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The solubility (Henry’s constant) of xenon in a series of n-alkanes (n-heptane, n-octane, n-nonane, n-
dodecane and n-hexadecane) and in two cycloalkanes (cyclopentane and cyclohexane) has been obtained
by Monte Carlo computer simulations as a function of temperature, at a reference pressure of 100 kPa and
compared with experimental results from literature. The n-alkanes and cycloalkanes were modelled with
the united atom TraPPE force field, using optimized non-bonded parameters in a transferable fashion for
each solvent family. Standard enthalpies of solvation were calculated from the temperature dependence
of the Henry’s constants. Solute-solvent interaction energies were also estimated for all systems by
Molecular Dynamics. The agreement between the simulated Henry’s constants and experimental data
from the literature is excellent in all cases. For all systems involving n-alkanes, the temperature depen-
dence of the standard enthalpies of solvation displays a maximum at very similar reduced temperatures,
0.51 < TR < 0.55. These results confirm the behaviour previously observed experimentally for n-pentane
and n-hexane. Furthermore, the simulation results provide a large coherent set of data that allows
extending the analysis to a large number of longer n-alkanes, including those for which no experimental
data is available.
Structural details of the solutions were also studied calculating the radial distribution functions xenon/

CHn for all the systems at similar thermodynamic states. The results confirm the enrichment of methyl
groups within xenon’s first coordination sphere relatively to methylene groups. The effect is more pro-
nounced the longer the n-alkane chain.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Gaseous xenon is a well-known inhalation anaesthetic. With no
side effects, rapid emergence, a low minimum alveolar concentra-
tion (MAC) of 0.6–0.7 atm as well as neuroprotectant and cardio-
protectant properties, xenon has been considered an almost
perfect anaesthetic [1]. Although the molecular mechanism of
anaesthesia is far from being fully understood, it has been shown
that xenon can act on NMDA membrane receptors [2], exerting
effects on nicotinic acetylcholine receptors [3] and certain potas-
sium channels [4]. However, most of the studies on xenon anaes-
thetic mechanisms have been directed to its action on the nerve
cell membrane. Xenon tends to increase the area per lipid, chang-
ing the thickness and the local and global lipid order in model
membranes [5,6] and is able to change the phase distribution of
membrane lipid raft mixtures to favor the disordered phase [7].
It is also known that xenon, in contact with model membranes,
tends to be localized in the middle of the bilayer, but also just
below the lipid head group. This latter location is very important
given the changes it produces in membrane structure and dynam-
ics [8]. The structural simplicity of xenon in comparison with other
more complex anaesthetic families seems to exclude specific inter-
actions as the basis of its anaesthetic action. Thus, studying the
structure and interactions of xenon within lipid bilayers, which
are mostly formed by alkylic chains, can be an important contribu-
tion to deepen the knowledge of the anaesthetic action of xenon.

The study of molecular/segmental interactions and liquid struc-
ture (repulsive forces) of simple molecules and their mixtures is a
topic of high scientific interest [9,10], since it is very often the ulti-
mate result of the decomposition of complex problems, where the
theoretical explanations from first principles are more easily
applied and understood. Important and up-to-date scientific
phenomena observed in more complex systems, such as the forma-
tion and behaviour of different domains in ionic liquids [11] or the
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self-organization in partially fluorinated organic compounds
[12,13] often require explanations that can be based on studies
done using simple molecules, whose results are more prone to sep-
arate effects and distinguish trends.

Noble gases and alkanes have long been used as model sub-
stances to study the effect of size, shape and flexibility on the ther-
modynamic properties of fluid mixtures [14–18]. The absence of
molecular structure of the noble gases (in other words, their isotro-
pic intermolecular potential) allows their use as reference parti-
cles, comparing the properties of their binary mixtures with
components of different shapes and polarities. In particular, the
large polarizability of xenon is known to amplify binary interac-
tions, which makes this noble gas particularly useful as a test par-
ticle. On the other hand, the n-alkanes larger than n-butane form a
chemical family whose properties change in a very regular way.
The exceptional behaviour of the first three members of the n-
alkane family, as well as a number of model branched alkanes
and cycloalkanes, allows instructive discussions on the effect of
shape, segmental interaction, rigidity and packing. Solubility data
at infinite dilution and derived thermodynamic quantities are
important properties to study solute–solvent interaction in the
absence of solute–solute contacts, probing the solvent organization
around the solute molecule. On the other hand, computer simula-
tions have become essential tools to establish the desired link
between macroscopic properties and molecular level phenomena
[19].

Pollack et al. measured the solubility of xenon in a series of n-
alkanes, (C5 - C16) [20], cycloalkanes (C5, C6 and C8) and in a variety
of organic solvents [21]. However, measurements were performed
within a relatively narrow temperature range. Thus, the standard
enthalpies and entropies of solvation, estimated from the experi-
mental results, were assumed to be constant within the studied
temperature range. The average standard enthalpy of solvation
for xenon in n-alkanes was found to increase (becomes less nega-
tive) with the increasing chain length of the solvent and to be less
negative for cycloalkanes than for n-alkanes.

