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MINI-REVIEW

Ionic Liquids for and by Analytical
Spectroscopy
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Abstract: In this mini-review we highlight two aspects of ionic liquids that to date have

either no or limited studies. They are (1) exploitation of unique features of ionic liquids

to develop novel spectroscopic methods and (2) development of novel spectroscopic

methods, for the sensitive and accurate determination of thermal physical properties

of ionic liquids. In the first category, we will describe several novel methods which

were developed utilizing unique properties of ionic liquids for measurements which

are not possible otherwise. They include the sensitive and accurate method to

determine enantiomeric compositions of a variety of pharmaceutical products with

different size, shape, and functional groups. This method is based on the use of a

chiral IL which serves both as a solvent and also as a chiral selector. Ionic liquids

have also been successfully used to substantially enhance the sensitivity of thermal

lens measurements. In the second category, we will describe recent development in

which transient grating technique and thermal lens technique have been successfully

used for the sensitive, accurate, nondestructive determination of thermal physical prop-

erties of ILs.
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Ionic liquids (ILs) are a group of organic salts that are liquid at room

temperature. They have unique chemical and physical properties,

including being air and moisture stable, a high solubility power, and

virtually no vapor pressure (Welton 1999; Tran and Lacerda 2002; Mele

et al. 2003; Tran et al. 2003; Wasserscheid and Welton 2003). Because

of these properties, they can serve as a “green” recyclable alternative to

the volatile organic compounds that are traditionally used as industrial

solvents (Welton 1999; Tran and Lacerda 2002; Mele et al. 2003; Tran

et al. 2003; Wasserscheid and Welton 2003). The ILs have, in fact,

been successfully used in many applications, including replacing

traditional organic solvents in (1) organic and inorganic syntheses

(Wasserscheid and Welton 2003), (2) solvent extractions (Diets et al.

2001), (3) liquid-liquid extractions (Blanchard et al. 1999; Blanchard

and Brennecke 2001; Compton and Laszlo 2002; Kazarian et al. 2000),

(4) electrochemical reactions (Compton and Laszlo 2002; Quin et al.

2002) and (5) as a medium for enzymatic reaction (Laszlo and

Compton 2001).

A large number of scientists from many disciplines have been engaged

on study of ILs. However, to date, majority of research on ILs has focused on

synthesizing novel ILs with either new anions and/or cations and determin-

ing their chemical properties. Because of the efforts, substantial advances

have been made, and it has been estimated that the number of novel and

task-specific ILs which can be readily synthesized can be of the size as

large as 106. In spite of availability of a rather large number of newly syn-

thesized ILs, information on their spectroscopic and thermal properties is

not widely available. This is rather unfortunate because with their

superior spectroscopic and physical properties, the ILs can potentially be

used not only as a green but also as superior solvent in terms of

enhancing sensitivity and selectivity of spectroscopic measurements, as

well as high performance fluids for use of a wide range of engineering

and materials science applications, such as high pressure and high tempera-

ture lubricants. It is probable that laboratory and industrial applications of

ILs in spectroscopy, engineering, and material processing are limited

because of lack of studies and the paucity of data on their spectroscopic

and physical properties.

In this mini-review we will not describe all analytical applications of

ILs. There are several excellent reviews on this subject (Anderson et al.

2006; Marszall and Kaliszan 2007). Rather, we will address the shortcom-

ings described above. Specifically, we will focus not on the synthesis of

novel ILs or the investigations of their chemical properties but rather on

what ILs can uniquely do as solvents for spectroscopy, and what spectro-

scopic techniques can do for ILs. That is, we will summarize studies

which focus on (1) the exploitation of unique properties of ILs as

solvents to enhance sensitivity and selectivity of spectroscopic measure-

ments, and (2) the development of novel spectroscopic methods which

C. D. Tran2448
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are nondestructive, require only a small amount of samples and have high

sensitivity, accuracy for the determination of thermal physical properties

of ILs.

IONIC LIQUIDS FOR SPECTROSCOPY

Chiral Ionic Liquid that Functions as Both Solvent and Chiral

Selector for the Determination of Enantiomeric Compositions of

Pharmaceutical Products

Chiral analysis is an important subject in science as well as in technology.

