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lonic Liquids: Dissecting the Enthalpies of Vaporization

Thorsten Kéddermann,® Dietmar Paschek,*® and Ralf Ludwig*™ ¢

We calculate the heats of vaporisation for imidazolium-based
ionic liquids [C,mim][NTf,] with n=1,2,4,6,8 by means of molec-
ular dynamics (MD) simulations and discuss their behavior with
respect to temperature and the alkyl chain length. We use a
force field developed recently. The different cohesive energies con-
tributing to the overall heats of vaporisations are discussed in
detail. With increasing alkyl chain length, the Coulomb contribu-
tion to the heat of vaporisation remains constant at around

1. Introduction

Room-temperature ionic liquids (RTILs) are salts with melting
points below 100 °C. These substances are receiving an increas-
ing amount of attention on account of their application as al-
ternative solvents due to their physicochemical properties.
Among other interesting features, ILs show extremely low
vapor pressures and thus can be substitutes for traditional in-
dustrial solvents such as volatile organic compounds. The low
volatility and the corresponding high heats of vaporization
make them attractive as “green” solvents.'*

For a long time the vapor pressures of ionic liquids were
considered too low to be measured. Consequently there have
been no studies of the nature of
the vapor and no direct determi-

80 kimol~', whereas the van der Waals interaction increases con-
tinuously. The calculated increase of about 4.7 kJmol™" per CH,-
group of the van der Waals contribution in the ionic liquid exact-
ly coincides with the increase in the heats of vaporisation for n-
alcohols and n-alkanes, respectively. The results support the im-
portance of van der Waals interactions even in systems com-
pletely composed of ions.

stantial amount of interaction is either missing or overestimat-
ed. In particular, the slopes of AH,,,(298) values for [C,mim]
[NTf,] with n=1-8 differ by a factor of up to two using several
experimental techniques. Some important questions arise:
How reliable are the given experiments? What is supposed to
be the best method to measure enthalpies of vaporisation?
And finally: What is the origin of the absolute AH,,,(T) values
and how does this property depend on temperature and on
the alkyl chain length of the imidazolium cation? Herein, we
study thermodynamic properties such as heats of vaporisation
for imidazolium-based ILs [C,mim][NTf,] by using MD simula-

nation of heats of vaporisation. Table 1. Molar enthalpies of vaporization, A,,,H(298) in kJmol™" of ionic liquids [C,MIMIINTf,] obtained by vari-
Meanwhile the first qualitative ous experimental methods compared to results from MD simulations.
distillation  experiments  under- lonic Knudsen®  Surface TPD”  Transpira-  Microcalori- MD MD
lined the very low volatility of | Liquid Tension™ tion™ metry™ Simulations”  Simulations"”
4,5 : ot

ILs*> and the first quantitative [C,MIMIINTF,] 1321403
measurements of the vapor [CMIM][NTf,]  135.3 136.1 134 136.7+£34 136 159410 130.6 £ 0.4
pressures and heats of vaporisa- [C,MIM]INTS,]  136.2 134.6 134 155 174+ 11 135.1+£0.6
tion of imidazolium based ILs [CeMIM]INTT,] 139.8 141.6 139 173 184+7 143.8+0.6

. CsMIM][NTT. 150.0 149.0 149 192 201+6 153.6+0.9
have been reported.*® Esti- [CMIMIINTE.!

mates for the heats of vaporisa-

tion from molecular dynamics

(MD) simulations,”'? and the COSMO-RS method"® were also
given. Most of the experiments and calculations were per-
formed with 1-alkyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide [C,mim][NTf,] (n=2-10). This family of ionic lig-
uids is known for its thermal stability.

