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Using the molecular dynamics (MD) method, we demonstrate that intermolecular nuclear magnetic
resonance (NMR) chemical shifts can be used to evaluate and develop intermolecular potentials for cross-
interactions for use in solubility studies. The calculation of chemical shifts in MD is an order of magnitude
more efficient than solubilities, which makes it an attractive tool for fine-tuning potential models. We
examine the average Xe chemical shifts in cyclo-alkanes over a range of temperatures to develop a suit-
able potential model for the cross-interactions between Xe and a series of cyclo-alkanes. Our results
clearly demonstrate that potential models that show better agreement with experiments for chemical
shift, invariably lead to better agreement with experiment for Henry’s constant and solubility of gases in

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Safety standards for storage of flammable liquids require pre-
cise knowledge of the amount of O, dissolved. Experimental studies
often pose serious safety risks, especially under some extreme con-
ditions. Molecular modeling is therefore a safe alternative to obtain
such data provided that the methods and parameters of molecu-
lar level modeling can be validated experimentally [1]. Xenon is
a suitable surrogate for O, for solubility studies. In the tempera-
ture range where experimental data are available for O, and Xe,
previous studies have shown that molecular dynamics simulations
provide accurate values of Henry’s constants and gas solubility for
0O, and Xe if we use the same cross-interaction parameter for size
in modifying the Lorenz-Berthelot mixing rules [2,3]. Cross param-
eters for size have also been found to be transferable for similar
non-polar components such as other rare gas atoms and small non-
polar molecules such as 0,, Ny, and CH4 as well [4,5]. A series of
closely related non-polar liquids whose molecular structures and
properties are well known can therefore serve as prototype systems
to aid understanding of gas-liquid solubility. We have investigated
solvents in the same homologous series in this study, where they
differ from each other in a systematic way, for example, by a CH,
group. This approach also allows group contribution methods to
be examined as predictive tools. The interactions between Xe and

* Corresponding author. Tel.: +1 312 996 5593.
E-mail address: murad@uic.edu (S. Murad).

0378-3812/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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n-alkanes, in particular has been extensively studied [6-9]. It will
be of interest to investigate the interaction between Xe and cyclo-
alkanes to gain better insight on the role of solvent structure on gas
solubilites.

For a solute in a liquid solvent, the average chemical shift
depends on the free volume associated with the liquid structure
of the solvent and the solute-solvent intermolecular interactions
[10]. Herein lies the connection between the average chemical shifts
and intermolecular interactions, since the solubility depends pri-
marily on the same factors. Therefore, a solute-solvent potential
that gives improved chemical shift values can also be expected to
lead to improved solubility values. In addition, accurate calculations
of chemical shift require only local equilibrium, while solubilities
require global equilibrium. Chemical shift can therefore be esti-
mated relatively rapidly in molecular simulations, and provides a
very accurate means of fine-tuning a potential that can be subse-
quently used for solubility studies.

The most widely used method for studying phase equilibrium
(using molecular simulation) is by using Monte-Carlo (MC) meth-
ods such as the Gibbs ensemble Monte-Carlo [11]. A common
problem with these techniques is that they become increasingly
inefficient at higher densities because of the particle insertions that
must be carried out. Several methods have recently been suggested
that circumvent this problem to some degree [12]. However, some
of the methods do not work well at the low concentrations that
must be studied when gases dissolve in a liquid [13]. We present a
method that allows gas solubility to be obtained in a rather straight-
forward manner in a simulation that is strikingly close to actual
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Table 1
Coefficients for site-site isotropic chemical shift functions used in this work, as defined in Eq. (1) [14]
N
6 8 10 12 14

1.045 x 107
6.55733 x 10°

—-1.48211 x 10°
8.58334 x 10°

Xe-C(Hy)cq (AM)
Xe-H h, (A-")

—3.45561 x 10°
4.20088 x 107

1.38433 x 10°
—6.34747 x 107

-1.90132 x 108
1.42131 x 107

experiments. In addition, since the method is based on the molec-
ular dynamics, dynamic properties such as diffusion coefficients
can also be obtained easily if needed.

