
Molecular Dynamics Simulations of Xe Chemical Shifts and Solubility inn-Alkanes†

Huajun Yuan,‡ Sohail Murad,* ,‡ Cynthia J. Jameson,‡ and James D. Olson§

Department of Chemical Engineering, UniVersity of Illinois at Chicago,
810 S. Clinton, Chicago, Illinois 60607, and The Dow Chemical Company,
770 Building, South Charleston, West Virginia 25303

ReceiVed: May 8, 2007; In Final Form: August 13, 2007

Using the molecular dynamics (MD) method, we demonstrate that intermolecular nuclear magnetic resonance
chemical shifts can be used to evaluate and develop intermolecular potentials for cross-interactions. We examine
the average Xe chemical shifts inn-alkanes over a range of temperatures using the optimized potential for
liquid simulation all atom force field for the solvent molecules. Comparing the present results with earlier
results using nonrealistic rigid model solvent molecules, we obtain chemical shift contributions arising from
flexibility of the solvent molecules. Modification of parameters of the exponential-6 potential model for solute-
solvent interaction leads to Xe chemical shifts that are in better agreement with experimental values and also
leads to improved estimates of Xe solubility. Because the average chemical shift converges in a fraction of
the steps necessary to obtain converged solubility, testing of solute-solvent potentials against average chemical
shift values, prior to time-intensive calculations of solubility, leads to more efficient development of potentials
for mixtures. In the present work the MD simulations reproduce the signs and relative magnitudes of the Xe
chemical shifts inn-alkanes, as well as the signs and relative magnitudes of their temperature coefficients. A
rational comparison of Xe chemical shifts in different solvents can be made when the solvents are in the
same thermodynamic state. In an atomistic MD simulation the additive chemical shift contributions arising
from the CH3 and CH2 groups are obtained separately. We determine these constitutive contributions to the
Xe chemical shift for each temperature in each solvent. We find that the per-CH3 contributions are greater
than the per-CH2 contributions for each case. We also investigate the transferability of these contributions.

Introduction

Increased emphasis is being placed on accurate physical
property data and models because of nontraditional applications
of physical properties such as biotechnology, polymer solutions,
reaction media and solvent selection, environmental applications,
product design, and formulation. Industrial projects are driving
the need for increasingly complex and faster measurements with
smaller samples under difficult conditions. Modeling plays an
important role in chemical process simulations, process safety
scenarios, product design and formulation, and the need to
develop products (lubricants, fuels, etc.) that meet safety
standards. The increasing capability and complexity of software
for process simulation applications motivates the development
and validation of better physical property models. The need for
better models, for pure component as well as mixture properties,
for industrial purposes was recently described.1 In particular, it
is important to properly account for the effect of underlying
fundamental interactions at the molecular level on the macro-
scopic behavior of fluids. Molecular-based studies of fluids can
play an important role in meeting the physical property related
needs of the chemical industry. For example, safety standards
for storage of flammable liquids require precise knowledge of
the amount of O2 dissolved. Therefore, there is a need for data
on the solubility of O2 in these liquid solvents under various
conditions of pressure and temperature. Experimental measure-

ments are precluded under conditions (high temperatures and/
or high pressures) close to the flash point. Modeling is a safe
alternative, provided that the methods and parameters of
molecular level modeling can be validated experimentally. We
propose to use a surrogate solute for the O2 molecule, a solute
for which experimental validation can accompany the simula-
tions. We have found that the Xe atom is a suitable surrogate
for O2 for solubility studies.2,3 In the temperature range where
experimental data are available for O2 and Xe, molecular
dynamics (MD) simulations provide accurate values of Henry’s
constants and gas solubility for O2 and Xe if we use the same
cross-interaction parameter for size in modifying the Lorenz-
Berthelot mixing rules. Cross parameters for size have been
found to be transferable for similar nonpolar components such
as rare gas atoms and small nonpolar molecules such as O2,
N2, and CH4.2 There is the additional motivation that the
properties of Xe in liquid solvents are also of intrinsic interest.

Hyperpolarized xenon introduced into blood or tissues
provides in vivo chemical-shift selective imaging for medical
investigations. Tissue-dissolved hyperpolarized Xe nuclear
magnetic resonance (NMR) signals from the thorax and brain
have already been observed in rats.4 These applications depend
on the solubility, diffusion, and general interactions of Xe with
biologically important molecules.5 Xenon is highly soluble in
lipids and fats and is an anesthetic at subatmospheric pressures.

Because of their relatively simple atomic structure, Xe and
the other inert gases have been extensively used to study the
solid and liquid states. At the molecular level, xenon atoms in
the ground state are spherical with high electric dipole polar-
izability that enhances dispersion forces, which justify its
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frequent use as a prototype solute in the study of solute-solvent
interactions.6 A series of closely related nonpolar liquids whose
molecular structures and properties are well-known can serve
as prototype systems to aid in the understanding of gas-liquid
solubility. The interactions between Xe andn-alkanes, in
particular, has been extensively studied.

Experimental measurements by NMR spectroscopy of Xe
chemical shifts in a series of liquid hydrocarbons,n-alkanes in
particular, were reported by Lim and King.7-9 These authors
proposed additive empirical group contributions, suggesting that
the Xe chemical shift increases linearly with the increasing
fraction of CH2 groups when Xe chemical shifts in different
solvents are compared. This is counter to the theoretical
understanding of Xe chemical shift, which would suggest that,
based on the number of Xe neighbors, a CH3 group would
provide a greater chemical shift response than a CH2 group.
On the other hand, Bonifacio and Filipe suggested that Lim
and King did not take into account that the solvents in which
the Xe was dissolved were not in the same thermodynamic states
at the same temperature; instead, they compared the measured
Xe chemical shifts in solutions at the same reduced temperature
and at the same mass density.10 They found that, for solvents
at the same reduced temperature or same mass density, the Xe
chemical shifts actually decreased with increasing fraction of
CH2.

In the first MD calculations of Xe chemical shifts in liquids,
Jameson, Sears, and Murad11 used the quantum mechanically
calculated nuclear magnetic property for Xe inside cages of
water molecules, in cages of various sizes that are surrounded
by the first coordination shell of waters, all of which are
represented with all electrons. Furthermore, the all-electron
calculations are carried out in an array of partial charges that
self-consistently provide the correct Madelung potential in the
cage in the ice crystal. The latter calculations had quantitatively
reproduced the experimental line shapes for Xe in∼12 types
of ice cages found in four different ice structures.12,13 The
quantum mechanical results had been fitted to a suitable
functional form, so that for an arbitrary ice configuration the
value could be found by summing up Xe-O and Xe-H
chemical-shift contributions, which were functions of Xe-O
and Xe-H distance.