Although some measured and calculated heats of vaporisa-
tion for imidazolium-based ILs [C,mim][NTf,] are available
today, (see Table 1) the situation is still not satisfying. Depend-
ing on the experimental methods, values for the heats of va-
porisation for these ILs can differ by up to 50 kJmol™
(Figure 1). This amount of energy easily includes the heat of
vaporisation AH,,,(298) of water (43.99 kJmol™") or low-chain
n-alcohols such as ethanol (42.32 kJmol™'). Obviously a sub-
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Figure 1. Molar enthalpies of vaporization A,,,H(298) of [C,MIMI[NTf,] versus
alkyl chain length from the Knudsen effusion method by Zaitsau et al. (o),
the TPD method by Armstrong et al. (w),”’ microcalorimetric measurements
by Santos et al. (4),”) MD simulations by Santos et al. (#),”’ and our MD sim-
ulations (o). Additionally A,,,H(T) values for higher temperatures (between
463-478 K) are given from the Knudsen effusion method by Zaitsau et al.
(¢)® and from COSMO-RS theory by Diedenhofen et al. (+, derived; x di-
rectly)™?

tions. Based on a new force field recently developed for this
class of ILs we investigate heats of vaporisation as a function
of temperature and alkyl chain length. In particular we want to
study to which extent this property is determined by Coulomb
and van der Waals interactions and thus find out what the
origin of the heats of vaporisation is.

2. Results and Discussion

In principle, MD simulations are an appropriate method to
answer these questions. Until recently, MD simulations of ionic
liquids suffered from the fact that the given force fields were
not able to mimic measured physicochemical properties such
as the heats of vaporization, diffusion coefficients and viscosi-
ties."” In some cases the measured and simulated properties,
such as diffusion coefficients, differed by an order of magni-
tude. Recently we could parameterize a refined force field for
imidazolium-based ionic liquids which is capable to reproduce
thermodynamic and transport properties as well as rotational
correlation times from NMR measurements."” It is based on a
former force field given by Lopez et al."*"® The Lennard-Jones
parameters are changed in such a way that densities and diffu-
sion coefficients for both cations and anions are brought into
agreement with accurately known experimental data. It is the
merit of MD simulation that the physicochemical properties
can be explained on a molecular basis and by interaction ener-
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gies. Herein, we apply this method to the imidazolium-based
ILs [C,mim][NTf,] with n=1,2,4,6,8 to determine thermodynam-
ic properties.

The heats of vaporization A,,,H(T) = APH? (T) were calculat-
ed from the differences between the molar internal energies of
the gas and the liquid phases AU, ,(T) and RT [Eq. (1)].

AvapH(T) = AIgHOm(T) = AIchm(T) +RT (1)

where R represents the gas constant. The gas phase was as-
sumed to consist purely of isolated ion pairs. This assumption
is in agreement with experimental findings by Armstrong
et al.,”” Emel'yanenko et al.,” and Leal et al.,"” as well as with
MD simulations of the neat liquid,"® clusters" and nanometric
droplets'? of ionic liquids. For calculating A?U,,(T), inter- and
intramolecular contributions were considered separately. The
intramolecular contributions contained bonded interactions,
such as bonds, bond-bending, dihedral interactions, as well as
non-bonded intramolecular contributions, including specifically
scaled 1-4 interactions. No cutoffs were applied for intramolec-
ular interactions [Eq. (2)].

AU, = [Ugas(inter) — Ugguia(inter)] + [Ugas(intra) — Ujquq(intra)]
(2)