In a previous work, we reported measurements of the solubility
of xenon in n-pentane and n-hexane [22,23]. In our case, measure-
ments were performed in a wider temperature range and using a
more accurate temperature control, which enabled estimating
the enthalpy of solvation (DH2

0) as a function of temperature. It
was found that for xenon in n-pentane and n-hexane DH2

0 first
increases with temperature, at lower temperatures, and then
decreases, exhibiting a maximum at approximately the same
reduced temperature for both systems, 0.53–0.54. Interestingly,
this is very close to the reduced temperature at which the excess
enthalpy for equimolar mixtures of n-alkanes changes from posi-
tive to negative. This result was seen as an additional example of
the similarity between (xenon + n-alkane) and (n-alkane + n-
alkane) interactions [17,24]. Monte Carlo simulations, using the
TraPPE united atom model [25] and SAFT-VR calculations [26] pro-
duced Henry’s constants in close agreement with experiment.

In a more recent work, we combined 129Xe NMR measurements
as a function of temperature, with molecular dynamics simula-
tions, to study solutions of xenon in linear, cyclic and branched
alkanes [27]. Several important conclusions could be drawn from
this study. Firstly, it was shown that xenon interacts more inten-
sely with methyl than with methylene groups, due to the larger
number of hydrogen atoms in the former. It was also found that
the CH2 units of cycloalkanes seem to be less interactive towards
xenon than those of n-alkanes. It was demonstrated that this is a
subtle consequence of the shape of cyclic molecules, which allows
different degrees of access of the xenon atom to the different CH2

units forming a cycloalkane molecule. Finally, it was also shown
that the relative distribution of methylene and methyl groups
around xenon does not match their stoichiometric proportion in
2

the solvent molecule. Instead, a relative enrichment of CH3 groups
is observed in the xenon’s first coordination sphere, increasing
with the chain length of the solvent. Perhaps more importantly,
this work highlighted the potential of 129Xe NMR spectroscopy to
probe the structure and interactions of fluids, and the importance
of conducting those studies at similar thermodynamics conditions.
The same strategy has been recently extended to study n-
perfluoroalkanes [28], n-perfluoroalkylalkanes [29], and ionic liq-
uids [30].

Mixtures involving xenon and cycloalkanes have also been
studied in our research group [16,31–32]. Solutions of xenon in
cyclopentane in a wider temperature range were recently reported
[33]. Comparing with (xenon + n-pentane), both enthalpy and
entropy of solvation show opposite temperature dependences.
For (xenon + n-pentane) both enthalpy and entropy of solvation
decrease with increasing temperature above Tr = 0.54 (being Tr
the system temperature divided by the critical temperature of
the solvent). For (xenon + cyclopentane) these two properties
increase monotonously with temperature, showing that the heat
capacities of solvation display opposite signals for aliphatic and
cyclic solvents. This behavior was explained recurring to the ‘‘con-
densation” effect proposed in the 1970s by Patterson [34–36],
which suggests that linear alkanes tend to ‘‘condense” at the sur-
face of highly branched, rigid and sterically hindered molecules,
restricting molecular motion, thus leading to negative contribu-
tions to excess enthalpy and entropy and positive contributions
to excess heat capacity. Molecules with plate-like anisotropic
structures like cyclopentane, cyclopropane and cyclobutane, would
favor the condensation of n-alkanes and xenon on their surface
[16,31].

In the present work, we have extended the computer simulation
studies of xenon in n-alkanes to longer members of the series (n-
heptane, n-octane, n-nonane, n-dodecane and n-hexadecane).
Henry’s constants were obtained for all the systems by Monte
Carlo simulations at 100 kPa and as a function of temperature,
using the united atom TraPPE force field. The simulation results
are in excellent agreement with experimental data from the liter-
ature demonstrating the ability of the model used to describe such
systems. Moreover, the results confirm the behaviour previously
observed experimentally for n-pentane and n-hexane: standard
enthalpies of solvation calculated from the temperature depen-
dence of the Henry’s constants display a maximum at very similar
reduced temperatures, 0.51 < Tr < 0.55. Thus, the simulation results
provide a large coherent set of data for the longer n-alkanes, for
which experimental data was lacking or existed only within a very
narrow temperature range.

Solutions of xenon in two cycloalkanes (cyclopentane and
cyclohexane) were also simulated and solute–solvent interaction
energies were obtained for all systems by Molecular Dynamics.
The structure of xenon’s coordination sphere is also discussed,
based on the analysis of the radial distribution functions between
the solute and each molecular group of the solvent molecules.
2. Simulation details

The Henry’s constants for xenon in liquid n-heptane, n-octane,
n-nonane, n-dodecane, n-hexadecane, cyclopentane and cyclohex-
ane as a function of temperature at 100 kPa were obtained by com-
puter simulation using Widom’s test-particle insertion algorithm
[37]. The method uses Monte Carlo simulations to compute the
excess chemical potential (l2

exc.,1) of the solute 2 in the solvent
1 at infinite dilution, which in turn allows the calculation of Henrýs
constant by the well-known relation:

H2;1 T; pð Þ ¼ lim
x2!0

RTq1exp lexc:;1
2 =RT

� �� � ð1Þ



Table 2
Henrýs constants and their statistical uncertainties for xenon in n-heptane, n-octane,
n-nonane, n-dodecane and n-hexadecane at 100 kPa as a function of temperature,
obtained from the Monte Carlo simulations.