In recent MD simulations on n-alkanes, we have used both rigid
and flexible models for the solvent [9]. In our current study, as a
follow up, we attempt to answer the following questions: when the
solvent changes to cyclo-alkanes (which have cyclic ring instead of
linear chain configuration), what is the magnitude of change in the
solvent configuration? Is the potential used for the linear alkanes
still applicable? Can we still get good solubility estimates using
the linear alkane potential? To answer these questions, we need
to compare our studies directly with our previous work by using
exactly the same chemical shift functions, and the same potential
functions for Xe-C, Xe-H.

The objective of this paper is to develop a description of Xe in
liquid cyclo-alkanes that can lead to accurate values for the solubil-
ity. We have already established that the Xe chemical shift reaches
a converged average value in a fraction of the MD steps that are
required to reach a converged value of the solubility [10]. There-
fore, we will use the Xe chemical shift to develop and validate our
models for the liquid structure and the Xe-liquid interactions.

To understand the intermolecular interactions between Xe
and cyclo-alkanes, we investigate the Xe chemical shifts in cyclo-
alkanes. To validate the potential model, we also investigate the
variation of the Xe chemical shifts with the number of carbons in
the solvent molecule at corresponding thermodynamic states of
the liquids, i.e., at the same reduced temperature. Finally, we com-
pare the CH, contributions in n-alkanes and in cyclo-alkanes. All
the solvents considered in the present work are cyclo (cyclic ring)
hydrocarbons.

2. Methods
2.1. Chemical shift and potential functions

As discussed in a previous study by Jameson et al. [14], the Xe
chemical shift function is expressed as

14 14
8= > g+ DY el (1)
C(k) n=6

H(j) n=6

where h;, and ¢, are chemical shift coefficients for Xe-H and Xe-C
and are listed in Table 1. rxe_p(j) is the distance between a Xe atom
and the jth H atom in the alkane, while rxe_c() is the corresponding
distance for Xe-C. For the MD simulations in the cyclo-alkanes in
this work, a flexible all atom (AA) model was chosen to represent
the cyclic molecules of interest. The solvent-solvent intermolecular
interactions are described by the pairwise Lennard-Jones potential:

a b r -12 r -6
i

y

where rj; is the distance between two interacting sites i and j, while
the potential parameters ¢; and oj; for these interactions were
taken from Gianni [15,16] and Milano and Muller-Plathe [17], as
listed in Table 2. For the solvent potential functions we needed to

use a set of parameters which are appropriate for cyclo-alkanes
rather than simply using the same set from Jorgensen et al. [18],
the set which is now in standard use for linear alkanes, and which
we used for previous study (literature [9] our linear alkane paper)
It was already clear from their original paper that simulations of
liquid cyclo-hexane using the final set of parameters gave results
that are not in good agreement with the experimental properties
(density, enthalpy of vaporization) used for testing. This is not sur-
prising, particularly the torsion parameters in cyclic systems can
not be the same as in linear chains; there is more restricted rotation
about the C-Cbonds in the cyclic alkanes. The potential parameters
used by the Muller-Plathe group for cyclic hydrocarbons give more
accurate thermodynamic properties (including liquid densities)
and they also used other properties such as diffusion coefficient,
reorientation times in pure solvents as well as in mixtures [17,19]
so we adopted these in Table 2. Combining rules for interactions
between different species are prescribed by the geometric mean.
The intermolecular potential parameter of pure Xenon was also
taken from literature [20]. We use exp-6 functions to describe the
Xe-C and Xe-H interactions [14] since The Lennard-Jones poten-
tial is usually not adequate for this purpose: the r~12 form is too
steep and for gas solubilities, having the correct repulsive inter-
action is rather important since the solute molecules sample this
region frequently:

6
Uxe—i = ZSXe—i { (aXe—i — 6)

x explae;(1—7)] (%) ?’6} 3)

where 7 = Ixe—i/Tmin,xe—i- The parameters &, and ri, for Xe—Cyjiy1,
Xe-H,jiy1 are given in Table 2.