In liquid solvents, the Xe atom is surrounded by solvent cages
that are created and re-formed dynamically. Molecular dynamics
provides these configurations of solvent molecules around solute
molecules such as Xe. At each time step in MD, the coordinates
of all atoms are known; thus, it is easy to calculate any function
that depends on the Xe-(solvent atom) distances. Thus, the Xe
chemical shift in liquid water was easily found using the simple
point charge (SPC) model as the potential function of liquid
water.

In the case of Xe dissolved in liquid water, the Xe chemical
shift response obtained from quantum mechanical calculations
in various hydrogen-bonded cages in ice systems were em-
ployed. When no specific hydrogen-bonding or complexation
reactions occur in the liquid solvent, the Xe chemical shift
response may be more approximately derived from quantum
calculations for a system of one Xe atom interacting with one
solvent molecule. When this is the case, a similar MD
calculation can be done for Xe in any solvent, provided the
following: (a) a quantum calculation has been previously done
for Xe approaching a single solvent molecule from an adequate
set of directions, and this has been fitted to functions of Xe-
atom distance [for example, for the solvent CH3OCH3, we would
need functions of Xe-H, Xe-C, and Xe-O distances]; (b) a

potential function is available for the Xe-solvent interactions
[in the example, the potential energy could be a pairwise additive
function of Xe-H, Xe-C, and Xe-O distances]; and (c) a
potential model is available for the solvent-solvent interactions.
This potential can be of any form, provided that only the relative
distributions of the intramolecular conformations and the
intermolecular orientations and distances are reasonably repre-
sentative of the real liquid. For Xe in alkanes, it was assumed
by Sears, Murad, and Jameson that the Xe chemical shift
response in Xe-CnH2n could be replaced with a sum of Xe-C
and Xe-H functions of distance, with the C and H being
electronically indistinguishable from the C and H in CH4 insofar
as the Xe chemical shift response was concerned.

It is extremely important that the Xe-C and Xe-H potential
functions used be compatible with the electronic structure that
provides the Xe-C and Xe-H chemical shift response func-
tions. A Lennard-Jones function is not ideal for this purpose
because ther-12 repulsive part rises too sharply for the proper
sampling at those distances, corresponding to the largest
chemical shift responses. Therefore, in the past and present
work, we use exp-6 functions to describe the Xe-C and Xe-H
interactions.

What was inaccurate in the first MD simulations was the use
of rigid solvent molecules.11 All atoms were explicitly taken
into account, and degrees of freedom associated with internal
rotation were not permitted, however. The conformation of each
solvent molecule was first obtained by using a suitable intra-
molecular force field to minimize the energy. Then, every
solvent molecule in the simulation box was fixed at the
minimum energy conformation. In the present work, we present
a much better description of the dynamic interaction of Xe with
the liquid solvent by using molecules that are flexible (able to
undergo conformational changes as a standard part of the MD
simulations). As a first step in the present simulations of Xe in
liquid alkanes, we answer the following question: how large a
difference does solvent flexibility make? We can directly
compare with the previous work because we are using exactly
the same chemical shift functions and the same potential
functions for Xe-C and Xe-H.

The Xe chemical shift has been found to be a particularly
sensitive probe of the size and shape of pores in solid materials
where the atomic level structure of the pores are well-
characterized by diffraction methods, such as in clathrate
hydrates and zeolite crystals. This is a consequence of the steep
dependence of the Xe chemical shift response of the Xe atom
to its distance from a neighbor atom; thus, this translates to a
strong sensitivity to the configuration of the neighbor atoms
around the Xe atom. The difference between Xe in liquids and
Xe in porous crystals is that the void spaces in liquids are
variable within the time scale of the measurement of the Xe
chemical shift. The average Xe chemical shift in liquids is thus
an average over the various void sizes and the solvent molecule
configurations in the first solvent layer around the Xe atom.
The steep dependence of the Xe chemical shift response to the
distance from neighbor atoms means that the average is
extremely sensitive to the distribution of void sizes and shapes,
with the smaller voids being weighted more heavily. Therefore,
the Xe chemical shift is a very good probe mainly of the free
volume in a liquid but also of the subtle details of the liquid
structure.

Because the chemical shift is a sensitive function of config-
uration of atoms constituting the system, the observed chemical
shift is an average over the configurations of the system,
weighted according to their relative probabilities. For a solute
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in a liquid solvent, the average chemical shifts depend on the
free volume associated with the liquid structure of the solvent
and the solute-solvent intermolecular interactions.14 Herein lays
the connection between the average chemical shifts and the
intermolecular interactions. Because the solubility depends on
the same factors, there is some expectation that a solute-solvent
potential that gives improved chemical shift values will also
lead to improved solubility values.

The objective of this paper is to develop a description of Xe
in liquid alkanes that can provide accurate values for the
solubility. 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.14 Therefore, we will use the Xe chemical shift to
validate our models for the liquid structure and for the Xe-
liquid interactions. In the present work, we find that a small
modification in the Xe-liquid potential model improves the
agreement of the Xe chemical shift with experiment and at the
same time provides improved results for the solubility.

In this paper, we also systematically investigate the variation
of Xe chemical shifts inn-alkanes, in which the Xe chemical
shifts have been measured experimentally as a function of
temperature. We carry out Xe chemical shift averaging at various
temperatures for each solvent. We seek to discover the underly-
ing physical basis of the magnitudes and signs of the temperature
coefficient of the Xe NMR chemical shift in solutions.
Furthermore, to clarify the importance of comparing solvents
at the same liquid state, rather than at the same temperature
and pressure, we 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 examine the basis for
a constitutive approach to the chemical shift by investigating
the separate CH3 and CH2 contributions.

All the solvents considered in the present work are normal
(straight chain) hydrocarbons. In a succeeding paper we will
investigate the effects of solvent shape on the Xe chemical shift
and the solubility.

Methods

Chemical Shift Functions.The observed chemical shift (δ)
in solution arises from the difference in shielding (σ) between
the free Xe atom (the reference substance) and the isotropic
shielding of Xe dissolved in solution (eq 1);

whereσ(free Xe atom)is small as compared to 1. We can estimate
the Xe chemical shift for Xe dissolved in liquid alkanes by
assuming that the shielding response of Xe to each C atom of
the alkane is the same as the shielding response of Xe to the C
atom of a CH4 molecule and that the shielding response of Xe
to each H atom of the alkane is the same as the shielding
response of Xe to each H atom of a CH4 molecule. Furthermore,
it is assumed that the overall shielding response of Xe is the
additive responses to all atoms within a chosen cutoff distance.