Xenon in n-heptane Xenon in n-octane Xenon in n-nonane

T/K H2,1/MPa dH2,1/MPa H2,1/MPa dH2,1/MPa H2,1/MPa dH2,1/MPa

275 2.82 0.16 2.80 0.20 2.65 0.22
280 3.08 0.13 2.97 0.11 2.94 0.27
285 3.31 0.15 3.22 0.20 3.15 0.23
290 3.56 0.13 3.47 0.17 3.37 0.19
295 3.75 0.14 3.82 0.20 3.57 0.18
300 3.97 0.17 3.95 0.17 3.88 0.22
305 4.19 0.17 4.18 0.13 4.13 0.24
310 4.57 0.16 4.46 0.22 4.39 0.21
315 4.83 0.13 4.67 0.14 4.70 0.24
320 5.12 0.17 5.01 0.19 4.89 0.18
325 5.34 0.14 5.29 0.19 5.26 0.23
330 5.67 0.18 5.61 0.21

Xenon in n-dodecane Xenon in n-hexadecane
T/K H2,1/MPa dH2,1/MPa H2,1/MPa dH2,1/MPa
280 2.70 0.29
285 2.92 0.21
290 3.11 0.18
295 3.35 0.29 3.02 0.30
300 3.66 0.31 3.35 0.42
305 3.92 0.25 3.49 0.45
310 4.05 0.30 3.73 0.30
315 4.30 0.28 3.78 0.42
320 4.62 0.16 4.14 0.41
325 4.76 0.23 4.29 0.40
330 5.04 0.18 4.62 0.34
335 5.38 0.26 4.75 0.23
340 5.60 0.27 5.15 0.26
345 5.83 0.30 5.19 0.28
350 6.09 0.36 5.32 0.38
355 6.32 0.21 5.64 0.26
360 6.64 0.33 6.04 0.33
365 6.90 0.25 6.24 0.38
370 7.21 0.25 6.24 0.33
375 6.51 0.30
380 6.92 0.35

Table 3
Henrýs constants and their statistical uncertainties for xenon in cyclopentane and
cyclohexane at 100 kPa as a function of temperature, obtained from the Monte Carlo
simulations.

Xenon in cyclopentane Xenon in cyclohexane

T/K H2,1/MPa dH2,1/MPa H2,1/MPa dH2,1/MPa

250 2.18 0.27
255 2.44 0.27
260 2.64 0.24
265 2.77 0.29
270 3.17 0.25
275 3.48 0.28
280 3.68 0.28 4.00 0.53
285 3.89 0.28 4.49 0.46
290 4.28 0.28 4.81 0.48
295 4.51 0.35 5.11 0.28
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where l2
exc,1 is the excess chemical potential (the difference

between the chemical potential of solute 2 in solvent 1 at infinite
dilution and the chemical potential of pure species 2 at ideal gas
state), T is temperature, p is pressure, q1 is the density of the pure
solvent and R is the ideal gas constant.

The excess chemical potential at infinite dilution is calculated
by the equation:

lexc:;1
2 ¼ �RT ln

hVexp �uTP=kTð ÞiNpT
hViNpT

" #
ð2Þ

where uTP is the interaction energy of the test particle with a config-
uration of solvent molecules, V is the volume of solvent in a given
configuration, R is the ideal gas constant, T is temperature and
h. . .iNpT denotes an isothermal-isobaric ensemble average.

For the Henry’s constants calculations, the computer simula-
tions were performed using the MCCCS Towhee Monte Carlo
molecular simulation package, version 6.2.2 [38]. The calculation
of radial distribution functions (rdf) and the solute–solvent interac-
tion energies were done frommolecular dynamics simulations per-
formed using the GROMACS package (version 4.5.7) [39,40]. The
force field used to describe all the n-alkanes was based on
TraPPE-UA [41] whose main characteristics are fixed bond lengths,
harmonic style angle bending terms and quadratic torsion terms
for the intramolecular interactions, whereas the intermolecular
terms are modelled by Lennard-Jones potentials centred on the
carbon atoms. This is a united atom force field, which means that
CHn groups are modelled as single pseudo-atoms. In this work
we used the same parameters as Bonifácio et al [23], which had
been obtained by Laginhas et al [42], using the Martin et al [41]
(for CH3 and CH2 sites on n-alkanes) and Bohn et al [43] (for xenon)
parameters as starting points. In the case of cycloalkanes, Lennard-
Jones parameters for the CH2 unit were obtained in this work by
fitting to the experimental densities of cyclopentane (from refer-
ence [44]) as a function of temperature (average deviation: 0.10
%). These parameters reproduce the experimental density of cyclo-
hexane (also from reference [44]), at 1 bar and between 280 K and
350 K, with an average deviation of 4%. It must be pointed out that,
with the original CH2 parameters by Martin et al., the simulated
densities of cyclopentane at 1 bar deviated between 7 and 13 %
from experiment (in the 180–310 K range), and for cyclohexane
deviated between 2 and 13 % (from 280 to 350 K) [42]. For the n-
alkanes (from n-heptane to n-hexadecane), the refined parameters
reproduce the experimental liquid densities at 1 bar with average
deviations from 0.24 to 0.62 %, with the density of n-hexadecane
being particularly well predicted. All of the parameters used for
interactions between like sites are shown in table 1. The unlike
parameters were obtained using the Lorentz-Berthelot combina-
tion rules, which means that no experimental results for mixtures
were needed to predict Henry’s constants.

