbon number N, and the 

values of Rhyd are larger for the linear ILs than for the branched ILs. Compared to the 

increase of Rhyd of cations, Rhyd of the anions is constant, which is consistent with the 

fact that all the ILs under this study share the same [NTf2]
- anion. What is also shown 

in Figure 2-10 is that the values of the radius RvdW of the cations and anions, calculated 

by van der Waal volumes, are larger than the values of the hydrodynamic radius, with 

values of Rhyd/RvdW averaging 0.8  0.1 for [NTf2]
- and 0.6  0.1 for the cations. The 

departures of hydrodynamic radius from van der Waals radius is systematically larger 

(Rhyd/RvdW smaller) for the branched ILs than for the linear series. Similar trends have 

also been shown for other ILs.41 
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2.4 Conclusion  

            The physicochemical properties of a homologous series of branched ILs [(N-

2)mCN-1C1im][NTf2] are systematically compared to those of their linear counterparts 

[CNC1im][NTf2]. Whereas the branched and linear ILs have the same densities within 

experimental error, the glass transition temperatures, melting temperatures, and 

viscosities of branched ILs are systematically higher than those of their linear analogs. 

An even-odd alternation is apparent in both the glass transition temperatures, viscosities, 

and self-diffusion constants of the branched series. Such an alternation is less evident in 

the linear series. In contrast to viscosities, as expected from the SE equation, the self-

diffusion coefficients of cations and anions of branched ILs are lower than that of their 

linear analogs. The hydrodynamic radii of cations and anions of linear ILs calculated 

from the SE equation are consistently higher than those of the corresponding branched 

ILs. It is worth noting that [2mC3C1im][NTf2] shows an anomalous behavior in the 

values of Tg, Tm, and , compared to the values of Tg, Tm, and for the other branched 

ILs, indicating that the liquid structure or interactions in this IL may be different than in 

the other branched ILs. 
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Chapter 3 

3. Probing Intrinsic Structure-Property Relationships of ILs 

though Molecular Dynamic Simulations 

3.1 Introduction 

            Whereas various experimental characterization methods have been employed to 

implement structure-property studies of ILs to exploit the properties in a variety of 

application areas, molecular dynamic (MD) simulations have also played an important 

role in helping researchers understand how properties of ILs are linked to structure. MD 

simulations also provide a means of predicting properties and unexpected phenomena 

that have subsequently been confirmed experimentally.1 MD simulations have been 

applied to the study of ILs for a wide range of properties, which include solute 

dynamics,2 viscosity and dynamical heterogeneity, 3 ILs at interfaces,4 solutes in ILs,4 

and thermodynamic and transport properties.5 The properties of ILs calculated from MD 

simulation, such as density, melting point, heat capacity, self-diffusion, gas solubility, 

cohesive energy density and enthalpy of vaporization, are mostly in good agreement 

with experimental results.5 Self-diffusivities and viscosities are the two most frequently 

simulated macroscopic properties so far.1 Viscosity differs from self-diffusivity in that 

it is a collective property and not an individual molecule property, which makes it more 

difficult to compute from a simulation than the self-diffusivity. The shear viscosity can 

be computed from Green-Kubo integral: 

𝜂 =
𝑉

𝑘𝐵𝑇
∫ < 𝑃𝑖𝑗(0)𝑃𝑖𝑗(𝑡) > 𝑑𝑡

∞

0
                                                                                          (3.1) 
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where Pij is the off-diagonal component of the stress tensor and the angle bracket 

represent an ensemble average. An equilibrium MD (EMD) method is usually run in 

order to use Eq 3.1,5 where the pressure tensor is computed at each step of the simulation. 

The infinite-time limit in the integral implies that the simulation should be long enough 

such that all motions relevant to the stress must be sampled. Moreover the signal-to-

noise ratio of the integral must be sufficient enough over the entire time. Unfortunately, 

alkyl chain rotation and intermolecular motions can last as long as 1 ns, which makes 

evaluation of the integral in equation 1 extremely difficult. And the rapid intramolecular 

modes are always associated with noise that interferes with the long time stress 

correlation function.1 Viscosities of ILs computed from EMD tend to be an order of 

magnitude higher than experimental values.6 With a polarizable force field EMD 

simulations have been shown to produce viscosities closer to experimental values.7-8 

The reason for this is that the inclusion of polarizability makes the ions more mobile, 

which is similar to performing the molecular dynamics of nonpolarizable model at a 

higher temperature. Compared to EMD, nonequilibrium MD (NEMD) simulation 

methods have several computational advantages, one of which is in the ability to obtain 

accurate “signals” over arbitrary long times in the presence of a perturbation.5 NEMD 

has been applied to the calculation of the viscosities of alkanes9 as well as that of ILs,10-

11 producing results that are in good agreement with experimental values. 

            Physicochemical properties of a homologous branched and linear ILs were 

compared in Chapter 2 of this dissertation. The results show that branched ILs tend to 

have higher viscosities, glass transition temperatures, melting points. And one of the 

branched ILs ([2mC3C1im][NTf2]) has an abnormally high viscosity compared what 
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would be predicted based on the viscosities of the other branched ILs. To explain why 

branched ILs have higher viscosities than their corresponding linear series, and to probe 

what is taking place inside the liquids on a molecular level, NEMD simulations of 

viscosities of the branched and the linear ILs are presented in this chapter. The content 

of this chapter is based on a manuscript entitled “Molecular Topology and Local 

Dynamics Govern the Viscosity of Imidazolium-based Ionic Liquids” that was recently 

submitted to the Journal of Physical Chemistry B. However, what is presented herein is 

not exactly the same with as what was presented in the manuscript, in that another 

viewpoint based on the values of Coulombic energy has been added to the factors that 

determine the viscosities of ILs. 

            This chapter is organized as follows: In Section 3.2, the simulation details and 

methods are described. In Section 3.3, the simulated densities and viscosities, size and 

shape of ILs, and non-bonded energies of IL are presented.  Factors that influence the 

viscosities of ILs are discussed within the context size and shape of ILs, as well as non-

bonding energies of the ILs. We finish the chapter with conclusions. 

3.2 Simulation details and methods 

            For the MD simulation of ILs in this study, a cation-anion pair was placed in a 

cubic box, which was replicated by a factor of twelve in each direction. Thus the number 

of IL ion pairs is 1728 for each IL in the simulations. The General AMBER Force Field 

(GAFF) was used to describe the molecular interaction in the systems.12-13 The partial 

charges on the system were calculated using the AM1-bcc14-15 method. The atomic 

charges were obtained by optimizing the electronic structure on an isolated ion at the 
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B3LYP/6-311++g(d,p) level using the Gaussian 09 package.16 The atomic charges were 

then derived based on the optimized structure by fitting the electrostatic potential 

obtained from the optimization using the RESP method.17 Such charges have a total 

value of +1 and -1 e on the cation and anion, respectively. To include the effect of charge 

transfer and polarizability in the bulk phase, the partial charges were scaled by 0.8. The 

0.8-scaled charges have been found to be reliable for the study of dynamic properties of 

similar ILs.18 The cut-off distance was selected at 12 Å to determine the interactions. 

The van der Waals and Coulombic interactions beyond this distance were calculated 

using the tail correlation approximation and particle-particle particle-mesh algorithm,19 

respectively. The temperature and the pressure of the system were controlled using the 

Nosé–Hoover thermostat and barostat,20 respectively. For each of the IL system, five 

replicates were built and the systems were initially relaxed by applying an isotropic pressure 

of 150 atm to increase the density. Finally the system were relaxed at T=298 K with P=1 

atm. The viscosity calculations were performed in a constant number of molecules, volume 

and temperature (NVT) ensemble using the non-equilibrium molecular dynamics 

(NEMD)21 method at six different shear rates (107-1011 s-1). This method has previously 

been used to determine the steady shear viscosity of alkanes9 and intrinsic viscosity of the 

chains of different architectures in dilute solutions.22 All simulations were performed using 

LAMMPS package with a timestep of 1 fs. 

            The General AMBER force field of ILs used in this study were organized and 

provide by Dr. Yong Zhang and Dr. Edward Maginn (Department of Chemical Engineering, 

University of Notre Dame). The NEMD simulation was run under the supervision of Fardin 

Khabza and Dr. Rajesh Khare (Department of Chemical Engineering, Texas Tech 
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University). 

3.3 Results and Discussion 

3.3.1 Density and viscosity of ionic liquids 

            Prior to running the viscosity simulation, the densities of the ILs at 298 K were 

calculated to test the validity for the force field. Simulated densities as well as 

experimental densities are listed in Table 3.1, from which we can see that the simulated 

densities are in perfect agreement with the experimental values. This agreement gives 

us confidence in using GAFF in the simulation of the viscosities of the ILs in this study. 

            Table 3-1. Density values obtained from simulations and experimental 

measurements for branched and linear ILs at 298 K.a 

 

System ρ (g/cm3) (Sim.) ρ (g/cm3) (Exp.) 

 

C3C1 
 

1.476 
 

1.476 

C4C1 1.437 1.437 

C5C1 1.405 1.404 

C6C1 1.374 1.373 

C7C1 1.348 1.344 

1mC2C1 1.475 1.478 

2mC3C1 1.444 1.436 

3mC4C1 1.409 1.403 

4mC5C1 1.381 1.372 

5mC6C1 1.352 1.344 
aUncertainty of simulated and experimental viscosities are within 1% of the values 

            The shear viscosities of the ILs are determined by NEMD method as discussed 
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in the introduction. In this method, the desired shear rate are applied on the simulation 

box and the response of the systems are monitored by calculating the stress tensor as a 

function of simulation time. Shear thinning and a Newtonian region are expected to 

appear in the shear rate dependence viscosity plots (see Figure 3-1). Values at the 

Newtonian region are averaged to obtain zero shear rate viscosities which are the 

viscosities of ILs we need under this study. 

 

            Figure 3-1. Simulated viscosities of [3mC4C1im][NTf2] and [C5C1im][NTf2] as 

functions of shear rate at 298.15 K. 

            The values of zero shear viscosity at T=298 K are shown in Figure 3-2 for all 

the branched and linear ILs. As seen in Figure 3-2, the viscosities of the linear ILs 

increases monotonically along with alkyl carbon number N with. In contrast the 

viscosities of the branched ILs along alkyl carbon number N increase non-

monotonically in that the IL with N=4 shows a higher viscosity compared to that of 
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what would predicted on the basis of the other branched ILs. It is satisfying to see that 

the trends shown by simulated viscosities with increasing alkyl carbon number N for 

both branched ILs and linear ILs are quite similar to the trends shown by experimental 

viscosities, as can be seen in Figure 3-3. The similarity becomes clearer if the simulated 

viscosities are normalized by the simulated viscosity of [C3C1im][NTf2] and the 

experimental viscosities are normalized by the experimental viscosity of 

[C3C1im][NTf2], as can be seen in Figure 3-4. 

 

           Figure 3-2. Simulated viscosities of branched and linear ILs as functions of alkyl 

chain carbon number N at room temperature T=298.15 K. 

            From the vertical axes in Figure 3-2 and Figure 3-3, we can easily see that the 

simulated viscosities are approximately 1.5 times larger than the experimental 

viscosities. However, this is quite acceptable based on the viscosity simulation work of 

ILs by other researchers, given that simulation of the viscosities of ILs are always the 



Texas Tech University, Lianjie Xue, December, 2015 

66 

most challenging compared to the simulation of other properties of ILs. Since in this 

study we are focusing on exploring why branched ILs have higher viscosities than linear 

ILs and why [2mC3C1im][NTf2] has such a high viscosity even compared to 

[3mC4C1im][NTf2], the simulated results we obtained herein are more than satisfactory. 

The intrinsic reasons for these two phenomena are the topics of next two sections of this 

chapter. 

 

            Figure 3-3. Experimental of branched and linear ILs as functions of alkyl chain 

carbon number N at room temperature T=298.15 K. 

3.3.2 Size and shape of the ions 

            Factors that determine the viscosity of IL are mainly electrostatic interactions 

and van der Waals interactions.23 For each pair of branched and linear ILs with the same 

alkyl carbon number N, the reason they show different viscosities must be related to 

their structural differences, which may cause differences in both electrostatic and van 
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der Waals interactions within these two classes of ILs. To explore why branched ILs 

systematically have higher viscosities than linear ILs and why [2mC3C1im][NTf2] has  

 

            Figure 3-4. Comparison between normalized experimental viscosities and 

normalized simulated viscosities (refer to the viscosity of [C3C1im][NTf2]). 

anomalously high viscosity, the radius of gyration Rg, asphericity parameter b, and 

acylindricity parameter c were calculated in order to describe the shape change trend in 

both branched cations and linear cations (since they share the same anion [NTf2]
-). The 

gyration tensor and shape parameters are calculated through following equations: 

𝑆̿ =
∑ (�̅�𝑖−�̅�𝑐𝑚)2𝑁

𝑖=0

𝑁
                                                                                                              (3.2) 

𝑅𝑔
2 = 𝑡𝑟𝑎𝑐𝑒(𝑆̿) = 𝜆1 + 𝜆1 + 𝜆1     𝜆1 > 𝜆2 > 𝜆3                                 (3.3) 

𝑏 = 𝜆1 − 0.5(𝜆2 + 𝜆3)                                                                                                   (3.4) 
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𝑐 = 𝜆2 − 𝜆3                                                                                                                       (3.5) 

where S is the gyration tensor, Ri is the position vector of each atom, Rcm is the center 

of mass of a cation, N is the total number of atoms of per cation and λ1, λ2, λ3 are the 

eigenvalues of S. If a cation has a perfectly spherical shape, then the parameter b will 

have a value of zero. Similarly, the parameter c will be zero if the cation has a perfectly 

cylindrical shape. 

            Figure 3-5 shows the mean squared gyration radius <Rg
2> of the branched 

cations and the linear cations as functions of the alkyl carbon number N. From this figure 

it can be easily seen that <Rg
2> of the linear cations are systematically higher than that 

of branched cations. It is worth noting that while <Rg
2> for the linear cations increase 

linearly with increasing alkyl carbon number N, <Rg
2> of [2mC3C1im]+ lies slightly 

below the trend formed by the other four branched ILs. The difference between the 

values of <Rg
2> between branched and linear cations (multiplied by 13 for clarity) as a 

function of carbon number is also plotted in Figure 3-5. Interestingly, the trend of Δ<Rg
2> 

greatly resembles the trend of the viscosities of the branched ILs. This is not a 

coincidence based on the relationship between electrostatic interactions and viscosities. 

The radius of gyration of branched cations are systematically lower than that of the 

linear cations, especially for [2mC3C1im]+, which is much smaller than [C4C1im]+. It is 

physically reasonable that a smaller radius of gyration of branched cations will lead to 

a much stronger Coulombic attraction, which is very sensitive to distance. For each pair 

of branched and linear ILs with the same N, while they have comparable van der Waals 

interactions (which may not be the case and will be presented later) given that they have 
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the same alkyl chain carbon number, the branched cations have stronger electrostatic 

interactions with their counter anions than the linear cations. Based on these arguments, 

one can readily understand why branched ILs have higher viscosities than linear ILs. 

Moreover, the reason why [2mC3C1im][NTf2] has such an anomalously high viscosity 

can also be interpreted from this point of view given the abnormally high Δ<Rg
2> value 

for N=4 shown in Figure 3-5. However, a direct proof, based on the Coulombic energy, 

can make this statement more convincing, which will be discussed in the next section. 

 

            Figure 3-5. Mean squared radius of gyration of branched and linear cations as a 

funciotn of alkyl carbon number N. ΔRg
2 was multiplied by 13 for clearity. 

            The extent of asphericity (Figure 3-6) and acylindricity (Figure 3-7) of the 

cations are also plotted as functions of the alkyl carbon number N. As expected, the 

degree of asphericity  (deviation from a spherical shape) increases monotonically with 
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alkyl carbon number for both branched and linear ILs. Furthermore, the branched 

cations are closer to being spheres than the linear cations, which makes sense since a 

branched cation tends to be shorted than a linear cation with the same alkyl carbon 

number N. This difference is obvious especially when the alkyl chains are short, as can 

be seen in Figure 3-6 for N=3 and N=4. 

 

            Figure 3-6. Normalized asphericity of cations for branched and linear ILs as a 

function of alkyl carbon number N. 

            The extent of acylindricity (deviation from the cylindrical shape) of the branched 

and linear cations, as shown in Figure 3-7, decreases monotonically with increasing 

alkyl carbon number N for the linear cations, but non-monotonically for the branched 

cations, with [2mC3C1im]+ showing the highest acylindricity among branched cations. 

It is reasonable to imagine that the longer the alkyl chain of the cation, the closer the 
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cations are to being cylindrical cations. Again [2mC3C1im]+ shows another 

extraordinary feature in acylindricity , which may be due to the fact that the methyl 

groups are folded back, which is the reason given by Yong and Maginn for the 

abnormally high viscosity in the manuscript that was just submitted.24 

 

 

            Figure 3-7. Normalized acylindricity of Cations for branched and linear ILs as 

a function of alkyl carbon Number N. 

3.3.3 Non-bonding energy of ILs 

            As discussed above, branched cations have smaller radii of gyration than linear 

cations, which directly leads to stronger electrostatic attractions in the former. The 

Coulombic energy within 12 Å and beyond 12 Å are plotted as functions of the alkyl 

chain carbon number N in Figure 3-8. As can be seen in Figure 3-8a, within cut-off 
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distance of 12 Å, the short range Coulombic energies of both branched and linear ILs  

 

            Figure 3-8. Coulombic energy of branched and linear ILs: (a) less than 12 Å, (b) 

large than 12 Å, c) (a)+(b). 

mainly behave as repulsive interactions as can be seen from the positive values of the 

energies. The distances are so short that the interactions are mainly from the 

contributions of atoms that are interacting with nearby atoms. Whereas the repulsive 

interactions of the linear ILs decrease monotonically with increasing alkyl chain carbon 

number N, a non-monotonic trend is observed in the case of branched ILs, with 
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[2mC3C1im][NTf2] showing an anomalously low repulsive interaction compared to the 

trend of the other branched ILs. Overall branched ILs have lower repulsive interactions 

compared to linear ILs. 

            The Coulombic energy beyond the cut-off distance of 12 Å behaves like an 

attractive interactions as can be seen in the negative values of the energies in Figure 3-

8b. The attractions are basically due to the interactions between cations and anions with 

large separation distances and opposite charges. The attractive interaction deceases 

monotonically with increasing alkyl carbon number N for linear ILs, but non-

monotonically for branched ILs (as the absolute values of the energies are decreasing). 

The decrease of the attractions along alkyl carbon number is a result of the increasing 

cation size for both branched and linear ILs. The attractive energy of [2mC3C1im][NTf2] 

is obviously higher than what would be predicted on the basis of the other branched ILs, 

which is the reason for the non-monotonic decrease in the attractive energies of the 

branched ILs as a function of the alkyl carbon number N. The higher attractive energy 

of the branched ILs compared to that of the linear ILs and the anomalously higher 

attractive interaction in [2mC3C1im][NTf2] as shown in Figure 3-8b is consistent with 

the trend that branched ILs have lower radii of gyration than that of the linear ILs and 

[2mC3C1im][NTf2] having an anomalously low gyration radius as shown in Figure 3-5. 

Comparing Figure 3-8b and Figure 3-5 it is clear that they share a similar pattern.  

            The combined effect of repulsive interaction and attractive interaction is 

calculated by the summing of this two quantities and plotted in Figure 3-8c. The 

decrease in both repulsive interactions and attractive interactions cancel each other out 
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in the case of linear ILs which result in the total electrostatic interaction being 

independent of the alkyl chain carbon number as seen in Figure 3-8c. The anomalously 

weak repulsive energy and strong attractive energy of [2mC3C1im][NTf2] together result 

in this IL having the strongest attractive electrostatic interaction compared to all the 

other branched ILs. Generally branched IL have stronger attractive interactions than 

linear ILs (except for [1mC2C1im][NTf2]). 

            Watanabe and co-workers25 discussed that the dependence of viscosity on alkyl 

chain length for linear ILs is a balance between a decrease in electrostatic attraction and 

an increase in van der Waals interactions. With the addition of a –CH2– group, the 

electrostatic attraction between the cations and anions will decrease as a result of 

increase molar volume (whereas the electrostatic interactions are calculated as constant 

for linear ILs and scattered for branched ILs here). The increase of the hydrocarbon 

units enhances van der Waals interactions by means of alkyl chain-ion inductive forces 

(dielectric polarization), and the increase in the van der Waals interactions dominates 

the interaction change resulting from a hydrocarbon unit addition. This explains why 

ILs with longer alkyl chains exhibit higher viscosities than ILs with shorter alkyl chains. 

            The van der Waals interactions of the branched and linear ILs have also been 

calculated during the MD simulations and plotted together with electrostatic interactions 

for comparison in Figure 3-9. It is expected that the extent to which the van der Waals 

interactions increase with the alkyl carbon number N should be much higher than the 

change in the electrostatic interactions. However, this is not the case as can be seen in 

Figure 3-9. The van der Waals energy has a trivial change compared to the fluctuation 
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of the Coulombic energies. The reason why we don’t see a comparable contribution  

 

           Figure 3-9. van der Waals energy and Coulombic energy as a function of alkyl 

carbon number for both branched and linear ILs. 

from van der Waals energy may be due to the fact that the force field employed in our 

simulations is not a polarizable one,7-8 which is needed for the calculation of the alkyl 

chain-ion inductive interactions. Applying a polarizable force field is expected to 

provide us with a more accurate description of how the viscosities of branched and linear 

ILs vary with the alkyl carbon number N. Furthermore, applying a polarizable force 

field usually produces lower viscosities for the ILs which are closer to experimental 

values. So we can expect NEMD simulation of IL viscosities with a polarizable force 

field to give better simulated viscosities and more convincing evidence of how 

branching affects the physicochemical properties of ILs 
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3.4 Conclusions 

            Viscosities of a homologous series of branched ILs and those of their 

corresponding linear series were simulated via NEMD method, which are in good 

agreement with experimental viscosities. The intrinsic relationship between structure 

and viscosity was explored by means of cation size and shape and non-bonding energies. 

The difference in the radii of gyration between branched and linear ILs as a function of 

alkyl chain carbon number is shown to have a similar trend to the viscosities of the 

branched ILs. The gyration trend in both branched and linear ILs is also shown to be 

related to that of the electrostatic attraction in these two series of ILs. That 

[2mC3C1im][NTf2] has especially weak repulsive interaction at a short range and strong 

attractive interaction at a long range scale results in it having the strongest electrostatic 

energy compared to all the other ILs, which is a principal reason for its anomalously 

high viscosity compared to what would predicted based on the other branched ILs. The 

smaller radius of gyration of branched cations allows the branched cations to have 

stronger attraction than linear cations with their counter anions, resulting in the higher 

viscosities of the branched ILs compared to their linear analogs. The van der Waals 

interaction do not make appreciable contribute to the combined effect of the van der 

Waals interaction and Coulombic interaction as one would expect because a polarizable 

force field is not employed for the NEMD.  
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Chapter 4 

4. Optical Heterodyne Detected Raman Induced Kerr Effect 

Spectroscopy (OHD-RIKES) 

4.1 History 

            The Kerr effect was first discovered by John Kerr in 1875 in the form of an 

electro-optic effect.1 In the Kerr effect, a DC electric field applied to liquid or solid 

dielectrics induces double refraction, which is birefringence by definition. Many years 

later researchers found out that birefringence can also be brought about by an optical 

electromagnetic field, which is what has become known as the optical Kerr effect (OKE). 