Enantiomeric forms of many compounds are known to have different physio-

logical and therapeutic effects (Hinze 1981; Armstrong 1987; Armstrong and

Han 1988; Chem. Eng. New 2001). Very often, only one form of enantiomeric

pair is pharmacologically active (Hinze 1981; Armstrong 1987; Armstrong

and Han 1988; Chem. Eng. New 2001). The other or others can reverse or

otherwise limit the effect of the desired enantiomer. Recognizing the import-

ance of chiral effects, the FDA in 1992 has issued a mandate requiring

pharmaceutical companies to verify the enantiomeric purity of chiral drugs

that are produced (Hinze 1981; Armstrong 1987; Armstrong and Han 1988;

Chem. Eng. New 2001). It is thus hardly surprising that pharmaceutical

industry needs effective methods to determine enantiomeric purity.

Methods currently available for the determination of enantiomeric purity

are based either on separation (HPLC, GC, CE) or spectroscopy (CD, NMR,

MS) (Hinze and Armstrong 1987; Tran and Dotlich 1995; Rothchild 2000;

Tran and Kang 2002; Tran and Kang 2003; Tao and Cooks 2003). While

these methods have proven to be effective, they all have some drawbacks

including time consuming, low sensitivity, and destructive (Hinze and

Armstrong 1987; Tran and Dotlich 1995; Rothchild 2000; Tran and Kang

2002; Tran and Kang 2003; Tao and Cooks 2003). More importantly, none

of them is truly universal; namely, they cannot be used for all types of

compounds. Contrary to the general belief, it was demonstrated recently that

it is possible to develop a method which is not only universal but also has rela-

tively higher sensitivity and accuray (Tran et al. 2003, 2004). The method is

based on the use of the NIR technique to measure diastereomeric interactions

between an added carbohydrate compounds (e.g., a-, b-, g-cyclodextrin or

sucrose) with both enantiomeric forms of an analyte followed by partial least

square analysis of the data (Tran et al. 2003, 2004). Compared to other

existing methods, this method not only has relatively higher sensitivity and

accuracy but also is universal. Specifically, it can be used to determine enan-

tiomeric compositions of all types of compounds including amino acids and

pharmaceutical products (propranolol, atenolol, ibuprofen) with only

microgram concentration and enantiomeric excess as low as 1.5% (Tran

et al. 2003, 2004). It is noteworthy to add that while this method has proven

Ionic Liquids 2449
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to be very effective, it still has some limitations such as the need to add a

carbohydrate compound (to induce the diastereomeric interactions) and the

fact that the analysis must be performed in a solvent which can dissolve both

analyte and the carbohydrate compound. Because of the latter requirement

(and because of the different solubility of various types of analytes), it may

be necessary to perform the analysis in a variety of solvents including water

or a mixture of water and organic solvents. As a consequence, a separated cali-

bration curve must be constructed for each set of carbohydrate—analyte in

each specific solvent system. This cumbersome and time consuming task

somewhat limits the application of the method. Fortunately, recent advances

in ILs, specially in chiral ILs, make it possible to develop a novel method

which does not need to add a carbohydrate compound and use only a chiral

IL as a solvent for the analysis of all types of compounds.

Advances in ILs have made synthesis of chiral ILs a subject of intense

study in recent years (Howarth et al. 1997; Earle et al. 1999; Ishida et al.

2002; Wasserscheid et al. 2002; Baudequin et al. 2003; Bao et al. 2003;

Levillain et al. 2003; Ding et al. 2004; Pegot et al. 2004; Vo-Thanh et al.

2004; Ding et al. 2005; Ding and Armstrong 2005; Fukumoto et al. 2005).

The popularity stems from the fact that it is possible to use chiral ILs as

chiral solvents for optical resolutions, for asymmetric induction in synthesis

and as chiral stationary phase in chromatography (Howarth et al. 1997; Earle

et al. 1999; Ishida et al. 2002; Wasserscheid et al. 2002; Baudequin et al.