From previous work, we have determined the additive site-
site (Xe-C and Xe-H) shielding functions by doing quantum
mechanical calculations for a large number of configurations
of the XeCH4 supermolecular system.15 These site-site shielding
response functions obtained from Xe@CH4 are not entirely
transferable to Xe@CnH2n+2; the electronic structure of the C
and H atoms within CnH2n+2 is different from that in CH4, thus
make a somewhat different Xe shielding response per C and
per H. In a direct comparison of the quantum mechanical
calculations for Xe@CH4 and Xe@H3CCH3 for Xe approaching
along a direction perpendicular to the H3C face, the difference
between these two calculations is found to be less than 5% at
distances that contribute significantly to the average intermo-
lecular chemical shift.16 Thus, for the MD calculations of Xe
chemical shifts for Xe dissolved in liquid alkanes, we will use
the Xe-C, Xe-H shielding functions derived from the Xe@CH4

quantum mechanical calculations. The chemical shift functions
used are the site-site additive functions expressed in terms of
inverse powers ofrXeH andrXeC, referenced to the free Xe atom
quantum calculation, of course, in accordance with eq 1. That
is, the Xe chemical shift function is expressed as shown in
eq 2,

where the coefficients are listed in Table 1. Ther dependence
in each site-site function is adopted from that for intermolecular
shielding of two inert gas atoms for which the leading terms
do have a physical basis.17 The pairwise chemical shift function
in eq 2 had been constrained to approach the free Xe atom limit
(zero) to match the limiting behavior calculated in the super-
molecule.15 Thus, the Xe chemical shift functions have typically
gone to zero at much shorter distances than the cutoff distance
used in the MD simulation box. For the purposes of this paper,
the Xe-C and Xe-H chemical shift functions are considered
known and unchanged from the previous work.11The averaging
implied in eq 1 occurs when theδ value from eq 2 is
systematically collected at uniformly spaced MD snapshots.

Potential Functions.For the MD simulations in then-alkanes
in this work, an optimized potential for liquid simulation all
atom (OPLS-AA) model was chosen to represent the chain
molecules of interest. Using the fully flexible potentials in which
all the atoms in the molecules are explicitly represented for
solvent-solvent potentials has two advantages over other
models. The advantage over the united atom model is that we
can explicitly include the Xe-H interactions during the simula-
tion and get a more realistic result for the chemical shift and
the solubility as well. For example, previous simulation work
on the solubility of oxygen inn-perfluorohexane18,19 had
demonstrated that the united atom model did not perform as
well as the OPLS-AA model. In particular, it was found that
the numerical agreement was poorer, and the temperature
dependence of the solubility was not reproduced correctly. The
advantage of the fully flexible model over the rigid molecule
model is that a more realistic distribution of conformations are
represented in the simulations.20 We expect to find out if this
has a significant effect on the resulting average chemical shifts.

TABLE 1: Coefficients for Site-Site Isotropic Chemical Shift Functions Used in This Work, as Defined in Eq 211

na 6 8 10 12 14

Xe-C(Hn) cn(Å-n) -1.482 11× 105 1.045× 107 -1.901 32× 108 1.384 33× 109 -3.455 61× 109

Xe-H hn(Å-n) 8.583 34× 103 6.557 33× 105 1.421 31× 107 -6.347 47× 107 4.200 88× 107

a Coefficients for eq. 2.

δ )
[σ(free Xe atom)- σ(Xe ininfinitely dilute solution)]

[1 - σ(free Xe atom)]
(1)

δ ) ∑
H(j)

∑
n)6

14

hnrXe-H(j)
-n + ∑

C(k)
∑
n)6

14

cnrXe-C(k)
-n (2)
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In the model used, the nonbonded potential models adopted
for the solvent-solvent interactions are described by the
pairwise Lennard-Jones terms plus Coulombic interactions
between moleculesa andb (eq 3),

where ε and σ are the Lennard-Jones energy and size
parameters,i and j are the active sites,q is the partial charge
for the active sites, andrij is the distance between the active
sitesi andj. For intramolecular nonbonded interactions, the same
expression is used. The factorfij ) 1.0, except for intramolecular
1,4 interactions wherefij ) 0.5, which means that within the
same molecule, sites separated by three bonds interact through
nonbonded Lennard-Jones and electrostatic terms, similar to
the intermolecular ones, but scaled by a factor of 0.5. The
parameters were taken from the OPLS-AA force field developed
by the Jorgensen group21 and modified by Chang,22 as listed
in Table 2.

The combining rules for interactions between different species
are prescribed by the geometric mean rules for both size and
energy parameters (eq 4).

For the Xe-Xe interaction energy, we use the same param-
eters as in earlier simulations.11 The Xe-Xe chemical shift
contributions are not included in the chemical shift calculations.
Thus, the Xe-Xe interaction is not important except in the
behavior of the gas compartment, that is, for the calculation of
Henry’s constant.

For the Xe-alkane potential, we use the exp-6 model as in
previous work (eq 5),11

whererj ) rXe-i/rmin,Xe-i. The parametersε, R, andrmin for Xe-
Calkyl and Xe-Halkyl are given in Table 3.

Henry’s Constant. During the simulation, we obtained the
solubility of Xe inn-alkanes. We calculate the Henry’s constant
via eq 623 to include gas phase nonideality as well as the high
solvent pressure.

Here,T is the temperature,R is the gas constant,x1 refers to
the mole fraction of Xe in the solution, andP2

sat is the
equilibrium vapor pressure of the liquid. The pressure (P1) of
the Xe gas phase is estimated from the density (F) of the gas
phase and the second virial coefficientB using eq 7.

The vapor-phase fugacity coefficients (φ) can similarly be
obtained using eq 8.

The pressure in the solvent compartment is calculated from the
force on the membranes separating the two compartments, which
represents the pressure difference between the two compart-
ments. For Xe we used values ofB from ref 24 and values of
Vh1

∞ (partial molal volume of the gas dissolved at infinite
dilution) from refs 6, 25, and 26.