In addition, the intermolecular interactions were further di-
vided into electrostatic and Lennard-Jones components, to
make a clear distinction between Coulomb and van der Waals
contributions to the total cohesive energies. For the isolated
ion pair in the gas phase, interactions between all site-site
pairs were explicitly considered and no distance cutoffs ap-
plied. For the condensed phase, the electrostatic energy was
computed by applying the Ewald summation with tinfoil boun-
dary conditions. To ensure that only intermolecular contribu-
tions were included, the molecular Ewald self-correction term
was applied to all intramolecular interaction pairs. The recipro-
cal lattice term was calculated by using a smooth particle
mesh Ewald method.?” For the Lennard-Jones interactions iso-
tropic cutoff corrections were applied. Cutoff distances
(1.5 nm), Ewald convergence parameters (3.4 10> nm™') and
reciprocal lattice dimensions (42 grid points per dimension
with interpolation order 4) were chosen to provide practically
converged data. Since GROMACS"?? does not routinely allow
a clean separation between inter- and intramolecular contribu-
tions, the energy analysis was performed a posteriori by em-
ploying the trajenergy program, which is part of the MOSCITO
MD simulation suite of programs (available upon request).”®
The a posteriori computed total potential energies reproduce
the total energies originally provided by GROMACS. The simu-
lated values for A,,,H(298) are shown in Figure 1. We obtain
values of about 132.5 kI mol™ for [C;mim][NTf,], 130.6 kJmol™
for  [Cmim]NTf,], 135.1klmol™"  for  [C,mim][NTf,],
143.8 kJmol™ for [Cimim]INTf,], and 153.6kIlmol™" for
[Cgmim][NTf,]. The heats of vaporisation obtained and their in-
crease with the alkyl chain length are in very good agreement
with experimental values from the Knudsen-effusion method®
as well as surface tension,” mass spectroscopy” and combus-
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tion measurements.”” Obviously the refined force field is capa-
ble of describing the internal energy of the liquid and the in-
teraction of ion pairs correctly. The good agreement with mea-
sured heats of vaporization and their slight increase with in-
creasing chain length of the cations allows some careful evalu-
ation of A,,;H(298) values obtained from other experimental
methods such as microcalorimetry.”) For the ILs [C,mim][NTf,]
these heats of vaporization (Figure 1) are significantly higher
than those obtained from four completely different experimen-
tal methods. The MD simulations by Santos et al.”! give even
higher heats of vaporization (Figure 1). The heats of vaporiza-
tion for [Csmim][NTf,] obtained from the Knudsen,® mass spec-
trometry”? and surface tension measurements® are about
150 kJmol™". In comparison, our MD simulations yield
154.3 kJmol " This is in contradiction to the results obtained
from the microcalorimetry measurements and the MD simula-
tions by Santos et al.”! For [Cgmim][NTf,] they measured and
calculated heats of vaporization between 192 and 201 kJmol ™,
respectively. These too-large heats of vaporization and their
strong increase with alkyl chain length in the MD simulations
may have their origin in overestimated Lennard-Jones interac-
tions used in previous force fields."*'” If the Lennard—Jones
parameters are significantly reduced to reproduce experimen-
tal diffusion coefficients—as done in the refined force field—
the absolute values as well as their increase with the chain
length of the imidazolium cation are described correctly. Fol-
lowing the procedure of Santos etal.” we give a detailed
analysis of the van der Waals (Lennard—Jones) and Coulomb in-
teractions contributing to the heats of vaporization.

The merit of MD simulations is that we can now analyse the
different energetic contributions which give the overall heat of
vaporization. For the liquid as well as for the gas phase the fol-
lowing contributions can be given: the Lennard-Jones, Cou-
lomb, kinetic and intramolecular energies (Figure 2a). The dif-
ferences due to kinetic and intramolecular interactions are
negligibly small and are not further considered (Figure 23,
Table 2). Typical differences in kinetic and intramolecular ener-
gies for [C,mim][NTf,] at 303K are 0.36 kJmol™ and
5.04 kJmol™', respectively. Overall it can be seen to which
extent the thermodynamic properties are determined by Cou-
lomb or van der Waals interactions and how these cohesive
energies change with the alkyl chain length and temperature.
This detailed study of the cohesive energy also allows interest-
ing comparison with other normal organic solvents such as n-
alcohols and n-alkanes. These relations show that the vapor
pressure and heats of vaporization of ILs may serve as a relia-
ble definition for which liquids
may be regarded as ionic liquids.

ARTICLES
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Figure 2. a) Energetic contributions for the gas (open symbols) and the
liquid phase (filled symbols) of [C,MIM][NTf,] from our MD simulations. The
differences of the Coulomb and van der Waals contributions of both phases
mainly contribute to the overall heats of vaporisation as shown in Figure 2b.
The symbols (2) for the “intra-gas” and “intra-liquid” contributions are super-
imposed. b) Molar enthalpies of vaporization A,,,H(298) for [C,MIM]INTf,]
from our MD simulations (0), from measurements of n-alkanes (¢) and n-al-
cohols ()22 The Coulomb (-—-) and van der Waals (—) interactions
from MD simulations.