In 1963, the first OKE experimental observation was reported by Mayer and Gires2 who 

showed that a laser field is strong enough to induce birefringence in a liquid. In the OKE, 

the laser field creates induced dipoles in the liquid molecules. These induced dipoles 

interact with the laser field, creating a slight preference for molecules to align with their 

axis of maximum polarizability parallel to the laser polarization. This alignment creates 

a transient birefringence in the liquid that can be read out with a second pulse of light. 

The time dependence of the birefringence reveals information about microscopic 

dynamics. 

            With the advent of pulsed lasers, OKE spectroscopy was first demonstrated 

experimentally by Duguay and Hansen in 1969,3-4  and has become a widely used 

technique for studying ultrafast dynamics in transparent fluids. OKE spectroscopy 

allows for the direct, time-resolved probing of collective orientational diffusion as well 

as of the dynamics of Raman-active intramolecular and intermolecular modes. Thus 
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OKE spectroscopy can also called Raman-induced kerr effect spectroscopy (RIKES). 

As such, this technique has provided numerous insights into the microscopic behavior 

of numerous types of liquids. In 1979, Levenson and Eesley5 demonstrated that optical 

heterodyne detection could be applied to OKE spectroscopy. Direct probing of the 

nonlinear response of liquids rather than its magnitude squared became feasible, and the 

quality of OKE signal was improved considerably in terms of signal-to-noise ratio, OKE 

spectroscopy hence was upgraded to optically-heterodyne-detected optical Kerr effect 

spectroscopy (OHD-OKE) or optical heterodyne detected Raman-induced Kerr effect 

spectroscopy (OHD-RIKES). The pulse employed in an ultrafast OKE experiment are 

very short with spectral width, as large as up to several hundred wavenumbers.6  Another 

revolutionary development in the growth of OKE spectroscopy was the development of 

the Fourier-transform-deconvolution technique by McMorrow and Lotshaw7-8. By use 

of the Fourier-transform-deconvolution procedure, OHD-RIKES time domain data can 

be converted to a spectral density (SD) or Kerr spectrum, which is directly related to the 

depolarized Rayleigh/Raman spectrum of the liquid.9 There are at least three reasons for 

OHD-RIKES to become one of the widely applied methods of capturing the ultrafast 

dynamics of a complex molecular liquids. First, the implementation of the experiment 

is relatively straightforward, comparing to other ultrafast spectroscopy methods. Second, 

signals obtained from the experiment have high signal-to-noise ratio, which allows 

further detailed analysis. Third, the high signal-to-noise ratio in the signal permits 

Fourier-transform-deconvolution and the direct determination of the frequency-domain 

third-order nonlinear optical susceptibility χ𝑒𝑓𝑓
(3)

 from which the effects of the finite laser 

pulse duration (and pulse bandwidth) are removed.8, 10 
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4.2 Theoretical background 

The theoretical explanation of the origin of OHD-RIKES signal has been 

extensively discussed by several review papers.6-7, 10-13 Herein will be given a concise 

description about how OKE signal is generated in a sample and how optical heterodyne 

detection is realized in the experimental apparatus.  

4.2.1 Homodyne detected signal 

 

 

            Figure 4-1. Optical heterodyne detected optical Kerr effect measurement 

geometry.14 

            The most common implementation of the optical Kerr effect is in a polarization 

spectroscopy geometry (Figure 4-1). Excitation is accomplished with a pump pulse 

polarized vertically. The probe pulse, which has a variable time delay τ relative to the 



Texas Tech University, Lianjie Xue, December, 2015 

82 

pump pulse, is polarized at +45°. After the sample, the probe pulse enters an “analyzer” 

polarizer that is set to pass light with -45° polarization. Without the pump pulse, the 

sample is isotropic, and the probe is extinguished by the analyzer polarizer.  With the 

pump pulse, the laser field causes a partial alignment of the molecules in the liquid, 

thereby breaking the isotropy of the system. As a result, the sample becomes 

birefringent, and the probe pulse becomes slightly elliptically polarized after passing 

through the birefringent sample.  The small component of the elliptically polarized light 

that is polarized at -45° is able to pass through the analyzer polarizer, and this is the 

signal in an experiment that is homodyne detected. As the molecules in the sample 

randomize their orientations, the birefringence decays, and therefore the signal decays. 

And so by scanning the delay between the two pulses the time-dependent birefringence 

can be measured. In OKE/RIKES the combined effect of the pump intensity (Ipump) and 

probe electric field (Eprobe) on the sample generates a non-linear polarization which 

radiates a signal field Esg. The dependence of the signal on the response function Roke 

with a linearly polarized pump pulse is10, 15 

𝐸𝑠𝑔 ∝ 𝑖[∫ 𝑑𝑡′𝑅𝑜𝑘𝑒(𝜏 − 𝑡′)𝐼𝑝𝑢𝑚𝑝(𝑡′)]𝜀𝑝𝑟(𝑧, 𝑡)𝑒
𝑖𝜔(

𝑧

𝑐
−𝑡)

]                                                                         (4.1) 

Because it is the intensity that is detected in this experimental configuration, the signal 

is proportional to the magnitude squared of the depolarized response.  

𝑆ℎ𝑜𝑚𝑜(𝜏) ∝ ∫ |𝐸𝑠𝑔(𝑡)|2𝑑𝑡  ∝  ∫ 𝑑𝑡𝐼𝑝𝑟(𝑡 − 𝜏)[∫ 𝑑𝑡′𝑅𝑜𝑘𝑒(𝑡 − 𝑡′)𝐼𝑝𝑢𝑚𝑝(𝑡′)]2
                         (4.2) 

4.2.2 Heterodyne detected OKE 

Optical heterodyne detection is implemented by placing a quarter-wave plate 
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(QWP) after the first polarizer in the probe beam path but before the sample. The QWP 

is aligned such that one of its axes is along the polarization of the probe beam. The local 

oscillator is introduced by rotating the input polarizer by a few degrees ±ɛ, resulting in 

a fraction of the probe beam leaking through the analyzer polarizer. The total electric 

field that passes through the analyzer is then Es(t)±ELO. The intensity detected is the 

magnitude squared of this field.  

𝑆𝑡𝑜𝑡
± ∝  ∫ 𝑑𝑡| 𝐸𝑠𝑔(𝑡) ± 𝐸𝑙𝑜(𝑡)|2]  = ∫ 𝑑𝑡{ |𝐸𝑠𝑔(𝑡)|2 + |𝐸𝑙𝑜(𝑡)|2 ± 2𝑅𝑒[𝐸𝑠𝑔(𝑡) ∙ 𝐸𝑙𝑜(𝑡)∗]}           (4.3) 

The local oscillator signal does not depend on the decay time τ, and so it serves 

only as a constant offset of the detected intensity. By subtracting data collected at 

opposite heterodyne angles, any homodyne contribution to the signal can therefore be 

removed completely.  

𝑆ℎ𝑒𝑡𝑒(𝜏) ∝  
1

2
[𝑆𝑡𝑜𝑡

+ − 𝑆𝑡𝑜𝑡
− ] ∝ ∫ 𝑑𝑡𝐼𝑝𝑟(𝑡 − 𝜏)[∫ 𝑑𝑡′𝑅𝑜𝑘𝑒(𝑡 − 𝑡′)𝐼𝑝𝑢𝑚𝑝(𝑡′)]                        (4.4) 

As Elo is much larger than Esg, the heterodyne detected signal 𝑅𝑒[𝐸𝑠𝑔(𝑡) ∙ 𝐸𝑙𝑐(𝑡)∗] 

is much larger than the homodyne detected signal. Thus, via this cross-term, the local 

oscillator both amplifies the signal and makes it linear in the signal field, and thereby 

making it linear in the depolarized response.8  

4.3 Apparatus set up 

            Figure 4-2 shows the OHD-RIKES experimental apparatus built in Dr. Quitevis’ 

lab by previous colleagues.16-19 

            Part 1 is the diagram of a titanium-sapphire (Ti-Sapphire) laser pumped by a 

Coherent Verdi V6 diode-pumped solid state laser at 5 W. Through appropriate 
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adjustment, a train of 38±2 fs pulses (as determined by pulse intensity autocorrelation 

obtained from the SHG signal from a BBO crystal placed at the sample position of the 

OKE apparatus) at a repetition of 82 MHz with an average of 30 mW is generated by 

Kerr lens mode-locking technique. 

 

 

            Figure 4-2. Current OHD-OKE experimental set up, PD: Photodiode, EM: End Mirror, 

Quarter wave plate, S: sample holder, DL: Delay line.20 

            The pulses generated in the cavity become broader when they pass through the 

output coupler, and are further compressed via prism compensation and negative group 
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velocity in part 2. 

            Part 3 is where OHD-RIKES measurements are taken. After prism compensation, 

the Ti-S laser is split into a strong pump beam and a weak probe beam. The pump beam 

is polarized vertically through a half-waveplate and Glan-Taylor polarizer (P2) 

combination. And the probe beam is polarized at 45° relative to pump beam through a 

second half-waveplate and Glan-Taylor polarizer (P1) combination. A quarter-

waveplate is placed after P1 in the probe path to implement local oscillator. An analyzer 

polarizer, crossed with the plane of polarization of the probe pulse to achieve maximum 

extinction, is placed after the sample cell and before the detector. During measurement 

P1 is rotated by ±5° to create a local oscillator for the purpose of heterodyne detection. 

The delay line creates a time delay between the pump and probe pulses, by using 

astepper motor translation stage. The time delay is calculated as t=2*ΔL/c (ΔL is the 

distance that the stage moves, with the smallest step size as being 0.01 micron, c is the 

speed of light). The sample is kept in a lab-built, temperature controlled holder on a 

three dimension movable mount and oriented in a way that pump and probe beams 

intersect at the focal point of a lens to maximize the interaction of pulses with the sample. 

After the sample, the pump beam is blocked and the probe beam passes the analyzer 

polarizer P3 and then sent to the photodiode. Modulating the intensity of the pump and 

probe beams at two different frequencies with a chopper before the sample and sending 

the output of the detector to a lock-in amplifier referenced to the sum frequency allows 

the OKE signal to be discriminated from background from the two beams.10 Lock-in 

detection is a key element of the OKE apparatus. 
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4.4 Analysis of OHD-RIKES signal 

            Although the pulses used for the OHD-RIKES measurements are quite short, 

appreciable dynamics do occur on the time scale of the pulse duration.21 Fourier-

Transform deconvolution procedure developed by McMorrow and Lotshow7-8 can be 

used to compensate for the finite pulse duration. 

            As discussed above, the heterodyne detected OKE signal is linearly proportional 

to pump field, probe field, and response function. 

𝑆ℎ𝑒𝑡𝑒(𝜏) ∝ ∫ 𝑑𝑡𝐼(𝑡 − 𝜏)[∫ 𝑑𝑡′𝑅𝑜𝑘𝑒(𝑡 − 𝑡′)𝐼(𝑡′)]  

                 = ∫ 𝑑𝑡′ ∫ 𝑑𝑡𝐼𝑝𝑢𝑚𝑝(𝑡 + 𝑡′)𝐼𝑝𝑟𝑜𝑏𝑒(𝜏 − 𝑡 − 𝑡′)𝑅𝑜𝑘𝑒(𝑡)                                                   (4.5) 

            The integral over 𝑡′ is the convolution of the two laser pulses at time separation 

τ. 

𝐺(2)(𝜏) = ∫ 𝑑𝑡′𝐼𝑝𝑢𝑚𝑝(𝑡′)𝐼𝑝𝑟𝑜𝑏𝑒(𝜏 − 𝑡′)                                                                              (4.6) 

Thus the OHD-RIKES signal can be written as a convolution of the autocorrelation 

function with the response function. 

𝑆(𝜏) ∝ ∫ dt𝑅𝑜𝑘𝑒(𝑡 − 𝜏)𝐺(2)(𝑡)                                                                                            (4.8) 

            Both S(τ) and G(2)(t) are available with high signal-to-noise, the latter 

quantity 𝐺(2)(𝜏) is the background free pulse autocorrelation which is obtained from 

the second harmonic generation (SHG) from a barium borate (BBO) crystal. The pulse 

autocorrelation is fit by a hyperbolic secant square function, and this is what we use for 

obtaining SD and reduced spectral density (RSD).   𝐺(2)(𝜏) is important to ensure that 
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t=0 is accurately determined.10 The sample response Roke(t) can then be recovered from 

the convolution (8.) through the following Fourier transform relationship:7-8 

𝐹[𝑅𝑜𝑘𝑒(t)] =
𝐹[𝐼(𝜏)]

𝐹[𝐺(2)(𝑡)]
= 𝐷(𝜔)                                                                                                     (4.9) 

in which F indicates a forward complex Fourier transform. Thus the sample dynamics 

can be recovered, in the frequency domain, D(ω), undistorted by convolution with the 

finite pulse width of the laser. The sample response contains contributions from both 

the nuclear dynamics, r(t), of principal interest here, and the instantaneous electronic 

response, σ(t), arising from the electronic part of the nonlinear susceptibility, 

𝑅𝑎(𝑡) = 𝜎(𝑡) + 𝑟(t)                                                                                                           (4.10) 

            Because the electronic component is real it will not contribute to the imaginary 

part of D(ω), Im[D(ω)]. Figure 4-3 shows the time domain OHD-RIKES data for 1-(3-

methylbutyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

([3mC4C1im][NTf2]). In Figure 4-4 is shown the recovered Im[D(ω)], which is the full 

spectral density with the sharp peak near zero frequency being partly due to diffusive 

motion of the molecules. Since it is often the sub-picosecond dynamics which are of 

interest, the part of orientational dynamics that decays on a picoseconds or longer time 

scale can be subtracted from the high-time-resolution data, and the resultant data 

extended with zeros.10, 22 The OHD-RIKES signal with the orientational response 

removed is called the reduced spectral response. Applying the Fourier-transform-

deconvolution procedure to the reduced response give the reduced spectral density 

(RSD). The RSD of [3mC4mim][NTf2] with high signal-to-noise is obtained, often over 
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a range of several hundred wavenumbers, as shown in Figure 4-5. Narrow bands at 

higher energies (greater than 200 cm-1 in Figures 4-4 and 4-5) can often be assigned, on 

the basis of gas-phase vibrational spectra, to intramolecular modes. The broad low-

frequency band seen in Figure 4-5 is of most interest in liquid dynamics studies, because 

it reflects the intermolecular interactions. The ultrafast spectral density in Fig. 4-5 is fit 

by summation of three components: one Bucaro-Litovitz line-shape function 

corresponding to the lowest frequency component.23 

𝐼𝐵𝐿(𝜔) = 𝐴𝐵𝐿𝜔𝑎exp (− 𝜔 𝜔𝐵𝐿⁄ )                                                                                                    (4.11) 

and two antisymmetric Gaussian (AG) functions corresponding to higher frequency 

components, 

𝐼𝐴𝐺(𝜔) = 𝐴𝐴𝐺[exp[− (𝜔 − 𝜔𝐴𝐺)2 2𝜖2⁄ )] − exp[− (𝜔 + 𝜔𝐴𝐺)2 2𝜖2⁄ )]]                                           

(4.12) 

The Bucaro-Litovitz function was first introduced to account for the contribution 

from collision-induced dynamics in the light scattering spectrum of nonpolar molecular 

liquids,23 and is widely assigned to be associated to single molecule orientational 

relaxation, which may include librational and diffusive orientational (OR) motion.24-25 

The AG functions are related to intermolecular relaxation that occurs through 

translational and OR motion, which are referred to as the interaction induced (II) 

contribution to the relaxation.26-29 The fitting of the RSD is purely empirical. Without 

further information, the components obtained from this analysis have no physical 

meaning. The main advantage of using multi-component line shape analysis is that it 

allows us to separate the intermolecular and intramolecular contributions to the RSD 
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and to quantify differences in the line shapes of the OKE spectra.  

 

           Figure 4-3. Time domain OHD-RIKES signal of [3mC4C1im][NTf2]. Inset: 

semi-logarithmic plot of OHD-RIKES signal from 0 to 10 ps. 

 

            Figure 4-4. Spectral density Im[D(ω)] for [3mC4C1im][NTf2], recovered from 

the data of Fig. 2-3 and the measured G(2)(t). 
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            Figure 4-5. The ultrafast spectral density or reduced spectral density (RSD), 

Im[D’(ω)] for [3mC4C1im][NTf2] and the individual component of the intermolecular 

parts and intramolecular parts are shown. 
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Chapter 5 

5. Effect of Alkyl Chain Branching on the Intermolecular 

Dynamic Study of Imidazolium-based ILs 

5.1 Introduction 

            The physicochemical properties of a homologous series of branched 

imidazolium-based ILs were studied and compared with that of a corresponding series 

of linear ILs in Chapter 2 of this dissertation. This study showed that branched ILs have 

higher viscosities, glass transition temperatures, and melting points than linear ILs. The 

intrinsic reason why branched ILs have higher viscosities and why [2mC3C1im][NTf2] 

has an abnormally high viscosity compared to the trend of the other branched IL was 

explored by molecular dynamic (MD) simulations in Chapter 3. Stronger electrostatic 

interactions in branched ILs especially in 2mC3C1 was shown to account for the 

viscosity trend of ILs. The intermolecular dynamics of ILs can also be studied by OHD-

RIKES, which has been widely used to capture the ultrafast dynamics of a pure liquid 

by measuring the anisotropic component of the collective polarizability response.1-3 

Based on the measured and calculated results, it is worth combining physicochemical 

properties, MD simulated results, and spectral results together to acquire deeper 

understanding of the structure-property relationships. 

            As has been discussed in Chapter 4 of this dissertation, OHD-RIKES is 

nonlinear optical time-resolved technique, which produces a high signal-to-noise ratio 

and allows easy access to the low frequency spectra, has been extensively used for the 

study of ILs4-30. The time-domain OHD-RIKES signal can be converted into frequency-
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domain spectral density that gives the polarizability derivative-weighted distribution of 

low-frequency model in a liquid.31-32 The OHD-RIKES of a homologous series of linear 

imidazolium-based ILs has been studied by previous workers in the Quitevis group.4 

Results showed that ILs with longer alkyl length tend to have Kerr spectra with larger 

contribution from higher frequency, resulting from higher degree of association or local 

order which is associated with intermolecular potential.4 In this chapter, the 

intermolecular dynamics of the branched ILs that have been studied in chapter 2 and 3 

are studied by OHD-RIKES and compared with that of their corresponding linear ILs. 

The Kerr spectra results are combined with physicochemical property data as well as 

with MD simulations results to further enhance our understanding of the structure-

property relationships for branched and linear ILs. 

            This chapter is organized as follows: In Section 5.2, the sample preparation for 

the OHD-RIKES measurements is briefly described, the OHD-RIKES apparatus and 

procedure and the data analysis are also given in this section. Section 5.3 presents the 

results and discussions. The time domain responses, reduced spectral densities (RSDs), 

and multicomponent analysis of the RSDs of the branched and linear ILs are presented 

and compared. The effect of alkyl branching on the intermolecular dynamics of 

imidazolium based ILs is discussed. We finish with conclusions. 

5.2 Experimental 

5.2.1 OHD-RIKES sample preparation 

            The branched ILs and linear ILs were synthesized via the methodology 

described in Section 2.2.1 and elsewhere.33-34 The colorless synthesized samples were 
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subject to at least 1-2 days of vacuum pumping kept at 55 °C using a water bath. The 

water content of the samples were determined by Karl-Fisher titration to be within 150 

μg/g. A syringe fitted with a 0.1-μm filter was used to remove particles that are invisible 

to naked eyes but tend to cause scattering which affects the signal-to-noise ratio in the 

OHD-RIKES signals. Samples were filtered directly into 2-mm path-length quartz 

cuvettes fitted with vacuum stopcock to ensure airtight sealing of the samples during 

measurements. (for brevity, the branched and linear ILs are labeled as (n-1)mCnC1 and 

CnC1, respectively, where n represents the number of carbons in the alkyl chain.) 

5.2.2 OHD-RIKES apparatus and procedures 

            The OHD-RIKES apparatus and procedure have been described specifically in 

the Chapter 4 of this dissertation. 

5.2.3 Analysis of the OHD-RIKES data 

            The OHD-RIKES signals in the 0.4-10 ps time range are fitted by the empirical 

decay function 

𝑟(𝑡) = 𝐴1 𝑒𝑥𝑝(−𝑡/𝜏1 ) + 𝐴2 𝑒𝑥𝑝(−𝑡/𝜏2 ) + 𝐵                                                                (5.1) 

where the τ1 term is a sub-picosecond component, the τ2 term is a picosecond component, 

and B is a constant that accounts for components in the delay function relaxing on the 

time scale much longer than the time-range of the measurements. ILs were identified as 

slow relaxing system by OHD-RIKES time domain measurements over much wider 

range of timescales (from sub-ps to sub-ns) than that of our measurements.6, 21, 35 In the 

time window of our measurements, the fits of the empirical decay function to an OHD-
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RIKES signal captures the intermolecular dynamics and the early part of the 

intermediate power region of the reorientational dynamics. A reorientational response 

is generated through convoluting the part of the decay given by τ2 term and the term B 

with the pulse intensity autocorrelation, which was then subtracted from the OHD-

RIKES signal to yield a “reduced” response consisting only of the electronic and the 

sub-picosecond nuclear responses. The RSD corresponding to the part of the OKE 

spectrum associated with intramolecular and subpicosecond intermolecular modes of 

the liquid is obtained by applying Fourier-Transform-deconvolution procedure to the 

reduced response.32, 36 A window function37 was used to reduce the noise in the low-

frequency band in the 0-200 cm-1 region of the RSD without affecting its line shape.  

5.3 Results and Discussion 

5.3.1 OHD-RIKES time domain data 

            Figure 5-1 and Figure 5-2 show semi-logarithmic plots of the OHD-RIKES 

signals in the 0-10 ps time-range for the branched and the linear ILs, respectively. The 

signals have been height-normalized at coherent spike (t=0) and vertically shifted by 

log-base 10 increments for clarity. For all the branched and linear ILs, the OHD-RIKES 

signal is dominated by the instantaneous electronic response (i.e., coherent spike), with 

the maximum relative amplitude of the non-instantaneous nuclear response equal to 0.2-

0.3 times of that of the electronic response. A complex oscillatory component 

corresponding to the coherent excitation of the intramolecular vibrations of the ions is 

superimposed on the decaying part of all the OHD-RIKES signals. OHD-RIKES signal  
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            Figure 5-1. Semi-logarithmic plots of the OHD-RIKES signals of the branched 

ILs in the 0-10 ps time-range: ILs from up to down are 1mC2C1im, 2mC3C1im, 

3mC4C1im, 4mC5C1im, and 5mC6C1im, respectively.  

