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Vaporization Enthalpies of lonic Liquids

Dzmitry H. Zaitsau, Gennady J. Kabo,* Aliaksei A. Strechan, and Yauheni U. Paulechka
Chemical Faculty, Belarusian State Uersity, Leningradskaya 14, 220050 Minsk, Belarus

Anna Tschersich, Sergey P. Verevkin, and Andreas Heintz
Department of Physical Chemistry, Wersity of Rostock, Hermannstrasse 14, D-18055 Rostock, Germany

Receied: February 11, 2006; In Final Form: April 5, 2006

Vapor pressures for a series ofndalkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (alky

ethyl, butyl, hexyl, and octyl) ionic liquids (ILs) were measured by the integral effusion Knudsen method.
Thermodynamic parameters of vaporization for ILs were calculated from these data. The absence of
decomposition of ILs during the vaporization process was proved by IR spectroscopy. Enthalpies of vaporization
of ILs were correlated with molar volumes and surface tensions of the compounds.

Introduction While being kept at the highest temperature the mass loss rate
decreased by a few orders. This loss of mass was apparently
due to slow removal of a volatile impurity such as 1-meth-
ylimidazole. The sample was kept at this temperature in a
vacuum until the mass loss rate became constant.

The vapor pressure for [@im][NTf,] was measured by the

It is common knowledge that ionic liquids (ILs) have
extremely low vapor pressures (for 4@im][PFs] ~ 1071°
Pa at 298 K. In ref 2 Rebelo et al. estimated the NBP tem-
peratures for ILs with a common anion. They also noted that
1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imides integral effusion Knudsen method. The apparaiues equipped
([Camim][NTf2]) could probably have measurable vapor pres- ith 3 thermostating block for experiments at 3%B0 K. The
sures. In our fe_xperiments it was proved t_hat the ba_lance of thetemperature was controlled within0.01 K and was measured
thermal stability and volatility for [Gmim][NTf,] indeed with a platinum resistance thermometer placed in the block. The

allowed measurements of vapor pressures in a temperaturgner gyrface of the block made of copper was coated with high-
interval large enough for a proper evaluation of thermodynamic g herature silicon. This compound is chemically inert toward

parameters such as vaporizatiaPHp, and APS;, In this work ILs and thermally stable to 560 K. The silicon coating had been
the results for vapor pressures fondlkyl-3-methylimidazo- exposed to a vacuum at 523 K until no condensate was formed
lium bis(trifluoromethylsulfonyl)imide ILs (alkyk ethyl, butyl, on a coldfinger filled with the liquid nitrogen. This coating

hexyl, and octyl) are reported as a function of temperature.  prevents contacts of the studied compounds in the gas phase
Earlier the authors of ref 3 analyzed possibilities of correla- with copper parts of the block and their catalytic decomposition.

tions based on molecular liquids for predictingHy, of ILs. It Residual pressure in the system was0 2 Pa.

was shown that these correlation schemes could only give very In the measurements a cylindrical cell with a height of 10.0

crude estimates. In this work a promising correlation for mm and an internal diameter of 10.0 mm was used. It was

evaluation ofAPH;, from surface tension and molar volume of  covered by a plate with an orifice of diametel) 3.10+ 0.05

ILs has been developed. Estimated values of enthalpies ofmm and thicknesd) 2.1+ 0.05 mm. All the parts were made

vaporization for a series of ILs are presented. of stainless steel. A Teflon ring was used for sealing. At each
fixed temperature, the cell was maintained at a constant
Experimental Section temperature for about an hour prior to starting the effusion
experiment.
The samples of [@nim][NTfz] and [Gmim][NTf;] were The vapor pressure values were calculated from the results

kindly provided by Prof. Ya. S. Vygodskii and §@im][NTf2] of effusion experiments by the equation

by Dr. M. Muldoon. The commercial sample of J@im][NTf]

was used. The mole fraction purities of the samples were )