Table 2
Flexible all atom potential parameters for cyclo-alkanes [14] and parameters for
Xe-Cyclo-alkane interactions, as defined in Eq. (2)

Atom type & (kcal/mol) o (A) q(e)
H 0.0452 2.58 0.0
C 0.0715 3.28 0.0

Bond stretching Angle bending: u = k6(6 — 6y)2

Type Ro (A) K: (kcal/mol) Type 6o (°) kg (kcal/(mol rad?))
c-C 1.526 268 H-C-H 109.5 34.69
C-H 1.090 340 H-C-C 109.5 40.07

C-C-C 109.5 50.24
Torsion: u = k(1 + cos 3¢)/2
Type k- (kcal/mol)
C-C-C-C 24

Xe-cyclo-alkane interaction parameters

&/ks o Tmin (A)
n-Alkanes [9] set A Xe-C 141.2 16.1 3.75
Xe-H 53.3 15.9 3.44
Modified, set B Xe-C 141.2 16.1 3.99
Xe-H 53.3 15.9 3.66
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2.2. Henry'’s constant

During the simulation, we obtain the solubility of xenon in cyclo-
alkanes from the Henry’s constant via the equation [21]:

Hia(T, P§) = lim P (4)
x1-0 | xq exp{(P — P5*)V{°/RT}

Eq. (4) includes contributions from the gas phase non-ideality
as well as solvent pressure. The pressure (P;) of the Xe gas phase
is estimated from the density (p) of the gas phase and the second
virial coefficient B using

P =(1+Bp)oRT (5)

The vapor phase fugacity coefficients (¢) can similarly be
obtained using

Ing =2pB—In (%) (6)

The pressure in the solvent compartment (P, ) is calculated from
the force on the membranes separating the two compartments
in the simulation box, which represents the pressure difference
between the two compartments. For xenon the second virial coef-
ficient for our potential model was used which agreed well with
experimental values reported in literature [22] and V{° (partial
molar volume of the gas dissolved at infinite dilution) can be cal-
culated by performing a few additional simulations (at least one)
and using Eq. (4).

2.3. Molecular dynamics

The MD methodology has been described in previous publica-
tions [23], so we will only summarize it here. The simulation box
consists of a solvent/solution compartment separated from the gas
compartment by a semi-permeable membrane. A schematic dia-
gram of the simulations system is shown in Fig. 1. The membrane
atoms are fixed at their equilibrium positions in an FCC structure.
The system is made longer in the x direction (perpendicular to the

membranes), Ly=4L, =4L,, to minimize the overall effect of the
membranes. The membrane allows only the gas molecules (Xe)
to freely permeate it, to enter the solution compartment, but pre-
vents the solvent molecules (cyclo-alkanes) from moving to the gas
compartment via the membrane.

The density of the solvent compartment can be fixed to corre-
spond to the experimental value at the state condition (which agree
with the values predicted by the models used here, see Section 2.1)
of interest. In the studies carried out the variation of density with
temperature was accounted for. This fixes the volume of the solvent
compartment once the number of molecules to be included in the
solvent compartment is specified. Typically the solvent compart-
ment consisted of 480 molecules and the two membranes consisted
of 128 atoms. In some simulations, some gas molecules were also
included in the solvent compartment to facilitate the approach to
equilibrium. For convenience, the volume of the gas compartment
has been set at half of the solvent compartment. The initial num-
ber of Xe molecules in the gas compartment is determined by the
desired initial pressure of Xe. In general, in our studies we included
up to 60 Xe atoms. Since the total number of cyclo-alkane molecules
in the solution compartment remains fixed during the simulation
(the membrane is impermeable to cyclo-alkanes) and are at least an
order of magnitude larger than the number of Xe atoms in this com-
partment, the liquid density in the solution compartment remains
essentially constant.

The time evolution of this initial system is studied with a
velocity Verlet algorithm, using the LAMMPS code [24]. The ini-
tial parameter set was taken from the flexible all atom force field,
for cyclo-pentane, cyclo-hexane and cyclo-octane [15-17]. The Xe-C
and Xe-H potential parameters used in our previous work [9] (set
A in Table 2) were also used in this work. As will be described
in the next section, these were adjusted to improve agreement
with experimental values of chemical shift. The original (set A)
and modified (set B) potential parameters are given in Table 2. The
temperature was held constant using a Nose/Hoover thermostat.
The solvent in the solution compartment was annealed at 750 K
to get a uniform density distribution. After this, production runs

Membrane

.