 

            Figure 5-2. Semi-logarithmic plots of the OHD-RIKES signals of the linear ILs 

in the 0-10 ps time-range: ILs from up to down are [C3C1im][NTf2], [C4C1im][NTf2], 

[C5C1im][NTf2], [C6C1im][NTf2], and [C7C1im][NTf2] respectively. 

of 2mC3C1 is a little bit noise compared to that of the other ILs. However it gave a high 
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quality RSD (which will be discussed later in this chapter). In the 0-10 ps time-range of 

our measurement, the OHD-RIKES signal decay is not fully relaxed in the case of the 

ILs. Fayer and co-workers6, 21, 35 have shown in OHD-OKE measurements that the slow 

non-exponential relaxation of ILs system extends to the several hundred-ps/sub-ns time 

range. The slow dynamics were attributed by Maroncelli and co-workers to the 

resistance of the charge-ordered structure of the ILs to reorganize.38 

Table 5-1. Fit parameters for OHD-RIKES decays for branched and linear ILs.a-c 

 A1 τ1 /ps A2 τ2 /ps B χ2 

[1mC2C1im][NTf2] 0.77 0.157 0.037 1.186 0.0047 0.97129 

[2mC3C1im][NTf2] 0.096 0.372 0.0135 2.447 0.001 0.91178 

[3mC4C1im][NTf2] 0.157 0.283 0.0143 2.236 0.002 0.96349 

[4mC5C1im][NTf2] 0.127 0.310 0.011 2.349 0.002 0.95937 

[5mC6C1im][NTf2] 0.0797 0.410 0.0057 4.990 0.0003 0.94228 

[C3C1im][NTf2] 0.112 0.407 0.012 3.159 0.002 0.96404 

[C4C1im][NTf2] 0.137 0.322 0.013 2.235 0.003 0.96164 

[C5C1im][NTf2] 0.124 0.298 0.013 1.742 0.003 0.95903 

[C6C1im][NTf2] 0.111 0.357 0.008 3.187 0.001 0.96914 

[C7C1im][NTf2] 0.104 0.374 0.007 2.664 0.003 0.97143 

aSee Eq 5.1 for definition of fit parameters; fit range 0.4-10 ps. 

bErrors in fit parameters: A1, τ1, A2 ≈ ±5%; τ2 ≈ ±10%. 

            The solid black lines through the data are fits of the OHD-RIKES decays to Eq 

5.1 in the 0.4-10 ps time range. The dashed line is the part of the fit associated with the 

slow component τ2 and the constant B in Eq 5.1. Fit parameters are given in Table 5-1. 
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            Figure 5-3. Reduced Spectral Densities (normalized) of neat branched and 

linear ILs in the 0-450 cm-1 range obtained by applying the Fourier-transform-

deconvolution procedure to the reduced response of corresponding OHD-RIKES signals. 

5.3.2 Reduced spectral densities of branched and linear ILs 

            The RSDs of neat branched and linear ILs are plotted in Figure 5-3. The 

branched and linear ILs both show broad and structured spectra that are characteristic 

of RSDs of a typical [CnC1im][NTf2] IL.4, 7, 9, 22, 24, 27, 39-40 The general feature of the 

RSDs of the branched and linear ILs is that they are all composed of a broad structured 
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band in the 0-200 cm-1 region associated with the intermolecular/interionic vibrational 

modes with a low-intensity, high frequency tail that extends out to several hundred 

wavenumbers, and a group of peaks in the 280-350 cm-1 region and a peak at 407 cm-1 

associated mainly with intramolecular vibrational modes of [NTf2]
-. 

            The RSD of 1mC2C1 is composed of a main band and a high frequency tail that 

has double peaks in the range of 110-150 cm-1, the double peaks in this region are not 

observed in the RSDs of the other branched and linear ILs with longer alkyl chains. In 

an earlier RSD comparison study between C2C2 and C3C1,
20 the double peaks were also 

observed in the RSD of C2C2, The peak at 122 cm-1 was attributed to the bending mode 

of [NTf2]
-, whereas the peak at 140 cm-1 was attributed to scissoring modes of the cis- 

and trans-conformers of C2C2. 

5.3.3 Multicomponent line shape analysis of RSD 

            To quantitatively describe the differences in the line shapes of the main bands 

which are primarily determined by intermolecular/interionic modes in the branched and 

the linear ILs, the RSDs in the 0-250 cm-1 were empirically fit by a multicomponent 

line-shape model. In this model the lowest component is given by the Bucaro-Litovitz 

(BL) function 

𝐼𝐵𝐿(𝜔) = 𝐴𝐵𝐿𝜔𝑎exp (− 𝜔 𝜔𝐵𝐿⁄ )                                                                                         (5.2) 

and higher frequency components by the Antisymmetrized Gaussian (AG) function 

𝐼𝐴𝐺(𝜔) = 𝐴𝐴𝐺[exp[− (𝜔 − 𝜔𝐴𝐺)2 2𝜖2⁄ )] − exp[− (𝜔 + 𝜔𝐴𝐺)2 2𝜖2⁄ )]]                     (5.3) 

This analysis allows us to separate intermolecular and intramolecular contributions to 
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the RSD in the 0-250 cm-1 region, and also quantitatively describe the shape of the 

intermolecular band. Note that there is no priori reason that the component bands 

correspond to actual modes of the liquid. However, the BL function was first introduced 

to account for the contribution from collision-induced dynamics in the light scattering  

spectrum of nonpolar molecular liquids,41 and was widely assigned to single molecule 

orientational (OR) relaxation, which mainly includes librational and diffusive OR 

motion.42-43 The AG functions are related to intermolecular relaxation that occurs 

through translational and OR motion, which are referred to as the interaction induced 

(II) contribution to the relaxation.44-47 

            Figure 5-4 shows the multicomponent line shape fits of the RSDs of branched 

and linear ILs. There are eight components underlying the RSDs of most of these ILs, 

with the eighth component being trivial for several of them. The first 3 components 

comprise the intermolecular band, while the other 5 components are due to 

intramolecular vibrations. The fitting parameters are given in Table 5-2. The main 

(intermolecular) bands of all the ILs are well fit with a three-component line-shape 

model, with one BL function and two AG functions. The low frequency band, which 

has a peak frequency at ≈20 cm-1, was shown by Shirota and coworkers,48-49 to be mainly 

associated with the intermolecular modes of the [NTf2]
- anion. And the two broad peaks 

at ≈60 cm-1 and ≈100 cm-1 are associated with the intermolecular modes of the cation. 

Superimposed on the intermolecular band is a small peak at ≈120 cm-1 associated with 

an intramolecular mode of the anion. The overlap of broad peaks at ≈170 and ≈210 cm-

1 assigned respectively to the intramolecular vibrations of the anion and cation 

contributes to the high-frequency tail. 
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            Figure 5-4. Fits of the RSDs of neat branched and linear ILs in the 0-250 cm-1 

range by the multicomponent line-shape model with component bands shown. Fit 

parameters are given in Table 5-2. The spectral parameters of the main band as well as 

the underlying component bands are given in Table 5-3. 
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Table 5-2. Fitting parameters for the RSD multicomponent line shape analysis. 

 1mC2C1 2mC3C1 3mC4C1 4mC5C1 5mC6C1 C3C1 C4C1 C5C1 C6C1 C7C1 

aBL 0.06 0.07 0.08 0.09 0.08 0.10 0.09 0.06 0.09 0.10 

a 1.24 1.26 1.25 1.21 1.25 1.22 1.24 1.33 1.20 1.16 

wBL 19.35 13.88 14.84 15.97 14.90 13.11 12.76 15.55 14.63 15.49 

aG1 0.32 0.67 0.58 0.49 0.56 0.72 0.71 0.55 0.55 0.53 

wG1 60.00 62.73 65.19 59.24 58.57 62.48 60.48 61.55 58.26 57.63 

e1 16.78 31.69 22.12 18.94 19.70 26.17 25.78 19.19 23.22 21.34 

aG2 0.59 0.47 0.66 0.75 0.69 0.49 0.62 0.76 0.69 0.69 

wG2 91.68 109.36 103.99 93.89 94.61 104.25 104.00 98.01 97.50 97.65 

e2 23.24 23.95 20.18 21.34 22.16 20.59 21.69 20.89 26.20 25.98 

aG3 0.17 0.14 0.11 0.13 0.11 0.14 0.12 0.19 0.13 0.17 

wG3 121.74 120.87 123.00 121.56 121.33 122.58 121.70 123.17 121.57 122.03 

e3 6.30 6.02 5.74 5.73 5.83 6.46 6.02 6.14 6.05 7.14 

aG4 0.46 0.19 0.07 0.20 0.24 0.22 0.09 0.19 0.12 0.11 

wG4 143.64 128.54 129.83 131.16 131.58 133.90 131.28 140.32 134.83 137.22 

e4 13.38 9.32 14.43 12.61 12.58 14.69 11.22 13.45 11.22 9.65 

aG5 0.11 0.11 0.09 0.21 0.15 0.12 0.12 0.14 0.20 0.22 

wG5 171.23 170.25 170.19 167.81 166.93 167.00 168.38 170.35 167.14 166.75 

e5 10.11 18.10 10.98 16.42 19.07 15.13 15.57 10.49 19.02 18.73 

aG6 0.08 0.07 0.07 0.05 0.08 0.02 0.05 0.09 0.07 0.11 

wG6 200.35 208.87 204.46 211.22 212.14 205.22 211.32 198.70 208.44 209.48 

e6 17.95 8.36 13.83 12.72 11.19 8.38 10.46 22.72 13.64 17.13 

aG7 0.05 0.07 0.03 0.03 0.02 0.04 0.01 0.02 0.04 0.01 

wG7 241.60 227.20 238.26 228.59 240.58 223.79 232.76 245.28 228.38 251.00 

e7 7.82 9.48 7.60 8.05 8.28 13.27 11.17 3.61 17.64 7.24 
aaBL, wBL, a – Bucaro-Litowitz parameters (ABL, ωBL, a in eq 5-1 of text) ; aG, wG, e –

Antisymmetrized-Gaussian parameters (AAG ωAG,  in eq 5-2 of text). 

            The spectral parameters of the main band (first moment M1 and full-width-at-

half maximum Δω) and component bands (peak frequency ωpk, Δω, and fraction area 

farea) that underlie the main bands are shown in Table 5-3 in order to characterize 

intermolecular dynamics changes in both branched and linear ILs. The first spectral 

moment M1 and Δω of the main band are in the range of 60-70 cm-1 and 100-120 cm-1, 

respectively.  

            As can be seen in Figure 5-4, for both branched ILs (from 2mC3C1 to 5mC6C1) 
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and linear ILs (from C3C1 to C7C1), the spectral density contribution from the high 

frequency region (component 3) is continuously increasing. The area fraction of 

component 3 increases from 0.257 in 2mC3C1 to 0.374 in 4mC5C1 and 0.361 in 5mC6C1 

for branched ILs, and from 0.241 in C3C1 to 0.403 in C7C1 for linear ILs. This suggests 

that as alkyl chain gets longer the intermolecular potential become stiffer. The three 

components underlie the intermolecular bands of 4mC5C1, 5mC6C1, C5C1, C6C1, and 

C7C1 have an average ratio of around 1.5:1:1.5, which can be calculated by comparing 

the fractional areas of the three components given in Table 5-3, indicating that these 

five ILs have RSDs of the same pattern. The low frequency Kerr spectra of 

imidazolium-based ILs containing the [NTf2]- anions are dominated by the signal of the 

imidaozlium ring and the anion. The alkyl chains of [CnC1im][NTf2] with N≤4 is not 

long enough to aggregate. With the segregation of alkyl chains for [CnC1im][NTf2] 

based ILs with n≥5, a three dimensional polar-nonpolar domains alternation starts to 

form, and the imidazolium rings see a stiffer intermolecular potential, resulting in OKE 

spectrum with greater contributions from high frequency modes.24, 50 The Kerr signal 

coming from the alkyl group is much weaker than those from the aromatic imidazolium 

rings. As a result the size of the nonpolar domains which are dependent on the length of 

the alkyl groups is unlikely to affect the Kerr spectrum. Thus 4mC5C1, 5mC6C1, C5C1, 

C6C1, and C7C1 share very similar RSD spectra, which is also similar to the RSD spectra 

of [C10(Mim)2][NTf2] and [C12(Mim)2][NTf2] in the study of Shirota et al.24 

            It can also be seen from Figure 5-3 and Figure 5-4 that the RSD of 2mC3C1 

resembles that of C3C1. Similar comparison can be made between 3mC4C1 and C4C1, 

between 4mC5C1 and C5C1, and between 5mC6C1 and C6C1. Each pair of these ILs show 
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similarity in their underlying component bands in Figure 5-4. As can be seen in Table 

3, the close values of the fractional areas of the components further confirm these 

similarities. So it is reasonable to say that a branched IL exhibits an intermolecular  

Table 5-3. Spectral parameters for the intermolecular part of RSD of branched and 

linear ILs.a,b 

ILs 

Main Band  Component 1  Component 2  Component 3 

M1 

cm-1 

Δω 

cm-1 

 ωpk 

cm-1 

Δω 

cm-1 
farea 

 ωpk 

cm-1 

Δω 

cm-1 
farea 

 ωpk 

cm-1 

Δω 

cm-1 
farea 

1mC2C1 62.0 103.1  24.4 52.4 0.524  60.0 39.5 0.134  91.7 54.8 0.341 

2mC3C1 67.3 118.2  17.5 37.9 0.282  62.8 73.6 0.461  109.4 56.4 0.257 

3mC4C1 65.0 115.3  18.6 40.4 0.388  65.2 52.1 0.300  104.0 47.5 0.312 

4mC5C1 62.5 108.7  19.3 42.7 0.407  59.2 44.6 0.218  93.9 50.3 0.374 

5mC6C1 62.2 107.8  18.7 40.5 0.376  58.6 46.4 0.261  94.6 52.2 0.361 

C3C1 62.6 111.5  16.1 35.3 0.313  62.5 61.6 0.446  104.3 48.5 0.241 

C4C1 65.1 116.0  15.9 34.6 0.286  60.5 60.6 0.410  104.0 51.9 0.304 

C5C1 65.0 111.6  20.6 43.4 0.390  61.6 45.2 0.243  98.0 49.2 0.367 

C6C1 65.9 114.5  17.6 39.1 0.319  58.3 54.7 0.279  97.5 61.7 0.402 

C7C1 65.5 114.4  18.0 40.7 0.347  57.6 50.3 0.250  97.6 61.1 0.403 

aPeak frequency- ωpk; fwhm- Δω; first spectral moment- 𝑀1 =
∫ 𝐼(𝜔)𝜔𝑑𝜔

∫ 𝜔𝑑𝜔
; fractional area of 

component bands-farea. bError in M1, ωpk, and Δω-±1 cm-1. 

spectrum similar to that of a linear IL of the same alkyl chain length but not of the same 

alkyl carbon number. X-ray scattering measurements combined with MD simulations 

by Kashyap et al.51 have also shown that the behavior of the branched and cyclic systems 

at the prepeak region of the X-ray structure factor S(q) from the perspective of the 

charged groups is similar for systems where the alkyl chain in the cations is of the same 
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length but not necessarily of the same carbon numbers. So alkyl branching doesn’t 

influence the way how alkyl chains aggregate into nonpolar domains, and ILs of the 

same alkyl chain length tend to have similar local structure and  thus similar 

intermolecular potentials. So it is not unexpected that a pair of branched and linear ILs 

of the same alkyl chain length have similar RSD spectrum in this study. 

            It is worth noting that 2mC3C1 has highest spectral moment (67.3 cm-1) and 

broadest peak width (118.2 cm-1) compared to the other ILs. In chapter 3, we showed 

that 2mC3C1 has the strongest electrostatic interaction from MD simulations. This 

suggests that there may be the relationship between intermolecular spectrum and 

electrostatic interaction, and is consistent with observation that ILs have wider 

intermolecular spectrum than mixtures where the components have similar structures as 

that of cation and anion that are uncharged.52 

5.4 Conclusion  

            The effect of branching on the intermolecular was characterized in this chapter 

by means of OHD-RIKES. As the alkyl chain length increases, the alkyl chains tend to 

aggregate into nonpolar domains which are embedded in a polar-ordered network, the 

intermolecular potential seen by the imidazolium rings become stiffer accordingly. The 

RSDs of both branched and linear ILs exhibits increasing contribution from the high 

frequency with increasing number of alkyl carbon atoms. That branched ILs have an 

intermolecular spectrum similar to that of a linear IL of the same alkyl chain length 

indicates that the intermolecular dynamics and local structures are dependent on the 

alkyl chain length rather than on the alkyl carbon number of the imidaolium-based ILs. 
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That 2mC3C1 with strongest attractive electrostatic interaction has the highest spectral 

moment and broadest peak width compared to the other ILs in this study provides a new 

clue about the relationship between intermolecular spectrum and electrostatic 

interaction in ILs. RSD of [1mC2C1im][NTf2] shows double peaks in the region of 120-

140 cm-1 range, which are absent in the RSDs of the other ILs.  
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Chapter 6 

6. Investigation of Nanosegregation in ILs by an OHD-RIKES 

Spectroscopic study of CS2/[CnC1im][NTf2] mixtures (n=1-4) 

6.1 Introduction 

           Ionic liquids (ILs) differ from conventional organic solvents in not only their 

being entirely composed of ions, but also their self-organization and nanosegregation. 

The self-organization, which is also termed as “charge-ordering”, is characterized by 

charge alternation in the local structure whereby Coulomb interactions between ions of 

the opposite charge are maximized and ions of the same charge minimized. Molecular 

dynamics (MD) simulations have shown in Chapter 3 of this dissertation that 2mC3C1 

possesses minimized repulsive interaction and maximized attractive interaction which 

endow it with an anomalously high viscosity compared to what would be predicted 

based on the viscosities of the other branched ILs. Nanosegregation occurs in [CnC1im]+ 

based ILs with n≥4, in which alkyl chains are long enough to aggregate to form nonpolar 

domains which are embedded in a polar charge-ordered network.1-3 The appearance of 

nanosegregation is largely due to the strong cohesive forces between ions in the polar 

network that prevent nonpolar groups from disrupting the charge-order.4 Because ILs 

are amphiphilic, which give rise to nanosegregation, they thus are able to dissolve and 

solubilize a wide range of polar and nonpolar solutes that would otherwise not be 

simultaneously soluble in a conventional molecular solvent. However, how molecules 

reside in ILs depends on the polarity nature of the solutes. Nonpolar molecules, such as 

n-hexane or butane5 tend to reside in the nonpolar domains and are excluded from the 
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ionic networks because of the cohesive energy of the charged groups, whereas polar 

molecules such as water tend to reside mainly in the ionic networks.6 Dipolar molecules 

such as acetonitrile tend to be localized in the interfacial region between polar and 

nonpolar regions.7-8 

            The dynamics of solute molecules are largely influenced by their local 

environment, thus studying the dynamics of solute molecules in ILs provides another 

means of studying the nanosegregation in ILs. Mixtures of CS2/[C5C1im][NTf2] 
8-10  and 

CH3CN/[C5C1im][NTf2]
7-8 were studied by combining MD simulations and OHD-

RIKES measurements to investigate the local environments and the dynamics of the 

solute molecules. Spectroscopic measurement show that CS2 molecules see a less stiff 

intermolecular potential while CH3CN molecules see a stiffer intermolecular potential 

than in the neat liquid, which is consistent with the MD results that showed CS2 

localized in the nonpolar domains of [C5C1im][NTf2] and CH3CN residing in the 

interfacial region between polar and nonpolar domains. Mixtures of H2O/[C8C1im][BF4] 

with different fractions of H2O was also studied by Shirota and Biswas6 by means of 

OHD-RIKES spectroscopy method. Results showed that H2O tended to reside in the 

charged region, resulting in weakening the interionic/intermolecular interaction in this 

region manifested by tiny the red shift in low-frequency Kerr spectrum. 

            A transition in the morphologies of the nonpolar domains of [CnC1im][NTf2] 

was reported by Shimizu et al. by MD simulations.11 The simulations showed that the 

nonpolar domains in this series of ILs evolve from elongated clusters for C2-C4, to oblate 

structured around C5, and start to percolate to form a second continuous sub-phase from 
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C6. Tracking the segregation transition is feasible if we study the dynamics of CS2 

solutes by means of OHD-RIKES measurement in a series of ILs ranging from 

[C1C1im][NTf2] to [C5C1im][NTf2]. We report herein the OKE spectra of 10 mole 

percent (mol %) CS2/[CnC1im][NTf2] mixtures as a function of alkyl chain length for 

n=1-4 that builds on our earlier work of CS2/[C5C1im][NTf2] mixtures.9, 12 We chose 

this concentration because it gave OKE spectra with a sizeable CS2 component and low 

CS2 aggregation as indicated by previous MD simulations.10  

            Although CS2 tend to be mainly localized in nonpolar domains as shown by the 

MD CS2-terminal group radial distribution function (RDF), there is a finite probability 

of finding CS2 molecules near the cation head groups and anions as indicated by MD 

CS2-headgroup and CS2-anion RDFs.12 This is not surprising given that nonpolar 

domains are interwined with polar domains. It is therefore natural to consider that 

charge-induced dipole interactions or other types of electrostatic interactions might also 

play a role in the solvation of CS2 in ILs with short alkyl chains. 

            In the MD simulations of Yang and Voth,10 a rigid charge-distributed model that 

only takes into account van der Waals and Coulombic interactions was applied to model 

CS2 and the ILs. The polarizabilities of the atoms in CS2 and in the ILs were not 

considered. Intuitively, charge-induced dipole forces are expected to play a role in the 

solvation of CS2, leading to perhaps a greater probability of finding CS2 molecules 

closer to the polar network than depicted by MD simulations. 

            In the simulations where ILs were shown to be nanosegregated, the atoms 

attached to the imidazolium rings are considered to be part of the head group of the 
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cation. Based on this definition, [C1C1im][NTf2] behaves more like a traditional molten 

salt, and CS2 is solely solvated by the charged  groups of the ILs in the 

CS2/[C1C1im][NTf2] mixture. Thus CS2/[C1C1im][NTf2] presents a quite different 

solvation scenario than the other three mixtures. Following the transition of the 

intermolecular spectrum of CS2 in CS2/IL mixtures as a function of the alkyl chain 

length from n=1 to n=4, allows us to probe the relative contributions of electrostatic and 

dispersion forces that govern the interactions between CS2 and ILs. 

