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Abstract This study reports thermal-conductivity data for a series of [EMIM]
(1-ethyl-3-methylimidazolium)-based ionic liquids (ILs) having the anions [NTf]
(bis(trifluoromethylsulfonyl)imide), [OAc] (acetate), [N(CN),] (dicyanimide),
[C(CN);3] (tricyanomethide), [MeOHPO,] (methylphosphonate), [EtSO4] (ethylsul-
fate), or [OcSQOy4] (octylsulfate), and in addition for ILs with the [NTf;]-anion having
the cations [HMIM] (1-hexyl-3-methylimidazolium), [OMA] (methyltrioctylammo-
nium), or [BBIM] (1,3-dibutylimidazolium). Measurements were performed in the
temperature range between (273.15 and 333.15) K by a stationary guarded parallel-
plate instrument with a total measurement uncertainty of 3 % (k = 2). For all ILs, the
temperature dependence of the thermal conductivity can well be represented by a linear
equation. While for the [NTf>]-based ILs, a slight increase of the thermal conductivity
with increasing molar mass of the cation is found at a given temperature, the [EMIM]-
based ILs show a pronounced, approximately linear decrease with increasing molar
mass of the different probed anions. Based on the experimental data obtained in this
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study, a simple relationship between the thermal conductivity, molar mass, and density
is proposed for the prediction of the thermal-conductivity data of ILs. For this, also
densities were measured for [EMIM][OAc], [EMIM][C(CN)3], and [HMIM][NTf>].
The mean absolute percentage deviation of all thermal-conductivity data for ILs found
in the literature from the proposed prediction is about 7 %. This result represents a
convenient simplification in the acquisition of thermal conductivity information for
the enormous amount of structurally different IL cation/anion combinations available.

Keywords Density - Ionic liquids - Parallel-plate method - Prediction -
Refractive index - Thermal conductivity

1 Introduction

The number of potential fields of application for ionic liquids (ILs) has strongly
increased in recent years [1-6]. Beside their unique properties, this is mainly due
to an almost unlimited number of possible IL cation/anion combinations which can
be structurally tailored for a specific application. Current estimates of the number of
possible ILs range between ten to the fourteenth to ten to the eighteenth [7]. To ver-
ify the applicability of a certain IL structure, e.g., as a solvent in catalytic reactions
[8], entrainer in distillative separation [9], electrolyte in batteries [10], lubricant in
difficult metal-metal wear contacts [11], or heat transfer fluid in energy technology
[12], a detailed knowledge of its physical and chemical property profiles is required.
The properties of every conceivable IL cannot be obtained by carrying out appropri-
ate measurements, since this would represent a substantial investment in time and
resources. Alternatively, an approach predicting the structure of an IL exhibiting
the required set of properties would be very useful [13]. For this purpose, quanti-
tative prediction methods with a reasonable uncertainty must be developed, see, e.g.,
[14-17]. Yet, all prediction methods can only be as accurate as the experimental data
used for the evaluation of their performance. Although many physicochemical proper-
ties including equilibrium and transport properties of ILs have been studied extensively,
a fundamental lack of reliable data still exists. In particular, only limited information
on the thermal conductivity of ILs is available in the literature, although it is a key
property in many engineering disciplines, e.g., in chemical process design [18]. At
the present, a total amount of 242 experimental thermal-conductivity data points is
available in the open literature for 28 pure ILs at atmospheric pressure [12,19-25].
The major aim of this study is to provide accurate and reliable data for the
thermal conductivity of a set of pure ILs selected to cover a certain range of
molecular weights from (170 to 650) g - mol~!. In detail, [EMIM] (I-ethyl-
3-methylimidazolium)-based ILs carrying the anions [NTf>] (bis(trifluoromethylsul-
fonyl)imide), [OAc] (acetate), [N(CN),] (dicyanimide), [C(CN)s] (tricyanomethide),
[MeOHPO;] (methylphosphonate), [EtSO4] (ethylsulfate), or [OcSO4] (octylsulfate)
were selected. Moreover, a series of ILs with the [NTf;]-anion combined with the cat-
ions [HMIM] (1-hexyl-3-methylimidazolium), [OMA] (methyltrioctylammonium), or
[BBIM] (1,3-dibutylimidazolium) was investigated. With the obtained experimental
data, a simple prediction method for the thermal conductivity of ILs is developed and
compared with the thermal-conductivity data of other ILs available from the literature.