For the determination of Henry’s constants, the calculations
were carried out in the NpT ensemble with a single box having side
lengths of approximately 35–40 Å and containing between 250 and
400 solvent molecules. In each simulation, a preliminary solvent
equilibration run of between 50,000 and 150,000 steps (each step
consisting of a number of moves equal to the number of molecules
Table 1
Non-bonded parameters for each interaction site used in this work for computer
simulation calculations.

(e/kB) /K r /Å

CH3 100.75 3.787
CH2 47.2 4.03
CH2 (cyclic) 56 3.85
Xe 226.3 3.948

3

in the system) was done, followed by a production run consisting
of another 200,000 steps, which were divided into 20 blocks in
order to calculate standard deviations. 1000 insertions of a solute
300 4.85 0.34 5.34 0.46
305 5.21 0.40 5.65 0.32
310 5.53 0.26 6.08 0.45
315 5.83 0.32 6.56 0.44
320 6.75 0.29
325 7.15 0.33
330 7.64 0.35
335 7.86 0.48
340 8.34 0.28
345 8.66 0.52
350 9.25 0.45
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test particle were done for each MC production step (for a total
of 2 � 108 insertions per run). The Monte Carlo moves consisted
of simulation box volume changes, coupled-decoupled
configurational-bias re-growths, translations of the centre of mass,
rotations about the centre of mass and configurational-bias mole-
cule reinsertions in the simulation box. Henry’s constant calcula-
tions were done as a function of temperature, in 5 K intervals,
from 275 K to 330 K for xenon in n-heptane and n-octane, from
275 K to 325 K for n-nonane, from 280 to 370 K for n-dodecane,
from 295 K to 380 K for n-hexadecane, from 250 K to 315 K for
cyclopentane and from 280 K to 350 K for cyclohexane. The system
pressure was fixed at 100 kPa.
Fig. 1. Henry’s constants at 100 kPa, as a function of temperature, for xenon in: n-hept
squares represent the Monte Carlo simulation results (along their error bars), and circles
and Glew equation.

4

For the determination of radial distribution functions, molecu-
lar dynamics simulations were performed, in boxes containing
500 to 800 solvent molecules and a number of xenon molecules
corresponding to the respective solubility in each solvent.
Solute-solvent interaction energies were also determined by
molecular dynamics simulations, using 250 to 400 solvent mole-
cules and one xenon molecule. For both cases, the initial box vol-
umes were chosen according to the experimental densities of the
systems. After an energy minimization run for system relaxation,
the boxes were equilibrated during 2 to 16 ns, followed by 8 to
16 ns production runs, in all cases with a time-step of 1 fs. A cut-
off distance of 12 Å was used for the dispersive interactions, with
ane (a), n-octane (b) and n-nonane (c), n-dodecane (d) and n-hexadecane (e). Open
the experimental results from Pollack et al. [20]. The lines are fits using the Clarke



Fig. 1 (continued)
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standard analytic tail corrections applied to energy and pressure.
Temperature and pressure were controlled by using the Nosé-
Hoover thermostat (sT = 0.5 ps) and Parrinello-Rahman barostat
(sP = 2.0 ps) respectively, with all bonds constrained to their equi-
librium values by the LINCS algorithm [45]. Radial distribution
functions were obtained from the production trajectories using
the GROMACS g_rdf (gmx rdf) tool and the calculation was done
at a single and different temperature for each system, correspond-
ing to approximately the same experimental reduced temperature
of the solvent. In the case of solute–solvent interactions energies,
the calculations were done as a function of temperature in essen-
tially the same range as Henry’s constant determinations and also
at 5 K intervals.
5

3. Results and discussion

The results obtained from the Monte Carlo simulations for
Henrýs constant as a function of temperature are presented in
Tables 2 And 3 (for xenon in n-alkanes and cycloalkanes, respec-
tively), and plotted in Fig. 1 (xenon in n-alkanes) and 2 (xenon in
cycloalkanes), along with experimental results from Pollack et al
[20,21] and Bonifácio et al [23,33].

As can be seen, the simulations fully reproduce, within their
statistical uncertainties, the Henry’s constants of xenon in all the
n-alkanes and cycloalkanes studied, as was found for n-pentane
and n-hexane in a previous work [23]. This confirms that the solu-
bility of xenon in n-alkanes, cyclopentane and cyclohexane can be
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predicted quantitatively using the molecular models and simula-
tion methodology (Monte Carlo simulation of the solvent with
Widom insertion of the solute) described. Moreover, it should be
stressed that these results are achieved using simple Lorentz-
Berthelot combining rules, without resorting to fitting any binary
parameter to the properties of mixtures.