tributions by intramolecular modes. The differences for the
Coulomb and the van der Waals contributions are shown in
Figure 2b for the ILs [C,mim][NTf,]. As given by Equation (1)
A,H and AU only differ by a constant value RT
(=2.5 kJmol™" at 298 K). Starting with [C;mim][NTf,] the heat
of vaporisation slightly decreases to [C,mim][NTf,] but then
constantly increases with the length of the alkyl chain of the

The heats of vaporisation
A,,,H(T) are mainly given by the
differences between the molar

Table 2. MD-simulated enthalpies of vaporization, A,,,H(298), internal energies A,,,U(298) as well as the differ-
ences between the liquid and gas phase values for the Coulomb, Lennard-Jones (van der Waals interactions),
intramolecular and kinetic energies of ionic liquids [CnMIM][NTf,]. All properties are given in kJmol™".

internal energy of the liquid and | jonic Liquid ApH(298) ApU(298) Coulomb  Van der Waals  Intramolecular  Kinetic
the gas phases, AU [Eq. (N1 "¢ ivine,) 1321403 1296403 8632 38.18 5.49 035
The internal energy for each | [c,MIM]INTS,] 1306404  1281+04  81.86 41.86 5.04 036
phase can be divided into the [C,MIM][NTf,] 135.14+0.6 132.6+0.6 78.27 50.08 461 0.37
Coulomb and van der Waals in- | [CsMIMIINTE] 1438406 1413406  77.86 59.65 432 0.39

. ) [CeMIM]INTH,] 1536409  151.1£09 7857 70.87 237 041
teractions as well as minor con-
ChemPhysChem 2008, 9, 549 - 555 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org 551
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imidazolium cation. This behavior is described well by the cor-
responding Coulomb and van der Waals interactions. The Cou-
lomb energy is constant for all ILs and not influenced by the
increasing chain length. [C;mim][NTf,] shows a slightly higher
Coulomb contribution as reflected in the heats of vaporisation.
This effect can be attributed to the symmetry of the cation.
Methyl groups at both positions, C(1) and C(3), support the
Coulomb interaction. A similar effect was found by Holbrey
et al.” for the melting points (T,) of 1-alkyl-3-imidazolium/
NTf,. Going from [C;mim][NTf,]
to [C,mim][NTf,] T, decreases by

R. Ludwig, D. Paschek et al.

cated at a certain ion-fixed position. This might be considered
as the energy contribution associated with the first component
of a multipole expansion of the electrostatic potential of each
of the ions. The lattice energies of the condensed phase re-
ported here were calculated using the Ewald-summation tech-
nique.

The calculated energies for [C,mim][NTf,] as a function of
temperature (the positions of the ions are represented by their
centers of mass) are shown in Figure 3a, whereas Figure 3b

. . a) b

more than 20 K. It is exactly this -250 |- [c,mim]INTt,) ) —250 |—
Coulomb contribution which is _ | _ | gas phase pape ggssites
responsible fo.r the slightly Ial.'ger S _300 S _300 5 ﬁcl:usiges
heat of vaporisation for [C;mim]- 2 2 L N
[NTf,] over [C,mim][NTf,]. Overall B 5 gas

: £ =350 z-350 |- 0O +1/-1lel cms
the Coulomb energy is smaller 3 5 | quid liquid
than expected for a system com- g e it 0 OO ;{gnlrﬂim]fN[NTfZ]
pletely composed of ions. As liquid
seen in Figure 2b the increase of 250 500 750 1000 0 2 4 6 8
the heats of vaporisation AH,,, T/K [C,mim][NTf,]