@ Springer



Int J Thermophys (2010) 31:2059-2077 2061

2 Experimental
2.1 Materials and Sample Preparation

[EMIM][N(CN),], [EMIM][MeOHPO,], and [EMIM][NTf;] were purchased from
Solvent Innovation GmbH, Cologne, Germany. [EMIM][OAc] and [EMIM][C(CN);]
were purchased from BASF AG, Germany, and Lonza Cologne AG, Germany.
[EMIM][EtSO4] was obtained by the synthesis procedure described by Maier
et al. [26]. [EMIM][OcSO4] was synthesized by reacting [EMIM][EtSO4] with
n-octanol with the procedure described by Himmler et al. [27]. For the synthe-
sis of [BBIM][NTTf;], the procedure described in our former work [28] was used.
[HMIM][NTf,;] was obtained by applying the same method using the reactants
[HMIM][CI] (1-hexyl-3-methylimidazolium chloride) and [Li][NTf;] (lithium bis(tri-
fluoromethylsulfonyl)imide). [HMIM][CI] was previously synthesized by reaction of
methylimidazole with 1-chlorohexane as described by Davis et al. [29]. [OMA][NTf;]
was obtained by a two-step synthesis. First, methyltrioctylammonium methylsulfate
was produced by reacting trioctylamine with dimethylsulfate at equimolar conditions.
This procedure has to be carried out very carefully with cooling due to the strongly
exothermic character of the reaction. The second step is an ion exchange in distilled
water with lithium bis(trifluoromethylsulfonyl)imide. The resulting denser phase is
the formed product [OMA][NTf,], and the upper phase consists of the exchanged
ions and water. To improve purity, the product was washed with distilled water several
times and dried under vacuum at 60 °C.

The purities of the synthesized ILs were proven by 'H NMR analysis (JEOL, ECX
4400 spectrometer) with dimethylsulfoxide-dg¢ (DMSO-dg) as a solvent. The total
peak integral in the 'H NMR spectrum was used to determine the nominal purities of
the ILs on a molar basis. Prior to use, all ILs were dried at about 333.15 K for a time
period of at least 4 h on a vacuum line (0.5 mbar) with an oil-sealed vacuum pump and
a liquid nitrogen trap. For the dried ILs, the water mass fraction was determined by
Karl Fischer coulometric titration (Metrohm, 756 KF Coulometer) directly before fill-
ing the sample cell of the parallel-plate instrument. The expanded relative uncertainty
(k = 2) of the water content determinations performed within this work depends on
the water mass fraction and is estimated to be between £20 % and %5 %, correspond-
ing to water mass fractions ranging from 4.0 x 10~ to 5.0 x 1072 For lower mass
fractions, the relative uncertainty was about 20 %. The molecular weights, nominal
purities, and water mass fractions of the studied ILs are summarized in Table 1. All
parts of the measuring devices which were in contact with the sample as well as all
glassware used for sample handling were cleaned, rinsed with double-distilled water,
and oven-dried.

2.2 Parallel-Plate Instrument for Measuring the Thermal Conductivity
For measuring the thermal conductivity A of the ILs, a parallel-plate instrument appli-
cable to fluids as well as thin solid bodies and bulk solids was used, see Fig. 1. It is

designed to fulfill the ideal one-dimensional form of the Fourier law of heat conduction
for a planar sample,
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Table 1 Molecular weight M,

nominal purity on a molar basis, IL M(g- mol_l) Purity (mol%) w
and water mass fraction w of the _3
ILs studied in this work [EMIM][OACc] 170.21 >98 9.36 x 10
[EMIM][N(CN);] 177.20 >98 1.03 x 1073
[EMIM][C(CN)3] 201.24 >98 5.55x 1074
[EMIM][MeOHPO>] 206.18 >98 232x 1074
[EMIM][EtSO4] 236.30 >99 2.18 x 1073
[EMIM][OcSO4] 320.45 >99 132 x 1073
[EMIM][NTf,] 391.30 >99 3.33x 1074
[HMIM][NTf;] 447.42 >98 8.60 x 1077
[BBIM][NTf>] 461.44 >99 1.19 x 1074
[OMA][NTf,] 648.90 >98 7.81 x 1074
. Ac
0 =A=SAT, (1)

as close as possible. In Eq. 1,  is the heat flowing through a sample with heat transfer
area A and thickness s when the temperature difference AT is applied between the
two outer surfaces of the sample. In this study, an IL layer located in a narrow gap
between two horizontal plates is subjected to a stationary temperature gradient. The
temperature gradient is adjusted by controlling the temperatures of the upper (diame-
ter 86 mm) and lower (diameter 146 mm) plate. The upper plate is kept at the higher
temperature to keep free convection in the fluid layer to a minimum. For this, also
any deviation from a horizontal arrangement has to be avoided by carefully adjusting
the plates. Furthermore, the smaller diameter of the balanced heating plate minimizes
effects of convective flows occurring at the boundary of the fluid volume on the heat
flow through the sample. Convective heat transfer increases with increasing values of
the dimensionless Rayleigh number;

_ goszTs3cp,o2
Ach)

Ra , (2)

where g is the gravitational constant, and «,, ¢p, p, and 7, are the thermal expansion
coefficient, the specific heat at constant pressure, the density, and the dynamic viscos-
ity of the fluid, respectively. Naziev et al. [30] stated that for vertical coaxial cylinders,
convective heat transfer can be neglected for Ra < 1000. For the horizontal parallel-
plate arrangement used here, however, the critical Rayleigh number must be distinctly
larger. The Rayleigh number of the ILs studied in this work could be estimated to be
in the range between 0.01 and 100. Consequently, convective heat transfer between
the heating and the cooling plate can be neglected for the present measurements.