determined by the fractional melting method in the adiabatic p= (1 + K \ Am A /Z”RT (1)

calorimeter and were found to be 0.986 forfi@m][NTf,], oLssamnr’ KSyif? M

0.986 for [Gmim][NTf;], 0.996 for [Gmim][NTf,], and 0.996

for [Cgmim][NTf,]. Before starting with effusion measurements Where Am is the mass loss during an elapsed timeSyit is

the samples were exposed to a vacuum of*1®a for several the area of the orificek is the transmission coefficienk &

days at temperatures increasing stepwise from 323 to 443 K.0.596), M is the molar mass of the vapo&ampis the sur-

face area of the liquid assumed to be equal to the cross-sec-

*To whom correspondence should be addressed. Pherg75-17- tion area of the cell, and is the vaporization coefficient. As a

2003916. E-mail: kabo@bsu.by. rule,a. = 1 holds for liquids. The vapor was assumed to consist
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of ionic pairs [Gmim][NTf2]. The uncertainty in temperature  TABLE 1. The Results of Vapor Pressure Measurements
was estimated to be 0.02 K, and that in the pressure was bettefor [C mim][NTf ;]

than 10%. TIK Am/mg /s p/Pa
IR spectra of [Gmim][NTf2] in KBr pellets were recorded [Cmim][NTf,] (M = 0.39172 kgmol-2)
with a Bruker Vertex 70 spectrometer with a resolution of 4 441.70 1.18 10800 0.0062
cmL. 455.21 4.38 15147 0.0167
The surface tensions of the substances were determined by ~ 455.22 411 14404 0.0165
the pendant-drop method. A commercial tensiometer ¢&ru 464.97 4.13 7965 0.0319
. . 464.98 4.07 7250 0.0329
GmbH, Germany) has been used. An axially symmetrical 474.46 3.44 3600 0.0565
pendant drop is formed by a steel needle in a homogeneous  484.16 7.32 4005 0.1091
gravitation field. In_ the hyo_lrodynamlcal equilibrium the cur- [C4m|m][NTf2] (M = 0.41936 kgmol-?)
vature of the drop is described by e 2: 437.84 39690 0.0036
447.61 2.77 21600 0.0071
do ZA sin P 457.66 4.17 18780 0.0125
s R Gp d- ” (2) 467.52 7.46 18120 0.0233
477.68 13.09 14400 0.0521
) ) ] 487.54 5.63 3600 0.0906
where® is the angle of the local surface to the horizomtalxis 497.53 9.97 3660 0.159
perpendicular to the-axis of the pendant drofR is the radius 507.54 9.70 1950 0.294
of curvature at the drop apex, z is the axial coordinate of the ~ 51745 15.96 1850 0.515
described point to the drop apexis the distance of the local [Csmlm][Nsz] (M = 0.44741 kgmol ™)
point of the liquid surface from the horizontabxis of the drop, 445.79 14400 0.0067
Sis the arc length to the point from the drop ap&y is the 225'82 i]g ijioo 0'006;
difference of the densities of both phasgss the gravitational >8 8 60 0.006
! : phasg 9 445.81 0.28 2130 0.0070
acceleration, and the surface tension. 455.46 3.77 14520 0.0141
Equation 2 is the basic differential equation that has been 464.94 5.26 10800 0.0267
used to determine from the total drop shape digitally registered 474.46 6.97 7320 0.0527
; ; ; 484.12 5.98 3605 0.0927
by a CCD camera. The numerical solution of eq 2 provides the
. . 493.67 10.95 3600 0.1716
surface tension. The procedure has been performed with the L
appropriate software (Kss GmbH, Germany). The surface 455.46 [Csm'm][NTfZ](M 04751125'%“0' ) 0.0078
tensiono and the densities were measured at normal pressure ;=249 2 15 14520 0.0078
at 1 bar. The densities were obtained by using a vibrating tube 464 95 441 14400 0.0163
densimeter DMA 602 (by Anton Paar, Austria) with the 474.44 8.63 14400 0.0322
temperature stability of0.05 K. Air and bidistilled water were 484.11 8.48 7215 0.0637
used for the calibration of the densimeter. The densities of these ~ 493.78 8.01 3735 0.1174
498.19 10.88 3880 0.1542