For xenon in n-alkanes, both experimental and simulation val-
ues of Henry’s constants are quite similar for all the n-alkanes,
though slightly decreasing as the n-alkane chain length grows. This
means that, on a mole fraction basis, and compared at the same
temperature, the solubility of xenon in n-alkanes increases as the
solvent chain length increases. However, given the large
differences in the chain length of the studied solvents, this analysis
may not be the most informative, in part because, at the same
absolute temperature, the n-alkanes studied are in very different
thermodynamic states. Taking this fact into account, Fig. 3 repre-
sents the same Henry’s constants as a function of the solvent’s
reduced temperature (results for n-pentane and n-hexane from
Bonifácio et al [23] are also included) and a different trend is
observed.. At the same reduced temperature, the solubility of
xenon in n-alkanes now decreases as the chain length increases.
For a further comparison, Fig. 4 also shows the solubility of xenon
in n-alkanes, but now expressed in molar density (moles of solute
per volume of solvent) instead of mole fraction. In this representa-
tion, it can be observed that the solubility of xenon increases as the
solvent chain length decreases, following the decreasing fraction of
methyl groups in the solvent molecule.

The same trend of solubility decreasing with chain length is also
observed in the cycloalkanes studied (Fig. 5), even though these
compounds are constituted only by methylene groups. In this case,
this effect can be related to the stronger interaction of xenon with
the more hindered cyclic alkanes, as will be discussed further
down.

In order to correlate the obtained values of Henry’s constants as
a function of temperature with a smoothed analytical representa-
tion, these were fitted to the equation proposed by Clarke and
Glew [46] (3):
6

ln H2;1 T; pð Þ=Pa½ � ¼ A0 þ A1

10�2T=K
þ A2ln 10�2T=K

� �

þ A3 10�2T=K
� �

þ A4 10�2T=K
� �2

þ ::: ð3Þ

The four parameter version was used and the fitting curves are
plotted in Figs. 1 and 2 while the parameters obtained are pre-
sented in table 4. Using this relation for the temperature depen-
dence of Henry’s constants, the standard enthalpy of solvation
was calculated for all the systems studied as a function of temper-
ature, by equation (4) , and considering p0 = 100 kPa.

DH0
2ðT;p0Þ ¼ �RT2 d

dT
ln

H2;1 T; p0
� �
p0

� 	
 �
ð4Þ

The obtained enthalpies of solvation of xenon in n-alkanes are
shown in Fig. 6 and those of xenon in cycloalkanes are shown in
Fig. 7 in comparison with their linear counterparts (same number
of carbon atoms). Also included in the Fig. 6 are the experimental
results for xenon in n-pentane and n-hexane [23] and experimental
results for the remaining n-alkane systems from Pollack et al [20].
In Fig. 7, the enthalpy of solvation of xenon in cyclopentane and
cyclohexane from experimental results [21,33] are also included.

In these figures, it can be seen that the enthalpies of solvation of
xenon in n-alkanes obtained by simulation essentially agree with
those from experiment, even noting that Pollack et al assumed
their values as constant over the temperature range studied. For
all the studied n-alkanes, including n-pentane and n-hexane from
a previous work, the results lead to the general conclusion that
there is a maximum in the DH2

0 vs. T curve. This observation is true
even though the results for n-pentane and n-hexadecane do not
show an unequivocal maximum in the explored temperature
range. The temperatures corresponding to the maxima in DH2

0 for
all the systems studied are reported in table 5. Representing solva-
tion enthalpy as a function of solvent’s reduced temperature (also
in Fig. 6 and table 5), it can be seen that the maxima are located in
a relatively narrow temperature range, between 0.51 and 0.56 for
all n-alkanes studied in this work and also for the dissolution of



Fig. 2. Henry’s constants at 100 kPa, as a function of temperature, for xenon in: cyclopentane (a) and cyclohexane (b). Open squares represent the Monte Carlo simulation
results (along their error bars), and circles the experimental results from Bonifácio et al. [33] (black) and Pollack [21] (gey) for cyclopentane and Pollack et al. [21] for
cyclohexane. The lines are fits using the Clarke and Glew equation.

Luís F.G. Martins, A.J. Palace Carvalho, P. Morgado et al. Journal of Molecular Liquids 340 (2021) 117272
xenon in n-pentane and n-hexane. Moreover, this reduced temper-

ature range where dDH0
2

dT changes its sign is also very close to the
reduced temperature where the mixing process for binary mix-
tures of n-alkanes and of light n-alkanes with xenon changes from
endothermic to exothermic [17].

In the case of cycloalkanes, the enthalpy of solvation of xenon is
generally less negative than in their linear counterparts. For xenon
in cyclopentane the simulation results are very close to those
obtained from experiment [33] and seem to confirm the inexis-
tence of any maximum in the DH2

0 vs. T curve. Moreover, the sim-
ulation results for this system also show that DH2

0 increases with
temperature (positive C2

P;0) in a monotonous fashion, contrarily to
what happens for xenon in n-pentane where the solvation
enthalpy clearly decreases with temperature (negative C2

P;0) in
7

most of the temperature range studied. This behavior can be inter-
preted in the light of Patterson’s condensation effect of one flexible
or polarizable molecule sticking on a hindered cyclic structure [34–
36], an effect that is counteracted by the thermal agitation. In the
case of cyclohexane, our calculations show a maximum in DH2

0 at a
higher reduced temperature than for n-alkanes, but unfortunately
the available experimental results do not have a wide enough tem-
perature range or precision to confirm this characteristic. In most
of the temperature range considered, the enthalpy of solvation of
xenon is more negative in cyclopentane than in cyclohexane, also
supporting the above discussed favourable interaction of xenon
with the shorter, more hindered cycloalkanes, as was also observed
directly on the solubilities.