For ensuring that the heating power provided in the upper plate only results in a
heat flow through the fluid layer to the lower plate, the upper plate is surrounded by a
guard system. This system consists of a guard ring in which the balanced heating plate
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Fig. 1 Guarded parallel-plate instrument for the measurement of thermal conductivity: (a) heating wires;
(b) guard ring; (c) liquid sample layer; (d) cooling plate; (e) Peltier elements; (f) fins cooled by fans; (g)
upper guard plate; () valves; (i) heating plate; (j) micrometer screws; (k) filling lines; (/) outer guard ring;
(m) heating foil; (n) Pt 100 Q2 resistance probes

is immersed and a guard plate located above the heating plate. Another guard ring sur-
rounding the complete upper part of the instrument minimizes effects of the ambient
conditions on the temperature control system. All parts of the guard system are kept to
the same temperature as the upper plate. While the temperature control for the guard
rings and guard plate as well as for the balanced upper plate is realized by resistance
heating, the lower plate of the apparatus can be heated or cooled by Peltier elements.
For measurements below room temperature, the complete parallel-plate instrument is
surrounded by an insulating housing which can be cooled by a lab thermostat to about
10 K below the desired temperature inside the liquid layer.

The heat flow Q provided by the upper plate and conducted through the sample is
determined by measuring the electric power dissipated in the corresponding resistance
heating. This heating is realized by a resistance wire connected to a DC power supply
(Agilent E3645A) using a four-wire system. The power supply provides voltage and
electric current data with relative uncertainties (k = 2) of £0.05 % and +0.15 %,
allowing the calculation of the electric power dissipated in the heating plate with an
estimated relative uncertainty smaller than 0.2 %. For evaluation of the thermal con-
ductivity according to Eq. 1—beside the effective area A of the heating plate—the
thickness of the fluid layer s and the surface temperatures of the plates are required.
The layer thickness can be adjusted by three micrometer screws with an estimated
uncertainty of +0.01 mm. The surface temperatures of the plates contacting the sam-
ple are extrapolated from the absolute temperatures and axial temperature gradients
inside the plates. These are measured with pairs of temperature probes inserted into
high precision bores which are located along the plate axis. Platinum resistance probes
of 100 2 were used for all temperature measurements in the instrument. Before use,
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the resistance probes including the whole cabling of the four-wire system were cal-
ibrated, resulting in an absolute uncertainty of £0.01 K. The relative uncertainty of
the resistance probes among each other was smaller than £0.005 K.

The parallel plates and the bodies of the guard system are made of copper. The
copper surfaces which are in contact with the sample fluid were polished and covered
with a thin chrome layer. Thus, the radiative contribution to the total heat flow is small
when compared to that caused by heat conduction. Nevertheless, radiation corrections
are necessary for obtaining precise thermal-conductivity data for weakly absorbing
fluids such as ILs. For these fluids, the effective thermal conductivity A.fr measured in
a parallel-plate instrument consists of contributions of conductive (1) and radiative
(Ar) heat transfer,

Aeff = Ac + Ar. (3)

For the determination of A, an approximate calculation method proposed by Braun
et al. [31] can be used. It is based on a mathematical model for small temperature
differences developed by Kohler [32] and Poltz [33] and implies some simplifica-
tions. The latter include a linear temperature distribution in the sample and a constant
emission coefficient of ¢ = 0.04 for the polished and chromed plate walls which are
in contact with the fluid. With the transmissions D (v) for the wave numbers, v, A; can
be determined,

; v¥exp ﬁ)
=—c102n2 / Y(z.2) L/ dy. 4)

SOWmbO) = "
T2 exp(22) -1
oo [exe(*7)-1]

c1(=3.741771 x 1071 W - m?) and ¢, (= 1.43877 x 1072 m - K) are the constants
in Planck’s spectral energy distribution, and 7 denotes the mean temperature of the
fluid. As infrared refractive-index data n for the ILs used here are not available in
the literature and cannot be easily measured, the values at the sodium vapor line for
the mean temperature of all thermal-conductivity measurements of 313.15 K pro-
vided in our former studies [28,34] were used. As [EMIM][OAc], [EMIM][C(CN);]
and [HMIM][NTf;] were not part of these studies, their refractive indices np for the
sodium vapor line (A\p = 589.3 nm) and refractive index differences ng — nc for
the Fraunhofer lines F (A\f = 486.1 nm) and C (Ac = 656.3 nm) were determined
and correlated with the same method. The results obtained for np and ng — nc at
atmospheric pressure in the temperature range from (283.15 to 313.15) K with an
Abbé refractometer (Leo Kuebler, R 6000 G) with expanded uncertainties (k = 2) of
less than £=0.0005 and £0.001 are listed in Table 2. The refractive index nc,c can be
calculated by the linear equation;

ng — nc
Ncale =”0‘|"11T‘f‘—AF_)LC (A — Ap), (5)

where T represents the temperature in K and X is the wavelength for which the refrac-
tive index is calculated in m. The fit parameters no and n| as well as the mean dispersion
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Table2 Refractive index np and refractive-index difference ng —nc of [EMIM][OAc], [EMIM][C(CN)3],
and [HMIM][NTf;] at temperature 7 and atmospheric pressure