Molecular Dynamics.The methodology has been described
in previous publications,27,28so we will only summarize it here.
The simulation box consists of a solvent/solution compartment
separated from the gas compartment by a semipermeable
membrane. A schematic diagram of the simulations is shown
in Figure 1. In this method, the membrane typically consists of
several layers of atoms arranged in a face-centered cubic (FCC)
configuration. In present study, the membrane simply consisted
of a single layer of atoms because we were not interested in
the dynamic processes occurring during the simulation. The
membrane atoms are fixed at their equilibrium positions in an
FCC structure. The system is made longer in thex direction
(perpendicular to the membranes,Lx ) 4Ly ) 4Lz) to minimize
the overall effect of the membranes. The membrane only allows
the gas molecules (Xe) to freely permeate it to enter the solution
compartment, but prevents the liquid molecules (n-alkanes) from
moving to the gas compartment. This has been accomplished
by adjusting the pore size of the membrane and the intermo-

TABLE 2: OPLS-AA Potential Parameters for Alkanes21,22

atom type q (e-) σ (Å) ε (kcal/mol)

H 0.060 2.5 0.030
C, RCH3 -0.180 3.5 0.066
C, R2CH2 -0.120 3.5 0.066

bond length

type r0 (Å)

CsC 1.529
C-H 1.090

angle bending:u ) kθ(θ-θ0)2

type θ0 (deg) kθ(kcal/mol/rad2)

H-C-H 107.8 33.00
H-C-C 110.7 37.50
C-C-C 112.7 58.35

torsion: u ) k1(1 + cosæ)/2 + k2(1 - cos 2æ)/2 + k3(1 + cos 3æ)/2

type k1 (kcal/mol) k2 (kcal/mol) k3 (kcal/mol)

H-C-C-H 0.0 0.0 0.3
H-C-C-C 0.0 0.0 0.3
C-C-C-C 1.3 -0.05 0.2

uij ) ∑
i

a

∑
j

b {4εij[(r ij

σij
)-12

- (rij

σij
)-6] + qiqj/rij} fij (3)

σij ) xσiiσjj εij ) xεiiεjj (4)

uXe-i ) ∑
i

εXe-i{( 6

RXe-i - 6) exp[RXe-i(1 - rj)] -

( RXe-i

RXe-i - 6)rj-6} (5)

TABLE 3: Site-Site Potential Parameters for Xe-Alkane
Interactions, as Defined in Eq 5

ε/kB(K) R rmin (Å)

previous worka Xe-Calkyl 141.2 16.1 3.99
Xe-Halkyl 53.3 15.9 3.66

modified, this work Xe-Calkyl 141.2 16.1 3.75
Xe-Halkyl 53.3 15.9 3.44

a Reference 11.

TABLE 4: Number of Interactions for n-Alkanes

number of
interactions

Lennard-Jones
sites

harmonic
bonds

harmonic
valence
angles

dihedral
angles

n-butane (C4H10) 14 13 24 27
n-pentane (C5H12) 17 16 30 36
n-hexane (C6H14) 20 19 36 45
n-octane (C8H18) 26 25 48 63

H12(T,P2
sat) ) lim

x1f0 { P1φ1

x1 exp{(P2 - P2
sat)Vh1

∞/RT}} (6)

P ) (1 + BF)FRT (7)

ln φ ) 2FB - ln (P/FRT) (8)
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lecular interaction between the solvent or gas molecules and
the membrane.27,28

The density of the solvent compartment can be fixed to
correspond to the state condition of interest (experimental
density of the liquid alkanes being studied). This fixes the
volume of the solvent compartment once the number of
molecules to be included in the solvent compartment is specified.
Typically, the solution compartment consisted of 480 molecules,
and the two membranes consisted of 64 molecules. As adjusted,
the density of the liquid in the solution compartment corresponds
to the experimental density. 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 equal to the solvent
compartment (although this is not necessary). The initial number
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 70 Xe atoms. Because the total number of
n-alkane molecules in the solution compartment remain fixed
during the simulation (the membrane is impermeable ton-
alkanes) and are at least an order of magnitude larger than the
number of Xe atoms in this compartment, the liquid density in
the solution compartment remains essentially constant.

The molecules included in the simulation were given a
Gaussian velocity distribution29 corresponding to the system
temperature being investigated. The time evolution of this initial
system was then followed using a velocity Verlet algorithm29

using the LAMMPS code.30 To ensure that our implementation
of this code was correct, we did a few simulations using our
own MD code for flexible molecules31 and found that the results
from the two programs were in agreement. The initial parameter
set for intra- and intermolecular terms were taken from the
OPLS-AA force field, forn-butane,n-pentane,n-hexane, and
n-octane. The Xe-C and Xe-H potential parameters used in
our previous work were used in this work. These were then
adjusted to improve agreement with experimental values of
chemical shift. The original and modified potential parameters
are given in Table 3. The number of Lennard-Jones sites and
different internal interactions are listed in Table 4.

The temperature was held constant using a Nose/Hoover
thermostat.29 The system was allowed to equilibrate for 1-2 ×
105 time steps. After this, production runs were carried out for
2-4 × 106 time steps, of size 1× 10-16 s. Once the simulations
were completed, the properties of the system, such as Xe
chemical shift, gas pressure, and liquid and gas concentrations,

were calculated from the average properties during the latter
portions of the production run. A typical density profile from a
simulation is shown in Figure 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 inn-alkanes. Using
eq 6, Henry’s constant can then be calculated.

Results and Discussions

Typical running averages of the Xe chemical shift in one MD
run are shown in Figure 3. As the plot shows, the chemical
shift converged after about 150,000 time steps, whereas the
solubility usually converged after 3 million steps.

Flexible Versus Rigid Alkane Models. Previous MD
simulations carried out for Xe in liquids used all-atom rigid
models. In the present work, we carried out simulations using
the original Xe-alkane potential functions used in previous
work and the flexible alkane potentials described above (OPLS-
AA with the parameters given in Table 2). In Figure 4,
comparison of the MD results at 298 K with experimental values

Figure 1. Simulation system for investigating chemical shift and solubility of gas dissolved in liquids at the beginning of the simulation and after
equilibration.

Figure 2. The density profile of solvent and Xe at the end of a typical
MD simulation with 3× 106 steps.
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clearly indicates that the chemical shifts relative to the reference
(free Xe atom at 0 ppm) have the correct sign and correct order
of magnitude but are off by 10-30%. As seen in Table 5, the
non-realistic all-atom rigid model gives systematically larger
chemical shifts than the flexible model, with a more pronounced
error for longer chains and also the wrong systematic behavior

with chain length at 298 K. From this point on, we abandon
the rigid alkane model and use only the flexible alkane model.