2003; Bao et al. 2003; Levillain et al. 2003; Ding et al. 2004, 2005;

Vo-Thanh et al. 2004; Pegot et al. 2004; Ding and Armstrong 2005;

Fukumoto et al. 2005). It may also be possible to use chiral IL to replace the

solvent as well as the added carbohydrate compound for the enantiomeric

purity determination method. Specifically, the chiral IL with its high solubility

power should dissolve many different types of analytes. Its chirality may

produce the needed diastereomeric interactions with both enantiomeric forms

of an analyte. Unfortunately, in spite of their potentials, chiral ILs is not com-

mercially available. Only a few chiral ILs have been synthesized, and the

synthesis of reported chiral ILs required rather expensive reagents and elabo-

rated synthetic schemes (Howarth et al. 1997; Earle et al. 1999; Ishida et al.

2002; Wasserscheid et al. 2002; Baudequin et al. 2003; Bao et al. 2003;

Levillain et al. 2003; Ding et al. 2004, 2005; Pegot et al. 2004; Vo-Thanh

et al. 2004; Ding and Armstrong 2005; Fukumoto et al. 2005). Because of

these limitations, in spite of extensive efforts made by various groups, to

date, the study and applications of chiral ILs have been severely hindered.

Tran et al. demonstrated recently, that both enantiomeric forms of a novel

chiral ionic liquid, R-and S-(3-chloro-2-hydroxypropyl)trimethylammonium

Tf2N
2 ((R)- and S-[CHTA]þ [Tf2N]

2) can be readily synthesized in enantio-

merically pure form by a simple ion exchange reaction from corresponding

(R)- and (S)-chloro-2-hydroxypropyl)trimethylammonium chloride salts

which are commercially available (Sch. 1) (Tran et al. 2006; Tran and

Oliveira 2006).

C. D. Tran2450
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(R)- and S-[CHTA]þ [Tf2N]
2 are liquid at room temperature (glass tran-

sition temperature of –58.48C), have relatively high thermal stability

(thermally stable at 3008C, lose only 1% of its weight at 3268C, and retain

50% of its mass at temperature as high as 4378C) (Tran et al. 2006).
19F NMR study of the interactions between optically active S-CHTAþ

Tf2N
2 ionic liquid and racemic Mosher’s salt shows that the chiral

S-CHTAþ Tf2N
2 ionic liquid do exhibit relatively strong enantiomeric recog-

nition and that their chiral recognition is relatively stronger than those for

other reported chiral ILs (Wasserscheid et al. 2002; Levillain et al. 2003).

The high solubility power and enantiomeric recognition ability of the IL

enabled Tran et al. (2003, 2004), to develop a novel method, which is not

only universal but also has relatively higher sensitivity and accuracy. This

method is based on the near-infrared technique while this chiral IL serves

both as a solvent and also as a chiral selector for the determination of enantio-

meric purity has been developed. Shown in Fig. 1 are NIR spectra of the pure

S-CHTAþ Tf2N
2 and 17 solutions of atenolol with the same total concen-

tration of 60 mM but different enantiomeric compositions. Enantiomeric com-

positions of the sample can then be determined by partial least square (PLS)

methods of analysis. Enantiomeric compositions of a variety of pharma-

ceutical products (e.g., atenolol, propranolol, ibuprofen) and amino acids

(e.g., alaine, phenyl alanine) with different shape, size, and functional

groups can be sensitively (microgram concentration) and accurately (enantio-

meric excess as low as 0.60%) determined by use of this method. Because in

this method, the chiral IL serves both as solvent and chiral selector, it is not

necessary to add a carbohydrate compound or to perform the analysis in a

variety of solvents. Relatively fewer and simpler calibration models are

needed. As a consequence, the method will have wider applications and

universal utility as it can be used for the analysis of all type of compounds

with relatively shorter analysis time and easier procedure.

Scheme 1.