In order to deepen the discussion about the relative affinity
between xenon and each solvent, the solute–solvent interaction



Fig. 3. Henry’s constants at 100 kPa as a function of solvent’s reduced temperature for xenon in n-pentane (grey filled circles), n-hexane (orange open squares), n-heptane
(black filled triangles), n-octane (blue open circles), n-nonane (yellow filled squares), n-dodecane (red open triangles) and n-hexadecane (green crosses). Symbols:
experimental results (ref. 20 and 23); lines, simulation results (ref. 20 and this work).

Fig. 4. Smoothed curves for the solubility of xenon in n-alkanes (in moles of solute per volume of solvent) at 100 kPa as a function of temperature obtained by Monte Carlo
simulations. The same colour code as Fig. 3.
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energies were obtained from molecular dynamics simulations for
all the systems studied (including xenon in n-pentane and xenon
in n-hexane). Figs. 8 and 9 show the smoothed curves obtained
for the solute–solvent interaction energy (Eint) both as a function
of temperature (a) and as a function of the solvent’s reduced tem-
perature (b).

First, it can be observed that the interaction energies increase
linearly with temperature for all the systems studied. For the n-
alkanes (Fig. 8), these lines are parallel to each other, revealing a
similar behaviour with temperature, since the lines can be almost
8

superimposed by a mere temperature translation. At a given tem-
perature, the interaction energy decreases (becomes more nega-
tive) when the solvent chain length increases but, as was
observed for the solvation enthalpy, this trend is inverted when
the solvents are compared at the same reduced temperature.

For the cycloalkane systems (Fig. 9), it is seen that the interac-
tion energy between xenon and the solvent is more negative for
cyclohexane than for cyclopentane, and that this trend remains
when the energy values are represented as a function of the
solvent’s reduced temperature. This fact can be due to a higher



Fig. 5. Henry’s constants at 100 kPa for xenon in cyclopentane (filled circles) and cyclohexane (open squares) as a function of solvent’s reduced temperature. Symbols:
experimental results (ref. 21 – grey symbols and 33 – black symbols); lines (dashed for cyclopentane and dotted for cyclohexane), simulation results (this work).

Table 4
Coefficients of equation (3) fitting simulated data for xenon in n-heptane, n-octane and n-nonane, n-dodecane, n-hexadecane, cyclopentane and cyclohexane.

A0 A1 A2 A3 AAD (%)

Xenon in n-heptane 109.28 �134.56 �82.05 13.64 0.69
Xenon in n-octane 198.67 �256.72 �162.10 26.73 0.41
Xenon in n-nonane 165.68 �212.01 �132.22 21.81 0.62
Xenon in n-dodecane 71.23 �83.77 �42.59 6.197 0.70
Xenon in n-hexadecane 42.97 �44.90 �18.63 2.487 1.64
Xenon in cyclopentane 28.08 –23.79 �7.727 1.246 1.03
Xenon in cyclohexane 164.45 �210.38 �126.00 19.87 1.05
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diversity of the solute–solvent interaction orientation in the case of
cyclohexane. The same figure also shows that, for the same number
of carbon atoms, xenon presents a more favourable (negative)
interaction energy with cycloalkanes than with n-alkanes.

A clearer picture of the behaviour of the solute–solvent interac-
tion energy in this kind of systems can be obtained by representing
this property as a function of solvent carbon molar density (in an
analogous fashion as in reference 27), in order to take into account
the different thermodynamic state where each solvent is found at
each temperature. This representation is shown in Fig. 10 and, as
can be seen, for the same (or close) values of abscissa, the
solute–solvent interaction energy is more negative for the shorter
n-alkanes, which have the highest proportion of the more interac-
tive methyl groups. Concerning the behaviour of xenon in
cycloalkanes, there are two conclusions that can be drawn: 1)
the interaction energies are less negative than those of n-alkanes,
in line of what would be expected of alkanes formed solely by
the less interactive methylene groups; 2) the interaction energies
for cyclopentane are more negative than for cyclohexane: being
both solvent molecules constituted only by CH2 units, the more
hindered structure of cyclopentane must play an important role
in the interactions with the solute, probably contributing to expose
more efficiently the interactive groups to xenon.

The liquid structure of the model systems studied was probed
by the calculation of radial distribution functions [rdf, g(r)]. These
were obtained from the molecular dynamics trajectories of
9

solutions of xenon in n-pentane, n-hexane, n-heptane,
n-octane, n-nonane, n-dodecane, n-hexadecane, cyclopentane and
cyclohexane, at different absolute temperatures (respectively
250, 260, 280, 295, 305, 340, 370, 260 and 285 K) corresponding
to a similar (in the range 0.51–0.53) reduced temperature for each
solvent. In the following analysis, the CH2 atoms bonded to a CH3

atom are designated C2, those bonded to a C2 are designated C3
and so on.