The effect of flexibility on the Xe chemical shift is an
important finding. There are many confined environments in
which Xe has been used as a probe of the internal surface.32 In
some cases, the Xe atoms interact with wall atoms that have
fairly stiff, nearly rigid configurations, for example, in crystalline
polymers below the glass transition temperature. In other cases,
such as in mesoporous channels functionalized with long
functional groups, the Xe can become entangled in the flexible
chains that are chemically bound to the channel walls.33

Understanding of the magnitude of the Xe chemical shifts in
these environments is possible if various aspects of the
environment can be separately considered. All polymers undergo
a phase transformation from a soft and rubbery state to a hard
and brittle or glassy state as the temperature is lowered below
a characteristic glass temperatureTg. It is believed that the
transition arises from a stopping or freezing of rotational motions
of polymer chain segments. We have shown in the present work
that for a given number density, type of functional group, and
temperature, flexibility of the neighboring molecular groups can
lead to smaller Xe intermolecular chemical shifts as compared
to rigid or stiff neighbors. Upon crossing the glass transition
temperature, the sharp change in the slope of the decrease in
Xe chemical shifts with increasing temperature in polymers34,

35 can therefore be partly attributed to the continuous decrease
in the polymer density (and the concomitant increase in free
volume) with increasing temperature and partly to the decrease
with the onset of increased flexibility of the side chains. The
latter is a physical insight we have acquired from the direct
comparison of the average Xe chemical shifts from MD
simulations at constant density in flexible versus rigidn-alkanes
in this work.

The Modified Xe-Alkane Potential. The original exp-6
Xe-alkane potential gives Xe chemical shifts that are too small
and are found to also give solubilities that are too large.
Therefore, we seek to improve the Xe-alkane potential function.
The nuclear magnetic shielding for Xe approaching a molecule
changes dramatically at shorter distances. Therefore, an inter-
molecular potential that permits shorter distances to contribute
more toward the averaging leads to increasing the intermolecular
chemical shift, which improves agreement with experiment. A
small modification, as shown in Table 3, has been implemented
to do this. The solubility, on the other hand, has no such clear
dependence on the intermolecular potential, so the guidance
offered by the chemical shift is very useful. Because the Xe
chemical shift average converges rapidly, we used it to monitor
the effects of changing the potential parameters and calculated
the solubility afterward. The agreement of the calculated
solubility was indeed found to improve when this change was
made. The solubility may improve further when the well depth
is changed, but we did not attempt this change because the
average chemical shift is known to be less sensitive to the well
depth.

Figure 3. A typical running average of the Xe chemical shift during
simulations.

Figure 4. Comparison between average Xe chemical shifts at 298 K,
calculated using the original Xe-alkane potential for the rigid model
(from ref 11) and the flexible model. Also shown are the results using
the modified potential with the flexible model. The experimental values
are from ref 7.

TABLE 5: Comparison of Average Xe Chemical Shifts
(ppm) at 298 K Calculated Using the Original Xe-Alkane
Potential and Using the Flexible Model Compared with the
Rigid Model

chain
length rigid modela

flexible model,
this work

n-butane 4 170( 10 112( 4
n-pentane 5 185( 10 118( 4
n-hexane 6 212( 15 121( 8
n-octane 8 220( 15 141( 8

a Reference 11.

15776 J. Phys. Chem. C, Vol. 111, No. 43, 2007 Yuan et al.



Solubility and Henry’s Constant. The results for the
calculations of the solubilities of Xe in the variousn-alkanes
are shown in Figures 5-7, where the results using the original
potential and the modified potential are compared with experi-
mental values. Various mole fractions of Xe in solution are
obtained at the end of simulations starting with various initial
Xe gas pressures. Henry’s constant is obtained by extrapolation
of the results to zero mole fraction. We see that there is
systematic improvement in the calculated values of the Henry’s
constant when the modified exp-6 potential is used. Even more

convincing is the temperature dependence of the Henry’s
constant obtained using the modified exp-6 potential. These are
compared against the experimental temperature dependence for
Xe in n-hexane in Figure 8.

Results forn-pentane are shown in Figure 5. The experimental
value of Henry’s constant is approximately 37( 7 (estimated
from the solubility at 1 atm). The original potential model (not
fitted to the chemical shift) gives an extrapolated result of 26
( 7, whereas for the modified potential (fitted to the chemical
shift), the Henry’s constant is 32( 7. Thus, the modified
potential leads to a significant improvement (beyond the
experimental and simulation uncertainty). A similar improve-
ment is seen forn-hexane, for which results are shown in Figure
6. The reported experimental value is 39( 6, whereas the
extrapolated values from the original and modified potentials
are 29( 10 and 44( 8, respectively, once again showing a
significant improvement. These improvements, although impres-
sive, are not unexpected. The chemical 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. No experimental data is
currently available for butane, but it has been estimated to be
37 ( 7 by extrapolating results for other hydrocarbons.36 The
simulated values for the Lennard-Jones and the modified exp-6
potentials, shown in Figure 7, are 77( 7 and 49 ( 8,
respectively. In this particular case, the Lennard-Jones potential
does quite poorly, but the modified exp-6 potential continues
to accurately represent the behavior of a dilute solution of Xe
in n-butane.

A final crucial and important test of a potential model is its
ability to correctly estimate the temperature dependence of

Figure 5. Calculation of Henry’s constant using original and modified
potential models for Xe inn-pentane. The curves extrapolate to the
limiting value at zero mole fraction. The experimental value is from
ref 36.

Figure 6. Calculation of Henry’s constant using original and modified
potential models for Xe inn-hexane. The curves extrapolate to the
limiting value at zero mole fraction. The experimental value is from
ref 36.

Figure 7. Calculation of Henry’s constant using different potential
models for Xe inn-butane. The curves extrapolate to the limiting value
at zero mole fraction.
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Henry’s constant. This behavior is notoriously difficult to
theoretically estimate1,3 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 as well
as its magnitude. This property depends upon the ability of a
theory to correctly predict a small difference between two larger
quantities, which explains why many theories have trouble
correctly predicting enthalpies of solutions.37 For example, the
Henry’s constant of oxygen in benzene decreases as the
temperature increases, whereas it increases in hexane in the
temperature range 283-323 K.38 The results for the temperature
dependence of Henry’s constant are shown forn-hexane in
Figure 8. The results show a remarkable agreement between
the experimental temperature dependence and the simulated
values. This reinforces our belief that potential models fitted to
the chemical shift are remarkably accurate for gas solubility
and Henry’s constants. A summary of all our results for Henry’s
constant for both models is given in Table 6, and the trend with
the number of carbons is shown in Figure 9.

From this point on, we use only the modified exp-6 Xe-alkane
potential function shown in Table 3. The final MD values for
the average Xe chemical shifts in various liquids at 298 K are
given in Table 7. The agreement with experimental values is
good.