Ionic Liquids 2451
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More importantly is the fact that this enantiomeric composition determi-

nation method based on chiral IL is not specific to near-infrared spectroscopic

technique but is rather general as it can be used with other spectroscopic tech-

niques as well. In fact, it has been demonstrated that fluorescence technique

can also be used with this method (Tran and Oliveira 2006). This is can be

seen in Fig. 2, which shows fluorescence spectra of 24 solutions of propranolol

in S-CHTAþ Tf2N
2 with total concentration of 10 mM, but different enantio-

meric compositions. Similar to NIR based method, treatment of fluorescence

spectra by PLS method enables determination of enantiomeric compositions

of the samples. The fluorescence based method has relatively higher sensi-

tivity and lower limit of detection compared to the method based on the

near-infrared technique (Tran and Oliveira 2006). It was found that enantio-

meric compositions of a variety of pharmaceutical products with different

shapes, sizes, and functional groups (propranolol, naproxen, warfarin) can

be determined sensitively (microgram concentration) and accurately (enantio-

meric excess as low as 0.30% and enantiomeric impurity as low as 0.08%) by

use of the fluorescence based method (Tran and Oliveira 2006). The high sen-

sitivity obtained by this method stems from the inherent high sensitivity of the

fluorescence technique. However, it is important to realize that in spite of its

high sensitivity, the fluorescence based method has relatively limited appli-

cation compared to the near-infrared based method which has much wider

applications as the latter can be used for all types of compounds while the

former can only be used for analytes which are fluorescent; e.g., propranolol,

naproxen, and warfarin (Tran and Oliveira 2006).

Figure 1. NIR spectra of the pure S-CHTAþ Tf2N
2 and of 17 solutions of atenolol

with the same total concentration of 60 mM but different enantiomeric compositions.

C. D. Tran2452
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Ionic Liquids as Superior Solvent for Thermal Lens Measurements

Thermal lens techniques are known to be a sensitive method for low-

absorbance measurements (Bialkowski 1996; Franko and Tran 1996).

Absorptivities as low as 1027 have been measured using these techniques

(Bialkowski 1996; Franko and Tran 1996). The utility of the techniques has

increased substantially because it has been demonstrated recently that, in

addition to the ultrasensitivity, the techniques are particularly suited for

small volume samples (Kitamori et al. 2004). In fact, the combined ultrasen-

sitivity and small volume capability make it possible to successfully use the

techniques as a detector for microfluidic devices. The technique is based on

the nonuniform temperature rise that is produced in an illuminated sample

by nonradiative relaxation of the energy absorbed from a TEM00 laser

beam. For weak absorbing species, the thermal lens signal, which is

measured as the relative changes in the laser beam center intensity in the

far field, DIbc/Ibc, is related to the excitation laser power P and sample

absorbance A by

DIbc

Ibc
¼

1:21Pðdn=dTÞA

lk
ð1Þ

where l is the wavelength, and dn/dT and k are the temperature coefficient of

the refractive index and thermal conductivity of the solvent, respectively

(Bialkowski 1996; Franko and Tran 1996). It is thus clear that in addition to

Figure 2. Fluorescence spectra of 22 solutions of propranolol in S-CHTAþ Tf2N
2

ionic liquid with total concentration of 10 mM but different enantiomeric compositions.

Each spectrum was an average of 20 spectra taken with 280 nm excitation wavelength.

Ionic Liquids 2453
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the sample absorbance and excitation laser power, the thermal lens signal is

directly proportional to dn/dT and inversely proportional to the k value of

the solvent (Bialkowski 1996; Franko and Tran 1996). Nonpolar, volative

organic solvents such as benzene, carbon tetrachloride, and hexane, should

provide good media for thermal lens measurements owing to their high

dn/dT and low k values. Conversely, water, which is the most powerful and

widely used solvent in spectrochemical analysis is considered to be the

worst medium for thermooptical techniques because it has very low dn/dT
and high k values (Bialkowski 1996; Franko and Tran 1996). In fact, it was

theoretically predicted and experimentally verified that for the same sample

concentration and excitation laser power, the sensitivity of thermal lens

measurements in volatile solvent such as carbon tetrachloride and benzene

are about 40 and 26 times higher than that in water, respectively (Tran 1988;

Tran and Van Flett 1988; Franko and Tran 1989, 1991; Baptista and Tran

1995). This is very unfortunate because it severely limits the scope of these

techniques. As a consequence, considerable efforts have been made either to

develop novel solvents that have better thermo-optical properties than water

but do not produce pollution like traditional volatile organic solvents. It is

expected that ionic liquids with their unique properties should serve as a

greener solvent but with higher sensitivity for thermal lens measurements.