two substances are known from the literattiféne samples were

degassed with an ultrasound bath. Further vacuum exposition of f@im][NTf_] led to complete

evaporation of IL without formation of any nonvolatile residue
in the effusion cell. So, one may conclude that evaporation of
Stability of ILs in Effusion Experiments. ILs inside the the investigated ILs was not caused by their decomposition.
effusion cell remained colorless. The IR spectrum oihfign]- Vapor Pressure.The results of vapor pressure measurements
[NTf,] from the effusion cell after all the experiments listed in  are shown in Table 1 and in Figure 2. The results fonfn]-
Table 1 is presented in Figure 1. This spectrum is identical with [NTf2] above T = 457 K have already been reported in our
that of pure [Gmim][NTf,] without vacuum treatment. preliminary communicatiofln that paper thé coefficient was
The vapor phase condensed on the coldfinger was visually corrected with respect to the anisotropy of the effusing gas.
controlled. In most experiments the condensate was colorless.However, in those measurements the mean-free path of mol-
In the case when the condensate was slightly colored the&cules was much longer than the size of the cell, and the ionic
experimental vapor pressures did not deviate substantially from pairs did not collide inside the cell. For this reason the correction
the smoothing line. Appearance of the color was not systematic, for the anisotropy should not be made. The recalculated vapor
and the reason for this phenomenon is unknown. The IR Pressures for [@nim][NTf;] above T = 457 K are given in
spectrum of [Gmim][NTf;] condensed on the coldfinger after ~Table 1.
a special effusion experiment at 474 K is shown in Figure 1.  The temperature dependences of vapor pressures foiffg-
The only essential difference in the spectra is observed at the[NTf2] were fitted by a linear equation:
two absorbance bands at 2925 and 2855 crithese bands
correspond to EH stretching vibrations in an alkyl chain. The In(p/Pa)= A — BI(T/K) ®3)
presence of these bands in the IR spectrum is due to condensa-
tion of vacuum oil from the oil diffusion pump on the coldfinger
and is not connected with decomposition opff@m][NTf,]. In
order to confirm the stability of the ionic liquid in the
experimental conditions of vapor pressure measurements, the ASHO (T
sample of [GmIim][NTf,] has been withdrawn from the cell ATy = THe(T0) + Rln(p(DU) )
and analyzed using the G@/AS technique. No traces of a ! ad p°
possible decomposition have been found in this probe as well
as in the probe of condensate collected at 474 K above the where p° = 10° Pa. All the parameters of eq 3 and 4 are
effusion cell. presented in Table 2.

Results

The enthalpies of vaporization at middle temperatures of
effusion experiment&T(Table 2) were calculated asH;, =
BR The entropies of vaporization were calculated as
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Figure 2. Temperature dependence of the vapor pressure famifaj-

[NTf;], where rhombs are the data forJ@im][NTf,], squares are the

data for [Gmim][NTf], triangles are the data for [@im][NTf_], and

circles are the data for E@im][NTf].

Discussion

Figure 1. IR spectra for [Gmim][NTf,] samples: (a) initial sample,

(b) from the effusion cell, and (c) condensed on the coldfinger.

The values ofAYS(CTT) for investigated samples are close
to the entropy of vaporizatio\?S;(500 K) = 131 3K~

The trend ofAPH?(298 K) in the series of [@nim][NTf,] is

shown in Table 2. All the values lie between 135 and 151

kJ-mol~1. These values are of the same order of magnitude as

mol~1 for [C4mim][PF] calculated from the results of calori-
metric measurements and statistical thermodynamic calculationsto 300 kdmol~* without fixing the temperature to which the

in refs 1 and 8. In the calculations the vapor off@m][PF]

APH? = 161 k3mol~! calculated for [Gmim][PF] from the
molecular-dynamic simulations reported in ref 9.