            This chapter is based on a study13 published in Journal of Chemical Physics 

( 2014, 140(16): p. 164512-11), entitled “Probing the interplay between electrostatic 

and dispersion interactions in the solvation of nonpolar nonaromatic solute molecules 

in ionic liquids: An OKE spectroscopic study of CS2/ [CnC1im][NTf2] mixtures (n=1-

4).” The ILs used for this study were synthesized by Dr. George Tamas (Department of 

Chemistry & Biochemistry, TTU).The chapter is organized as follows: Section 6.2 

describes the synthesis and characterization of ILs, the preparation of the 

CS2/[CnC1im][NTf2] mixtures and the OHD-RIKES apparatus and procedures. Section 

6.3 presents the time-domain data and OKE-spectra obtained from the time-domain data 

using the Fourier-transform-deconvolution procedure and analysis of the OKE spectra 

using additivity model. In Section 6.4, we discuss how the patterns exhibited by the 

intermolecular spectrum of CS2 in these mixtures provide evidence that the solvation of 

CS2 in these ILs is governed by both electrostatic and dispersion forces. We end with 

discussions of the possible factors that could cause CS2 to have a small but non 

insignificant solubility in [C1C1im][NTf2]. 
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6.2 Experimental  

6.2.1 Synthesis and characterization 

            [CnC1im][NTf2] for n=2-4 were synthesized using modified procedure published 

elsewhere.14-15 The preparation procedure can be briefly described in Scheme 6.1.  

 

Scheme 1. Generic synthesis of [CnC1im][NTf2] for n=2-4. 

[C1C1][NTf2] was synthesized by a different procedure than Scheme 1. Instead of using 

an alkyl bromide, iodomethane was used in the quaternization step. The reason for using 

a different alkylating agent was due the to the easier handling of the iodide derivative, 

owing to its higher boiling point (i.e., CH3I b.p. 43 °C versus CH3Br b.p. 4 °C). This 

raised the problem of removing the iodine by-product formed during the metathesis step. 

Benzene extraction was used for removal of the iodine contaminant. Scheme 2 shows 

the synthesis procedure of [C1C1im][NTf2]. Prior to OKE measurements, the ILs were 

subjected to 1-2 days of vacuum pumping in a water bath kept 55 °C. The water content, 

as determined by Karl-Fisher titration prior to the preparation  

 

Scheme 2. Synthesis of [C1C1im][NTf2]. 

of CS2/IL mixtures, was 22, 81, 60, and 25 μg/g for [C1C1im][NTf2], [C2C1im][NTf2], 

[C3C1im][NTf2], and [C4C1im][NTf2], respectively. (Hereafter we refer to the ILs in this 
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series as CnC1 for brevity as needed) 

6.2.2 Preparation of CS2/IL mixtures 

            A given amount of an IL was weighed in an nitrogen-filled glovebox followed 

by addition of the required amount of CS2 to make up the 10 mol.% CS2/IL mixtures. A 

syringe fitted with a 0.1-μm filter was used to deliver aliquots of each mixture, while 

still in the nitrogen-filled glovebox, into 2-mm path-length quartz cuvettes fitted with 

vacuum stopcock valves that insured airtight sealing of the samples during OHD-RIKES 

measurements.  

6.2.3 Comparative solubility tests 

             CS2/C1C1 provides a reference point for understanding the solvation of CS2 in 

these ILs. The CS2/CnC1 mixtures with 10 mol.% concentration of CS2 were optically 

clear for all the four ILs, whereas the mixtures with 20 mol.% of CS2 are only optically 

clear for n=2-4 but not with C1C1. A comparison of the solubility of CS2 to that of other 

nonpolar nonaromatic solutes in C1C1 were carried out to gain insight into the 

interactions of CS2 with C1C1. Qualitative solubility tests were performed on 10 mol.% 

and 20 mol.% mixtures of CCl4/C1C1 and n-pentane/C1C1. These three molecular solutes 

were chosen based on their polarizabilities, quadrupole moments, and molecular 

volumes. Upon mixing, 10 mol. % of CCl4/C1C1 became optically clear, whereas 10 

mol.% of n-pentane/C1C1 formed a cloudy emulsion. Similar results were obtained for 

the 20 mol.% mixtures of CCl4/C1C1 and n-pentane/C1C1. These tests showed the 

solubility order of these molecular solutes in C1C1 at room temperature to be 

CCl4>CS2>n-pentane. 
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6.2.4 OHD-RIKES apparatus and procedures. 

            The OHD-RIKES apparatus and procedure have been described specifically in 

the Chapter 4 of this dissertation. 

6.2.5 Analysis of the OHD-RIKES data 

            The OHD-RIKES signal in the 0.4-10 ps time range were fit by the empirical 

decay function, 

𝑟(𝑡) = 𝐴1 𝑒𝑥𝑝(−𝑡/𝜏1 ) + 𝐴2 𝑒𝑥𝑝(−𝑡/𝜏2 ) + 𝐴3 𝑒𝑥𝑝(−𝑡/𝜏3 ) + 𝐵                            (6.1) 

where the τ1- and τ2- terms are sub-picosecond components, the τ3 term is a picosecond 

component, and B is a constant that accounts for components in the delay function 

relaxing on the time scale much longer than the time-range of the measurements. A 

reorientational response is generated by convoluting the part of the decay given by τ3 

term and the term B with the pulse intensity autocorrelation, which was subtracted from 

the OHD-RIKES signal to yield a “reduced” response consisting only of the electronic 

and the sub-picosecond nuclear responses. The reduced spectral density (RSD) 

corresponding to the part of the OKE spectrum associated with intramolecular and 

subpicosecond intermolecular modes of the liquid is obtained by applying Fourier-

Transform-deconvolution procedure to the reduced response.16-17 A window function18 

was used to reduce the noise in the low-frequency band in the 0-200 cm-1 region of the 

RSD without affecting its line shape. 
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6.3 Results 

6.3.1 OHD-RIKES time-domain data 

 

            Figure 6-1. Semi-logarithmic plots of the OHD-RIKES signals of the 10 mol.% 

CS2/IL mixtures and the neat ILs in the 0–10 ps time-range: (a) [C1C1im][NTf2], (b) 

[C2C1im][NTf2], (c) [C3C1im][NTf2], and d) [C4C1im][NTf2]. For comparison the OHD-

RIKES signal for CS2 is shown in each of the plots.13 

            Semi-logarithmic plots of the OHD-RIKES signals in the 0-10 ps time range for 

neat CS2, the neat ILs, and the CS2/CnC1 mixtures are shown in Figure 6-1. To compare 

the decay behavior of the neat liquids to that of the mixtures the signals have ben height-

normalized at coherent spike (t=0), and have been vertically shifted by log-base 10 

increments for clarity. The plots depicts similar patterns to that of CS2/C5C1 published 

previously. For neat ILs, the OHD-RIKES signal reaches its maximum at t=0 which 

comes from instantaneous electronic response (i.e., coherent spike), with the maximum 

relative amplitude of the non-instantaneous nuclear response equal to 0.2-0.3 times that 
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of the electronic response. In contrast, the electronic and nuclear response have 

comparable amplitudes at their maximum for neat CS2. In the 0-10 ps time range of our 

measurements, the OHD-RIKES signal of CS2 decays exponentially to base-  

Table 6-1. Fit parameters for OHD-RIKES decays for CS2/ionic liquid mixtures.a-c 

Mol 

% 

A
1
 

1
/ps A

2
 

2
/ps A

3
 

3
/ps B <s>

d 


2
 

Neat CS2 

100 2.92  0.26  0.275  0.0007 0.15 

CS
2
/C

1
C

1 
Mixture 

0 0.091 0.27 0.074 0.46 0.017 2.8 0.004 0.35 0.9692 

10 0.57 0.16 0.13 0.56 0.029 2.9 0.005 0.23 0.9930 

CS
2
/C

2
C

1
 Mixture 

0 0.100 0.43 0.059 0.22 0.016 2.9 0.004 0.34 0.9692 

10 0.51 0.17 0.12 0.53 0.039 2.4 0.003 0.23 0.9935 

CS
2
/C

3
C

1
 Mixture 

0 0.070 0.15 0.074 0.50 0.010 3.1 0.004 0.30 0.9575 

10 0.28 0.25 0.044 0.80 0.019 3.1 0.003 0.32 0.9890 

CS
2
/C

4
C

1
 Mixture 

0 0.102 0.19 0.071 0.43 0.013 2.1 0.004 0.29 0.9521 

10 0.25 0.24 0.062 0.62 0.017 3.0 0.003 0.32 0.9860 

aCnC1  [CnC1im][NTf2].  
bSee Eq 6.1 for definition of fit parameters; Fit range – 0.4-

10 ps; cErrors in fit parameters for neat ILs CS2/IL mixtures:  A1, A2, 1, 2 ≈ 5%;  A3, 

3 , B  ≈ 25 %; For neat CS2  A1, A2, 1, 2 , A3, 3 – 3% ; d<s> = (A11 + A22)/(A1+ A2).   

line, but not in the case of the neat ILs and the CS2/IL mixtures. ILs were identified as 

slowly relaxing system by OHD-RIKES time domain measurements over much wider 

range of timescales (from sub-ps to sub-ns) than that of our measurements.19-21 

Maroncelli and coworkers22 attributed the slow dynamics of ILs to the tendency of their 

charge-ordered group to resist reorganization as studied by molecular dynamics systems. 
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A complex oscillatory component corresponding to the coherent excitation of the 

intramolecular vibrations of the ions is superimposed on the decay part of OHD-RIKES 

signals is, which has strongest amplitude in the case of the neat ILs, less intense in the 

case of the CS2/IL mixtures, and is not visible in the case of neat CS2. 

            The solid curves through the signals in Figure 6-1 correspond to fits of Eq. 6.1 

to the data in the 0.4-10 ps time range, with fit parameters listed in Table 6-1. The dashed 

lines correspond to the τ3- term and the constant B. The values of the average relaxation 

time for the sub-picosecond part of the decay defined as <τs>=(A1τ1+ A2τ2)/(A1+A2) are 

also listed in Table 6-1. 

            From the values of the fit parameters in Table 6-1, the long-time relaxation of 

the Kerr response in this time range is not greatly affected by dilution of the ILs with 

CS2 as indicated by difference between the values of 3 and B for the neat liquids and 

that of the mixtures within experimental error. However, by comparing the values of 

<s>, the behavior of the short time relaxation in going from neat IL to the mixture show 

some trend. In the case of C1C1 and C2C1, the values of <s> decreases from 0.35±0.02 

ps in the neat IL to 0.23±0.01 ps in the mixtures, corresponding a decrease of ~34% 

which is greater than the error of 6% in the value of <s>. In contrast, addition of CS2 

doesn’t affect the values of <s> in the case of C3C1 and C4C1 within experimental error. 

6.3.2 Reduced spectral densities (RSD) of neat liquids. 

            Figure 6-2 shows that the RSD of neat CS2, which has been previously well 

studied,23-28 is characterized by a single intermolecular band at a peak frequency ωpk=28 

cm-1 with a full-width at half-maximum Δω=60 cm-1 (Figure 6-2). In contrast, the RSDs 
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of the neat ILs are considerably broader and more structured than that of neat CS2, as 

found in previous OKE studies of the [CnC1im][NTf2] series by other researchers as well 

as by our group29-36 and which also was shown in Figure 5-3 in Chapter 5 of this 

 

            Figure 6-2. Reduced spectral density (points) of neat CS2 in the 0-200 cm-1 

range obtained by applying the Fourier-transform-deconvolution procedure to the 

reduced response corresponding to the OHD-RIKES signal for CS2 in Figure 6-1.  Also 

shown are the fit of the two-component line-shape function (solid line) (Eq 6.6) and the 

component bands (dashed lines).13 

dissertation. That the intermolecular band of the an IL is higher in frequency and broader 

than that of CS2 is largely due to the fact that the intermolecular dynamics in ILs are 

governed by electrostatic and dispersion forces, whereas by only dispersion forces in 

CS2, as demonstrated in an OHD-RIKES spectroscopic study by Shirota and Castner 

that compared the Kerr spectrum in an IL to that of an equal molar binary mixture 

uncharged analogs of the cation and anion.37 That 2mC3C1 with strongest electrostatic 

forces (as calculated by MD simulations in Chapter 3) exhibits broadest OKE spectrum 
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compared to the other branched (Figure 5-3) also provides an evidence for this statement. 

6.3.3 Reduced spectral densities of CS2/IL mixtures 

 

            Figure 6-3. Reduced spectral densities of the 10 mol % CS2/IL mixtures and 

neat ILs in the 0-450 cm-1 range obtained by applying the Fourier-transform-

deconvolution procedure to the reduced responses corresponding to the OHD-RIKES 

signals for the CS2/IL mixtures in Figure 6-1.13 

            RSDs of CS2/IL mixtures are plotted in Figure 6-3, from which it is clear that 

the RSD for a given CS2/IL mixture is lower in frequency and narrower than that of the 

neat IL. This is due to that the main band of the RSD of a CS2/IL mixture arising not 

only from the intermolecular modes of the IL, but also from the intermolecular modes 

of CS2, which are lower in frequency and narrower than that of the IL. The RSDs of 

CS2/IL mixtures overlaps well with those of the neat ILs in the region of 120-250 cm-1, 

indicating that the addition of CS2 into the mixtures has a negligible effect on the modes 
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of the ILs in this region. The overlap is not as good in the 250-450 cm-1 frequency range, 

which is dominated by the intramolecular modes of the [NTf2]
- anion. The poor overlap 

in this region is probably due to the difficulty in maintaining exactly the same 

experimental conditions during the whole series of the measurement. One of the most 

possible reason lies in the slight change of the pulse width of the laser. The coherent 

oscillations associated with the intramolecular modes tend to be less well-defined when 

the pulses are broad than when the pulses are short. 

6.3.4 Analysis of reduced spectral densities 

            The total polarizability anisotropy of a CS2/IL mixture can be partitioned into 

collective polarizability anisotropies for CS2 and the IL, the total polarizability 

anisotropy TCF of the mixture will be given by the sum of a TCF associated with the 

collective polarizability of CS2, a TCF associated with the collective polarizability 

anisotropy of the IL, and a cross TCF involving the collective polarizabilities 

anisotropies of CS2 and the IL. Based on this scheme, RSDs of the mixtures result from 

these TCFs will be of the form 

 𝐼𝑚𝑖𝑥(𝜔) = 𝐼𝐶𝑆2
(𝜔) + 𝐼𝐼𝐿(𝜔) + 𝐼𝐶𝑆2−𝐼𝐿(𝜔)                                                                         (6.2) 

Where 𝐼𝐶𝑆2
(𝜔) and 𝐼𝐼𝐿(𝜔) are the spectral intensities coming from CS2 and the IL, 

respectively, and 𝐼𝐶𝑆2−𝐼𝐿(𝜔) is the spectrum intensity coming from the cross correlation 

of the collective polarizability anisotropies of CS2 and IL. 

            Giraud et al.38 reported that the motion of the imidazolium rings makes a much 

larger contribution than that of the alkyl chains and the anions to the RSDs of 

[CnC1im][NTf2] based ILs based on the polarizability anisotropy derivatives of these 
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three groups. OKE measurements of [CnC1im][NTf2] indicated that the RSDs for n≥3 

are not strongly dependent on alkyl chain length, further confirming that the RSDs are 

mostly from the librations of the imidaozlium rings.39 The above two studies suggest 

that the intermolecular part of RSDs of imidazolium-based ILs is mainly determined by 

the dynamics in the high-charge density regions, which is further evidenced by the study 

of Shirota et al.40 who showed that imidzolium-based ILs tend to have RSDs with 

broader intermolecular band and higher intensity than non-aromatic pyrrolidinium-

based ILs sharing a common anion.  

            Eq. 6.2 can be simplified based on previous MD simulations of 5, 10, and 20 

mol.% CS2/C5C1 mixtures. First, cation-anion RDF from MD simulations indicates that 

overall structure of the IL is not strongly affected by the presence of CS2, which allows 

us to approximate the IL term in Eq. 6.2 to the RSD of the neat IL. Second, based on 

the RDFs between CS2 and the various groups of the IL, CS2 was found to have higher 

probability of being near the terminal group of the alkyl chains than near the headgroup 

or anions in the ionic network. That the polarizability of the ILs are basically determined 

by the groups in the ionic network and CS2 are mainly localized in the nonpolar domains 

suggests that the cross term in Eq. 6.2 is much smaller than the other two terms and can 

thus be neglected. With these two approximations, Eq. 6.2 can be simplified as 

𝐼𝑚𝑖𝑥(𝜔) ≈ 𝐼𝐶𝑆2
(𝜔) + 𝜆𝐼𝐿𝐼𝐼𝐿

𝑛𝑒𝑎𝑡(𝜔)                                                                                       (6.3) 

which we defined as the additivity model, where 𝐼𝐼𝐿
𝑛𝑒𝑎𝑡(𝜔) is the RSD of the neat IL, 

and 𝜆𝐼𝐿 is a weight factor that accounts for the relative contribution made by the IL to 

the mixture RSD.  



Texas Tech University, Lianjie Xue, December, 2015 

126 

            Since CS2 has a higher probability of being near the terminal group of the alkyl 

chains, 𝐼𝐶𝑆2
(𝜔) should resemble the motion of CS2 in a hydrocarbon or alkane-like 

environment. Indeed, CS2 in CS2/C5C1 mixtures does exhibit spectral patterns similar to 

that demonstrated by CS2 in CS2/alkane mixtures.41-46 The additivity model applied in 

the mixtures of CS2/C5C1 should also be applicable in the CS2/CnC1 in this current study. 

However, for ILs with short alkyl chains such as C1C1, the probability of finding CS2 

closer to the polar network should be higher than in ILs with long alkyl chains. In this 

case, neglecting the 𝐼𝐶𝑆2−𝐼𝐿(𝜔) term may be questionable. To resolve this dilemma, 

𝐼𝐶𝑆2−𝐼𝐿(𝜔) is combined with 𝐼𝐶𝑆2
(𝜔) to form an effective CS2 contribution 

𝐼𝐶𝑆2

𝑒𝑓𝑓(𝜔) ≡ 𝐼𝐶𝑆2
(𝜔) + 𝐼𝐶𝑆2−𝐼𝐿(𝜔)                                                                                          (6.4) 

with 

𝐼𝑚𝑖𝑥(𝜔) ≈ 𝐼𝐶𝑆2

𝑒𝑓𝑓(𝜔) +  𝜆𝐼𝐿𝐼𝐼𝐿
𝑛𝑒𝑎𝑡(𝜔)                                                                                      (6.5) 

Eq. 6.5 is identical to Eq. 6.3 mathematically. The only difference is the CS2 

contribution in Eq. 6.5 arises from not only intermolecular vibrations associated with 

the collective motions of CS2 but also from intermolecular vibrations associated with 

the correlated motions of CS2 molecules with the various groups of the IL. 

            The key point of the additivity model is the assumption that the IL contribution 

to the RSD of the mixtures can be approximated by the RSD of the neat IL. MD 

simulations provided a solid justification for this approximation in the case of CS2/C5C1 

on the basis of cation-cation and tail-tail RDFs not being greatly affected by the presence 

of CS2.
47 MD simulations of the CS2/IL mixtures in the current study have not yet been 
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done, however, the RSDs themselves provide an indirect experimental support for this 

approximation. In principle, RSDs in the 0-200 cm-1 region are mainly composed of the 

collective intermolecular modes of a liquid.48 The effect of adding a solute to the 

intermolecular dynamics of IL should therefore be manifested by the changes over the 

intermolecular band. However changes over 0-100 cm-1 region, where the 

intermolecular dynamics of CS2 and the IL overlap, can’t be determined. The 100-200 

cm-1 region corresponding to the tail of the intermolecular band, where only the modes 

of the IL contribute, can clearly describe whether the IL component in the RSD of the 

mixture differs from that in the RSD of the neat liquid. As can be seen from Figure 6-3, 

the overlap of the RSDs of the CS2/IL mixtures and neat ILs in this spectral region is 

good enough to support that the dynamics of the ILs are not affected by the addition of 

the CS2. 

            The volume fractions of the CS2 in the CS2/IL mixtures, calculated by the 

amount of the beginning compounds used for preparing the mixtures, are within 3%. 

Whereas free volume fractions of the ILs are calculated to be ~30% using the equation 

fvol=(Vm-VvdW)/Vm, where Vm is the molar volume and VvdW is the molar van der Waals 

volume of an ion-pair obtained from quantum chemistry calculations. The fact that the 

volume fraction of CS2 in the CS2/IL mixtures is much less than the free volume fraction 

provides further support that the addition of CS2 to the IL does not strongly affect the 

intermolecular dynamics of the ILs. 

            That ILs in the mixtures have similar intermolecular dynamic behavior as neat 

ILs, allows us to use the additivity model given by Eq. 6.5 for fitting the mixture RSDs. 

The effective CS2 contribution is obtained by subtraction of 𝜆𝐼𝐿𝐼𝐼𝐿
𝑛𝑒𝑎𝑡(𝜔) from 𝐼𝑚𝑖𝑥(𝜔)  
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and can be fit, as in the previous studies, by an empirical two-component line-shape 

function, 

𝐼𝐶𝑆2

𝑒𝑓𝑓(𝜔) = 𝐼𝐵𝐿(𝜔) + 𝐼𝐴𝐺(𝜔)                                                                                           (6.6) 

 

            Figure 6-4. Fits (solid line) of the additivity model (Eq 6.5) to the reduced 

spectral densities (points) of the 10 mol % CS2/IL mixtures, with the CS2 contribution 

(blue line) and IL contribution (red line). Also shown are component bands (dashed 

lines) corresponding two-component line-shape function (Eq 6.6).  See text for further 

details of the fits and Table 2 for the fit parameters.13 

where the first term on the right hand side of Eq. 6.6 is the Bucaro-Litovitz (BL) function 

𝐼𝐵𝐿(𝜔) = 𝐴𝐵𝐿𝜔𝑎exp (− 𝜔 𝜔𝐵𝐿⁄ )                                                                                         (6.7) 

and the second term is the Antisymmetrized Gausian (AG) function 

𝐼𝐴𝐺(𝜔) = 𝐴𝐴𝐺[exp[− (𝜔 − 𝜔𝐴𝐺)2 2𝜖2⁄ )] − exp[− (𝜔 + 𝜔𝐴𝐺)2 2𝜖2⁄ )]]                   (6.8) 
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The spectrum was modeled by the two-component line-shape function with a low-

frequency component given by IBL(ω) and a high-frequency component given by IAG(ω). 

Figure 6-4 shows fits of the additivity model to the mixture RSDs with fit parameters 

listed in Table 6-2. The component bands of the two-component line shape function are 

depicted in these plots, similar to the two-component line-shape fit to the RSD of neat 

CS2 shown in Figure 6-2. 