along the homologous series is
completely dominated by van
der Waals interactions. They
show the same increase with
alkyl chain length as the heats of
vaporisation. Similar behavior
was found by Santos etal
They referred their measured increase in the heat of vaporisa-
tion of about 8.9+0.1 kimol™ for each CH, group to the
trend observed for the heat of condensation A,H for the
solid-phase n-alkane family.”*” In our view a comparison of
properties for different systems (ILs, n-alcohols, n-alkanes) de-
scribing the same phase transition (here liquid/gas) is perhaps
more appropriate. Thus we show the heats of vaporisation
A,,,H(298) of the n-alkanes and n-alcohols in Figure 2b for
comparison. It is seen that the van der Waals interactions of
the ILs [C,mim][NTf,] show exactly the same increase with alkyl
chain length as the n-alkanes and n-alcohols. Thus the increase
in heats of vaporisation for imidazolium-based ILs arises com-
pletely from van der Waals interactions. For each CH, group
4.95 kJmol™" is reported for n-alkanes and n-alcohols.”® In our
MD simulations the van der Waals interactions of the ILs in-
crease by 4.7kJmol™' per methylene group (n=1-8).
Benson'® could show that the difference in heats of vaporisa-
tion of n-alcohols and their analogous hydrocarbons is
25.5 kJmol™" at 298 K. He concluded that this difference repre-
sents the contribution of the hydrogen bond to the value of
A,,,H(298) for n-alcohols. In this sense we can conclude that
the Lennard-Jones contributions in the MD simulations com-
prise the pure van der Waals interaction and the hydrogen
bond energy. The difference to the A,,,H(298) of the ILs is rep-
resented by the Coulomb interaction only.

To illustrate the origin of the Coulomb part of the cohesive
energy in both the liquid and the gas phases, we calculated
coarse-grained approximate Coulomb “lattice” energies, where
the ions are represented by their total charge of +1/—1]e]| lo-
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Figure 3. Intermolecular electrostatic interactions for [C,mim][NTf,]. a) As a function of temperature. b) For
[C,mim][NTf,] as a function of alkane chain length n. Full symbols indicate energies considering all partial charges
on all atoms of the ions. Open symbols represent approximate “lattice energies”, where charges of +1/—1]e|
were placed at anion and cation positions, respectively. Lattice energies for the charges being located at the ions’
centers of mass indicated by (o). For (<) positive charge was placed at the center of the imidazolium ring, where-
as the negative charge was located on the position of the nitrogen atom of the [NTf,] anion.

depicts energies for [C,mim][NTf,] as a function of alkane chain
length. For short chains (C,, C,) these approximated “lattice”
energies systematically overestimate the interaction energies
by only about 6% and 10% in the liquid and gas phases at
273 K, respectively. The differences at higher temperatures
tend to be even smaller at 3% and 6% at 1003 K. The corre-
sponding lattice-approximated Coulomb contribution to the
heat of vaporization for [C;mim][NTf,] underestimate the true
values (considering all partial charges) over the entire tempera-
ture range by just about 6% to 10% (between 4-8 kimol™)
This seems to be small compared to the differences in heat of
vaporization reported experimentally. Taking the position of
the first peak of the cation-anion center of mass pair correla-
tion function (shown in Figure 4b) as a reference distance, we
determined corresponding average Madelung constants for
the [C,mim][NTf,] liquid. Quite remarkably, the obtained Made-
lung constant changes only slightly with temperature, being
represented by 1.51940.006 over the temperature range be-
tween 273 K and 473 K. For higher temperatures, the value de-
creases continuously to about 1.40 at 1003 K. The observed
temperature insensitivity of the Madelung constant strongly in-
dicates conservation of the structure of the ionic lattice over
the temperature interval 273 K-473 K. The ionic lattice struc-
ture of the [C,mim][NTf,] liquids with anion-cation coordina-
tion numbers of about seven has great qualitative similarity
with the lattice structure of 1,3-dimethyimidazolium chloride
obtained from neutron diffraction.” Given that the ionic lat-
tice structure of the [C,mim][NTf,] liquids is described correctly
by our models, and the gas phase consists of isolated ion