The Temperature Dependence of the Xe Chemical Shift.
The Xe chemical shift has been measured in a number of
n-alkanes from pentane to hexadecane at atmospheric pressure
as a function of temperature in the 170-330 K range.10 The
measured chemical shifts change linearly with temperature for
all studied alkanes, exhibiting uniformly negative temperature
coefficients ranging from-0.37 ppm K-1 for n-pentane to
-0.31 for n-hexane,n-octane, andn-nonane and-0.27 for
n-tetradecane andn-hexadecane. The results of the MD simula-
tions inn-pentane andn-hexane in the present work do exhibit
linear temperature dependences of the Xe chemical shift, with
negative temperature coefficients that are comparable to the
experimental values from Bonifacio et al.,10 as seen in Figures

10 and 11. Tables 8 and 9 compare the MD values at selected
temperatures forn-hexane andn-pentane with experimental
values at these temperatures. Below, we consider the mechanism
for the experimental and MD findings that the temperature
dependences are linear, are substantial, and exhibit a negative
temperature coefficient.

In a constant density experiment, such as the measurement
of the Xe chemical shift in a sealed sample of a mixture of Xe
and other gases, the temperature dependence arises entirely from
the Boltzmann factor that provides the probability of a particular
configuration of Xe with the other molecules. The average Xe
chemical shift measured under such conditions contains infor-
mation about the intermolecular interaction potential function.
The average Xe chemical shift for infinitely dilute Xe in an
infinitely dilute gas of densityFB consisting of B molecules is
given by eq 9,

where the second virial coefficientδ1(T, Xe-B) is given by
eq 10.

Because exp-V(r,θ,T)/kBT is only the first term in the pair
distribution function, this expression forδ1(T, Xe-B) is only
valid for a very dilute gas. For Xe infinitely dilute in higher
densities of B, we need the higher-order terms shown in eq 11.

Such measurements have been reported for Xe since the early
1970s.39 The nonlinear terms become significant for number
densities of more than 200 amagats and provide a correction
opposite in sign to the linear term.40 (One amagat is the number
density of an ideal gas at standard temperature and pressure.)
The temperature dependence of the second virial coefficient of
the intermolecular chemical shift [δ1(T, Xe-B)] has also been
measured for several B molecules.41-43 For Xe infinitely dilute
in B gas at temperatureT, we obtain eq 12,

whereg(r, T) is properly normalized according to the following
equation.

The number density is given by eq 13,

wherenB equals the number of amagats. For constant volume
experiments in the gas phase, this is a constant. In contrast,
solution experiments are typically carried out at constant

Figure 8. Temperature dependence of Henry’s constant forn-hexane
compared with experimental data from ref 36.

〈δ(Xe-B)〉 ) δ1(T, Xe-B) × FB (9)

δ1(T, Xe-B) ) ∫ {2π[σXe-B(r ) ∞, θ) -

σXe-B(r, θ)] exp-V(r,θ,T)/kBT r2 dr sin θ dθ} ×
(1 × 10-24 cm3/Å3)(6.022× 1023 molecules/22 414 cm3)

(10)

〈δ(Xe-B)〉 ) δ1(T, Xe-B)FB +

δ2(T, Xe-B)FB
2 + δ3(T, Xe-B)FB

3 + ... (11)

〈δ(Xe-B)〉 ) [NB/V] ∫ {2π[σXe-B(r ) ∞, θ) -

σXe-B(r, θ)]g(r, θ, T) r2 dr sin θ dθ} (12)

Vbox ) 4π ∫ {g(r, T) r2 dr} )

volume of simulation box in Å3

[NB/V] ) nB(1 × 10-24 cm3/Å3)(6.022×
1023 molecules/22 414 cm3) (13)
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pressure, so the number density of solvent in a sample changes
with temperature.

If we write the Xe intermolecular shift in solvent B as eq 14,

then we get eq 15,

in ppm amagat-1 is the effective second virial coefficient for
the Xe chemical shift in liquid B. For Xe infinitely dilute in a
liquid, the measurement of the temperature dependence under
conditions of constant liquid density has to be carried out in a
sample system capable of withstanding high pressures. Although
much work has been carried out by Jonas and co-workers in
many liquids,44 none of them involve solutions of Xe. All
reported temperature-dependent Xe chemical shift measurements
in liquid solvents are under constant pressure conditions.45,7-9

In an MD simulation such as in this work, the temperature
dependence of the average Xe chemical shift can be obtained
under constant pressure conditions for direct comparison with
experimental measurements. Under such experimental condi-
tions, the dominant temperature dependence of the Xe chemical
shift arises from the number density rather than from the intrinsic
temperature dependence of the effective second virial coefficient
δ1,effective (the density coefficient). For a given solvent, a first-

order estimate of the temperature coefficient of the Xe chemical
shift can thus be easily obtained from the temperature coefficient
of the liquid density. For the liquidn-alkanes, the liquid density
at atmospheric pressure is found to decrease linearly with
increasing temperature.46 This largely accounts for the observed
negative temperature coefficient of the Xe chemical shift,
provided that the temperature dependence ofδ1,effective for Xe
chemical shift is not significantly large. The MD results easily
provide the latter. We find that the effective second virial
coefficient for Xe chemical shift changes with temperature in a
systematic way for all then-alkanes in our study, as shown in
Figure 12. We see that factoring out the solvent density at room
temperature does permit a more sensible comparison of different
solvents because this permits a physical understanding of the
experimental magnitudes and sign of the temperature coefficients
of Xe chemical shifts in solution, and it permits the separation
of the large part of the temperature dependence, which can be
attributed entirely to the change of number density, with
temperature from the smaller temperature dependence seen in
Figure 12, which arise from the temperature dependence of the
intermolecular interactions, that give rise to the chemical shift
response. While the chemical shifts inn-pentane andn-hexane
change by 25% in the given temperature range, theδ1,effective

for Xe chemical shift in these solvents only change by 7%. The
mechanism for the large, nearly linear temperature dependence
of the Xe chemical shift observed in organic solvents under
typical NMR measurement conditions is thus largely the
expansion of the liquid with increasing temperature, in addition
to the smaller effect because of the change in the intermolecular
interactions with temperature.

The effects on Xe chemical shifts of the size, branching, and
chemical functionality in various solvents can appear to be anti-
intuitive when the experimental values are compared at the same
(room) temperature. We have established with MD simulations
that the appropriate comparison is for the various solvents in
the same thermodynamic state. A way to compare Xe chemical

TABLE 6: Henry’s Constant (atm) for Xe in n-Alkanes at 298 K Calculated Using the Original and the Modified Exp-6
Potential, Compared with Experiment

n-butane n-pentane n-hexane n-octane nonane decane undecane

No. of carbons 4 5 6 8 9 10 11
calc orig exp-6 LJ 77( 7 26( 7 29( 10
calc. mod. exp-6 49( 8 32( 7 44( 8
experimenta 37b 37 39 40 40 40 41

a Estimated from solubility at 1 atm from ref 36.b Estimated by extrapolation of experimental values for then-alkanes

TABLE 7: Xe Chemical Shifts (ppm) in n-Alkanes at 298 K Calculated Using the Modified Exp-6 Potential, Compared with
Experiment

n-butane n-pentane n-hexane n-octane nonane decane un-decane

# carbons 4 5 6 8 9 10 11
calc. 144( 4 148( 8 159( 7 164( 7
experimenta 145.4 154.1 160.3 169.8 171.7 175.6 176.0

a Reference 7.