The results of g(r) for CH3 and CH2 around xenon atoms are
shown in Fig. 11 [a) to f)] for (xenon + n-alkane) systems. As can
be seen, the first peak for Xe/CH3 is the most intense in all systems,
appearing at lower distances than any of the CH2 peaks. This obser-
vation agrees with the aforementioned tendency of xenon to dis-
solve near the methyl groups of n-alkanes. The height of this first
Xe/CH3 peak is quite similar for the shorter solvents (n-pentane
to n-nonane), showing only a slight increasing trend with chain
length. The two longest solvents, however, present a different
structure, with significantly higher CH3/CH3 and Xe/CH3 first
peaks; these longer n-alkanes seem to present a higher tendency
for the methyl groups to cluster together, creating cavities where
xenon preferentially dissolves. The differences in liquid structure
between the shorter and the longer alkanes are evidenced by the
Xe/CH2 radial distribution functions: for each solvent up to n-
nonane, all the Xe/CH2 first peaks maxima are higher than 1.4
and appear at essentially the same distance of ca. 0.48 nm, with
the C2 methylene groups presenting a higher intensity than the



Fig. 6. Standard enthalpy of solvation for xenon in n-heptane (black), n-octane (blue), n-nonane (yellow), n-dodecane (red) and n-hexadecane (green) as a function of
temperature (a) and solvent’s reduced temperature (b) from simulation results of this work (solid lines) and experiment from reference 20 (dashed lines). Experimental
results of xenon in n-pentane (grey) and n-hexane (orange) reference 23 are also included as dotted lines.
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others. In the shorter solvents, xenon is preferentially solvated
near the methyl groups, but is able to contact/collide frequently
with all the remaining methylene groups. The longer n-alkanes
present a different solvation behavior: besides the much higher
10
Xe/CH3 peaks, the first maxima of all the Xe/CH2 radial distribution
functions (at ca. 0.45 nm, showing as a shoulder for C2 and C3) are
now much less intense and lower than 1; moreover, the highest
peak for each Xe/CH2 g(r) now appears at a length that increases



Fig. 7. Standard enthalpy of solvation for xenon in cyclopentane (full grey line) and cyclohexane (full orange line) as a function of temperature (a) and solvent’s reduced
temperature (b) from simulation results in comparison with the same property for xenon in n-pentane and n-hexane (same color code as Fig. 6). Filled grey circles: enthalpy
of solvation of xenon in cyclopentane from experimental results [33].

Table 5
Temperatures for which the enthalpy of solvation of xenon in each solvent reaches its
maximum value, along with the corresponding solvent’s reduced temperature
(calculated from the experimental critical temperatures of the solvents).

Solvent T (máx. DH2
0) /K Tr (máx. DH2

0)

n-pentane 251.3* 0.534*
n-hexane 275.8* 0.543*
n-heptane 300.8 0.557
n-octane 303.3 0.533
n-nonane 303.7 0.510
n-dodecane 343.6 0.522
n-hexadecane 374.5 0.519
Cyclopentane – –
Cyclohexane 317.1 0.573

*Values obtained from experimental results.
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11
commensurately with its distance from the methyl group, meaning
that it stems from the Xe/CH3 interaction. Thus, in the longer n-
alkanes, xenon can be regarded as being essentially solvated by
the CH3 groups of the solvent and only rarely contacting at a close
range with the CH2 groups (as seen by the first peaks which are
much lower than 1).

The tendency of xenon to be solvated by the methyl groups of
the n-alkane solvents can be quantified by integrating the radial
distribution functions, thus obtaining the number of interaction
sites (N) of each type in a coordination shell around the reference
site as:

N ¼ 4p
Z r2

r1

g rð Þr2qdr ð7Þ



Fig. 8. Solute-solvent interaction energies for xenon in n-pentane (grey), n-hexane (orange) n-heptane (black), n-octane (blue), n-nonane (yellow), n-dodecane (red), n-
hexadecane (green), as a function of temperature (a) and solvent’s reduced temperature (b) from simulation results of this work. Statistical uncertainties for energies: from
0.050 kJmol�1 for xenon in n-pentane to 0.067 kJmol�1 for xenon in n-octane and xenon in n-nonane.
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where r1 and r2 are the inner and outer radii of the coordination
shell and q is the segment bulk density. Given the uncertainty in
defining the limits of the coordination sphere, we have calculated
the number of sites of a given group around xenon, as a function
of the distance from its centre. From these data, the ratio between
the local molar fraction of CH3 groups around xenon and their bulk
molar fraction, as a function of the radius r of the coordination
sphere has been calculated for all the systems and shown in
Fig. 12. As can be seen, the fraction of CH3 groups is always higher
than the bulk value at low r, tending to the bulk value for large r,
which is a clear indication of an enrichment phenomenon of CH3

around xenon. Moreover, the ratio � (CH3) / x (CH3)bulk increases
with the increasing chain length of the solvent, showing that the
enrichment of methyl groups around xenon at short distances is
12
more pronounced for the longest n-alkanes. That trend is particu-
larly apparent in the case of n-dodecane and n-hexadecane and fol-
lows the results found by Morgado et al [25] for n-butane, n-hexane,
n-undecane and n-hexadecane using a different force field (OPLS-
AA).