T (K) [EMIM][OACc] [EMIM][C(CN)3] [HMIM][NTf>]

np ng —nc np ng —nc np ng —ne
283.15 1.5030 0.0124 1.5154 0.0143 1.4355 0.0096
293.15 1.5002 0.0121 1.5139 0.0140 1.4324 0.0098
303.15 1.4981 0.0118 1.5110 0.0142 1.4298 0.0080
313.15 1.4950 0.0116 1.5084 0.0143 1.4271 0.0080

Table 3 Coefficients of Eq. 5 for the refractive index ngyc of [EMIM][OAc], [EMIM][C(CN)3], and
[HMIM][NTf;]

no np (K1 (An/AX) (m™1) rms?
[EMIM][OACc] 1.57689 —0.000261 —70347 0.014
[EMIM][C(CN)3] 1.58343 —0.000239 —83320 0.022
[HMIM][NTf] 1.51409 —0.000278 —51988 0.008

4 Standard percentage deviation of np to the fit

(np — nc)/(Ar — Ac) are given in Table 3. The mean dispersion corresponds to the
average value of the refractive index differences ng —nc and is assumed to be indepen-
dent of the temperature. For all ILs, the deviations of the experimental refractive-index
data np from the correlation according to Eq. 5 are clearly within the measurement
uncertainty.

In Eq. 4, the reflectance of the fluid Y is a function of the emission coefficient ¢ and
the optical thickness t and has been calculated and tabulated by Poltz [33]. ¢ can be
determined with the layer thickness so used for the measurement of the transmission
spectra,

T = —ilnD. (6)
50

The transmission spectra of the ILs studied in this work were measured with a Fourier
transform infrared spectrometer (JASCO FT/IR4100) for wave numbers v ranging
from (700 to 4000) cm~! and a layer thickness of sy = 1 wm at a temperature of
293.15 K. The spectra are presented in Fig. 2. The corresponding data are available as
electronic supplemental material. It should be noted that for wave numbers between
(2300 and 2390) cm™!, the transmission was set to unity. In this range of v, the spec-
trometer hardly allows any transmission, resulting in artifacts with apparent trans-
missions significantly larger than unity for the fluids. Only for [EMIM][MeOHPO;],
small absorption rates were found for the corresponding wave numbers. Evaluation
of the spectrum with and without the described correction, however, did not affect the
result for A; significantly. For all ILs studied within this work, the radiative heat trans-
fer represented by A, makes up (0.20 to 1.28) % of the effective thermal conductivity
measured.

@ Springer



2066 Int J Thermophys (2010) 31:2059-2077

1.0 T T f’[
09 _
08 _

0.7 i
0.6 -
[EMIM][OAC] [EMIM]IN(CN),]
W Ky ~ v
0.9 i
0.8 -
0.7+ -
0.6 -
[EMIM][C(CN),] [EMIM][MeOHPO,]
T N
09 -
0.8 _
Q
0.7 i
06 -
[EMIM][E{(SO,)] [EMIM][OcSO,]

A Y A\
0.9 \W -
0.8 -
0.7 -
06 -
Tm ‘”ﬁ(

[EMIM]INTE,] [HMIM][NTF,]
0.9 _
0.8 2
0.7 _
0.6 - -
[BBIM][NTF,] [OMA][NTF,]
05 | | | | | | | | | | |
4000 3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000 500
-1
v, cm

Fig. 2 Transmission spectra of the studied ILs obtained for a layer thickness of 1 pum at a temperature of
293.15 K and atmospheric pressure
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Fig. 3 Relative deviation of effective thermal conductivity Aeff (open symbols) and thermal conductivity
Ac(= Aeff —Ar) (closed symbols) from reference data Apef [35] for toluene as a function of temperature 7' for
three different temperature differences (Oand ® AT =1K;Oand ¢, AT =2K; Hand B, AT =3 K)
inside the fluid layer of 1 mm thickness of the guarded parallel-plate instrument

The parallel-plate instrument was checked by measuring the thermal conductivity
of liquid toluene over a temperature range from (313.15 to 363.15) K in steps of 25 K.
The results both with and without corrections for radiation are depicted in Fig. 3.
They are in agreement with standard reference data for liquid toluene [35], where the
maximum relative deviation of the corrected data does not exceed 2.5 %. With this
result, the relative uncertainty (k = 2) of the thermal-conductivity data provided in
this study can be estimated to be smaller than 3 %.

Before each filling of the thermal-conductivity cell with the dried IL samples, it
was cleaned with ethanol, rinsed with deionized water, and dried by applying vacuum
(0.5 mbar). For each sample, the thermal conductivity was measured at atmospheric
pressure for a layer thickness of 1 mm and for temperatures ranging from (273.15 to
353.15) K in steps of 10 K. These temperatures represent mean values of the temper-
atures adjusted for the upper and lower plate surfaces contacting the liquid sample.
For each mean temperature, the measurements were performed with temperature dif-
ferences of (2 and 3) K between the two plate surfaces.

3 Results and Discussion

In the following, our results for the thermal conductivity of nine imidazolium-based
ILs and one ammonium-based IL are summarized. In the first section, the experimental
data are represented by empirical correlations and are discussed in comparison with lit-
erature. Then our results are analyzed in connection with a simple prediction method
which could represent a convenient simplification in the acquisition of the thermal
conductivity for the enormous amount of imaginable IL cation/anion combinations.