TABLE 8: Temperature Dependence of the Xe Chemical
Shifts (ppm) in n-Pentane Calculated Using the Modified
Exp-6 Potential and Compared with Experimenta

200 K 235 K 298 K

calc 189( 12 174( 8 148( 8
experimenta 190 178 154

a Additional experimental values are shown in Figure 10.b Reference
10.

TABLE 9: Temperature Dependence of the Xe Chemical
Shifts (ppm) in n-Hexane Calculated Using the Modified
Exp-6 Potential and Compared with Experimenta

200 K 254 K 273 K 298 K 323 K

calc. 205( 16 175( 5 168( 5 159( 7 153( 8
experimentb 192 175 171 162 153

a Additional experimental values are shown in Figure 11.b Reference
10.

〈δ (Xe-B)〉 ) nBδ1,effective(Xe-B) (14)

δ1,effective(Xe-B) ) 4π ∫ {[σXe-B(r ) ∞, θ) - σ (rXe-B)]g

(rXe-B, T)rXe-B
2 drXe-B}(1 × 10-24 cm3/Å3)(6.022×

1023 molecules/22 414 cm3) (13)

TABLE 10: Xe Chemical Shifts (ppm) in n-Alkanes at T* )
0.5,a Calculated Using the Modified Exp-6 Potential and
Compared with Experimentb

n-butane n-pentane n-hexane n-octane

Tc 425 470 507 569
T 213 235 254 285
calc. 182( 3 174( 8 175( 5 171( 8
experimentc 178 175 174

a T* ) T/Tc, where Tc is the critical temperature.b Additional
experimental values for higher alkanes are shown in Figure 13.
c Reference 10.
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shifts in different solvents at comparable thermodynamic states
is to examine the chemical shifts in solutions at the same reduced
temperature (T* is defined here asT/Tc), as suggested by
Bonifacio et al.10 These authors have shown their experimental
data for Xe chemical shift inn-alkanes with 5, 6, 8, 9, 14, and
16 carbons atT* ) 0.5. They found that, unlike the Xe chemical
shift at 298 K that is markedly increasing with increasing chain
length, at the sameT* the Xe chemical shift is nearly
independent of chain length, only slightly decreasing with
increasing chain length. Our MD simulations atT* ) 0.5 for
Xe in n-alkanes with 4, 5, 6, and 8 carbons reveal that the Xe
chemical shift is nearly independent of chain length. Table 10
provides a comparison of the average values obtained from the
MD simulations with those from experiments. The slight
decrease with increasing chain length is almost within the error
bars of the simulation, as shown in Figure 13. We also have
the values ofδ1,effective at T* ) 0.5, and these are 0.69, 0.83,
0.96, and 1.32 ppm amagat-1 for Xe in n-butane,n-pentane,
n-hexane, andn-octane, respectively. These magnitudes increase
with the number of carbons in the solvent molecule, as expected,
and as we shall see below, these magnitudes can be reconstituted
from nearly constant CH3 and CH2 contributions.

The Dependence of the Xe Chemical Shift on the Number
of C Atoms and CH2 Content of the Solvent.The effective
second virial coefficient in eq 13 contains the information
regarding separate contributions of CH3 and CH2 chemical
groups (for example) of the solvent molecule to the observed
Xe chemical shift, when we use a chemical shift function that
is additive site-site, as in this work. The number density at a
given temperature also depends on the mass of the molecule
for a given molecular type and on the number of CH2 groups
per molecule, when comparingn-alkanes, for example. Thus,
if an empirical constitutive scheme is to be devised for the
empirical prediction of Xe chemical shifts in different liquids,
measured Xe chemical shifts in liquids can be compared with
each other only at the same reduced temperature so as to
properly scale according to corresponding liquid states. Like-
wise, different liquids can be compared with each other only at

the same mass density if an empirical constitutive scheme is to
be extracted from the data at the same temperature. Thus, the
comparisons used by Lim et al. in attempting to devise a
constitutive scheme for group contributions to the Xe chemical
shift in liquids are inherently flawed, leading to the false
conclusion that a CH2 group provides a larger Xe chemical shfit
contribution than a CH3 group, because they were comparing
various liquids at different thermodynamic states.7-9 The
suggested comparisons by Bonifacio and Filipe of various liquid
solvents at the same reduced temperature or at the same mass
density at a fixed temperature are much more sensible.10 These
lead to the conclusion that the CH3 group provides a larger Xe

Figure 9. Comparison of Henry’s constants calculated using original
and modified potential models for Xe inn-alkanes against experimental
values from ref 36.

Figure 10. Temperature dependence of the Xe chemical shift in
n-pentane. Experimental data are from ref 10.

Figure 11. Temperature dependence of the Xe chemical shift in
n-hexane. Experimental data are from ref 10.
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chemical shift contribution than a CH2 group. Another sugges-
tion was made by Luhmer and Bartik;47 they simply divide the
experimental Xe-solvent shift at 293 K by the empirical liquid
density and assume that the density coefficient for the Xe-
solvent intermolecular shifts can be expressed as constitutive
group contributions. This leads to the conclusion that the CH3

group provides a larger Xe chemical shift contribution than a
CH2 group at 293 K. In particular, for the liquidn-alkanes, they
found that the empirical contributions are 3.95 and 3.29 ppm
M-1 for CH3 and CH2, respectively, which is a ratio of 1.20 for
293 K. Using this method, they found that the CH2 contributions
to the density coefficient appear to be the same for linear

alkanes, linear alkyl alcohols, acids, and dialkyl ketones.
However, for cycloalkanes a much smaller value of 2.52 ppm
M-1 was arrived at for 293 K. They suggested that this must
be because of the different arrangements of CH2 groups in
cycloalkane solvent molecules around the Xe atom.