Rebelo et af. conceived that\{H?, for ILs should be close

values refer. According to Rebelo’s estimateAfH;, and T,

was also taken to consist of ionic pairs. The proximity of the the values ofA’S)(T,) will be from 450 to 600 K~1-mol~%.

experimental and calculated?S,, values indicates that this
assumption about composition of vapor is acceptable.

To adjust the values of enthalpy of vaporization fogfim]-

This estimate is not consistent with?Hy, and A}S), values
obtained in this work and the results oS, calculations
for [C,mim][PF]1® with calorimetric A7**'%)(liq) and

[Nsz] to 298.15 K one needs to evaluate the heat CapaCity Ac2)981§1(g) calculated by statistical thermodynamics'
difference between the liquid and gas phases. In our previous Ajternatively, theAPH? for ILs can be estimated &, by

work8 this heat-capacity jump was determined fosrfm][PFg]
from calorimetric data and statistical thermodynamic calculations
to be ACp(298 K) = —105 JK~1:mol~L. In this work the

value —A{Cp = 100 JK~1-mol-! was applied for all the

studied ILs.

Surface Tension and DensityThe experimental results of
the density and the surface tension ofgf@m][NTf,] and

[C1amim][NTf,] are presented in Table 3.

using the normal boiling temperatures estimated by Rebelo and
a Trouton constan®¢100 Jmol~1-K~1). In this caseAPH;, for

ILs will be from 50 to 70 kdmol~*. But such values of enthalpy

of vaporization are typical for molecular liquids.

The vapor pressure values were extrapolated to 101.3 kPa.

The values ofT}, estimated from eq 3 are 907 K for f@im]-
[NTf,], 933 K for [Cymim][NTf;], 885 K for [Cemim][NTf],

and 857 K for [Gmim][NTf;]. These values are essentially (280

TABLE 2: Parameters of Vaporization for [C ,mim][NTf ;]

APHR (T APPSO/ APHR (298 K)/
substance ouK A 103B/K kJmol* JK-1-mol™t kJmol™*
[Comim][NTf;] 463.0 27.29+ 0.35 14.29+ 0.16 118.8+ 1.3 131.2+ 2.9 135.3+ 1.3
[Camim][NTT] 477.6 26.78+ 0.42 14.22+ 0.20 118.3+ 1.7 126.9£ 3.5 136.2+ 1.7
[Comim][NTf,] 461.8 28.29+ 0.22 14.84+ 0.10 123.4- 0.8 139.5+ 1.8 139.8+ 0.8
[Csmim][NTf] 475.2 30.08+ 0.20 15.91+ 0.10 132.3+ 0.8 154.4+ 1.7 150.0+ 0.8

TABLE 3: Experimental Results on Measurements of Density and Surface Tension of ILs
substance TIK p3kg-m=3 o/mN-m~
[Cemim][NTf 3] 298.15+ 0.05 1321.0Gk 0.02 (9) 30.63t 0.10 (50)
308.15+ 0.05 1311.97% 0.03 (9) 29.78+ 0.13 (70)
[Crmim][NTf;] 308.15+ 0.05 1206.4G 0.01 (9) 29.39t 0.09 (90)

aNumber of measurements is given in parentheses.
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TABLE 4: Data for Calculations of the Parameters of Eq 7
(T = 298.15 K)

substance  o/mIm=2  10°Vy/m*molt  APHp/kJmol!
[Comim][NTf22  34.90 2.575 135.3
[Camim][NTfJ2  31.76 2.918 136.2
[Cemim][NTf ]2 30.94 3.280 139.8
[Cemim][NTF] 30.63 3.599 150.0

a2 The values oty andVy, from ref 2.