ChemPhysChem 2008, 9, 549 - 555
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¢) 3 e) only slightly influenced by temperature, whereas the
i 10} 4im(C mim)...N(NT,) . . .
- g nonpolar region represented by the alkyl side chains
& 5 —W— show a stronger temperature dependence. lon pairs
-~ — L g . .
/ Ll =l § = gqm:m keep the Coulomb interactions strong, whereas the
ol il el & ok L .. .1 van der Waals interactions of these neutral cluster
0:40,50.50,7 04. 08 1Lz 16 0.4 Oa 0.8 species show significant temperature dependence. If
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Figure 4. a,b) Distance distribution P(r) between the centers of mass of anion and cation
for an ion pair in the gas phase for a) [C,mim][NTf,] at different temperatures and b) in-
creasing alkane chain length at T=298 K. ¢, d) Anion-cation center of mass radial pair
distribution functions g(r) for c) [C,mim][NTf,] at different temperatures and d) increasing
alkane chain length at T=298 K. e, f) Separation between the geometric center of imida-
zolium group of the [C,mim] cations and the position of the nitrogen atom in [NTf,] for
different alkane chain length at T=298 K. e) Distance-distribution obtained for an ion

pair in the gas phase. f) Radial pair distribution functions in the liquid phase.

pairs, the Coulomb contribution to the heat of vaporization
might be placed safely around 70-80 kJmol™". However, the
situation is quite different when alkane chains of different
lengths are considered. For long chain lengths, the approxi-
mated lattice energies are found to underestimate the cohesive
energies systematically, showing a strongly increasing lattice
energy, whereas the Coulomb part of the true cohesive ener-
gies varies only little with chain length. This feature was also
recently reported by Santos et al.”! and it was concluded that
it provides evidence for a segregation in polar and nonpolar
domains."™® Our simulations clearly support this point of view.

When we locate the position of the +1/—1|e| charges ex-
actly between the imidazolium ring of [C,mim] and the posi-
tion of nitrogen in [NTf,] and calculate the corresponding lat-
tice energies, the chain-length dependence of the true cohe-
sive energy is recovered (see Figure 3b). The corresponding
anion-cation center-center pair correlation functions even in-
dicate an increase of the first peak with increasing chain
length (Figure 4f), contrasting the behavior of the anion/
cation center of mass pair correlation function given in Fig-
ure 4d. In addition, Figure 4e indicates that similar tendency
to form polar contacts is also observed for the gas phase.

The contributions of Coulomb and van der Waals interac-
tions to the heats of vaporisation A,,,H(T) can be also studied
as a function of temperature. The overall decrease of A,,,H(T)
for [C,mim][NTf,] from 131.98 kimol™" to 111.30 kimol™" over
the temperature range of 273-473 K is nearly linear (Figure 5).
This decrease with temperature can be attributed to decreas-
ing Coulomb and van der Waals interactions in a 40:60 ratio.
In general it can be assumed that both the Coulomb and the
van der Waals interactions will get weaker to the same extent
upon decreasing densities. That the van der Waals interactions
show a stronger temperature dependence could be ascribed
to increasing ion pair formation.®” The polar regions which in-
clude the imidazolium ring of the cation and the anion are
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(Figure 6). This is another strong proof for the impor-
tance of van der Waals interactions in ILs as well as
their increase with the alkyl chain length and de-
crease with increasing temperature similar to the
analysis for n-alkanes and n-alcohols, respectively.
The distribution of the internal energy to Coulomb
and van der Waals interactions as well as the behav-
ior of the cohesive energies with increasing alkyl
chain length and temperature have some important

B O-OMD
— Lennard-Jones
150 1~ —— Coulomb
" 100 [~
o
E | -—o__
2 . T T T e
IE).
< PPooog
0 =
| | |
300 400 500
T/K

Figure 5. Molar enthalpies of vaporization A,,;H(T) (0) and the contributing
Coulomb (-—-) and van der Waals (—) interactions as a function of tem-
perature for [CGMIM]INTF,] from MD simulations. For comparison the temper-
ature-dependent A,,,H(T) values for ethanol (o) are shown.”*”

implications. Based on a reliable force field, MD simulations
can be used as a tool for predicting thermodynamic properties.
The substantial amount of van der Waals interactions contribu-
ting the heats of vaporisation questions the use of DFT meth-
ods for describing properties of ionic liquids. As pointed out
by Ballone et al.™ and KoBmann et al.®" most of the standard
density functional approximations lack dispersion energy terms
and may give cluster geometries which might be different
from the true ones.