LR R R LR BN
LR R L LR
LR R LR L]
SR s
LR R L LR
LR R LR LR

N

Solution

Fig. 1. Simulation system for investigating chemical shift and solubility of gas dissolved in liquids, at the beginning of the simulation and after equilibration.
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Fig. 2. The density profile of solvent and Xe at the end of a typical MD simulation
with 4 x 10° steps.

were carried out for 2 x 108 to 5 x 108 time steps, of size 1 x 10-16 s,
Properties of the system such as Xe chemical shift, gas pressure, liq-
uid/gas concentrations were calculated during the production run.
A typical density profile from a simulation is shown in Fig. 2. The
density profile can then be used to estimate both the pressures of
the gas and solution compartments, and the solubility of the Xe in
cyclo-alkanes. Using Eq. (4) Henry’s constant can then be calculated.

3. Results and discussion

3.1. Modifications of solute-solvent potential by chemical shift
calculation

In our investigations we first carried out simulations to esti-
mate chemical shifts using our previously developed Xe-n-alkane
chemical shift and intermolecular potential functions (Egs. (1) and
(3)). We were interested in determining whether the same Xe-CH,
potential function is able to reproduce the experimental chemical
shifts in both cyclic and linear alkanes using similar parameters. In
Fig. 3, the comparison of the MD results at 298 K with experimen-
tal values of cyclo-pentane clearly indicate that the chemical shifts
relative to the reference (free Xe atom at O ppm) have the correct

Table 3

240
220 T
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E. 200
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L 180 T
£
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L
[3]
]
x
160 { %
140 ® EXPT Xe shift cyclo-alkane [
A Simul Xe shift (set B)
O Simul Xe shift (set A)
120 : - ‘
4 6 8 10

Carbon Number

Fig. 3. Comparison between average Xe chemical shifts at 298 K, calculated using
the set B Xe-alkane potential, the same as was used for the rigid n-alkane model
(from literature [14]) and using the set A Xe-alkane potential, the same as was used
for the flexible n-alkane model (from literature [9]). The experimental values are
from literature [25].

sign but are off by 15-30%. As seen in Table 3, the set A Xe-n-alkane
potential found in literature [9] gives similar systematically larger
chemical shifts for all three cyclo-alkanes. Because the Xe chemical
shift average converges rapidly, we were able to adjust the poten-
tial parameters relatively easily (r,i; only) to set B (incidentally,
the same as that which had been found in literature [14] for rigid
n-alkanes) which improves the agreement with experiment. That
is, we found the chemical shift values of cyclo-alkanes to be similar
for rigid and flexible models, unlike in n-alkanes [9]. The number
of stable molecular conformations is smaller for cyclo-alkanes than
for n-alkanes. For example, the chair inversion process in cyclohex-
ane is a rare event near a Xe molecule. This has also been noted by
Luhmer and Bartik [25]. The Xe atom therefore sees the cyclohex-
ane molecule, to some extent as a semi-rigid molecule. Modifying
the i, for Xe-C and Xe-H in cyclo-alkanes to be more like that
which apply to rigid models was therefore a reasonable direction
for adjustment. Such an adjustment with a shorter ry,;, for (the
potential for Xe-C and Xe-H) linear than cyclo alkanes is also con-

Comparison of average Xe chemical shifts (ppm) and Henry’s constant (atm) at 298 K calculated using the set A Xe-alkane potential, compared with the modified set B

Xe-alkane model

Number of carbons Chemical shift (ppm) Henry’s constant (atm)
Using set A Using set B Expt [25] Using set A Using set B Expt?
5 205 151 155.5 65.7 + 10 56.0 + 8 479 +9
6 212 154 161.1 64.1 £ 12 531+6 488 +9
7 168.69
8 210 176.1 173.12 65.0 + 12 601+ 8 488 +9
10 179.48

2 Estimated from solubility at 1 atm from literature [28].
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Table 4
Xe chemical shifts (ppm) in cyclo-alkanes at T* = 0.5, calculated using the modified
set B exp-6 potential

Cyclo-pentane Cyclo-hexane Cyclo-octane

Te (K) 512 554 648
T(K) 256 277 324
Calculated 153+8 150+ 6 153+6

sistent with parameters obtained for equations of state often used
to estimate solubility [26].