3.1 Experimental Data

The data obtained for the thermal conductivity A. of ILs in the temperature range from
(273.15 to 353.15) K at atmospheric pressure are summarized in Table 4 and shown
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Table 4 Thermal conductivity A of the studied ILs at temperature 7' and atmospheric pressure

T (K) e (W-m~1. K1)

273.15 283.15 293.15 303.15 313.15 323.15 333.15 343.15 353.15

[EMIM][OACc] 0.2137 0.2124 0.2110 0.2102 0.2066 0.2026 0.2002 0.1973 0.1915
[EMIM][N(CN), ] 0.2053 0.2050 0.2021 0.2022 0.1986 0.1958 0.1942 0.1935 0.1914
[EMIM][C(CN)3] 0.1956 0.1957 0.1930 0.1918 0.1900 0.1873 0.1868 0.1847 0.1815
[EMIM][MeOHPO,] 0.1941 0.1948 0.1914 0.1959 0.1915 0.1906 0.1908 0.1917 0.1902
[EMIM][Et(SO4)] 0.1876 0.1882 0.1856 0.1872 0.1840 0.1833 0.1832 0.1834 0.1830
[EMIM][OcSO4] 0.1712 0.1711 0.1670 0.1679 0.1648 0.1629 0.1631 0.1626 0.1621

[EMIM][NTf;] 0.1208 0.1206 0.1202 0.1215 0.1195 0.1184 0.1190 0.1194 0.1191
[HMIM][NT;] 0.1238 0.1224 0.1219 0.1237 0.1220 0.1201 0.1208 0.1212 0.1209
[BBIM][NT;] 0.1209 0.1203 0.1188 0.1198 0.1176 0.1170 0.1176 0.1171 0.1164
[OMA][NTf;] 0.1314 0.1291 0.1299 0.1283 0.1266 0.1247 0.1244 0.1242 0.1248

in Fig. 4. Here, each data point represents the average value of two independent mea-
surements for different temperature gradients inside the fluid layer between the two
parallel plates of the instrument at the same mean temperature, cf. Sect. 2 and [36].
For all ILs and temperatures, the two single values showed a mean relative deviation
of 0.52 %. The single relative deviations were clearly within the estimated relative
expanded uncertainty of 3 % (k = 2) and did not exceed 2.04 %.

Figure 4 shows that for all ILs studied, the thermal conductivity slightly decreases
with increasing temperature. The values of the thermal conductivity of the ILs can be
found between (0.11 and 0.22) W - m~! - K~! and are similar to those of common
organic liquids at atmospheric pressure, see, e.g., chloroform (0.11079 W -m~! . K~!
at 303.15 K [37]), n-heptane (0.1254 W - m~! . K71 at 293.25 K [38]), toluene
(0.13088 W - m~! - K~! at 298.15 K) [35], benzene (0.14156 W - m~! - K~! at
295.921 K [39]), ethanol (0.1607 W - m~! - K~! at 305.74 K [40]), and methanol
(0.2038 W - m~!' . K~! at 292.3 K [30]). These findings correspond to the results
available in the literature [12,19-25].

The drawn lines in Fig. 4 represent the correlation of our thermal-conductivity data
as a function of temperature in the form of a linear equation,

)hc,calc = )&0 + )MIT7 (7)

where T is the temperature in K and 1 and 1| are the fit parameters given in Table 5.
For the data correlation, the statistical weight of each data point has been assumed to be
the same. As shown in the lower part of Fig. 4, the residuals of the thermal-conductivity
data from the fit, Eq. 7, are clearly smaller than the expanded uncertainty (k = 2) of less
than +3 %. In Table 5, also the standard percentage deviation (root mean square, rms)
of the measured thermal conductivities relative to those calculated by Eq. 7 is listed.
For the measurements, the standard percentage deviation was in the range between
(0.36 and 0.76) %.

For [EMIM][EtSOy4], [EMIM][NTf;], and [HMIM][NTf,], Fig. 5 shows a data
comparison between our thermal-conductivity data and available literature data in the
form of a deviation plot. Here, the correlation of our data, Eq. 7, serves as a basis.
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Fig. 4 Thermal conductivity A¢ of the studied ILs as a function of temperature 7' at atmospheric pres-
sure and relative deviation of measured thermal conductivities Ac from calculated data A calc according
to Eq. 7: ¢, [EMIM][OAc]; A, [EMIM][N(CN),]; x, [EMIM][C(CN)3]; +, [EMIM][MeOHPO,]; O,
[EMIM][EtSO4]; Vv, [EMIM][OcSO4]; [J, [EMIM][NTf,]; ®, [HMIM][NTf,]; A, [BBIM][NTf,]; H,
[OMA][NTf;]

Table 5 Coefficients of Eq. 7
for the thermal conductivity
Ac,calc of the studied ILs

Ao W-m™ LKA (W-m™ - K2) rms?