Recent articles stated that many-body effects have to be in-
cluded into the force fields to ensure accurate predictions of
the structure and dynamics of ionic liquids.®*>* In particular,
transport properties such as self-diffusion and viscosity would
deviate significantly from experimental data if only simple pair-
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Figure 6. Molar enthalpies of vaporization A,,,H(T) (0) and the contributing
Coulomb (---) and van der Waals (—) interactions as a function of tem-
perature for [C,MIM][NTf,] with n=1, 4, 6, and 8 from MD simulations. For
comparison the temperature-dependent A,,,H(T) values for the analogous

n-alcohols (o) are given:**?" a) methanol, b) n-butanol, c) n-hexanol and

d) n-octanol. The corresponding data for n=2 ([C,MIM][NTf,] and ethanol
are already shown in Figure 5.

wise-additive force fields are used. Our study suggests that
averaged polarization effects were also described reasonably
by an effective two-body force field. For the heats of vaporiza-
tion it could be argued the contributions in the gas and the
liquid phase cancel out each other. Previously, we could show
that transport properties could be simulated with reasonable
accuracy and that they reflect the dependency with tempera-
ture and alkyl chain length.!”

3. Conclusions

Using a refined force field for describing ILs [C,mim][NTf,] with
n=1,2,4,6, 8 we studied the heats of vaporisation and their be-
havior with changing alkyl chain length and temperature. The
different parts of the cohesive energies contributing to the
overall heats of vaporisation were discussed in detail. Whereas
the Coulomb contributions remain almost constant around
80 kJmol™" with increasing alkyl chain length, the contribution
attributed to the van der Waals interactions is found to in-
crease continuously. Approximate “lattice” energies are found
to be the dominant contribution to the electrostatic cohesive
energy. In line with previous observations, a polar/nonpolar
segregation (ion pair formation) is observed for longer chain
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lengths and is responsible for Coulomb energies which are
almost independent of the alkane chain length. The calculated
increase of the heat of vaporisation of about 4.7 kJmol™' per
CH,-group exactly matches the increase of the heats of vapori-
sation of n-alcohols and n-alkanes. Additionally, the tempera-
ture dependence of the van der Waals energies of the imidazo-
lium-based ionic liquids is also found to match to the tempera-
ture behavior of the AH,,, data of alcohols. Our simulations
highlight the importance of the van der Waals interactions
even for a system consisting purely of ions. The MD results
also suggest that Knudsen effusion®® and mass spectrometry”
are the most suitable methods for determining heats of vapori-
zation.

Computational Methods

Classical molecular dynamics simulations of liquid [C,mim][NTf,]
with n=1,2,4,6,8 were carried out in the isobaric-isothermal
(NPT) ensemble by using a new force field described recently."”
The simulated systems consist of 173 ion pairs at 1 bar. The simula-
tions were carried out using the Gromacs-MD package®?"?? at tem-
peratures of 273, 303, 343, 383, 473, 803, 903 and 1003 K. For the
liquid-phase simulations electrostatic interactions were computed
by using the smooth particle mesh Ewald-summation method®”
with fourth-order interpolation and 0.12 mesh spacing, a Ewald
convergence factor of 3.4 nm~', and by applying a cut-off radius of
1.2 nm. Appropriate isotropic Lennard-Jones long-range correc-
tions for pressure and energy were considered. For simulations of
the ion pair in the gas phase no periodic boundary conditions and
cutoffs were used, and the initial linear and angular momenta
were removed. Temperature and pressure control was achieved
using a Nosé-Hoover thermostat®>® and the Rahmann-Parrinello
barostat.®”*¥ with coupling times of 7:=0.5 ps and 7,=2 ps. Each
of the simulation runs of the condensed phases was 10 ns long. In-
tegration time steps of 2 fs were used. All bond lengths involving
hydrogen atoms were held fixed by using the SHAKE algorithm.®%!
The heats of vaporisation (A,,,H) were calculated from the differen-
ces of the internal energies between the liquid and the gas phases
for the ionic liquids at the given temperatures. The further energy
analysis was computed a posteriori from stored trajectory data. De-
tails are given in the Results and Discussion section.
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