The g(r) results obtained for the (xenon + cycloalkane) systems
are shown in Fig. 13 a), where it can be seen that the two solvents
studied display very different structural behaviors, despite being
constituted only by the same CH2 chemical groups. The different
structure of the two solvents is evident from the CH2-CH2 rdf,
which is much more structured in the case of cyclopentane, dis-
playing three clear peaks, whereas cyclohexane shows a broad first
band covering a wide variety of distances. The structural differ-
ences are also reflected in the rdf with xenon: despite ‘‘lifting-



Fig. 9. Solute-solvent interaction energies for xenon in cyclopentane (dashed grey) and cyclohexane (dashed orange) as a function of temperature (a) and solvent’s reduced
temperature (b) from simulation results of this work, in comparison with those for xenon in n-pentane (full grey) and n-hexane (full orange). Statistical uncertainties for
energies: 0.046 kJmol�1 for xenon in cyclopentane to 0.082 kJmol�1 for xenon in cyclohexane.
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off” at a shorter distance, the Xe-CH2 g(r) in cyclohexane shows a
broad first peak with a long ‘‘tail” towards larger values of r,
whereas cyclopentane displays a quite intense first peak with
two clear shoulders at higher r. This should be due to the different
molecular structures of two solvents. The flexibility of cyclohexane
(with more energetically accessible conformations) tends to smear
13
out the different orientations of xenon/CH2 and CH2/CH2 interac-
tions, leading to broad peaks in g(r), whereas the higher rigidity
of cyclopentane leads a more structured liquid, with a clearer def-
inition of preferential orientations between adjacent molecules,
which results in the individualization of the distances involving
each methylene unit.



Fig. 11. Radial distribution functions for xenon in n-pentane (a), n-hexane (b), n-heptane (c), n-octane (d), n-nonane (e), n-dodecane (f), and n-hexadecane (g) at 250, 260,
280, 295, 305, 340 and 370 K, respectively. CH3 (black), C2 (red), C3 (blue), C4 (green), C5 (orange), C6 (violet), C7 (brown), C8 (dark green) around xenon. Yellow lines: CH3

around CH3.

Fig. 10. Solute-solvent interaction energies for xenon in all the studied solvents (including n-pentane and n-hexane) from simulation results of this work as a function of
molar density of carbon atoms. The same colour code as Figs. 8 and 9.
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Fig. 11 (continued)

Fig. 12. Ratio between CH3 local fraction around xenon and bulk CH3 fraction for xenon in n-pentane (grey), n-hexane (orange), n-heptane (black), n-octane (blue), n-nonane
(yellow), n-dodecane (red) and n-hexadecane (green). The inset represents a more local view of the figure allowing to distinguish between the curves for the n-alkanes with
chain lengths between C5 and C9.
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Fig. 13. Radial distribution functions for xenon in cycloalkanes: xenon around CH2 (black) and CH2 around CH2 (grey) for xenon in cyclopentane at 265 K and xenon around
CH2 (dark blue) and CH2 around CH2 (light blue) for xenon in cyclohexane at 285 K.
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4. Conclusions

Solutions of xenon in n-alkanes and cycloalkanes have been
studied by computer simulation. n-alkanes have been modelled
by the united atom TraPPE force field, using the optimized non-
bonded parameters considered in a previous work. Cycloalkanes
have been modelled using the same force field, with non-bonded
parameters obtained in the context of this work. All the optimized
parameters were used in a transferable fashion within each family
of solvents. For xenon, an optimized potential model based on a
simple Lennard-Jones spherical model from Bohn et al was used.
Using these models and simple Lorentz-Berthelot combining rules,
Henrýs constants of xenon in a series of n-alkanes (n-heptane, n-
octane, n-nonane, n-dodecane and n-hexadecane) and in two
cycloalkanes (cyclopentane and cyclohexane) have been obtained
by Monte Carlo computer simulations at a reference pressure and
as a function of temperature. A remarkable agreement between
the simulation and experimental results of Henry’s constants was
observed, particularly taking into account the simplicity of the
models used and the absence of any fitted binary parameter.

From the temperature dependence of Henry’s constants, stan-
dard enthalpies of solvation for all the systems as a function of
temperature were calculated, for which an excellent agreement
with the available experimental results was obtained. The singu-
larity of the standard enthalpy results (a maximum in the DH2

0

vs. T curve) for xenon in n-alkanes was found to be regular within
the n-alkane series, since it occurred nearly at the same solvent’s
reduced temperature for all the systems (between 0.51 and 0.55).
The solute–solvent interaction energies were also obtained by
molecular dynamics simulations using the same models and
showed a linear dependence with temperature for all the systems
studied. When compared at both the same temperature and
reduced temperature the solute–solvent interaction energies of
xenon in cycloalkanes are lower (more negative) than for xenon
in n-alkanes. The representation of the solute–solvent interaction
energies as a function of the molar density of carbon atoms allow
unveiling the solvents with higher CH3 content as more interactive,
with xenon being less interactive towards cycloalkanes than
towards n-alkanes.
16
The structure of the solutions xenon/solvent was also studied
by the calculation of xenon/CHn and CHn/CHn radial distribution
functions for all the solvents at nearly corresponding states. The
results confirm the enrichment of methyl groups around xenon
in comparison with methylene group for n-alkanes, being this
effect more pronounced for the longest n-alkanes. The interaction
xenon/CH2 and CH2/CH2 for xenon in cyclopentane seems to be
more structured than the corresponding interaction for xenon in
cyclohexane, which may be a consequence of the more hindered
molecular structure of cyclopentane in comparison with
cyclohexane.
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