[EMIM][OAc] 0.2903 —2.722x 1074 0.76
[EMIM][N(CN),]  0.2573 —1.872x 1074 0.40
[EMIM][C(CN)3]  0.2451 —1.772x 1074 0.36
[EMIM][MeOHPO;] 0.2087 —5.233x 1073 0.72
[EMIM][Et(SO4)]  0.2067 —6.917 x 1072 0.48
[EMIM][OcSO4] 0.2048 —1.245x 107 0.66
[EMIM][NTf;] 0.1281 —2.650 x 1073 0.54
[HMIM][NTf>] 0.1328 —3.500 x 1073 0.65
[BBIM][NTf;] 0.1355 —5.467 x 1072 0.49
4 Standard percentage deviation ‘ _s
[OMA][NT1;] 0.1561 —9.283 x 10 0.70

of Ac to the fit

For the further seven ILs studied in this work, no investigations are reported so far.
The data comparison in Fig. 5 includes experimental data by Ge et al. [22], who mea-
sured the thermal conductivity of 11 ILs between (293 and 353) K at atmospheric
pressure using an apparatus based on the transient hot-wire method with an estimated
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uncertainty of less than £0.005 W - m~!-K~!. In the work of Ge et al. [22], the uncer-
tainty of the temperature is estimated to be =1 K. For [EMIM][NTf5], an additional
data point of Frez et al. [19] is depicted in Fig. 5. They performed thermal-diffusivity
measurements for seven different ILs at a temperature of 296.85 K and atmospheric
pressure with the transient grating technique. Typically, the standard percentage devi-
ation of their experiments in determining the thermal diffusivity a was better than
+4 %. Frez et al. [19] found the thermal conductivity A, with a knowledge of density
o and specific heat capacity c,, through A = apc,. Based on their measured thermal
diffusivity a(= 0.601 x 10~7 m?-s~ 1), they have calculated the thermal conductivity
of [EMIM][NTf] to be (0.120 + 0.005) W - m' - K~!. As can be seen from Fig. 5,
the datum given by Frez et al. [19] for [EMIM][NTf;] at 296.85 K shows excellent
agreement with our data set. For [EMIM][EtSO4] and [HMIM][NTf;], within com-
bined uncertainties also agreement can be found between our data and those of Ge
et al. [22]. In contrast to this, their data for [EMIM][NTf,] deviate with respect to
Eq. 7 as well as to the datum of Frez et al. [19] by more than +8 %, which is outside
the estimated combined uncertainties. Figure 5 shows an increasing deviation of the
data sets of Ge et al. [22] from the data of this study with decreasing dynamic vis-
cosity 1 (= 125.4 mPa - s for [EMIM][EtSO4] at 293.15 K [34], = 38.6 mPa - s for
[EMIM][NTf;] at 293.15 K [34], and = 89.26 mPa - s for [HMIM][NTf,] at 293.15 K
[41]). The reason for this may be an underestimated contribution of convective heat
transfer for the transient hot-wire apparatus used by Ge et al. [22]. For the system-
atically slightly higher values reported by Ge et al. [22] for the thermal conductivity
of [HMIM][NTf,] and [EMIM][NTf,] in comparison to those obtained in this work,
different sample purities may be a possible reason. Ge et al. [22] showed that small
levels of water or halide, which are common impurities from the synthesis of ILs, both
increase the thermal conductivity. Yet, in their study the water content was found to
be less than 80 ppm and the chloride mass fraction was less than 5 x 10~°, which
indicates lower purity samples utilized in our study.
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3.2 Prediction of the Thermal Conductivity of ILs

For predicting the thermal conductivity of ILs, our interest was directed to an anal-
ysis of the present results in connection with the molecular structure. While for the
[NTf,]-based ILs a slight increase of the thermal conductivity with increasing molar
mass is found at a given temperature, the [EMIM]-based ILs show a pronounced,
approximately linear decrease. This behavior is shown in Fig. 6a for a temperature of
293.15 K. For the [NTf,]-based ILs, the small increase of the thermal conductivity
with increasing chain length of the cation is probably due to internal vibration modes,
which are important for heat conduction in addition to translation modes. In the case
of the [EMIM]-based ILs, the effect of these vibration modes could be decreasing with
increasing molecular size of the anion. This interpretation would be in agreement with
the observed decreasing thermal conductivity with increasing molar mass.

For finding a simple prediction method for the thermal conductivity A. of ILs, we
plotted different combinations of our data with other thermophysical properties, e.g.,
dynamic viscosity n and density p, as a function of the molar mass M as depicted
in Fig. 6b to d. This approach was motivated by the study of Tomida et al. [21],
who proposed a relationship between A.M/n and M in the form of log(A.M/n) =
A — BM, where A and B are fitting parameters obtained by least-squares fitting.
The correlation by Tomida et al. [21], however, is based on their own experimental
thermal-conductivity data of the transient hot-wire technique for three [PF¢] (hexa-
fluorophosphate)-based ILs [21] having the cations [BMIM], [HMIM], or [OMIM]
(1-methyl-3-octylimidazolium) and for [BMIM][BF4] (1-butyl-3-methylimidazolium
tetrafluoroborate) [20] as well as on literature data for numerous n-alkanes rang-
ing from n-pentane to n-tetradecane. For correlating the n-alkanes and ILs together,
Tomida et al. [21] assumed that the molar mass of the ILs is two times larger than the
true value.