Tran et al. (2006) successfully demonstrated that ILs can be used as an

attractive and superior solvent for thermal lens measurements. ILs are

superior to water as they have relatively high solubility power, and by

judicious selecting either the cation and/or anion, they can dissolve many

different types of compounds including polar as well as non polar

compounds. More importantly, ILs provides a relatively better medium for

thermal lens measurements than water. This can be seen in Fig. 3 which

shows calibration curves for thermal lens in water and in three different ILs

with the same cation but different anions ([BMIm]þ [Tf2N]
2, [BMIm]þ

[PF6]
2, and [BMIm]þ [BF4]

2) and Fig. 4 which shows calibration curves

for thermal lens in ILs with the same anion but with cations having alkyl

groups with different lengths (C2 or [EMIm]þ [Tf2N]
2, C4 or [BMIm]þ

[Tf2N]
2, C5 or [PMIm]þ [Tf2N]

2, C6 or [HMIm]þ [Tf2N]
2 and C8 or

[OMIm]þ [Tf2N]
2). It is evident that not only the ILs offer at least 20 times

higher sensitivity than water but that the enhancement can be appropriately

adjusted by changing either the cation and/or the anion of the ILs. For

example, the sensitivity in [BMIm]þ [Tf2N]
2 is about 26 times higher than

in water. It can be increased up to 31 times by changing the anion to

[PF6]
2 (i.e., [BMIm]þ [PF6]

2) or to 35 times by changing the cation to

[OMIm]þ (i.e., [OMIm]þ [Tf2N]
2). In fact, the sensitivity of thermal lens

measurements in ILs is comparable to those in volatile organic solvents

such as benzene, carbon tetrachloride, hexane, but ILs are more desirable as

they have virtually no vapor pressure. As described in the previous section,

the thermal lens technique is particularly suited as detection method for micro-

fluic devices because it has high sensitivity and small volume capability

C. D. Tran2454
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Figure 3. Calibration curves for thermal lens in water and in three different ionic

liquids: [BMIm]þ [Tf2N]
2, [BMIm]þ [BF4]

2, and [BMIm]þ [PF6]
2.

Figure 4. Calibration curves for thermal lens in ionic liquids with the same anion

(Tf2N
2) but with imidazolium cations having alkyl group with different length.

Ionic Liquids 2455
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(conventional spectrophotometric technique cannot be used for such devices

because not only that it has much lower sensitivity but that its sensitivity is

proportional to the pathlength of the sample). The ILs induced thermal lens

enhancement reported here can, therefore, be synergistically used in micro-

fluic devices by simply replacing either water (to enhance detection sensi-

tivity) or VOC solvent (to prevent pollution and also to enhance the

sensitivity) with ILs. It is noteworthy to add that due to the relationship

between dn/dT and dr/dT, it is expected that ILs can serve as an attractive

and superior solvent not only for thermal lens measurements but also for

other photothermal and photoacoustic techniques as well.

SPECTROSCOPY FOR IONIC LIQUIDS

As described in the introduction, the majority of studies on ILs have focused

on synthesizing ILs with new anions and cations, and determining their

chemical properties (Welton 1999; Wasserscheid and Welton 2003; Ohno

2005). Unfortunately, information on the ILs including their physical proper-

ties and the relationships between structure and physical properties is not

widely available despite their superior physical properties which make them

suitable, not only as green solvents, but also as high performance fluids for

use in a wide range of engineering and materials science applications, such

as high pressure and high temperature lubricants (Welton 1999; Wasserscheid

andWelton 2003; Ohno 2005). It is probable that industrial applications of ILs

in chemistry, engineering, and material processing are limited because of the

paucity of data on their physical properties. To hasten the implementation of

such applications as well as to guide the development of novel ILs that have

desired properties, it is particularly important to perform study which aims not

only to measure physical properties of the ILs but also to determine the

relationship between their structure and properties. Differential scanning

calorimery (DSC) is usually the instrument of choice for such study as it

can determine phase transition temperatures and heat capacities of various

substances. Thermal conductivity values can also be determined by use of

the DSC but such measurement requires instrumental modification. While

the DSC is effective for thermal characterization of the ILs, the instrument

is relatively expensive and measurements are often time consuming and

tedious. Furthermore, relatively large amount of samples is required for

DSC measurement especially high sensitivity is required. As a consequence,

it is important that new techniques, which are capable of sensitively and accu-

rately determine thermal physical properties of ILs, be developed. As will be

described in the following sections, recently it was demonstrated that tech-

niques based on photothermal and photoacoustic effect, including transient

thermal grating and thermal lens, are particularly well suited for the determi-

nation of thermal physical properties of ILs.