 

            Figure 6-5. Comparison of height-normalized reduced spectral density of neat 

CS2 and the CS2 contributions to the reduced spectral densities for 10 mol % mixtures 

of CS2 in [C1C1im][NTf2], [C2C1im][NTf2], [C3C1im][NTf2]; and [C4C1im][NTf2] with 

spectral parameters given in Table 6-3.  Inset shows expanded view of the spectra in the 

region of the peak.13 

            Figure 6-5 shows the normalized effective CS2 contributions for the 10 mol.% 

CS2/IL mixtures obtained from fits of the additivity model. The values of the peak 

frequency ωpk, full- width-at- half maximum Δω, and the first spectral moment M1 are 

given in Table 6-3. The values of the spectral parameters for CS2/C5C1 are also given in 
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Table 6-3 for comparison. It is clear in Table 6-3 and Figure 6-5 that the intermolecular 

spectra of CS2 in CnC1 for n=1-4 are lower in frequency and narrower than that of neat 

CS2. The first spectral moment and the spectral width are both independent of alkyl 

chain length, with the average values being M1=36(1) cm-1 and Δω = 51(1) cm-1. In 

contrast, the values of ωpk are higher for CS2 in C1C1 (24±1) and C2C1 (26±1) than for 

CS2 in C3C1, C4C1, and C5C1 (average=20(1) cm-1). 

Table 6-2. Fit Parameters of Two-Component Line-Shape Function to CS2 

Intermolecular Spectra.a-d 

System ABL a ωBL/cm-1 fBL AAG ω AG/cm-1 
/cm-1 fAG

 

Neat 

CS2 

0.14339 1.173

0  

0.7

5 

0.6095

1   

0.2

5 CS2/C1C

1 

0.02224

8 

1.397

4 

8.2507 0.1

8 

2.0133 4.9876 31.594 0.8

2 CS2/C2C

1 

0.01284

6 

1.799

6 

5.1926 0.1

0 

2.3107 4.4695 29.517 0.9

0 CS2/C3C

1 

0.03411 1.125

3 

12.713 0.4

1 

1.6496 3.4780 34.186 0.5

9 CS2/C4C

1 

0.02967

7 

1.265

6 

8.9490 0.2

5 

1.6736 4.3423 31.514 0.7

5 aCnC1  [CnC1im][NTf2]. 
bFits are of the spectra in Figure 4.  See Eq 6-7 and 6-8 for definition of fit parameters 

ABL, a, BL,  AAG, AG, and 
cFractional areas of component bands --  fBL, fAG. 
dErrors of fit parameters: ABL 0.001615 ; a 0.05213 ; BL  0.453622 ; AAG 0.00197 ; AG 

0.005165 ; 0.0243 . 



6.4 Discussion 

6.4.1 Intermolecular dynamics of CS2 in CS2/IL mixtures. 

            The values of M1 and Δω shown in Table 6-3 are independent of alkyl chain 

carbon number, suggesting that the intermolecular dynamics of CS2 are basically the 

same for the mixtures in this study, which may not be the case if we consider the values 
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of ωpk. The inset in Figure 6-5 shows that in the case of CS2 in C1C1 and C2C1 there is 

greater intensity on the high-frequency side of the spectra than in the case of CS2 in 

C3C1 and C4C1. Furthermore, based on the two-component line-shape fits of  𝐼𝐶𝑆2

𝑒𝑓𝑓(𝜔) 

by Eq. 25, the contribution of the high frequency component is higher for CS2 in C1C1 

(82%) and C2C1 (90%) than for CS2 in C3C1 (60%) and C4C1 (75%), which is consistent 

with ωpk being higher for CS2 in C1C1 and C2C1 than for CS2 in C3C1 and C4C1. 

Table 6-3. CS2 Intermolecular Spectral Parameters.a-c 

Liquid System pk /cm
-1

 /cm
-1

 M1 / cm
-1

 

Neat CS2 28 60 44 

CS2/C1C1 24 52 36 

CS2/C2C1 26 50 35 

CS2/C3C1 21 51 36 

CS2/C4C1 21 50 35 

CS2/C5C1
d 19 51 34 

aCnC1  [CnC1im][NTf2] with n = 1-5. 

bPeak frequency -- pk; fwhm -- ; first spectral moment – 𝑀1 =
∫ 𝐼(𝜔)𝜔𝑑𝜔

∫ 𝜔𝑑𝜔
. 

cError -- ± 1 cm-1. 
dParameters for CS2/C5C1 obtained from reanalysis of previous data (see Supplementary 

Electronic Information).   

            That the intermolecular spectra of CS2 in C1C1 and C2C1 are in higher frequency 

than that of CS2 in C3C1, C4C1 and C4C1 indicates that CS2 molecules see stiffer 

intermolecular potential in C1C1 and C2C1 than in C3C1-C5C1. Electrostatic and 

moderate dispersion forces are both governing the interactions of CS2 with C1C1, due to 

the absence of nonpolar domains formed by alkyl aggregation and CS2 residing into the 
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ionic network, leading to stiffer intermolecular potential seen by CS2 molecules in the 

CS2/C1C1 mixture. Alkyl chains of C2C1 are too short to aggregate into nonpolar 

domains that are able to embed CS2 molecules,49 thus CS2 in CS2/C2C1 still tend to be 

localized in the ionic network. Thus the solvation environment of CS2 in C2C1 is 

therefore more like that of CS2 in C1C1 than in the other ILs. 

            MD simulations showed that alkyl chains in C3C1 are long enough to form 

nonpolar domains49 which are capable of solvating CS2 in the CS2/C3C1 mixture. The 

shift of CS2 distribution from high charge density region to low nonpolar domain region 

explains for the decrease in the value of ωpk from 26 to 21 cm-1 in going from CS2/C2C1 

to CS2/C3C1.  

            That the value of ωpk remains constant within experimental error for CS2/CnC1 

for n=3-5 implies that the relative contributions of electrostatic and dispersion 

interactions are not changing from n=3 to n=5. This result can be explained from two 

points of view. Firstly, MD simulations results showed that the CS2 molecules tend to 

reside in the nonpolar domains within 2-3 methylene groups of the ionic network instead 

of being deeply embedded in the nonpolar domains near the terminal groups of the alkyl 

chains.47 Secondly, dispersion interactions of CS2 with alkyl chains dominates the 

interactions, and because of the short range nature of dispersion interactions, alkyl chain 

length doesn’t have an effect on the solvation environment of CS2 molecules in the 

nonpolar domains. However, distinguishing these two possibilities needs be further 

confirmed by MD simulations. 
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6.4.2 Solvation of CS2 in [C1C1im][NTf2] 

            It is physical reasonable to think that n-pentane is not soluble in [C1C1im][NTf2] 

based on the rule “like dissolve like” and the assumption that [C1C1im][NTf2] is just 

another type of polar liquid. It is therefore suprising that CS2 has a finite solubility 

(between 2 and 5 vol%) in [C1C1im][NTf2]. Molecular polarizability may be the 

possible attribute that allows CS2 to be soluble in [C1C1im][NTf2]. Due to its molecular 

polarizability, CS2 can interact with the high-charge density regions of the IL via charge-

induced dipole forces. Therefore, solutes with higher molecular polarizabilities are 

expected to have greater solubility in [C1C1im][NTf2]. That CCl4 (with molecular 

polarizability of 10.5 x 10-40 J V-2 m2)50 has a higher solubility than CS2 (with molecular 

polarizability of 8.7 x 10-40 J V-2 m2) is consistent with this statement. However n-

pentane with a molecular polarizability of 10.5 x 10-40 J V-2 m2 should also have a greater 

solubility than CS2, which is contrary to the results of the solubility tests. Other 

molecular attributes need to be taken in consideration to achieve better predicted results. 

Solvation in the high-charge density regions of the IL involves disruption of the charge-

order. Therefore solute size must also be considered and smaller solutes should be more 

readily accommodated into the jumble of ions than large solutes. This could be a 

possible explanation for why the solubility of CCl4 is higher than that of n-pentane in 

[C1C1im][NTf2], even though they have comparable molecular polarizabilities. Based 

on van der Waals volumes calculated by a quantum chemistry program, n-pentane (VvdW 

= 107 Å3), being larger than CCl4 (VvdW = 88.3 Å3) and CS2 (VvdW = 55.6 Å3), is expected 

to be less soluble than CS2 and CCl4, in agreement with the solubility tests.  However, 

solely considering solute size, the solubility of CS2 should be greater than that of CCl4, 
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which is contrary to the solubility tests.  This suggests that among the factors 

determining the solvation of nonpolar nonaromatic solutes in [C1C1im][NTf2], 

molecular polarizability plays a greater role than solute size. 

            In the solvation of nonpolar aromatic solutes in IL, charge-quadruple force also 

plays an important role as shown by MD simulations.51-53 The quadruple moment of 

CCl4 is zero. However it still has higher solubility than CS2 which has a quadruple  (Q 

= + 12.0 x 10-40 C m2)54 which is about one third of that of benzene (Q = +31.7 x 10-40 

C m2).55 From this point of view, it is reasonable to conclude that charge-quadruple 

interactions are not as important as charge-induced dipole interactions in determining 

the solubility of molecular solutes in C1C1. If entropic effects are also taken into account, 

then the solvation of CS2 in ILs is favored by increased disorder of the alkyl chains due 

to the presence of CS2 in the case of the CS2/CnC1 mixtures with n=3-5, and the 

disruption of the charge-order in the high-charge density regions by the presence of CS2 

in the case of CS2/C1C1 and CS2/C2C1 mixtures. 

6.5 Conclusions 

            Due to the small size and high molecular polarizability of CS2 solute, CS2 has a 

finite solubility in [C1C1im][NTf2]. Solvation of CS2 in C1C1 and C2C1 involves the 

interaction of CS2 with charged groups, opposed to CS2 in CS2/CnC1 for n=3-5 residing 

into the nonpolar domains. And the intermolecular spectrum of CS2 in CnC1 for n=1-4 

was obtained from the mixture spectra using additivity model. In this model, the IL 

contributions were assumed to be given by the Kerr spectra of the neat ILs. Comparison 

of the CS2 contribution to the Kerr spectra of the fours CS2/IL mixture systems shows 

that CS2 in C1C1 and C2C1 sees a stiffer intermolecular potential than in CnC1 for n=3-5 
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or longer alkyl chains because the CS2 molecules are interacting with the ionic network 

in ILs with short alkyl chains, whereas they are interacting with hydrocarbon groups in 

ILs with the longer alkyl chains. The intermolecular dynamics of CS2 in CnC1 for n=3-

5 appears independent of chain length.  
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Chapter 7 

7. Local Structure and Intermolecular Dynamics of 

Benzene/[C1C1im][NTf2] mixtures 

7.1 Introduction 

            To optimize the applications of ionic liquids (ILs) in chemical reactions and industrial 

processes, it is important to understand the interactions of molecular solutes with cations and 

anions that compose the liquids. Atomistic simulations have previously been shown to be useful 

in achieving this goal.1-5 Due to the amphiphilic feature of ILs, the manner by which 

nonaromatic molecular solutes are solvated in ILs is determined by the polarity of molecular 

solutes. Solubilities of nonpolar nonaromatic molecular solutes in [C1C1im][NTf2] are 

dependent on molecular polarizability, solute size, and quadruple moment, among which 

molecular polarizability plays a greater role than the other two factors as discussed in the 

previous chapter of this dissertation. In contrast, the quadruple moment may play a more 

important role than the other two factors in the case of nonpolar aromatic molecular solutes, as 

reported by Lynden-Bell.6 Nonpolar aromatic solutes tend to have much higher solubility than 

aliphatic compound of a similar size due to π-π or charge-quadruple interactions between the 

aromatic molecule and the imidazolium rings, which also causes nonpolar aromatic molecules 

to be localized in the high-charge density regions of ILs.7-13 However, it is not surprising that 

nonpolar aromatic molecules, such as benzene, have a finite probability of residing in both the 

nonpolar domains and in the ionic network in imidazolium based ILs with long enough alkyl 

chains. Takamuku et al.14 showed that as the composition of benzene in 

benzene/[C12C1im][NTf2] mixture increases, the dependence of the C-H out-of-plane bending 
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vibration and chemical shift in 1H and 13C NMR spectra on composition showed a break at the 

benzene mole fraction of 0.8, which was concluded as being consistent with a change in the 

local environment of benzene. The effect of the dipole and quadruple moments on the solubility 

of benzene and its derivatives were studied by Shimizu et al.15 using ab initio calculations and 

MD simulation to investigate the structure of the solvation sphere of ions around the aromatic 

molecules. The distribution of solvent ions is correlated to the electrostatic charge distribution 

in the solute molecules as expected. Interestingly the distribution of cations and anions around 

a C6H6 molecule is reversed around a C6F6 molecule due to the change in direction of the C-H 

and C-F bond dipoles.12,16 

           Compared to the work that has been done on the structure of the local environment and 

the interactions of benzene and its fluorinated derivatives in mixtures with ILs, the dynamics 

of these systems has not been extensively sudied. The rotational correlation time (τ2R) and the 

quadruple coupling constant (QCC) for C6D6 were determined by Yasaka et al. 16 by measuring 

the 2H NMR spin-lattice relaxation time (T1) as a function of temperature in [C4C1im][Cl] and 

[C4C1im][PF6]. Yasaka et al. showed that the value of τ2R of benzene in the ILs was more than 

2 orders of magnitude higher and the QCC value 3 times smaller than in the pure benzene, due 

to the high viscosity and strongly polar environment of ILs compared to that of neat benzene, 

respectively. The dynamics of benzene in [C8C1im][NTf2] were also studied by OHD-RIKES 

by Shirota et al.17 The experimental OKE spectra were compared to the mole-fraction weighted 

sums of the OKE spectra of the pure liquids. That the experimental spectra were higher in 

frequency and broader than the ideal spectra was attributed by Shirota et al. to the suppression 

of the translational motion of benzene in the mixtures and heterogeneous broadening due to the 

benzene molecules being in different local environments in the mixtures. However, in order to 
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obtain a clearer and more convincing interpretation of the OKE spectra would be through MD 

simulations.  

            In this chapter, a joint MD simulation and OHD-RIKES spectroscopic study of an 

equimolar benzene/[C1C1im][NTf2] is presented in which the difference between experimental 

and ideal mixture spectra are discussed within the context of MD simulations. [C1C1im][NTf2] 

was chosen to insure that the benzene molecules only interaction with the polar domains of the 

IL. The Kerr spectra of a 2:1 benzene/[C1C1im][NTf2] mixture was also measured and 

compared to that of the 1:1 benzene/[C1C1im][NTf2] mixture to determine whether the solute 

solvent interactions are dependent on composition of the mixtures. The content of this chapter 

has been published as an article entitled “Local Structure and Intermolecular Dynamics of an 

Equimolar Benzene and 1,3-Dimethylimidazolium Bis[(trifluoromethane)sulfonyl]amide 

Mixture: Molecular Dynamics Simulations and OKE Spectroscopic Measurements” in the J. 

Chem. Phys. (2014, 141 (044506)), The MD simulations were performed by Dr. Ruth M. 

Lyden-Bell from the Department of Chemistry at Cambridge University and the synthesis of 

the ILs were conducted by Dr. George Tamas (Department of Chemistry & Biochemistry, TTU). 

Specific details about the MD simulations can be found in this article.18 

            This chapter is organized as follows: Section 7.2 describes the preparation of 1:1 and 

2:1 benzene/C1C1 mixtures as well as data acquisition and data analysis of OHD-RIKES 

measurements. Section 7.3 presents the MD simulation and OKE results. In Section 7.4, the 

OKE spectra are rationalized in terms of the simulation results. We finish with conclusion. 

7.2 Experimental 

7.2.1 Preparation of 1:1 and 2:1 benzene/[C1C1im][NTf2] mixtures 
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            The synthesis of [C1C1im][NTf2] (C1C1 for brevity hereafter) has been described in 

Chapter 6 and is shown below in Scheme 1: 

 

Scheme 1. Synthesis of [C1C1im][NTf2] 

            Synthetic details have been described in section 6.2.1 of Chapter 6. The water content 

of C1C1, as determined by Karl-Fisher titration prior to the preparation of benzene/C1C1 

mixtures, was ≈20μg/g. 

            1:1 and 2:1 benzene/C1C1 mixtures were prepared by measuring a given amount of C1C1 

in an nitogen-filled glovebox and adding the required amount of benzene. A syringe equipped 

with a 0.1 μm filter was used to deliver aliquots of the mixtures, while still in the glovebox, 2-

mm path-length quartz cuvettes fitted with vacuum stopcock valves to insure sealing of the 

samples during OKE measurements. 

7.2.2 OHD-RIKES apparatus and procedures 

            The OHD-RIKES apparatus and procedure have been described specifically in the 

Chapter 4 of this dissertation. 

7.2.3 Analysis of the OHD-RIKES data 

            Analysis of the time-domain OHD-RIKES data is the same as what has been described 

in section 6.2.5 of Chapter 6. 

            For comparing the ideal spectrum with experimental mixture spectrum, it is necessary 
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to know the relative intensities of the RSDs, which can be determined if the OHD-RIKES signal 

of each of the samples are measured under the same condition. In the current study, the OHD-

RIKES signals were measured in a single run during which the experimental conditions were 

maintained constant. 

7.3 Results  

7.3.1 Local structure of pure benzene and 1:1 benzene/C1C1 mixture from MD 

simulations 

 

            Figure 7-1. Distribution of benzene centers (green) and [NTf2]
- (N-site blue) around 

[C1C1im]+ cation: (a) view from above; (b) view along x-axis. The contour cutoff is at three 

times the average density of the species in the mixture (Adapted from Fig. 1 in Ref [18]). 

            The distribution of benzene and anions in the first shell of a [C1C1im]+ cation in shown 

in Figure 7-1, from which it can be seen that benzene tend to located above and between the 

plane of [C1C1im]+ while anions tend to be around the sides of the cation in three vertical bands. 

One band is near the unique C-H position, while the other two bands are located in the space 

between N-Me and non-unique C-H bonds. The orientations of benzene molecules around a 

reference [C1C1im]+ cation is depicted in Figure 7-2. Regions of benzene molecules located 
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above and below the [C1C1im]+ cation which are colored dark green, are coplanar with the 

cation, whereas regions of benzene molecules located around the equator region of the cation, 

which are colored light green, are perpendicular to it. The dark red color represents [C1C1im]+ 

cations are also approximately coplanar to the reference cation in the second shell. Thus 

benzene and [C1C1im]+ tend to form stacks of coplanar alternating species as can be seen from 

Figure 7-2. 

 

            Figure 7-2. Orientations of benzene molecules and [C1C1im]+ cations around a 

[C1C1im]+ cation. Dark green; benzene approximately coplanar; light green: benzene 

approximately perpendicular; dark red: [C1C1im]+ approximately coplanar. Cutoff 2.1 times 

average density (Adapted from Fig. 2 in Ref [18]). 

            Figure 7-3 shows the distributions of ions and benzene molecules in the first shell of a 

reference benzene molecule. A region of high concentration of [C1C1im]+ cations above and 

below the benzene plane is shown in Figure 7-3a and Figure 7-3b, and a broader cap of benzene 

concentration is also located in this region. Anions basically lie in broad bands perpendicular 

to the benzene plane, with probability being higher in the plane region. There are on average 

2.2 [C1C1im]+ cations, 5.4 benzene molecules and 5.8 anions in the first shell of a reference 
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benzene molecule based on the integration of radial distribution functions. The first shell of 

anions, benzene molecules, and [C1C1im]+ cations are 9.3 Å, 8.9 Å and 7.03 Å, respectively. 

            As was the case for the distributions of benzene molecules around a [C1C1im]+ cation 

shown in Figure 7-2, Figure 7-4 shows that the [C1C1im]+ cations above and below a reference  

benzene molecule are also coplanar with it. 

 

            Figure 7-3. Distribution of benzene centers (green), [C1C1im]+ (red) and [NTf2]
- (N-site 

blue) in the first shell of a benzene molecule: (a) view from top; (b) view from side. Contour 

cutoff at 2.2 times average density (Adapted from Fig. 3 in Ref [18]). 

 

            Figure 7-4. Orientations of [C1C1im]+ around a benzene molecule. Red: [C1C1im]+ 

approximately coplanar; orange: [C1C1im]+ in intermediate orientations; yellow: [C1C1im]+ 
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approximately perpendicular. Cutoff 1.5 times average density(Adapted from Fig. 4 in Ref 

[18]) . 

7.3.2 Time-domain OHD-RIKES signals 

             Figure 7-5 shows the OHD-RIKES signals of pure benzene, pure C1C1, 2:1 

benzene/C1C1 mixture and 1:1 benzene/C1C1 mixture in the 0-4 ps time range. The signals have 

been normalized at the coherent spike (t=0) for comparison. For pure C1C1, the OHD-RIKES 

signal is dominated by the instantaneous electronic response (i.e, coherent spike), with the 

relative amplitude at the maximum of noninstantaneous nuclear response is ~0.3. This relative 

amplitude for the noninstantaneous nuclear response is 0.54, 0.63 and 0.84 for the 1:1 

benzene/C1C1 mixture, the 2:1 benzene/C1C1 mixture and pure benzene, respectively. The 

amplitude of complex oscillatory component corresponding to the coherent excitation of the 

intramolecular and intermolecular vibrations of the ions is largest for the OHE-RIKES signal 

of C1C1. The amplitude of these oscillations decreases with increasing concentration of benzene 

and is absent in the OHD-RIKES signal of pure benzene. 
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            Figure 7-5. Semi-logarithmic plots of the OHD-RIKES signals of neat benzene, 2:1 

benzene/C1C1 mixture, 1:1 benzene/C1C1 mixture, and neat C1C1 in the 0-4 ps time-range: The 

signals have been normalized at the coherent spike at t = 0 (Adapted from Fig. 6 in Ref [18]). 

            Semi-logarithmic plots of the height-normalized OHD-RIKES signals in the 0-10 ps 

time-range are shown Figure 7-6 and have been vertically shifted by log-base 10 increment for 

clarity. Similar to the OHD-RIKES signal of neat CS2, the OHD-RIKES signal of benzene 

decays exponentially to baseline in the 0-10 ps range. However, the OHD-RIKES signal of neat 

C1C1 is exponentially to baseline in the 0-10 ps range. However, the OHD-RIKES signal of 

neat C1C1 is not fully relaxed in the time range of our measurements due to the slow non-

exponential relaxation of IL system which was shown by Fayer and coworkers19 to extend to 

several hundred-ps/sub-ns time range. The slow relaxation was attributed to the resistance of 

the charged-ordered structure of the IL to reorganization by Maroncelli and coworkers20 on the 

basis of MD simulations. 



Texas Tech University, Lianjie Xue, December, 2015 

149 

 

            Figure 7-6. Semi-logarithmic plots of the OHD-RIKES signals of neat benzene, 1:1 

benzene/C1C1 mixture, 2:1 benzene/C1C1 mixture and neat C1C1 in the 0-10 ps time-range 

(Adapted from Fig. 7 in Ref [18]). 