Figure 6b shows a logarithmic plot of A M/n as a function of M at 293.15 K
and atmospheric pressure for the ten ILs studied in this work. For this, data
for the dynamic viscosity were used from our previous work [28,34], with the
exception of [HMIM][NTf,], [EMIM][OAc], and [EMIM][C(CN)s]. For these ILs,
corresponding data of 89.26 mPa - s at 293.15 K, 93 mPa - s at room temperature,
and 18 mPa - s at 295.15 K were adopted from [41], http://www.basionics.com/en/
ionic-liquids/products/data/bcO1.htm, and [42], respectively. It can be seen that a
relationship between A, M/n and M as proposed by Tomida et al. [21] is different
for the cation variation in [NTf,] and for the anion variation in [EMIM]-based ILs.
Furthermore, for the latter, there is no clear trend of decreasing values for A M /n
with increasing molar mass. For the anion variation in [EMIM]-based ILs—with the
exception of [EMIM][NTf; ]—combining only thermal-conductivity data A, and molar
mass M, adistinct trend in the form of a linear relationship between A, M and M could
be observed, see Fig. 6¢c. Yet, again the trends are different for the anion variation in
[EMIM] and the cation variation in [NTf,]-based ILs. In contrast to this, combining
thermal conductivity A, with density p and molar mass M by plotting Ao M p as a
function of the molar mass M, see Fig. 6d, a single common trend is observable for
all systems under investigation. This result suggests that the thermal conductivity of
an arbitrary IL can simply be predicted from
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Ac,predictionMp = AM + B, (8)

where the parameters A = 0.1130 g-cm™> - W .m™! . K~! and B = 22.65 ¢° -
em™3 - W-m~' - K~ - mol~! were obtained by least-squares fitting of our results at
a temperature of 293.15 K and atmospheric pressure. For a quantitative prediction of
the thermal conductivity in units of W - m~! . K~! by Eq. 8, the molar mass M and
density p have to be used in units of g- mol~! and g - cm™3. For all ILs studied in this
work, the standard percentage deviation and mean absolute percentage deviation of the
experimental thermal-conductivity data at a temperature of 293.15 K and atmospheric
pressure from those calculated with Eq. 8 are 5.5 and 4.6. For [EMIM][EtSO4], a max-
imum relative deviation of 10.2 % is found. Due to the low temperature dependence
of the thermal conductivity in the studied temperature range, no reasonable correla-
tion for this dependence in connection with the molecular structure could be found.
The simple prediction method suggested here, however, seems to be able to provide
valuable tendencies for the thermal conductivity of arbitrary ILs in the temperature
range considered here.

For setting up Eq. 8, density data provided in our former studies [28,36] could be
used, except for [EMIM][OAc], [EMIM][C(CN);], and [HMIM][NTf;]. For the lat-
ter, densities were measured within this study using the vibrating-tube method with an
estimated expanded relative uncertainty (k = 2) of less than 0.02 %. More details on
the method and the used instrument (DMA 5000, Anton Paar) can be found in [28,36].
The measurements were performed at atmospheric pressure starting from (273.15 to
363.15) K in steps of 5 K. The density data are given in Table 6 and were correlated
with second-order polynomial functions,

peale = po + o1 T + p2T2. )

Table 7 shows the correlation coefficients pg, p1, and p» as well as the standard percent-
age deviation (rms) of the experimental density data to the fit. The resulting rms values
were distinctly smaller than the relative uncertainty for the density measurements.
To the best of our knowledge, no density data for [EMIM][OAc] and [EMIM]
[C(CN)3] are available in the literature to date. [HMIM][NTf,] is an IUPAC ref-
erence substance, for which densities were measured in a round-robin study using
high-purity samples from the same batch with a nominal purity of >99.5 % on a molar
basis [43,44]. The recommended values were expressed by a linear equation for the
temperature range from (258 to 373) K. For all temperatures, the combined expanded
uncertainty (k = 2) of this equation was estimated to be 0.1 % [44]. In addition, it
was shown that the deviations of nearly all further data sets available in the literature
are negative. This was mainly attributed to impurities in the corresponding samples.
The presented deviations from the [UPAC equation range from about (+0.05 % to
—0.6) %, and one datum even deviates by more than —1.2 % [44]. The deviations of
other recent density data for [HMIM][NTf;] provided by Jacquemin et al. [45], Tariq
et al. [46], and Ahosseini et al. [47] are in the range between (—0.03 and —0.24) %.
Our data presented in Table 6 deviates by (—0.50 to —0.58) % from the equation rec-
ommended in the IUPAC study, which is distinctly outside the combined uncertainties.
As the calibration of our densimeter was successfully checked with deionized water
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Table 6 Densit of —
e TK)  pg-em™)

[EMIM][OAc],

[EMIM][C(CN)3], and [EMIM][OAc]  [EMIM][C(CN);]  [HMIM][NTf,]