C. D. Tran2456
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Determination of Thermal Physical Properties of Ionic Liquids by

Transient Grating Technique

Transient grating technique is one formof photothermal techniques (Eichler et al.

1982; Yan et al. 1988; Duggal and Nelson 1991; Sim et al. 1992;Mandelis 1994;

Mandelis 2002; Chen and Diebold 1996). It is based on the transient grating

formed by intersecting two pulsed laser beams (pump beam) in the sample

(Eichler et al. 1982; Yan et al. 1988; Duggal and Nelson 1991; Sim et al.

1992; Mandelis 1994; Chen and Diebold 1996; Mandelis 2002). If the

sample absorbs the laser light, the heat generated as the consequence of the

nonradiative relaxationwill produce photoacousticwave and sinusoidal tempera-

ture elevation. The acoustic wave and thermal wave undergo decay as the sample

slowly returns to ambient temperature. Since the decay of the acoustic wave

and thermal wave are dependent on the thermal physical properties of the

sample, by monitoring these decays with a probe laser beam, thermal physical

properties of the sample including its thermal diffusivity and thermal conduc-

tivity value can be determined (Eichler et al. 1982; Yan et al. 1988; Duggal

and Nelson 1991; Sim et al. 1992; Mandelis 1994; Chen and Diebold 1996;

Mandelis 2002). In fact, transient grating technique has been successfully used

for the sensitive and accurate determination of thermal physical properties of

various substances (Eichler et al. 1982; Yan et al. 1988; Duggal and Nelson

1991; Sim et al. 1992; Mandelis 1994; Chen and Diebold 1996; Mandelis

2002). As can be seen in following sections, by use of the transient grating

method it was possible not only to determine the physical properties of ILs, but

also to gain insight into relationship between IL structure and their thermophysi-

cal properties.

Theoretical treatment of photoacoustics and its application to the transient

grating technique have been reported previously (Yan et al. 1988; Duggal and

Nelson 1991; Sun et al. 1992; Chen and Diebold 1996). The photoacoustic

effect occurs because of thermoelastic expansion of the absorbing media.

For a point source, the density change, d can be written as:

d ¼
aE0b

Cp
�e�k2x t

þ e�k2s tCosðcKtÞ
h i

; ð2Þ

where the damping parameter s, and the viscous and heat conduction lengths

l0v and lh respectively, are given by (Morse and Ingard 1968)

s ¼
1

2
c l0v � ðg� lÞlh½ �

lv0 ¼
nþ ð4=3Þm

pc

lh ¼
x

c
ð3Þ

Ionic Liquids 2457
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The quantities a, c, g, m, h, and r are the thermal diffusivity, sound speed, heat

capacity ratio, bulk viscosity coefficient, shear viscosity coefficient, and

density of the sample, respectively; and E0, a, {b and Cp are the energy

fluence of the laser beam, the optical absorption coefficient, the volume

expansion coefficient, and the isobaric heat capacity, respectively, of the

fluid. The first and second terms in Equation (2) describe the time dependences

of the thermal and acoustic modes of wave motion, respectively. Since the

decays of the acoustic and thermal mode densities back to their ambient

values take place on such different time scales (microsecond time scale for

acoustic mode and millisecond time scale for thermal mode), they can be

monitored using different time bases.

Signalacoustic ðtÞ ¼ Fð�Aþ e�EðtþCÞCos
2p ðt þ CÞ

B

� �� �2
þ D ð4Þ

Signalthermal ðtÞ ¼ �Ge�HðtþCÞ
� �2

þ D ð5Þ

where the quantities denoted by capital letters are adjustable parameters used

in the least-square fitting procedure. Therefore, by fitting measured transient

grating signals to Equations (2, 4, 5), thermal diffusivity, sound speed, heat

capacity ratio, bulk viscosity coefficient, shear viscosity coefficient, and

density of the sample can be obtained.