3.2. Further validation of potential models

Since chemical shifts can be obtained rather efficiently we
further tested our potential models by examining additional char-
acteristics of the chemical shift and comparing them to their known
theoretical and experimental characteristics. The final MD values
for the average Xe chemical shifts in various liquids at 298K are
given in Table 3. As noted earlier the agreement with experimental
values is very good. We have also estimated the values of chem-
ical shift at T (=T/T.)=0.5 for Xe in cyclo-pentane, cyclo-hexane
and cyclo-octane in Table 4. We find these to be very similar val-
ues, when the same thermodynamic states are compared, there is
essentially no dependence of the observed Xe chemical shift in the
various cyclo-alkane solvents on the number of carbons. As we did
for the linear alkanes [9], we compare the effective second virial
coefficient of the Xe chemical shift in the solvent, §1effective, Obtained
by dividing the observed Xe chemical shift in solution relative to the
Xe atom by the density of the liquid. We find that the contributions
t0 81 effective are Nearly constant (at T* = 0.5) for the cyclo-alkanes, and
similar behavior is observed in the linear alkanes; in Table 5, the
O1effective (Xe—CHz), the per CH; contribution at T* = 0.5 are found to
be very similar for the three cyclo-alkanes. However, there is a sig-
nificant difference between linear and cyclo-alkanes. The §1effective
(Xe-CH,)(~2.69 ppmmol~! L-1 per CH,) is smaller than the corre-
sponding values (~3.14 ppm mol~! L~ per CH,) found in the linear
alkanes.

These results illustrate the dependence of the Xe chemical shfit
on the accessibility of the atoms providing electronic response
which gives rise to the chemical shift. End groups have a dis-
tinct advantage in contributing to the Xe chemical shift because
of the site effect. Likewise, we should expect that the constraints
associated with the cyclic geometry will keep the CH, from get-
ting as close to the Xe atom as does the CH, in a linear chain;
the CHy groups in a linear alkyl chain are more exposed to Xe
than the CH, groups in cyclo-alkanes. This is clearly seen in the
~3.14ppmmol~-1L-1 per CH, for the linear alkanes compared to
the ~2.69 ppmmol~! L1 per CH, for the cyclo-alkanes. This fur-
ther validates that the potential parameters for the solute-solvent

140
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potential
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20 L

0 0.05 0.1

Xxe in cyclo-hexane

Fig. 4. Calculation of Henry's constant using modified (set B) potential model for Xe
in cyclo-hexane. The curves extrapolate to the limiting value at zero mole fraction.
The experimental value is from literature [27].

cannot be expected to be transferable between these two types of
alkanes.

3.3. Solubility and Henry’s constant

The results for the calculations of the solubilities of Xe in the
various cyclo-alkanes are shown in Table 3, where the results using
the original potential and the modified potential are compared with
experimental values. A range of mole fractions of Xe in solution
were investigated starting with various initial Xe gas pressures.
Henry’s constant was then obtained by extrapolation of the results
to zero mole fraction, as shown in Fig. 4.

From the results for cyclo-pentane shown in Table 3 we see that
there is systematic improvement in the calculated values of the
Henry’s constant when the modified exp-6 potential is used (see
Table 3). The experimental value of Henry’s constant is approxi-
mately 47.9 + 9 atm (estimated from the solubility at 1 atm). The set
A potential model (not fitted to the chemical shift) gives an extrap-

Table 5
Constitutive contributions to Xe chemical shift (ppm) and 8;efrective(Xe—~CHz) (ppm mol~' L-1) for Xe in n-alkanes and cyclo-alkanes

T=298K? T"=0.5°

5b 6> 8b 5b 6> 8b
Cyclo-alkanes Cyclo-pentane Cyclo-hexane Cyclo-octane Cyclo-pentane Cyclo-hexane Cyclo-octane
CH, contribution (ppm) 30.2 25.7 22 30.6 25.0 19.1
S1effective (Xe~CHy) ((ppm mol~1 L-1)) 2.822 2.822 3.002 2.778 2.666 2.643
n-Alkanes n-Pentane n-Hexane n-Octane n-Pentane n-Hexane n-Octane
CH; contribution® (ppm) 26 21.7 18.1 30.2 24.7 19.7
S1effective (Xe—CH,)¢ (ppmmol—' L) 2.934 2.800 3.002 3.069 3.002 3.270

2 Solvent.

b No. of carbon.
¢ Literature [9].
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Fig. 5. Temperature dependence of Henry’s constant for cyclo-hexane compared
with experimental data from literature [25].