[HMIM][NTf,] at temperature

T and atmospheric pressure 273.15  1.11531 1.09928 1.38784
278.15  1.11213 1.09568 1.38306
283.15  1.10896 1.09207 1.37845
288.15  1.10580 1.08849 1.37385
293.15  1.10269 1.08491 1.36927
298.15  1.09968 1.08137 1.36469
303.15  1.09664 1.07784 1.36012
308.15  1.09360 1.07432 1.35556
313.15  1.09057 1.07082 1.35101
318.15 - 1.06734 -
32315 1.08452 1.06388 1.34194
328.15  1.08152 1.06043 1.33743
33315 1.07852 1.05700 133293
33815  1.07554 1.05358 1.32845
343.15  1.07257 1.05018 1.32397
348.15  1.06960 1.04680 1.31952
353.15  1.06665 1.04342 1.31507
358.15  1.06371 1.04007 1.31064
363.15  1.06078 1.03673 1.30622

Table 7 Coefficients of Eq. 9 for the density p of [EMIM][OAc], [EMIM][C(CN)3], and [HMIM][NTf;]

po (g-em™3) p1 (g-em™3 - K1) p2 (g-em™3 - K~2) rms?
[EMIM][OACc] 1.30502 —7.6268 x 1074 24838 x 1077 0.0037
[EMIM][C(CN)s] 132173 —9.0419 x 10~4 3.2882 x 1077 0.0004
[HMIM][NTf;] 1.66112 —1.0721 x 1073 2.6106 x 10~7 0.0019

4 Standard percentage deviation of p to the fit

and air before and after the measurements for each IL, these large deviations must be
attributed to the impurities in the [HMIM][NTTf;] sample.

Taking into account in addition to our data all experimental data available until now
in the literature for the thermal conductivity of ILs at a temperature of 293.15 K and
atmospheric pressure [12,20-25], the fitting parameters in Eq. 8 could be determined
tobeA=0.1244g-cm™>-W-m ! . K 'and B =18.84¢g>-cm™> - W.m~ ! .K~!.
mol~!. In this case, the standard percentage deviation of the thermal-conductivity data
from those calculated with Eq. 8 is 7.8 %.

For setting up the correlation Eq. 8 including literature data, density data were
used from the respective literature if given therein [12,20,24,25]. It should be noted
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that the thermal conductivity and density data for [BMIM][PFg], [HMIM][PFs], and
[OMIM][PFg] from Tomida et al. [21], who have studied the ILs at three tem-
peratures in the range between (294 and 335) K, were extrapolated to 293.15 K.
For processing the results of another study of Tomida et al. [20], the density for
[BMIM][BF4] was adopted from the study of Van Valkenburg et al. [12]. For the
study of Ge et al. [22], the densities for [NTf,]-based ILs having the cations [EMIM],
[BMIM], [HMIM], [OMIM], [DMIM] (1-decyl-3-methylimidazolium), [C4mpyrr]
(1-butyl-1-methylpyrrolidinium), or [(C¢H13)3P(C14H29)] (trihexyl(tetradecyl)phos-
phonium) as well as for [(C¢H13)3P(C14H29)]Cl (trihexyl(tetradecyl)phosphonium
chloride), [EMIM][EtSO4], [BMIM][OTf] (1-butyl-3-methylimidazolium trifluoro-
methanesulfonate), and [C4mpyrr][FAP] (1-butyl-1-methylpyrrolidinium tris(penta-
fluoroethyl)trifluorophosphate) were adopted from [34,45,48-54], respectively. For
the datum given by Chen et al. [23] for [BMIM][NTf,], the density was also adopted
from [48].

Figure 7 shows good agreement of the predicted thermal conductivity Ac, prediction
with the corresponding experimental thermal conductivity A. of the ILs studied until
now in literature [12,20-25] and in this study at a temperature of 293.15 K and atmo-
spheric pressure. For the 45 data points of 36 ILs, the standard percentage deviation
and mean absolute percentage deviation of the experimental data from the prediction is
7.8 and 6.5. The maximum relative deviation between the predicted and experimental
thermal-conductivity data is 16.6 %, which can be observed for the data point given
by Van Valkenburg et al. [12] for [EMIM][BF4].

4 Conclusions

For nine imidazolium-based ILs and one tetraalkylammonium-based IL, the thermal
conductivity has been determined with a steady state parallel-plate instrument in the

@ Springer



2076 Int J Thermophys (2010) 31:2059-2077

temperature range between (273.15 and 353.15) K at atmospheric pressure with an
uncertainty of 3 %. The thermal conductivity of the ILs is only weakly dependent
on temperature. The decrease of the thermal conductivity with increasing temperature
can well be represented by a linear correlation. For the anion variation in [EMIM]-
based ILs, the thermal conductivity decreases with the size of the anion. For the cation
variation in [NTf;]-based ILs, the thermal conductivity increases somewhat with the
size of the cation. Thus, for the dependence of the thermal conductivity of ILs on their
molar mass, two different trends are observable. For all ILs, the thermal conductivity
could be predicted from a linear relation between thermal conductivity, molar mass,
and density. The simple prediction represents all experimental thermal-conductivity
data available in the literature until now with a standard deviation of less than 8 %.
Thus, it seems to conveniently provide reliable estimates for the thermal conductivity
of arbitrary ILs.
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