Results obtained show that the properties of the anion of the ILs have a

strong effect on the sound speed. Specifically, changing the anion from BF4
to either PF6 or Tf2N leads to 7.9 and 21.5% decrease in the sound velocity

(from (1564+ 8) ms21 for BMImþ BF4
2 to (1441+ 4) ms21 for BMImþ

PF6
2 and to (1227+ 6) ms21 for BMImþ Tf2N

2). Interestingly, the size of

the cation does not seem to have observable effect on the sound velocity of

the ILs: the sound velocity of the IL with C2 cation (i.e., EMImþ Tf2N
2) is

1240+ 4 ms21 which is similar to that of the IL with C4 or BMImþ Tf2N
2

(1227+ 6 ms21), C5 or PMImþ Tf2N
2 (1227+ 2 ms21), C6 or HMImþ

Tf2N
2 (1232+ 11 ms21) and C8 or OMImþ Tf2N

2 (1232+ 5 ms21).

As expected, the results obtained by this method for BMImþ BF4
2 and

BMImþ PF6
2 agree very well (within 1% error) with reported values deter-

mined using other methods (1564+ 8 ms1 and 1441+ 4 ms21 for BMImþ

BF4
2 and BMImþ PF6

2, determined by this method compared with

1570+ 23 and 1431+ 59 ms21 by other workers (de Azevedo et al. 2005).

As evident from Fig. 5, the damping constant for [BMIM]þ [PF6]
2 is

similar to that of [BMIM]þ [BF4]
2, but is approximately double that of

[BMIM]þ [Tf2N]
2. It seems that the anion has a strong effect on the

damping parameter s, while that of the cation exerts no significant effect—

a trend that parallels the relative influence of the anion and cation on the

sound speed, as noted above.

In addition to acoustic properties, the transient grating measurements also

provide information on the thermal diffusivity of the ILs. It seems that similar

C. D. Tran2458
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to the effect on the sound velocity, the anions of the ILs exert strong influence

on their thermal diffusivities. This can be seen in Fig. 6, which plot the decays

of the thermal mode in Equation (5) for the three ILs which the same cation

but different anion: BMImþ BF4
2, BMImþ PF6

2, and BMImþ Tf2N
2. It is

evident from the figure that the damping of the thermal mode becomes less

profound as the anion becomes more bulky. Specifically, changing the

anion from BF4
2 to either PF6

2 or Tf2N
2 leads to 12 and 30% decrease in

the thermal diffusivity (from (0.86+ 0.01) 1027 m2 s21 for BMImþ BF4
2 to

(0.756+ 0.02) 1027 m2 s21 for BMImþ PF6
2 and to (0.60+ 0.01) 1027

m2 s21 for BMImþ Tf2N
2). Again, similar to the effect on the sound

velocity, the size of the cation does not seem to have observable effect on

the thermal diffusivity of the ILs: the thermal diffusitivy of the IL with C2

cation (i.e., EMImþ Tf2N
2) is (0.601+ 0.004) 1027 m2 s21 which is

similar to that of the IL with C4 or BMImþ Tf2N
2 (0.60+ 0.01) 1027

Figure 5. Plots of the damping parameter (s) in Equation (3) as a function of time for

three ILs with the same cation but different anions: (a) BMImþ BF4
2; (b) BMImþ PF6

2

and (c) BMImþ Tf2N
2.

Figure 6. Plots of the decay of thermal mode for three IL with the same cation but

different anions: BMImþ BF4
2, BMImþ PF6

2 and BMImþ Tf2N
2.

Ionic Liquids 2459
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m2 s21, C5 or PMImþ Tf2N
2 (0.58+ 0.02) 1027 m2 s21, C6 or HMImþ

Tf2N
2 (0.606+ 009) 1027 m2 s21 and C8 OMIm Tf2N (0.61+ 0.01) 1027

m2 s21. Taken together, the results seem to indicate that heat diffusion is con-

trolled not by the cation but rather by the anion.