            The solid lines through the OHD-RIKES signals are fits of Eq. 6-1 to the signals in 0.4-

10 ps time range with fit parameters listed in Table 7-1. The dashed lines correspond to τ3 term 

and B constant which were subtracted from the signals for reduced response. The values of 

average relaxation time in sub-picosecond range defined as <s> = (A11 + A22)/(A1+ A2) are 

also listed in Table 7-1. 

            The value of τ3 corresponding to the collective reorientation time is equal to 2.82±0.2 

ps for benzene, in agreement with previous measurements.21 The values of τ3 in the case of neat 

C1C1, and the two mixtures can’t be considered as the collective reorientation time of the liquid, 

which is usually determined from measurements of the OHD-RIKES signal in the several 
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hundred-ps/sub-ns time range. However it is interesting that the sub-picosecond part of the 

OHD-RIKES signals decays slower than that in neat benzene and C1C1. ((<s> = 0.61±0.05 ps  

in the mixture, <s> = 0.46±0.05 ps in benzene and =0.35±0.05 ps in C1C1). 

Table 7-1. Fit parameters for OHD-RIKES decays for benzene, 2:1 benzene/C1C1 mixture, 

1:1 benzene/C1C1 mixture and neat C1C1.
a-c 

 A
1
 

1
/ps A

2
 

2
/ps A

3
 

3
/ps B <s>

d,e 


2
 

C6H6 0.71  0.34  0.21  0 0.46 

2:1 C6H6/C1C1 0.19 0.39 0.04 1.69 0.015 8.92 0.003 0.61 0.99421 

1:1 C6H6/C1C1 0.16 0.42 0.03 1.81 0.013 6.37 0.006 0.61 0.99772 

C1C1 0.09 0.21 0.09 0.49 0.017 3.10 0.004 0.35 0.96516 

aSee eq 1 for definition of fit parameters; bFit range – 0.4-10 ps; cErrors in fit parameters for 

neat C1C1, and benzene/C1C1 mixtures:  A1, A2, 1, 2 ≈  5%;  A3, 3 , B  ≈  25 %; and for neat 

benzene:  A1, A2, 1, 2 , A3, 3 – 3%. d<s> = (A11 + A22)/(A1+ A2). 
eError =   6% 

7.3.3 Reduced spectral densities 

            RSDs of neat C1C1, neat benzene, 1:1 benzene/C1C1 mixture and 2:1 benzene/C1C1 

mixture in the 0-450 cm-1 range with the relative intensities determined by the referencing 

procedure are shown in Figure 7-7. As can be seen in this figure, then relative amplitude of the 

RSD of neat benzene is about 9 times of that of neat C1C1. What can also be seen from this 

figure that the amplitude of the RSD of the 2:1 benzene/C1C1 mixture is greater than that of the 

1:1 benzene/C1C1 mixture, which is reasonable given the concentrations of benzene in the 

mixtures. 
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            Figure 7-7. Reduced spectral densities (unnormalized) of neat C6H6, neat C1C1, 1:1 

C6H6/C1C1 mixture, and 2:1 C6H6/C1C1 in the 0-450 cm-1 range obtained by applying the 

Fourier-transform-deconvolution procedure to the reduced responses of corresponding the 

OHD-RIKES signals (Adapted from Fig. 8 in Ref [18]). 

            The RSD of neat benzene in the 0-450 cm-1 region is characterized by a single 

intermolecular band at ωpk~ 35 cm-1 with a full-width-at-half-maximum Δω~90 cm-1. Compared 

to benzene, the RSD of neat C1C1 is broader and more structured, like the RSDs of the other 

members of the [CnC1im][NTf2] IL series as reported previously22-28 and presented in Chapter 

5 of this dissertation. The general feature of the RSD of C1C1 is that it is composed of a broad 

structured band in the 0-200 cm-1 region associated with the intermolecular/interionic 

vibrational modes with a low-intensity, high frequency tail that extends out to several hundred 

wavenumbers, and a group of peaks in the 280-350 cm-1 region and a peak at 407 cm-1 
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associated mainly with intramolecular vibrational modes of [NTf2]
-. In the case of the 

benzene/C1C1 mixtures, the main bands of the RSDs in the 0-150 cm-1 region are more similar 

to that of benzene than C1C1. However, peaks associated with the intramolecular bands of the 

ILs are also present in the 150-450 cm-1 range of RSDs of the mixture. It is worth noting that 

the top of RSDs of the mixtures are sloped with the low-frequency side lower in amplitude than 

the high-frequency side, while the top of the RSD of benzene is flat. 

7.3.4 Multicomponent line-shape analysis. 

            The differences in the line shape of the main bands in pure benzene, benzene/C1C1 

mixtures, and neat C1C1 can be quantitatively described be fitting the RSDs in the 0-200 cm-1 

region empirically by a multicomponent line-shape model. In this model the component with 

lowest frequency is given by the Bucaro-Litovitz (BL) function 

𝐼𝐵𝐿(𝜔) = 𝐴𝐵𝐿𝜔𝑎exp (− 𝜔 𝜔𝐵𝐿⁄ )                                                                            (7.1) 

and higher frequency components by the Antisymmetrized Gaussian (AG) function 

𝐼𝐴𝐺(𝜔) = 𝐴𝐴𝐺[exp[− (𝜔 − 𝜔𝐴𝐺)2 2𝜖2⁄ )] − exp[− (𝜔 + 𝜔𝐴𝐺)2 2𝜖2⁄ )]]                (7.2) 

With this analysis intermolecular and intramolecular contributions to the RSDs in the 0-250 

cm-1 region can be separated, and the shape of the intermolecular bands can be quantitatively 

described. However, as explained in Chapter 5 there is no a priori reason that the component 

bands correspond to actual modes of the liquid. 

            Figure 7-8 and 7-9 show fits of the RSDs in the 0-250 cm-1 range by the multicomponent 

line-shape model with fit parameters given in Table 7-2. Table 7-3 lists the spectral parameters 

of the main bands (first moment M1 and full-width-at-half-maximum Δω) and component bands 
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(peak frequency ωpk, Δω, and fractional area farea) that underlie the main bands. 

 

            Figure 7-8. Fits of the RSDs of neat benzene and neat [C1C1im][NTf2] in the 0-250 cm-

1 by multicomponent line-shape model with component bands shown. Fits parameters given in 

the Table 7-2. The spectral parameters of the main band for each RSDs as well as the underlying 

component bands are given in Table 7-3 (Adapted from Figure 9 in Ref [18]).  

            The main band, which is assumed to be determined primarily by the 

intermolecular/interionic modes, is broader and higher in frequency for neat C1C1 than for neat 

benzene. (M1 = 79 cm-1 and = 125 cm-1 for C1C1, M1 = 60 cm-1 and = 94 cm-1 for 

benzene). From a qualitative comparison between the RSDs of the mixtures and that of neat 

benzene as seen in Figure 7-7, the main bands of the mixtures are, even more similar to that of 

benzene than to that of the IL, which is clearly higher in frequency and broader than that of the 

benzene. 
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Table 7-2. Fitting parameters for the RSD multicomponent line shape analysisa 

 Benzene [dmim][NTf2] Benzene/[C1C1] Ideal mixture 
aL 0 0 0 0 
muL 68 68 68 68 
betL 65 65 65 65 
aBL 0.27413 0.05665 0.10147 0.10034 
a 1.3505 1.215 1.1844 1.3447 
wBL 9.6568 12.079 11.019 9.6463 
aG1 4.3192 0.3805 0.50251 0.52617 
wG1 51.285 58.319 29.035 17.88 
e1 41.93 25.556 54.226 36.61 
aG2 0.11558 0.32807 0.94796 1.2598 
wG2 161 98.938 64.001 63.658 
e2 19.904 22.983 39.288 41.846 
aG3 0.11782 0.09155 0.026137 0.03211 
wG3 207.24 122.64 121.82 124.97 
e3 33.894 7.172 11.03 6.2892 
aG4  0.0656 0.0494 0.00551 
wG4  146.59 124.93 191.49 
e4  18.023 11.805 9.5591 
aG5  0.027896 0.10929 0.08328 
wG5  169.57 166.5 167.58 
e5  6.3347 18.537 17.999 
aG6  0.08649 0.08648 0.10459 
wG6  200.19 202.37 204.07 
e6  21.058 15.912 18.752 
aG7    0.06013 0.04985 
wG7     241.83 246.7 
e7    29.335 17.006 

aaBL, wBL, a – Bucaro-Litowitz parameters (ABL, ωBL, a in eq 7-1 of text) ; aG, wG, e –

Antisymmetrized-Gaussian parameters (AAG ωAG,  in eq 7-2 of text). 

            Like other [CnC1im][NTf2] based ILs that were described in Chapter 5 of this 

dissertation and elsewhere, the main band of C1C1 is well described by a 3-component model. 

In contrast, the main band of pure benzene is composed of only 2 components. The peak 

frequencies, as well as fractional areas of these components are listed in Table 7-3. The 

multicomponent line-shape analysis of RSDs of the 1:1 benzene/C1C1 mixture and an ideal 1:1 

benzene/C1C1 mixture (calculation of which is discussed below) is shown in Figure 7-9. Due to 
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the contribution from the modes of pure C1C1, the intermolecular band of the 1:1 benzene/C1C1 

mixture is also comprised of three components. However, comparing Figure 7-9 with Figure 7-

8 it is easy to see that the intermolecular band of the mixture more resembles that of the pure 

benzene than that of the pure C1C1. The spectral parameters of the low-frequency and the high  

Table 7-3. Spectral Parameters for the Intermolecular Part of Reduced Spectral Densities of 

neat Benzene, neat C1C1 and 1:1 benzene/C1C1 mixture.a,b 

Liquid System 
  

Main band Component 1 Component 2 Component 3 

 

  
M1 

cm-1 

∆ 

cm-1 

pk 

cm-

1 

∆ 

cm-

1 

farea 

 

pk 

cm-

1 

∆ 

cm-

1 

farea 

 

pk 

cm-

1 

∆ 

cm-

1 

farea 

benzene   60 94 13 27 0.16 -- -- -- 55 84 0.84 

C1C1 
  

79 125 16 35 0.27 61 61 0.42 102 55 0.31 

1:1 benzene/C1C1 
  

65 105 13 28 0.14 54 87 0.05 62 91 0.80 

1:1 benzene/C1C1 

cal. 

  
62(62)c 101(100)c 13 27 0.16 38 61 0.11 65 91 0.73 

aPeak frequency -- pk; fwhm -- ; first spectral moment – 𝑀1 =
∫ 𝐼(𝜔)𝜔𝑑𝜔

∫ 𝜔𝑑𝜔
, fractional area of 

component bands -- farea 
bError in M1, pk, and -- ± 1 cm-1. 
cSpectral parameters (in parentheses) for the spectrum obtained from the volume fraction 

weighted sum of the main bands of the of neat benzene and neat [C1C1im][NTf2]. 

frequency components of the mixture are also more similar to that of benzene than that of the 

IL as can be seen in Table 7-3. In general the intermolecular band of the 1:1 benzene/C1C1 

mixture is more like that of pure benzene than that of pure IL due to the stronger Kerr response 

for benzene than for C1C1. However, there is a slight difference between the main bands in the 

mixture and pure benzene due to the vibrational contribution from C1C1 to the spectrum of the 

mixture. 
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            Figure 7-9. Fits of the experimental and ideal RSDs for 1:1 benzene/C1C1 mixture in 

the 0-250 cm-1 by multicomponent line-shape model with component bands shown. Fits 

parameters given in Table 7-2.  The spectral parameters of the main band for the experimental 

and ideal RSDs as well as the underlying component bands are given in Table 7-3 (Adapted 

from Figure 10 in Ref [18]). 

7.3.5 Comparison of the experimental 1:1 benzene/C1C1 mixture spectrum with an 

ideal mixture spectrum and the 2:1 benzene/C1C1 mixture 

            To better understand the mixture system in this study, the experimental mixture 

spectrum is compared to that of the ideal mixture. The ideal mixture model is defined by the 

equation 

 𝐼𝑚𝑖𝑥
𝑖𝑑𝑒𝑎𝑙(𝜔) = 𝑓𝐶6𝐻6

v𝑜𝑙 𝐼𝐶6𝐻6

𝑛𝑒𝑎𝑡(𝜔) + (1 − 𝑓𝐶6𝐻6

v𝑜𝑙 )𝐼𝐼𝐿
𝑛𝑒𝑎𝑡(𝜔)                                                            (7.3) 

where 𝐼𝐶6𝐻6

𝑛𝑒𝑎𝑡(𝜔) and 𝐼𝐼𝐿
𝑛𝑒𝑎𝑡(𝜔) are, respectively, the nonnormalized RSD of pure benzene and 

pure C1C1 as depicted in Figure 7-7, and 𝑓𝐶6𝐻6

v𝑜𝑙  is the volume fraction of benzene in the mixture. 

By the assumption of additivity of molar volumes, the volume fraction of benzene in the 1:1 

benzene/C1C1 mixture is 0.272. This form of an ideal mixture spectrum is calculated on the 

basis of volume-fraction weighting of nonnormalized RSDs of pure benzene and pure IL, 

instead of mole-fraction weighting of RSDs obtained from OHD-RIKES signals normalized at 
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coherent spike as used by Shirota et al.29 

 

            Figure 7-10. Comparison of experimental (black line) and ideal (read line) spectra for 

1:1 benzene/C1C1 mixture in the 0-450 cm-1 range (unnormalized – left plot; normalized right 

plot) (Adapted from Figure 11 in Ref [18]). 

            The validity of the way we define the ideal mixture spectrum is justified by the perfect 

overlap of the experimental spectrum and the calculated spectrum in the 200-450 cm-1 region 

(Figure 7-10), where the spectra are solely determined by the intramolecular vibrational modes 

of the anion. 

            The key feature that can be gleaned by comparing the intermolecular band of 

experimental mixture spectrum with that of the ideal mixture spectrum in Figure 7-10 is that 

the experimental mixture spectrum is lower in intensity than the ideal mixture spectrum, 

especially in the main band region. Another key difference is the shape at the RSD top of the 

experimental mixture is sloped with amplitude of the low frequency part being lower than that 

of the high frequency part, while the ideal mixture RSD is flat at the top. This difference was 

also observed in the benzene/[C8C1im][BF4] mixture system by Shirota et al.29 Based on the 

spectral parameters shown in Table 7-3, the experimental intermolecular band is clearly higher 
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in frequency (M1(exp.) = 70 cm-1 vs M1(ideal) =  62 cm-1) and broader ((exp.) = 105 cm-1 vs 

(ideal) =  101 cm-1)  than that of the ideal mixture spectrum. 

 

            Figure 7-11. RSD Comparison of 1:1 benzene/C1C1 (black line) mixture and 2:1 

benzene/C1C1 (red line) mixture in the 0-250 cm-1 range with nonnormalized (left) and 

normalized (right) plot. 

            Fig. 7-11 compares the RSDs of the 1:1 benzene/C1C1 mixture and the 2:1 benzene/C1C1 

mixture with nonnormalized and normalized plots. As can be seen from the nonnormalized plot, 

the RSD of 2:1 benzene/C1C1 has an obviously higher intensity than that of the 1:1 

benzene/C1C1 mixture, which is reasonable due to the higher concentration of C6H6 that 

contributes a strong Kerr spectrum.30 The RSDs of these two mixture are well overlapped as 

shown on the right plot of Figure 7-11, indicating that the intermolecular dynamics in these two 

mixtures are basically the same, and that the benzene molecules and the imidazolium rings in 

the 1:1 benzene/C1C1 mixture are experiencing the same intermolecular potential as those in 

the 2:1 benzene/C1C1 mixture. 
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7.3.6 Density of states from MD simulation. 

             Unlike OKE spectrum, MD vibrational density of states (DOS) is a single molecule 

rather than a collective property and doesn’t include any cross terms or interaction induced (II) 

terms. Thus vibrational DOS is not the same with OKE spectrum, but it can be used to guide 

our understanding of the experimental spectra.  

            The force field used for the MD simulations in the current study doesn’t contain 

information of polarizability, thus obtaining RSDs from these simulations is not feasible. It is 

widely recognized that the spectral intensity mainly comes from the aromatic groups which are 

the benzene molecules and imidazolium rings in the mixture. The DOSs of these two groups 

were calculated to analyze the difference between the experimental mixture spectrum and the 

ideal mixture spectrum. 

            Figure 7-12 shows the vibrational DOS of the C1C1 cation and benzene in the 0-160 cm-

1 region. The DOS were normalized so that the total areas of each component are the same. 

Although their relative intensities in the RSD can’t be determined, the peak positions and shapes 

can be compared. It clear that the peak position of the DOS of benzene is lower (~30 cm-1) than 

that of the DOS of cation (~55 cm-1). 

            Translational motion can be calculated by separating the center of mass motion in a 

simulation. Figure 7-13 shows that translational motion of the cation occurs at a lower 

frequency than total librational motion in the mixture. A similar difference exists in the pure IL 

and in pure benzene although the difference is less for benzene in the pure liquid and in the 

mixture (which is not provided here). 
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            Figure 7-12. Vibrational densities of states of cation (red) and benzene (green) in the 

1:1 benzene/C1C1 mixture.18 

 

            Figure 7-13. Comparison of cations translational (blue) and total (red) densities of 

states in the 1:1 benzene/C1C1 mixture.18 
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            Figure 7-14. Comparison of cation densities of states in neat C1C1 (red) and in 1:1 

benzene/C1C1 mixture (orange). Total DOS (left) and translational DOS (bottom) (Adapted 

from Fig. 14 in Ref [18]).  

 

            Figure 7-15. Comparison of benzene densities of states in neat benzene (dark green) 

and in mixture (khaki): total DOS (left) and translational DOS (right) (Adapted from Fig. 15 

in Ref [18]).  

             Figure 7-14 shows the comparison of total and translational DOS of C1C1 cation in neat 

C1C1 IL and in 1:1 benzene/C1C1 mixture. It is clear that both the total and translational DOS 
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of C1C1 cation in the pure IL (72 and 60 cm-1 labeled with the red lines) are higher in frequency 

those than in the 1:1 benzene/C1C1 mixture (52 and 46 cm-1 labeled with orange line). A 

comparison of the two plots in Figure 7-14 indicates that the total DOS tend to span a broader 

frequency range than the translational DOS. In other words, the translational DOS of C1C1 

cation in both pure IL and mixture tend to be located in a lower frequency range (60 and 46 cm-

1 in right plot) than total DOS of C1C1 cation in these two liquid systems (70 and 52 cm-1 in left 

plot).  

            The total and translational DOSs of benzene in pure benzene and 1:1 benzene/C1C1 

mixture are shown in Figure 7-15, from with it is clear that both total and translational DOS of 

benzene are higher in the mixture than in pure benzene (compare dark green lines with khaki 

lines), and that translational DOS of benzene is located in a lower frequency range than the total 

DOS of benzene in both the mixture and pure benzene (by comparison of the two plots). 

7.4 Discussion 

7.4.1 Local structure 

            The local structure of benzene in the 1:1 benzene/[C1C1im][NTf2] mixture is similar to 

what have be reported for benzene/[C1C1im][Cl] and benzene/[C1C1im]PF6] mixtures, with 

C1C1 cations locating above and below the plane of benzene molecule and anions in the 

equatorial positions of a reference benzene ring. This distribution is due to the strong 

electrostatic field around a benzene molecule resulting from the existence of π orbitals above 

and below the benzene ring. Without this electrostatic field, the distribution of C1C1 cations and 

anions will become of almost uniform.5 
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7.4.2 Reduced spectral densities and densities of states 

            MD simulations are capable of providing a direct description of collective 

intermolecular motions that underlie the RSDs of molecular liquids,31-35 and ILs.36 However, 

the calculation of the Kerr spectrum of ILs is difficult due to the lack of a polarizable force field.  

Moreover the calculation of the Kerr spectra of ILs is very time, memory, and storage intensive 

because of the slow relaxation processes in ILs.36 In contrast, the calculation of DOSs is much 

easier than that of RSDs due to that DOSs can be calculated from single-particle correlation 

functions. DOSs cannot be directly related to RSDs because the latter is a collective property. 

However, the total DOS obtained by Fourier transforming of the velocity autocorrelation 

function (VACF) provided some guidance in the understanding of RSDs of ILs.37  

            The total and translational DOSs of C1C1 cation and benzene are in qualitative 

agreement with observation that the RSD of the neat IL being higher in frequency and broader 

than that of pure benzene, due to the stiffer intermolecular potential in ILs. The calculated DOS 

of C1C1 cation and benzene can thus be used to interpret the RSD of the mixture.  

            The ideal mixture spectrum is dominated by the contribution from benzene. If we 

assume that the mixture RSD is dominated by the benzene contribution, the RSD of the mixture 

basically reflects the intermolecular potential seen by benzene molecules in the mixture. From 

Figure 7-15 it is clear that both total and translational DOSs of benzene shift to higher frequency 

in going from pure benzene to the 1:1 benzene/C1C1 mixture. This would explain why 

experimental mixture RSD spectrum is higher in frequency and broader than ideal mixture RSD 

spectrum. The reason why the total and translational DOS of benzene are higher in frequency 

in mixture than in neat benzene can be understood by referring to Figures 7-1 to 7-4 which 
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show that a reference benzene molecule is trapped in a cage comprised of cations and anions in 

the first solvation shell. The broadening of the DOS of benzene is thus a result of an ion-cage 

effect that arises from benzene molecules being governed by a stiffer potential in the mixture 

than in the pure liquid. Indeed the interaction energies of benzene in the equimolar mixture 

(Eint=-59 kJ mol-1, this work) is greater than that of benzene in the pure liquid (Eint=-22 kJ mol-

1) as calculated by simulations.6 The higher frequency is thus understandable because 

electrostatic forces are stronger in the mixture than in pure benzene. In contrast to the 

intermolecular dynamics of benzene being shifted to higher frequency in the presence of 

stronger forces in the mixture than in pure benzene, the intermolecular dynamics of C1C1 

cations are shifted to lower frequency due to the weaker forces in the mixture than in pure IL 

as can be seen in Figure 7-14. 

            From Figure 7-15 (right) it can be seen that translational DOS of benzene in the mixture 

spans the whole frequency range of the total DOS. Thus if translational modes of benzene are 

suppressed in the mixture, the experimental mixture spectrum should be lower in intensity over 

the entire intermolecular dynamic range than ideal mixture spectrum, which is consistent with 

the RSD observation in Figure 7-10 (left). However, the translational DOS of benzene mostly 

concentrate on the low frequency region, with a strong peak at 30 cm-1 in mixture. Thus 

suppression of translational modes of benzene in mixture will cause a decrease in intensity 

especially in the low frequency side of experimental mixture spectrum, and this explains why 

we observe a sloped RSD top of experimental mixture spectrum with low frequency part lower 

in amplitude compared with high frequency part. That Shirota et al.38 attributed the decrease in 

intensity on the low-frequency side of the RSD of the mixture relative to the high-frequency 

side to suppression of the translational modes of benzene is consistent with our interpretation 
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of the experimental mixture spectrum and is supported based on the calculated translational 

DOS of benzene in mixture. 