olated result of 65.7 & 10, while for the set B potential (fitted to the
chemical shift), the Henry’s constant is 56.0 + 8. Thus the modified
potential leads to a significant improvement (beyond the experi-
mental and simulation uncertainty). A similar improvement is seen
for cyclo-hexane. The reported experimental value is 48.8 + 7, while
the extrapolated values from the original and modified potentials
are 64.1 +£12 and 53.1 £ 6, showing a significant improvement. For
cyclo-octane the reported experimental value is 48.8 & 7, while the
extrapolated values from the set A and set B potentials are 65.0 & 12
and 60.1 & 8, once again showing a significant improvement. These
improvements, while impressive, are not unexpected. The chemi-
cal shift is strongly dependent on the cross molecular interaction
between the solute and solvents as is the Henry’s constant. Most
potentials currently available are fitted to vapor-liquid data that
are not as sensitive to the cross-interactions.

A crucial and important test of a potential model is its abil-
ity to correctly estimate the temperature dependence of Henry's
constant. This behavior is notoriously difficult to estimate theoret-
ically and experimentally [1,3], because the behavior varies from
substance to substance and depends on whether the enthalpy of
solution of a solute in a solvent is positive or negative. For example,
the Henry’s constant of oxygen in benzene decreases as the tem-
perature increases, while it increases in hexane in the temperature
range 283-323K [27,28]. The results for the temperature depen-
dence of Henry’s constant are shown for cyclo-hexane in Fig. 5. The
results show the correct sign of the temperature coefficient and
a reasonable agreement between the experimental temperature
dependence, and the simulated values. This reinforces our belief,
that potential models fitted to the chemical shift are more accu-
rate for gas solubility and Henry’s constants. A summary of all our
results for Henry’s constant for both models is given in Table 3. We
also estimated the accuracy of the experimental measurements by
fitting them to an equation of state [26] widely used for Henry’s

constants of such mixtures. Our results based on the observed devi-
ations/scatter from the fitted data showed the experiments to be
accurate to at least 5%.

4. Conclusions

We have investigated the Xe chemical shift in infinitely dilute
solutions in cyclo-alkanes. The average intermolecular chemical
shift of the solute is closely related to the local structure, and it
converges in a fraction of the time necessary to obtain converged
solubility. Our results show that potential parameters that lead to
improved average chemical shifts do provide improved estimates
for the solubility and Henry’s law constants. This study has shown
that the configuration of solvent molecules greatly influences the
average Xe chemical shift. From our simulations we can separate
out the mechanisms for the temperature dependence by looking
at the effective second virial coefficient of the Xe chemical shift.
The smaller second virial coefficient of Xe in cyclo-alkane suggests
limited accessibility for the solute in the solvent, which in turn
validates our modification of the solute-solvent potential parame-
ters. We have shown that the solute-solvent potential which gives
improved agreement with Xe chemical shifts do provide not only
the correct magnitudes for Henry’s constants but also the correct
temperature dependence.

List of symbols

Cn chemical shift coefficients for Xe-C (A—")

hp chemical shift coefficients for Xe-H (A—")

Hi Henry’s constant (atm)

ke angular force constant (kcal/(mol rad?))

ks torsional force constant (kcal mol~1)

Kg Boltzmann constant (Jmol~! K1)

K; harmonic constant (kcal mol—1)

L length of simulation system (A)

Py pressure of gas phase (atm)

pst vapor pressure of liquid (atm)

10 bond length (A)

Tij distance between two interacting sites i and j (A)

Tmin exp-6 potential parameter (A)

R gas constant (Jmol~1 K1)

T absolute temperature (K)

Tc critical temperature (K)

T* reduced temperature, T/T

Uxe—] exp-6 potential parameter (kcal mol-1)

\71°° partial molar volume of the solute at infinite dilution
(cm3 mol-1)

X1 mole fraction of gas (1) in liquid (2)

Greek letters

o exp-6 potential parameter

S1effective €ffective second virial coefficient (ppm/mol-1L-1 per
CHy)

L] energy parameter (kcalmol—1)

bond angle (°)

density (kg/m?3)

L] size parameter (A)

torsion angle (°)

vapor phase fugacity coefficient

> ™
=)
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