Although, the transient grating measurements yield values for thermal dif-

fusivity for each IL directly, the thermal conductivity must be found from a

knowledge of the density and specific heat capacity through the relation

a ¼ lr21Cp
21. Only a few values of density and heat capacity have been

reported for BMImþ BF4
2, BMImþ PF6

2, BMImþ Tf2N
2, and EMImþ Tf2N

2

(Wasserscheid and Welton 2003; Fredlake et al. 2004; de Azevedo et al.

2005; van Valkenburg et al. 2005; Waliszewski et al. 2005). Based on the

reported values of these two quantities, thermal conductivities for these four

ILs were calculated to be (1.62+ 0.06) Wm21 K21, (1.09+ 0.05) Wm21 K21,

(1.08+ 0.04) Wm21 K21 and (1.20+ 0.05) Wm21 K21 for BMImþ BF4
2,

BMImþ PF6
2, BMImþ Tf2N

2, and EMImþ Tf2N
2, respectively. As expected,

similar to the effect on the thermal diffusivity, thermal conductivity of the ILs

are strongly effect by their anion. The effect of the cation again seems to be

very small, if any.

Determination of Thermal Physical Properties of Ionic Liquids by

Thermal Lens

Technique

Thermal physical properties of a sample can also be determined by the thermal

lens technique. As described in the previous section, thermal lens signal is

recorded as the time-dependent change in the far filed beam center intensity

(of the probe beam) after the onset of excitation laser illumination

(Tran and van Fleet 1988; Franko and Tran 1989; Franko and Tran 1991;

Baptista and Tran 1995; Bialkowski 1996).

Ibc ðtÞ ¼ lIbc ð0Þ

1� uarctan 2j

3þ j2 þ ð9þ j2Þtc=2t

h i
þ

u
2
actan 2j

3þ j2 þ ð9þ j2Þtc=2t

h in o2
þ

u
4
ln ½ð2þ tc=tÞð3þ j2Þþ 6tc=t�

2 þ 16j2

ð9þ j2Þ2ð2þ tc=tÞ
2

n o� �2

2
666664

3
777775

ð6Þ

where j is related to the distance between the sample and the beam waist Z1

and the confocal distance Zc by

j ¼ Zl=Zc ð7Þ

The strength of the thermal lens, u, is related to wavelength (l) and power of

the laser (P), the sample absorbance (A) and dn/dT and thermal conductivity k

values of the solvent as (In this section, k, not l as in the previous section, is

C. D. Tran2460
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used for thermal conductivity. This was done in order to differentiate the

thermal conductivity from the wavelength of the laser, which is l in this

section.)

u ¼
2:303PAð�dn=dTÞ

lk
ð8Þ

The thermal time constant tc is given by

tc ¼
v2rCp

4k
ð9Þ

where Cp is the heat capacity, r is the density and v is the beam spot size.

From the recorded time dependence of the beam center intensity, Ibc(t), the

thermal lens strength, u and the thermal time constant tc can be obtained by

curve fitting of the data according to Equation (6). Thermal conductivity of

a sample can then be determined from the thermal time constant tc value

using the relationship shown in Equation (9). As described above, density

and heat capacity values are currently available for only a few ILs. Using

these values, thermal conductivity for BMImþ BF4
2 and BMImþ Tf2N

2

were found to be (1.78+ 0.01) Wm21 K21 and (1.10+ 0.02) Wm21 K21,

respectively, which agree very well with the values of (1.62+ 0.06)

Wm21 K21 and (1.08+ 0.04) Wm21 K21 determined by the transient grating

technique.

In summary, photothermal and photoacoustic techniques including

transient grating and thermal lens technique can be used to determine

thermal physical properties (thermal diffusivity and thermal conductivity) of

ILs. The techniques have relatively high precision, namely relative errors

are about 1%. They also have relatively high accuracy: thermal conductivity

values of ILs determined by these methods agree, within 1% with values

previously determined by other workers using other techniques. More impor-

tantly, the photothermal and photoacoustic techniques are sensitive, non

destructive, fast, and require only small amount of sample.
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