7.5 Conclusion 

            A joint MD simulation/OHD-RIKES study of an equimolar mixture of benzene and 

C1C1 as well as on the neat liquids was carried out. The intermolecular band of the experimental 

mixture RSD is higher in frequency and broader than that of the ideal mixture spectrum 

calculated by volume-fraction weighted sum of the Kerr spectrum of the pure liquids. The local 

concentrations around C1C1 cations and around the benzene molecules in the mixture is highly 

structured with alternate coplanar benzene molecules and C1C1 cations as shown by simulation 

results. Although the vibrational DOS is calculated from single-particle correlation function 

while OKE spectrum is a collective property, the former can still be used to interpret the line 

shape of Kerr spectrum as it can trace the vibrational DOS frequency shift of benzene and pure 

IL from pure liquid to mixture. That the experimental mixture spectrum is broader and higher 

in frequency than ideal mixture spectrum was interpreted as being due to an ion-cage effect that 

arises from benzene molecules being governed by a stiffer potential in the mixture than in the 

pure liquid. Suppression of translational modes of benzene was proposed to account for why 

experimental mixture spectrum is lower in intensity especially in the low frequency side than 

ideal mixture spectrum.  
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Chapter 8 

8. Local Structure and Intermolecular Dynamics comparison 

between Phenyl group substituted ILs and Benzene/C1C1 

mixtures 

8.1 Introduction 

            The local structure and intermolecular dynamics of benzene/IL mixtures have 

been extensively studied by molecular dynamics (MD) simulations1-7 or through a 

combination of MD simulation and femtosecond optical heterodyne-detected Raman-

induced Kerr effect spectroscopy (OHD-RIKES).8 As discussed in Chapter 7 of this 

dissertation, benzene molecules see a stiffer intermolecular potential in 

benzene/[C1C1im][NTf2] (benzene/C1C1 hereafter for brevity) mixtures than in pure 

benzene as indicated by both Kerr spectra and vibrational density of states (DOS) 

obtained from MD simulations. Also the experimental mixture spectrum is higher in 

frequency and broader than the ideal mixture spectrum obtained by a volume-fraction 

weighted sum of spectra of the pure liquids, due to the benzene response shifting to 

higher frequency in mixture and that the benzene making higher contribution to the 

experimental mixture spectrum than the IL. The work on benzene/C1C1 mixtures led us 

to think about what would happen if benzene and imidazolium rings were tied together 

as in the cation 1-benzyl-3-methyl-imidazolium [BzC1im]+ as shown in Figure 8-1. Tao 

et al.9 showed that imidazolium-based ILs functionalized with one or two aromatic 

groups exhibited higher densities and glass transition temperatures, and are more fragile 

than imidazolium based ILs with aliphatic group of comparable molecular weight. The 
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benzyl group in imidazolium-based ILs has also been shown to contribute strongly the 

Kerr spectrum intensity at around 60 cm-1 in [PhSiC1im][NTf2] and at 85 cm-1 in 

[BzC1im][NTf2] by Shirota et al.10-11 In this chapter, the intermolecular dynamics of 

[BzC1im][NTf2] (BzC1 hereafter for brevity)and [(Bz)2im][NTf2] ((Bz)2 hereafter for 

brevity) ILs are studied by OHD-RIKES and compared with that of 1:1 benzene/C1C1 

mixture and 2:1 benzene/C2C1 mixture, respectively. Moreover, A comparison of the 

dynamics is made between [BzC1im][NTf2] and 1:1 benzene/C1C1 mixture using MD 

simulation and OHD-RIKES spectroscopy. 

 

            Figure 8-1. Geometry of the [BzC1im]+ cation in the conformation with minimal 

energy.12 

            This chapter is based on our study that was recently published in Physical 

Chemistry Chemical Physics 2015, 17 (15): pp. 9973-9983, entitled “An OHD-RIKES 

and simulation study comparing a benzylmethylimidazolium ionic liquid with an 

equimolar mixture of dimethylimidazolium and benzene”.12 This work is a collaboration 
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in which electronic structure calculations and force field development were done by 

Richard P. Matthew (Department of Chemistry, Imperial College, UK), Anthony J. 

Stone (Department of Chemistry, University of Cambridge, UK), and Patricia A. Hunt 

(Department of Chemistry, Imperial College, UK), and the MD simulations by Ruth M. 

Lynden-Bell (Department of Chemistry, University of Cambridge, UK), the OHD-

RIKES measurements by Lianjie Xue (Department of Chemistry & Biochemistry, TTU, 

USA) and Edward L. Quitevis (Department of Chemistry & Biochemistry, TTU, USA), 

and the ILs synthesized by George Tamas (Department of Chemistry & Biochemistry, 

TTU, USA). Since electronic structure, force field development and MD simulations 

were conducted by our collaborators, specific details about simulations is not presented 

here but can be found in the published paper.12 

            This chapter is organized as follows: Section 8.2 describes the preparation of 

C1C1, [Bzmim][NTf2], benzene/C1C1 mixtures, as well as data acquisition and data 

analysis of OHD-RIKES measurements. Section 8.3 presents results from OHD-RIKES 

measurements. Section 8.4 presents results from simulations. Section 8.5 rationalizes 

the Kerr spectrum on the basis of the results obtained from MD simulations. We finish 

with conclusion. 

8.2 Experimental 

8.2.1 Sample preparation 

            The synthesis of C1C1
8 and [BzC1im][NTf2] has be described elsewhere.13-14 The 

synthesis procedure of [(Bz)2im][NTf2] is shown by scheme below and described 

afterward. 
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Scheme 1. Synthesis procedure for [(Bz)2im][NTf2]. 

            A three-neck round bottom flask, under nitrogen, equipped with a magnetic 

stirrer and a condenser, was placed in an ice bath. The container was charged with 40 

mL of freshly distilled THF and left under stirring for five minutes. After temperature 

equilibration, NaH (1.90 g, 79.00 mmol) was added to the flask. The mixture was stirred 

for another 5 min. The imidazole (5.38 g, 79.00 mmol) was dissolved in 30 mL of THF 

and added to the reaction via a pump syringe at a rate of 0.34 mL/min. When the addition 

was completed, the ice bath was removed and the reaction mixture was further stirred 

while warming up to room temperature. A slight excess of benzyl bromide (1.05 eq., 

28.37 g, 165.91 mmol) was delivered dropwise to the round-bottom flask at a rate of 

0.34 mL/min with an automatic syringe. After the completion of the addition, the 

reaction was left for 12 h under constant stirring at room temperature while a light 

yellow slurry was formed. 

            The slurry was vacuum filtered using anhydrous acetonitrile for rinsing. The 

liquid obtained was transferred to a one-neck round-bottom flask and evaporated in 

vacuo. The 1,3-bis(phenylmethyl)-imidazolium bromide formed in this way was 

washed three times with 50 mL of a 1: 3 (v/v) mixture of acetonitrile and hexanes to 

remove the excess benzyl bromide. The ionic liquid was concentrated in vacuo on a 

rotary evaporator. 3 g of activated charcoal and 75 mL of acetonitrile were added to the 
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flask and left under stirring for 72 h. The black slurry formed was then filtered through 

a gravitational column packed with 10 cm of aluminum oxide (activated, basic, 50-200 

micron) and 3 cm of celite 545. The removal of the acetonitrile under reduced pressure 

afforded [(Bnz)2im][Br] as a colorless, viscous liquid at room temperature.  

            The second stage of synthesis was accomplished via a metathesis reaction. An 

aqueous solution of lithium bis[(trifluoromethane)sulfonyl]amide (22.68 g, 79.00 mmol) 

was added to the ionic liquid and left to stir for 12 h. The two-phase system was then 

repeatedly washed with triple-deionized water until no bromide ions could be detected 

by the silver-nitrate test. The final product, [(Bz)2im][NTf2], was dried with benzene 

azeotrope. The residual benzene was removed under vacuum. Yield: 90%. 

            The C1C1 and benzyl ILs were subject to 1-2 days of vacuum pumping in a water 

bath kept at 55 °C. Water content of these ILs, as determined by Karl-Fisher titration 

prior to preparation of benzene/C1C1 mixtures and performing OHD-RIKES 

measurements, was less than 100μg/g. 

            Preparation of 1:1 and 2:1 benzene/C1C1 mixtures has been described in Chapter 

7. It was achieved by measuring a given amount of C1C1 in an nitrogen-filled glovebox 

and adding the required amount of benzene. A syringe equipped with a 0.1 μm filter 

was used to deliver aliquots of the mixtures, while still in the glovebox, 2-mm path-

length quartz cuvettes fitted with vacuum stopcock valves to insure sealing of the 

samples during OKE measurements. 

8.2.2 OHD-RIKES Apparatus and Procedures 

            The OHD-RIKES apparatus and procedure have been described specifically in 
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the Chapter 4 of this dissertation. 

8.2.3 Analysis of the OHD-RIKES data 

            Analysis of the time-domain OHD-RIKES data is the same as what has been 

described in section 6.2.5 of Chapter 6. The OHD-RIKES signals in the 0.4-10 ps time 

range were fit by an empirical decay function 

𝑟(𝑡) = 𝐴1 𝑒𝑥𝑝(−𝑡/𝜏1 ) + 𝐴2 𝑒𝑥𝑝(−𝑡/𝜏2 ) + 𝐴3 𝑒𝑥𝑝(−𝑡/𝜏3 ) + 𝐵                               (8.1) 

            In the current study, the OHD-RIKES signals of all the IL systems were 

measured in a single run during which the experimental conditions were maintained 

constant. 

8.3 OHD-RIKES and Simulation results 

8.3.1 Time-domain response 

            Shown in Figure 8-2 are the semi-logarithmic plots of the height-normalized 

OHD-RIKES signals of pure C6H6, 1:1 C6H6/C1C1 mixture, 2:1 C6H6/C1C1 mixture, 

pure C1C1, pure [BzC1im][NTf2] (BzC1) and pure [(Bz)2im][NTf2] ((Bz)2) in the 0-4 ps 

time range. In all cases, the OHD-RIKES signals are dominated by the instantaneous 

electronic response (i.e., the coherent spike), with the maximum relative amplitude of 

the non-instantaneous nuclear response equal to ~0.87, 0.54, 0.63, 0.33, 0.45, and 0.44 

for pure C6H6, 1:1 C6H6/C1C1 mixture, 2:1 C6H6/C1C1 mixture, pure C1C1, BzC1 and 

pure (Bz)2 respectively. The complex oscillatory components corresponding to the 

coherent excitation of intramolecular and intermolecular vibrations of the ions exhibit 

the strongest amplitude on the decay part of the OHD-RIKES signals of C1C1, the 
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amplitude less in BzC1, (Bz)2, and the two mixtures, invisible in the case of pure C6H6. 

It is worth noting that there is a deep oscillation at τ≈0.29 ps, with width of ~0.08 ps for 

both BzC1 and (Bz)2. If we assume this feature to the first period of an underdamped 

oscillations of an intramolecular mode, then we estimated its frequency to be ≈200 cm-

1. It is also worth noting that this deep oscillation is stronger in (Bz)2 than in BzC1 as 

can be seen in Figure 8-2. 

 

            Figure 8-2. Semi-logarithmic plots of the OHD-RIKES signals of neat benzene, 

2:1 benzene/C1C1 mixture, 1:1 benzene/C1C1 mixture, neat C1C1, neat BzC1, and neat 

(Bz)2 in the 0-4 ps time-range: The signals have been normalized at the coherent spike 

at t = 0. 

            The OHD-RIKES signals of pure C6H6, 1:1 C6H6/C1C1 mixture, 2:1 C6H6/C1C1 

mixture, pure C1C1, BzC1 and pure (Bz)2 are normalized at coherent spike and shifted 

by log-base 10 increments for clarity are shown in Figure 8-3. The solid curves through 

the signals are fits of Eq 8-1 to the signals in the 0.4-10 ps time range, with fit parameters 

listed in Table 8-1. The dashed lines correspond to the slow τ3 term plus the constant B. 
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In addition to the fit parameters in Eq. 10-1, the values of the average relaxation time 

for the fast part of the decay, defined by <s> = (A11 + A22)/(A1+ A2) are also listed in 

Table 8-1. 

 

 

            Figure 8-3. Semi-logarithmic plot of the OHD-RIKES signals of pure C6H6, 1:1 

C6H6/C1C1 mixture, 2:1 C6H6/C1C1 mixture, neat C1C1, BzC1, and (Bz)2in the 0-10 ps 

time range.            The values of τ3 cannot be considered as the collective reorientation 

time in the case of ILs or IL mixture, which is usually determined from OHD-RIKES 

measurements in the several hundred-ps/sub-ns time range.15 The values of the sub-

picosecond relaxation time τs of the two mixtures are the same, which is much larger 

than that of C1C1 (=0.35 ps), benzene (=0.46 ps),  and the two benzyl ILs, which 

indicates that the OHD-RIKES signal decays slowest in the mixture while the OHD-

RIKES signal decays fastest in the benzyl ILs. This is consistent with the trend in Figure 

8-3 that the OHD-RIKES signals of BzC1 and (Bz)2 are lower in intensity at longer times 
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compared to that of the other samples. 

Table 8-1. Fit parameters for OHD-RIKES decays for C6H6, 2:1 C6H6/C1C1 mixture, 

1:1 C6H6/C1C1 mixture, C1C1, BzC1, and (Bz)2. 

 A
1
 

1
/ps A

2
 

2
/ps A

3
 

3
/ps B <s>

d,e 


2
 

C6H6 0.71  0.34  0.21  0 0.46 

2:1 C6H6/C1C1 0.19 0.39 0.04 1.69 0.015 8.92 0.003 0.61 0.99421 

1:1 C6H6/C1C1 0.16 0.42 0.03 1.81 0.013 6.37 0.004 0.61 0.99772 

C1C1 0.09 0.21 0.09 0.49 0.017 3.10 0.004 0.35 0.96516 

BzC1 0.98 0.13 0.05 0.53 0.01 3.72 0.001 0.15 0.98876 

(Bz)2 0.84 0.13 0.04 0.67 0.01 5.54 0.001 0.16 0.98999 

aFit range: 0.4-10 ps. b<s> = (A11 + A22)/(A1+ A2). ). 
cError =   12% 

8.3.2 Reduced Spectral Densities 

            The RSDs of neat C6H6, 1:1 6H6/C1C1 mixture, 2:1 C6H6/C1C1 mixture, neat 

C1C1, BzC1 and (Bz)2 in the 0-450 cm-1 range are plotted in Figure 8-4. The relative 

amplitudes of the samples were obtained by performing the Fourier-transform-

deconvolution procedure on the OHD-RIKES signals without using the referencing 

technique because the OHD-RIKES signals of all the samples were measured in a single 

run whereby the experimental conditions were kept constant. 
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            Figure 8-4. Reduced spectral densities (unnormalized) of neat C6H6, neat C1C1, 

and 1:1 C6H6/C1C1, 2:1 C6H6/C1C1, neat BzC1, and (Bz)2 in the 0-450 cm-1 range 

obtained by applying the Fourier-transform-deconvolution procedure to the reduced 

responses of corresponding the OHD-RIKES signals. 

            The line shape RSDs of neat C6H6, neat C1C1, and C6H6/mixtures have be 

described in Section 7.3.3 of this dissertation. Herein we only focus on comparing the 

RSDs of the two mixtures with those of the two benzyl ILs. It is worth noting that the 

RSD of 1:1 benzene/C1C1 has a comparable intensity to that of BzC1 in the range of 

250-450 cm-1. The same can be said between those of the 2:1 C6H6/C1C1 mixture and 
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(Bz)2. It has been discussed that the RSD tops of the mixtures are sloped with amplitude 

in low frequency part being lower than in high frequency part. From Figure 8-4 it can 

be seen that the RSDs of BzC1 and (Bz)2 are even more sloped than that of the mixtures 

at the top.  

            A closer comparison between the RSD of BzC1 with that of 1:1 C6H6/C1C1 

mixture, and between the RSD of (Bz)2 with that of 2:1 C6H6/C1C1) is shown in Figure 

8-5. As can be seen from Figure 8-5, for both of the mixture and benzyl IL pair, the 

mixtures have higher RSD intensities than the corresponding benzyl ILs, which suggests 

that the contribution from C6H6 to the mixture spectrum is higher than that from the 

phenyl group to the spectrum of the benzyl ILs. Upon normalizing the spectra at their 

maxima shown in right column of the figure, one finds that the intermolecular spectrum 

of BzC1 and (Bz)2 are broader and higher in frequency than that of the 1:1 C6H6/C1C1 

mixture and 2:1 C6H6/C1C1 mixture, respectively. Moreover, the RSD intensity of the 

benzyl ILs between 150 and 250 cm-1 is higher than that of the mixtures and is 

comprised of two components at approximately 190 and 220 cm-1. 

           Figures 8-4 and 8-5 show that the RSD of BzC1 is similar to that of (Bz)2. The 

RSDs of these two ILs are overlapped in Figure 8-6 for comparison. (Bz)2 (the 

disubstituted IL) exhibits a higher spectral intensity than BzC1 (the monosubstituted IL) 

as can be seen in the left plot of Figure 8-6. After normalization the RSDs of BzC1 and 

(Bz)2 are well overlapped with each other except in the 160-220 cm-1 region where (Bz)2 

is higher in intensity than BzC1. The peak in this region can be assigned to a rocking 

mode associated with the relative motion of the phenyl and imidazolium rings, based on 
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MP2 calculations of the vibrational modes of the BzC1 cation.16  

 

            Figure 8-5. RSD comparison between 1:1 C6H6/C1C1 mixture and BzC1, 2:1 

C6H6/C1C1 mixture and (Bz)2 (left) and normalized to the maximum value (right). 

 

            Figure 8-6. RSD comparison between BzC1 (black) and (Bz)2 (red): a) 

unnormalized plot, b) normalized plot. 

 



Texas Tech University, Lianjie Xue, December, 2015 

181 

8.3.3 Multicomponent line-shape analysis 

            The RSDs of the mixtures and the benzyl ILs in 0-250 cm-1 were fit by a 

multicomponent line-shape model to quantify the differences in the RSDs of these ILs 

systems. As described previously in Chapter 5, the RSDs were fit with the lowest 

frequency component given by the Bucaro-Litoitz (BL) function; 

𝐼𝐵𝐿(𝜔) = 𝐴𝐵𝐿𝜔𝑎exp (− 𝜔 𝜔𝐵𝐿⁄ )                                                                                         (8.2) 

and higher frequency components by the Antisymmetrized Gaussian (AG) function 

𝐼𝐴𝐺(𝜔) = 𝐴𝐴𝐺[exp[− (𝜔 − 𝜔𝐴𝐺)2 2𝜖2⁄ )] − exp[− (𝜔 + 𝜔𝐴𝐺)2 2𝜖2⁄ )]]                     (8.3) 

 

            Figure 8-7. Fits of the RSDs of 1:1 C6H6/C1C1 mixture, BzC1, 2:1 C6H6/C1C1 

mixture, and (Bz)2 in the 0-250 cm-1 range by multicomponent line-shape model with 

component bands shown. 
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            Figure 8-7 shows multicomponent line-shape fits of the RSDs of the two 

mixtures and the two benzyl-substituted ILs in the 0-250 cm-1 range by the 

multicomponent line-shape model with fit parameters listed in Table 8-2. A three-

component model is applied to describe the intermolecular bands of the RSDs, and 

several smaller peaks are used to represent the intramolecular dynamics. The spectral 

parameters for the main bands (first spectral moment M1 and full-width-at-half 

maximum Δω) and component bands (peak frequency ωpk, peak width Δω, and 

fractional area farea) that underlie the main bands are listed in Table 8-3.  

            From Figure 8-7 it is clear that the components comprising the RSD of 2:1 

C6H6/C1C1 mixture are similar to those comprising the RSD of 1:1 C6H6/C1C1 mixture. 

The spectral parameters of those components are also close for these two mixtures as 

can be seen in Table 8-3. The RSDs of (Bz)2 and BzC1 also have similar constituent 

components with similar values of the spectral parameters listed in Table 8-3. The 

components comprising the intermolecular band of BzC1 differ from those comprising 

the intermolecular band of the 1:1 C6H6/C1C1 mixture in that the high-frequency 

components has a larger fractional area in BzC1 (0.62) than in the 1:1 C6H6/C1C1 

mixture (0.46), while the intermediate component takes much smaller area fraction in 

BzC1 (0.10) than in the 1:1 C6H6/C1C1 mixture (0.38). That the high-frequency has such 

a high area fraction is consistent with the RSD of BzC1 being more sloped at the top of 

the RSD with the low-frequency part being much lower in amplitude than high-

frequency part and being broader than the RSD of the mixture. The difference between 

the RSDs of (Bz)2 and 2:1 C6H6/C1C1 mixture is similar to the difference between the 

RSDs of BzC1 and 1:1 C6H6/C1C1 mixture. That the intermolecular band of benzyl-
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substituted ILs are broader than that of their corresponding mixtures can be confirmed 

by the values of M1 and Δω of the intermolecular bands in Table 7-3. 

Table 8-2 Fit parameters for the RSD Multicomponent line shape analysis 

 C6H6/[C1C1im][NTf2] 2C6H6/[C1C1im][NTf2] [BzC1im][NTf2] [(Bz)2im][NTf2] 

aBL 0.07556 0.07947 0.07695 0.09209 

a 1.33242 1.3742 1.16103 1.15342 

wBL 10.45511 9.88143 16.12705 13.96667 

aG1 0.84454 1.15631 0.32979 0.40985 

wG1 45.00645 40.54242 49.23508 43.41677 

e1 28.86548 32.64824 20.3613 21.98946 

aG2 0.86282 1.0642 1.06351 1.34488 

wG2 85.91508 84.08839 88.59088 84.86082 

e2 30.90761 31.9863 26.49669 28.11131 

aG3 0.09607 0.07648 0.05692 0.05716 

wG3 123.69951 124.84025 123.56922 121.88125 

e3 7.96862 8.90639 5.80809 6.898 

aG4 0.07648 0.06897 0.04954 0.04985 

wG4 146.7 146.19397 152.19619 163.09804 

e4 10.66318 9.36714 23.21966 26.6854 

aG5 0.06499 0.0779 0.05364 0.09873 

wG5 168.7 167.29693 176.86271 180.48158 

e5 10.36601 10.90013 11.96964 10.64984 

aG6 0.08698 0.07448 0.04728 0.0565 

wG6 198.52 198.01425 189.99085 194.56219 

e6 18.80186 18.83631 8.10885 6.55606 

aG7   0.08313 0.07399 

wG7   215.44783 212.29458 

e7   15.12142 21.43096 
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aaBL, wBL, a – Bucaro-Litowitz parameters (ABL, ωBL, a in eq 8-2 of text) ; aG, wG, e – 

Antisymmetrized-Gaussian parameters (AAG ωAG,  in eq 8-3 of text). 