TABLE 5: Estimated Values of Enthalpies of Vaporization
of lonic Liquids (T = 298.15 K)

10Ve/ ol ASHS/
no. substance mémolt mJm2 ref kJ-mol~?t
1 [Comim][NTfS] 2575 3490 2 136.1
2 [Csmim][NTf,] 2918 31.76 2 134.6
3 [Cemim][NTf,] 3280 3094 2 141.6
4 [Cemim][NTf;] 3.663 30.24 thiswork 149.0
5 [Ciomim][NTf;] 4029 2966 2 155.5
6 [Ciamim][NTf;)] 4639 29.3% thiswork 169.0
7 [Cimim][PFy 2078 4589 2 154.8
8 [Cemim][PFs] 2.415 3745 2 139.8
9 [Csmim][PFy 2778 3524 2 144.3
10 [Ciomim][PFy] 3.090 30.88 2 135.9
11 [Crmim][PFy 3.466 2349 2 112.0
12 [C;mim][BF,] 1.877 4056 2 128.2
13 [Csmim][BF,] 2557 3139 2 122.0
14 [Cpmim][BF,] 3502 2729 2 130.7
15 [Cemim][Cl] 2308 338 2 122.7
16 [Ph(CH)mim][NTf,] 3.041 408 12 177.0
17 [Ph(CH).mim][NTf; 3.180 421 12 188.0
18 [Ph(CH);mim][NTf] 3.309 435 12 199.3
19 [Ph(CH)smim][PF] 2.461 33.0 12 125.0
aT = 308.15 K

K) higher than those estimated by Reb#lbaking into account
APCp will only increase this disagreement.

The demonstrated problems found in Rebelo’s work show
that the Eotvos Guggenheim correlations are hardly applicable
for ILs because they were obtained for molecular liquids.
Furthermore, it should be noted that in ref 2 the density and
surface tension af = 300 K were used to calculafg, and
Tc. This produces additional uncertainty to the estimates.
Therefore, a new correlation equation ffH, of ILs should
be developed.

Correlations of Enthalpy of Vaporization. The use of the
Stefan equation

APH®  Zg
o= V2/3NA1/37 (5)
for calculation of the enthalpy of vaporization on the basis of
correlation equatiod{H?, = f(o,Vm,M,T) was studied earliet,
where o is the surface tensiorVy is molar volume of the
compoundM is its molar mass, ands, andZ are surface and
bulk coordination numbers for the molecules in the liquid.
It was found that for ILs it is more appropriate to use

Fowked? approach in which surface tension is presented as a

sum

o=o0y4+ 0,

(6)

Zaitsau et al.

whereagy is the part of the surface tension caused by dispersive
interactions andr, is the part related to nondispersive interac-
tions (dipole-dipole, Coulomb, etc.). In this case the correlation
equation for the enthalpy of vaporization is:

AMH® = AoV, 2N, + B 7
whereB is a nondispersive part. THgvalues are (1.9 1.1)
kJmol~1 for hydrocarbons, (8.% 1.8) for carbonyl compounds,
and (22.6+ 1.3) for alcohols. It seems reasonable to apply eq
7 for estimation ofA’H, of ILs.

The parameters of eq 7 were found from the data shown in
Table 4. Enthalpies of vaporization of J@im][NTf;], surface
tensions, and densities of AIM][NTf,] and [C.smim][NTf]
were obtained in this work. The other values were extrapolated
to T = 298.15 K with use of the data from ref 2. The parameters
A andB were calculated by the least-squares methek: 1.121
x 1072, B = 2.4 kImol~L. The correlation coefficien®? was
0.94. The relative error in prediction @’H?, did not exceed
2%.

The enthalpy of vaporizatiodfHy, for [Csmim][PFs] cal-
culated from eq 7 was found to be 154.8rkdl~1. This value
is in satisfactory agreement with the results of molecular-
dynamic simulation’s APH7(298.15K) = 161 k3mol~-L. The
calculated values ofAPH?(298.15K) for other ILs are pre-
sented in Table 5.
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