Table 8-3 Spectral parameters for the intermolecular part of RSDs of 1:1 C6H6/C1C1 

mixture, 2:1 C6H6/C1C1 mixture, BzC1 and (Bz)2 ILsa,b,c 

  
Main 

band 

 
Component 1 

 
Component 2 

 
Component 3 

  

M1 ∆  p ∆ 
farea 

 p ∆ 
farea 

 p ∆ 
farea cm-

1 

cm-

1 

 cm-

1 

cm-

1 

 cm-

1 

cm-

1 

 cm-

1 

cm-

1 

1:1 

C6H6/C1C1 

62 102 14 30 0.16 45 61 0.38 85 69 0.46 62 102 14 

2:1 

C6H6/C1C1 

64 102 14 30 0.14 45 67 0.39 83 77 0.47 64 102 14 

BzC1 
68 109 19 43 0.28 49 47 0.13 88 63 0.0.59 68 109 19 

(Bz)2 
68 107 16 37 0.20 43 51 0.15 85 66 0.65 68 107 16 

aFit range: 0.4-10 ps. b<s> = (A11 + A22)/(A1+ A2). ). 
cError =   12% 

 

Table 8-4 Spectral Parameters for the Multicomponent Fits of Intramolecular Bands in 

the RSDs of the 1:1 2:1 C6H6/[C1C1im][NTf2] Mixtures, [BzC1im][NTf2], and 

[(Bz)2im][NTf2].
a-d 

 Component 4 Component 5 Component 6 Component 7 Component 8 
 ωpk 

cm
-1 

 
cm-

1 

farea ωpk 
cm
-1 

 
cm-

1 

farea ωpk 
cm
-1 

 
cm-

1 

farea ωpk 
cm
-1 

 
cm-

1 

farea ωpk 
cm
-1 

 
cm-

1 

farea 

1:1 
C6H6/C1C

1 

12
4 

18.
8 

0.2
0 

14
7 

25.
1 

0.2
1 

16
9 

24.
4 

0.1
7 

19
9 

44.
3 

0.4
2 

   

2:1 
C6H6/C1C

1 

12
5 

21.
0 

0.1
9 

14
6 

22.
1 

0.1
8 

16
7 

25.
7 

0.2
4 

19
8 

44.
4 

0.3
9 

   

BnzC1 12
4 

13.
7 

0.0
9 

15
4 

56.
6 

0.3
2 

17
8 

28.
5 

0.1
7 

19
0 

19.
1 

0.1
0 

21
6 

35.
0 

0.3
3 

(Bnz)2 12
2 

16.
3 

0.0
8 

16
3 

62.
9 

0.2
9 

18
0 

25.
1 

0.2
3 

29
5 

15.
4 

0.0
8 

21
2 

50.
5 

0.3
3 

aωpk is the peak frequency; b∆ is full-width-at-half-maximum; errors ±1 cm-1. cfarea is 

the fractional area; dError in ωpk and ∆ = ±1 cm-1 

            Table 8-4 summarizes the analysis of the intramolecular bands in the 0-250 cm-

1 region. The intramolecular band at 122-124 cm-1, which is a characteristic feature on 

the high-frequency tail of the main bands in [NTf2]
--based ILs, appears as a weak 
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shoulder on the high-frequency side of the main band in the RSDs of the mixtures and 

benzyl-substituted ILs. The tails of the RSDs of BnzC1 and (Bnz)2 are modeled with 

four bands with the bands at ≈ 179 cm-1 and ≈ 214 cm-1 present in both ILs. Moreover, 

that the fractional area of the 179 cm-1 band is higher in the RSD of (Bnz)2 (farea(179) = 

0.23) than in the RSD of BnzC1 (farea(179) = 0.17) is consistent with the observation in 

Figure 8-6 that the spectral intensity of (Bnz)2 is higher than that of BnzC1 in the 179 

cm-1 region. Moreover, the observation that the RSDs of BnzC1 and (Bnz)2 are well 

overlapped in the tail in the region of the 214 cm-1 band is consistent with the same 

value of farea(214) for these two ILs. 

8.3.4 Local environment of molecules in bulk 

 

            Figure 8-8. (a) Local concentrations around phenyl ring in BzC1. (b) local 

concentrations around benzene in 1:1 benzene/C1C1 mixture. Green: benzene or phenyl 

ring center, cut offs at 1.6 and 2.4 times average number density respectively; red: 

imidazolium, cut offs at 1.6 and 2.4 respectively; blue: N site of anion, cut offs at 2.4 

and 2, (Adapted from Figure 10 in ref[12]) . 

            The local environment around a phenyl group in BzC1 is much the same as 

around a benzene molecule in the 1:1 C6H6/C1C1 mixture as can be seen in Figure 8-8. 

There is a high probability of finding either an imidazolium ring or another phenyl group 
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above and below the phenyl group or benzene molecule in both cases. Figure 8-9 shows 

that the local distributions around an imidazolium ring in BzC1 and in the 1:1 C6H6/C1C1 

mixture are slightly different. In the mixture, the distributions of the imidazolium ring 

and benzene form stacks of coplanar alternating species above and below a reference 

imidazolium ring, while in BzC1, this distribution is perturbed by the benzyl substituent 

a little bit although the packing feature is still similar to that in the mixture. 

 

            Figure 8-9. Local concentrations around a imidazolium ring. (a): in BzC1; (b): 

in the 1:1 C6H6/C1C1 mixture. Green: benzene or phenyl ring centre with cut offs at 1.6 

and 2.0 times average number density respectively; red: imidazolium with cut offs at 

1.8; blue: N site of anion with cut offs at 2.4 and 2.5, (Adapted from Figure 11 in ref[12]). 

8.3.5 Simulation results for densities of states (DOS) 

            Figure 8-10 shows the calculated DOS of benzene (left) and imidazolium ring 

(right) in 1:1 C6H6/C1C1 mixture and in BzC1, respectively. Surprisingly, the DOS of 

benzene in the mixture is higher in frequency than that of phenyl group in BzC1, which 

implies that the intermolecular potential governing the motion of benzene is stiffer than 

that of the phenyl ring in BzC1. The similarity of the DOS for the imidazolium ring in 

the mixture and in BzC1 in the region below 125 cm-1 is a reflection of the similarity of 
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the local environments of the imidazolium rings in these two IL systems as shown in 

Figure 8-8 and 8-9. 

 

            Figure 8-10. Comparison of densities of states in mixture and in BzC1. Left: 

benzene in mixture (khaki) and phenyl group in BzC1 (green). Right: imidazolium ring 

in mixture (red) and in BzC1 (orange), (Adapted from Figure 12 in ref[12]).   

8.4 Discussion 

            Figure 8-5 and 8-6 both show that the Kerr spectra of benzyl ILs are broader and 

higher in frequency than those of their corresponding mixtures. It can also be seen from 

Figure 8-6 that the RSD tops of the benzyl ILs are more sloped than those of the mixtures. 

The increased response in the range of 160-250 cm-1 for the benzyl ILs is due to the 

internal modes involving the relative motion of the phenyl and imidazolium groups 

which are absent in the mixtures. The vibrational modes of the [BzC1im]+ cation were 

computed by MP2 to occur below 261, 202, 177, 67, 61, 45, and 24 cm-1 respectively. 

The modes at 24, 45 and 61 cm-1 are due to relative torsional motions of the two rings 

while the mode 67 cm-1 is from methyl rotation. These peaks overlap with the 

intermolecular band of the IL. The modes at 177 and 261 cm-1 are related to the 
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symmetric and antisymmetric rocking of the methyl and methylene substituents on the 

imidazolium ring, whereas the mode at 202 cm-1 is assigned to relative rocking of the 

phenyl and imidazolium ring, and it is these modes that give rise to the increased RSD 

response of the benzyl ILs in the range of 160-250 cm-1. The DOS of imidazolium ring 

in the 1:1 mixture below 100 cm-1is similar to the DOS of imidazolium ring in BzC1, 

whereas the latter shows higher intensity at 150 cm-1 and above due to the modes listed 

above, which is also consistent to the increased RSD response of the benzyls ILs in the 

range of 160-250 cm-1. 

            The vibrational DOS is single-particle property whereas the Kerr spectrum is a 

collective property. Hindered molecular rotation and hindered translational motions can 

be captured in the vibrational DOS obtained from velocity correlation functions of 

individual atoms. That the modes in 160-250 cm-1 were determined from vibrational 

DOS shows a strong evidence of this. However the DOSs shown in Figure 8-10 are not 

directly correlated to the RSDs in Figure 8-5. It is understandable that the DOSs of 

imidazolium ring in the 1:1 mixture and in BzC1 are similar based on the similar local 

structure of a referenced imidazolium ring in the mixture and in BzC1 as shown in Figure 

8-9.  

            The reason for why the RSD of BzC1 is broader and higher in frequency than 

that of the 1:1 mixture can be understood if Coulombic interactions are considered in 

these two systems. Shirota et al.17 showed the intermolecular vibrational frequencies of 

an IL 1-methoxy-ethylpyridinium dicyanoamide (MOEPy+/DCA-) are higher than that 

of its analogous isoelectronic binary solution 1-methoxyethylbenzene/dicyanomethane 
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(MOEBz/DCM), where MOEBz is the neutral analog of MOEPy+ and DCM is the 

neutral analog of DCA-, due to the additional Coulombic and higher order terms in the 

electrostatic interaction energy that are present in the IL but absent in the MOEBz/DCM 

neutral binary mixture. It has also been discussed in this dissertation that 

[2mC3C1im][NTf2] has the strongest electrostatic interaction (Chapter 4) and 

accordingly the broadest intermolecular spectrum (Chapter 5). These results indicate 

that electrostatic interaction plays an important role in determining the broadness of the 

intermolecular spectrum. The difference between BzC1 and the 1:1 C6H6/C1C1 mixture 

lies in not only the connection of the phenyl group to the imidazolium ring but also the 

stronger electrostatic interaction in the former, because neutral benzene solvent 

occupies a considerable fraction of the latter. Thus the stronger electrostatic interaction 

in BzC1 than in the 1:1 C6H6/C1C1 mixture may be a plausible reason for why the former 

has a broader intermolecular spectrum than the latter. This interpretation can be further 

confirmed by the fact that BzC1 has a slightly broader intermolecular spectrum than 

(Bz)2, as can be seen in Figure 8-6 because the former has stronger electrostatic 

interactions than the latter based on the difference of the sizes of the cations. 

            Again the reason for why we see a more sloped RSD top for the benzyl ILs may 

be due to the suppression of translational modes of benzene as discussed in Chapter 7 

of this dissertation. As the phenyl group is connected to the imidazolium ring, it is 

reasonable to think that translational motions of the phenyl rings in benzyl ILs are more 

suppressed than that of the benzene molecules in the mixtures. So it is understandable 

that the RSD tops of the benzyl ILs are more sloped and this is shifting the RSD 

maximum of the benzyl ILs to higher frequency. 
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8.5 Conclusion 

            OHD-RIKES experiments and MD simulations have been jointly performed in 

a study to understand how the local structure and intermolecular dynamics of 

[BzC1im][NTf2] differs from that of an equimolar mixture of C6H6/C1C1. The 

differences between these two IL systems lie in that in [BzC1im][NTf2] the phenyl ring 

is connected to the imidazolium ring while in the mixture the benzene molecules are 

free to move relative to the cation, and that in the former the electrostatic interactions 

are stronger than in the latter. The local environments of both imidazolium rings and 

phenyl groups are similar as are the computed DOS for intermolecular motion. However, 

the MD DOS are not consistent with RSDs, which may be due to the former being 

single-particle properties whereas the latter being collective properties. That BzC1 has 

a broader intermolecular spectrum than the 1:1 C6H6/C1C1 mixture is due to the stronger 

electrostatic interactions in the former. An OHD-RIKES study was also done to the 

(Bz)2 and 2:1 C6H6/C1C1 mixture pair, which shows similar difference to the BzC1 and 

1:1 C6H6/C1C1 mixture pair in terms of intermolecular spectrum. That BzC1 shows a 

slightly broader intermolecular spectrum than (Bz)2 provides further evidence that 

broadening of intermolecular spectrum results from stronger electrostatic interactions. 
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Chapter 9 

9. Conclusions  

            The physicochemical properties and intermolecular dynamics of a homologous 

series of branched ILs were compared to that of a corresponding homologous series of 

linear ILs by means of physicochemical property measurements (i.e., density, viscosity, 

thermal transitions), molecular dynamics simulations, and optical heterodyne detected 

Raman induced Kerr effect spectroscopy (OHD-RIKES). Molecular dynamics (MD) 

simulations provided a means of obtaining a molecular level understanding for the 

viscosity difference between the branched ILs and the linear ILs. Information about the 

intermolecular dynamics of these systems obtained from OHD-RIKES measurements 

allowed us to glean information about the difference in the microscopic environments 

between branched and linear ILs. The CS2 solute was used to probe the nature of the 

heterogeneity in going from [C1C1im][NTf2] to [C4C1im][NTf2] by means of OHD-

RIKES. The local structure and intermolecular dynamics of 1:1 benzene/[C1C1im][NTf2] 

and 2:1 benzene/[C1C1im][NTf2] mixtures were studied by OHD-RIKES and MD 

simulations. The Kerr spectra of the mono-benzyl substituted IL [BzC1im][NTf2] and 

di-benzyl substituted IL [(Bz)2im][NTf2] were compared to those of the 1:1 

benzene/[C1C1im][NTf2] mixture and 2:1 benzene/[C1C1im][NTf2], respectively, to see 

how tethering the benzene moieties to the imidazolium rings of the cations affects the 

intermolecular dynamics in these IL systems. 

            The main important findings in this work are as follows: 
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 The glass transition temperatures, melting temperatures, and viscosities of the 

branched ILs are systematically higher than those of their linear analogs. As 

expected from the Stoke-Einstein equation, the self-diffusion coefficients of 

cations and anions of branched ILs are lower than those of their linear analogs.  

 [2mC3C1im][NTf2] shows an anomalous behavior in the value of Tg, Tm, and 

, compared to the values of Tg, Tm, and for the other branched ILs, 

indicating that the liquid structure or interactions in this IL may be different 

than in the other branched ILs. 

 From NEMD simualtions results, branched ILs were found to have smaller 

radii of gyration, which results in stronger electrosatatic interactions between 

caitons and anions in branched ILs than in linear ILs, and thus accounting for 

the higher viscosites of branched ILs than linear ILs. 

 That [2mC3C1im][NTf2] has an especially weak repulsive interaction at short 

range distances and especially strong attractive interaction at long range 

distances affords it with the strongest electrostatic energy compared to all the 

other branched ILs, which is one of the principal reasons for its anomalously 

high viscosity compared to what would predicted based on the other branched 

ILs. 

 The RSDs of both branched and linear ILs obtained from OHD-RIKES time-

domain signal by the Fourier-transform-deconvolution procedure exhibit an 

increasing contribution from the high frequency modes with an increase in the 

alkyl carbon number N. That a branched IL has an intermolecular spectrum 

similar to that of a linear IL of the same alkyl chain length indicates that the 
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intermolecular dynamics and local structures are dependent on the alkyl chain 

length rather than on the alkyl carbon number of the imidazolium-based ILs. 

  [2mC3C1im][NTf2] was shown to have the strongest electrostatic interactions 

based on the MD simulations and have the highest spectral moment and the 

broadest RSD, which suggests that there is a relationship between 

intermolecular spectrum and electrostatic interactions in ILs. 

 CS2 has a higher solubility than expected in [C1C1im][NTf2] due to the low 

cohesive energy in the high-charge density region of this IL, the small size and 

the high molecular polarizability of CS2. CS2 was shown to be a good probe of 

the change in heterogeneity in going from [C1C1im][NTf2] to [C4C1im][NTf2]. 

 The transition of structural heterogeneity evolution of [CnC1im][NTf2] based 

ILs from n=1 to n=4 was captured based on the change of the intermolecular 

spectral contribution from CS2 in these mixtures. The OHD-RIKES 

measurements indicate that CS2 in [C1C1im][NTf2] and [C2C1im][NTf2] sees 

stiffer intermolecular potential than in [CnC1im][NTf2] for n=3-5 or longer 

alkyl chains because the CS2 molecules are interacting with the ionic network 

in the case of ILs with short alkyl chains, and with the nonpolar domains in the 

case of ILs with longer alkyl chains. 

 MD simulations showed that the local concentrations around [C1C1im]+ cations 

and around the benzene molecules in the 1:1 benzene/[C1C1im][NTf2] mixture 

is highly structured with alternate coplanar benzene molecules and [C1C1im]+ 

cations. 

 The intermolecular part of the RSD of benzene/[C1C1im][NTf2] mixtures are 
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higher in frequency and broader than those of the ideal mixture RSDs 

calculated by volume-fraction weighted sum of the RSDs of the pure liquids, 

which was interpreted as being due to an ion-cage effect that arises from 

benzene molecules being governed by a stiffer potential in the mixture in in the 

pure liquid. Suppression of translational modes of benzene was proposed as the 

reason for why experimental mixture spectrum is lower in intensity especially 

in the low frequency side than ideal mixture spectrum. 

 Comparing the main band of the Kerr spectrum of neat BnzC1 to that of the 1:1 

C6H6/C1C1 mixture and the main band of the Kerr spectrum of neat (Bnz)2 to 

that of the 1:1 C6H6/C1C1 mixture has shown that restricting the motion of the 

phenyl moiety by having it tethered to the imidazolium ring as opposed to 

being free in the mixture reduces the intensity of the Kerr spectrum and shifts 

it to higher frequencies. 

 The relative intensities of the two bands associated with the intramolecular 

rocking modes of the cation in the tail region of the Kerr spectrum of benzyl-

substituted ILs are different with the intensity of the band at  180 cm-1 higher 

than that of the band at  215 cm-1 in [(Bz)2im][NTf2].  In contrast, they nearly 

have the same intensity in [BnzC1im][NTf2]. 
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Chapter 10 

10. Future work 

            In this work the effect of alkyl chain branching and alkyl chain length on the 

physicochemical property and the intermolecular dynamics of imidazolium based ILs 

have been systematically studied by means of physical property characterization (i.e., 

density, viscosity, thermal transitions), molecular dynamics (MD) simulations, and 

OHD-RIKES measurements. The local structure and intermolecular dynamics of 

benzene molecules in benzene/[C1C1im][NTf2] mixtures and phenyl groups in 

[BzC1im][NTf2] and [(Bz)2im][NTf2] were studied by a combination of MD simulations 

and OHD-RIKES measurements. However, more work still needs be done to obtain 

more accurate simulation of the physicochemical properties and the intermolecular 

dynamics of ILs and experimental support of the conclusions made in this dissertation. 

10.1 MD simulations of ionic liquids. 

            It has been discussed in Chapter 4 of this dissertation that viscosity values of the 

ILs obtained from non-equilibrium MD (NEMD) simulations were about 1.5 times of 

experimental viscosity values. The NEMD simulations were carried out with a fixed-

charge force field. Applying a polarizable force field to EMD simulations has proven to 

produce simulated viscosities that are closer to experimental values.1-2 So it is expected 

that we can obtain simulated viscosity values closer to experimental viscosity values if 

we apply a polarizable force field to the NEMD simulation procedure. Furthermore, 

Watanabe and co-workers3 have hypothesized that the increase of van der Waals energy 

dominates the interaction energy in determining the increase of viscosities with 
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increasing alkyl chain length for linear imidazolium-based ILs. However the magnitude 

in the increase of the van der Waals energy is much smaller than the magnitude in the 

change of the Coulombic energy as can be seen in Figure 10-1 (which is the same figure 

as Figure 4-9). The reason for the much smaller magnitude in the change of the van der 

Waals energies is due to the lack of a polarizable force field, which would allow alkyl-

ion inductive forces to be considered in explaining the viscosity trend for both branched 

and linear ILs. With a polarizable force field the simulated viscosity values are expected 

to be closer to experimental viscosity values, and the total energies including van der 

Waals energies and Coulombic energies are expected to show trends similar to those of 

the viscosities of the branched and the linear ILs. So the next phase of MD simulations 

will be focused on running the simulations with a polarizable force field. 

 

            Figure 10-1. Van der Waals energy and Coulombic energy as a function of alkyl 

carbon number for both branched and linear ILs 
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10.2 Quantum calculations and Raman spectroscopic measurements 

            The RSD of [1mC2C1im][NTf2] shows double peaks in the 120-140 cm-1 range, 

which are absent in the RSDs of the other ILs. The double peaks have also been observed 

in the RSD of [(C2)2im][NTf2],
4 and the peak at 140 cm-1 was attributed to scissoring 

modes of the cis- and trans-conformers of [(C2)2im]+. [1mC2C1im][NTf2] has the same 

alkyl chain length with that of [(C2)2im][NTf2], thus the peak at 140 cm-1 in the RSD of 

[1mC2C1im][NTf2] could also be attributed to the scissoring modes of [1mC2C1im]+. 

This possibility needs be confirmed by further quantum calculations and Raman 

spectroscopic measurements.  

            RSDs of [BzC1im][NTf2] and [(Bz)2im][NTf2] are quite similar except for the 

two peaks at 179 and 214 cm-1. In the case of [(Bz)2im][NTf2] the intensity of the band 

at ≈ 179 cm-1 is higher than that of the band at ≈ 214 cm-1, whereas in the case of 

[BzC1im][NTf2] they have approximately the same intensity. The nature of the low 

frequency intramolecular modes of [BzC1im][NTf2] and [(Bz)2im][NTf2] can be further 

understood by means of quantum chemistry calculations as well as Raman spectroscopic 

measurements. 

10.3 Intermolecular dynamics of benzene/[2mC3C1im][NTf2] mixtures. 

            Among the branched and the linear ILs in this study, [2mC3C1im][NTf2] has the 

strongest electrostatic interaction energy (see Figure 10-1) and the broadest 

intermolecular dynamic band. It has been discussed in Chapter 8 of this dissertation that 

the reason why the intermolecular band of [BzC1im][NTf2] is higher in frequency and 

broader than that of the 1:1 benzene/[C1C1im][NTf2] mixture could be due to the 
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stronger electrostatic interaction in the former. It has also been suggested by Shirota et 

al.5 that the intermolecular vibrational frequencies of the IL MOEPy+/DCA- is higher 

than that of its analogous isoelectronic MOEBz/DCM binary neutral mixture, which 

may due to the additional Coulombic interaction and higher order terms in the 

electrostatic interaction energy that are present in the IL but absent in the MOEBz/DCM 

neutral binary mixture. Thus it would be of great interest to study the intermolecular 

dynamics of benzene/[2mC3C1im][NTf2] mixtures as a function of benzene composition 

by means of OHD-RIKES, and compare them with those of benzene/[C4C1im][NTf2] 

mixtures as a function of benzene composition. It is expected that benzene in 

[2mC3C1im][NTf2] will exhibit broader intermolecular vibrational spectrum than in 

[C4C1im][NTf2] since stronger electrostatic interactions are expected to be found in the 

former case as shown in NEMD simulations in Chapter 4. 
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