Empirically defined constitutive contributions depend on the
set of molecules that are included in the fitting. Unlike the
empirical definitions used by Lim et al.,7 or Luhmer et al.,47

the constitutive group contributions derived from an atomistic
MD simulation of chemical shifts do not result from a fitting
of experiments. Using flexible molecules, the MD simulations
properly take into account the distributions of solvent molecule
configurations around the Xe atom during the MD run. The
Xe-H and Xe-C chemical shift contributions separately arising
from the CH3 and CH2 groups are well-defined by separate sums
within an MD run. This means that we can determine these
constitutive contributions to the Xe chemical shift (or its
effective second virial coefficientδ1,effective(Xe-B)) for each
liquid solvent and for each temperature via MD calculations.
Comparisons among the solvent molecules of MD results for
the CH3 and CH2 contributions to the Xe chemical shift (or to
δ1,effective(Xe-B)) will reveal whether they are indeed transfer-
able from one solvent to another, without making the a priori
assumption of transferability that was assumed by Lim et al.7

and Luhmer and Bartik.47 These comparisons can provide
physical insight that may permit estimation of such values for
other functional groups. The temperature dependence of the
constitutive contributions will also provide physical insight; this
involves the nature of the liquid dynamics and the temperature
dependence of the conformational distributions. Comparisons
between solvents can be made at the same reduced temperature,
as suggested by Bonifacio and Filipe.10

One of the possible physical insights to be drawn from the
above comparisons is the effect of the accessibility of the
functional group in the solvent molecule on its contribution to
δ1,effective(Xe-B). For example, end groups have a distinct
advantage in contributing to the Xe chemical shift because of
the site effect. This means that the CH3 group contribution to
the effective second virial coefficient of the Xe chemical shift
in the solvent should be larger than CH2, not only because there
are more atoms contributing to the sum of Xe responses, but
also because of the site effect. The site effect was illustrated
very clearly in the gas-phase second virial coefficients measured
for 19F intermolecular chemical shifts in CF2dCFX for each of
X ) H, F, Cl, Br, and I.48 Which of the19F sites (trans, cis, or
gem to the X substituent) is the more exposed one depends on
the mass of X, if we assume that the molecule is freely rotating
about its center of mass. It was found that the experimental
δ1(19F) was systematically larger for the more exposed19F in
each of the CF2dCFX gases. In a similar manner, the CH3

groups at the ends of then-alkane molecule are more exposed
to Xe than the CH2 groups in the linear alkyl chain. Thus, the
nuclear site effect should lead to CH3 contributions that are
larger than the CH2 contributions to theδ1,effective(Xe-B) in the
solvent molecule B. Likewise, the CH2 groups in a linear alkyl
chain are more exposed to Xe than the CH2 groups in
cycloalkanes. We expect that the constraints associated with
the cyclic geometry will keep the CH2 from getting as close to
the Xe atom, as does the CH2 in a linear chain. All these
physically reasonable predictions can be validated by examining
the Xe-other atom pair distributions that are routinely collected
in MD simulations. There is, of course, the actual electronic
difference between the C and H response contributions from
CH3 groups as opposed to CH2 groups, and the electronic

Figure 12. Temperature dependence of the effective second virial
coefficients of the Xe chemical shiftsδ1,effective, ppm amagat-1 in
n-pentane andn-hexane, from experimental chemical shifts in ref 10,
which are also shown.

Figure 13. Xe chemical shifts inn-alkanes at reduced temperatureT*
) 0.5. Experimental data are from ref 10.
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difference between the C and H response contributions from
CH2 groups in cycloalkanes andn-alkanes. However, we do
not reflect this at all in our simulations because we assume all
H atoms to be electronically equivalent and all C atoms to be
electronically equivalent for the alkanes in the present study.

The constitutive contributions from CH2 and CH3 groups are
obtained directly from the MD simulations as described above
and are shown in Table 11. The first important result shown in
Table 11 is that, by separately averaging the contributions to
the Xe chemical shift, we have established that the per CH3

group contribution is larger than the per CH2 group contribution
for each of the Xe-alkane solutions at 298 K. This shows that
the constitutive analysis by Lim and King,7-9 which led to the
conclusion that CH2 contributions are greater than CH3 contri-
butions, is faulty. The second important result is that the per
CH3 group contributions at 298 K (likewise for the per CH2

group contributions) are different for each alkane. That is, the
contributions to the Xe chemical shift are not quite transferable
from one alkane to another. Third, the ratio of the CH3 to the
CH2 contributions in each molecule range from 1.4 to 1.66. This
is in good agreement with the physical arguments based on site
effect and numbers of atoms in the group but is in marked
contrast to the reported CH3 to CH2 contributions ratio of 0.5
from Lim and King.7

Last, from our MD simulations we can directly obtain the
group contributions toδ1,effective, as shown in Table 12. We find
that at 298 K the contributions toδ1,effectiveare nearly constant
and are therefore approximately transferable, supporting the
assumption of transferability made in the constitutive analysis
carried out by Luhmer and Bartik.47 However, our CH3 and
CH2 contributions are in a ratio closer to 1.5 or larger, as
compared to Luhmer and Bartik’s empirically deduced ratio of
1.20. The final important result in Table 12 is that the CH3 (and
CH2) contributions toδ1,effectiveat T* ) 0.5 are nearly constant
and therefore can be considered transferable from one alkane
to another. To test the transferability, we used the average of
our MD values of CH3 and CH2 contributions toδ1,effective to
predict the Xe chemical shift of the higher alkanes from their
experimental density. The results are shown in Table 13. We

find from their densities at 298 K that we can obtain, in each
case, a reasonable value for the Xe chemical shift at 298 K in
nonane, undecane, dodecane, tetradecane, and hexadecane. The
predictions are much better if we use the average CH3 and CH2

contributions obtained from the simulations atT* ) 0.5. Thus,
the CH3 and CH2 group contributions in Table 12 are more
nearly transferable from one alkane to another when the liquids
are compared at the same thermodynamic state (e.g., atT* )
0.5). Thus, we recommend the values 0.21 and 0.14 ppm
amagat-1 for CH3 and CH2 group contributions toδ1,effective ,
respectively.

Conclusions

We have investigated the Xe chemical shift in infinitely dilute
solutions inn-alkanes. The most important finding is the utility
of the Xe chemical shift as a test of Xe-alkane potentials.
Because the average intermolecular chemical shift of the solute
is closely related to the local environment, and because the
averaging of the chemical shift converges in a fraction of the
number of steps necessary to obtain a converged solubility,
testing of solute-solvent potential models against average
chemical shift values, prior to time-intensive calculations of
solubility, leads to more efficient development of potentials for
mixtures. Our results show that potential parameters that lead
to improved average chemical shifts provide improved estimates
for the solubility and Henry’s law constants. Because the average
Xe chemical shift converges in a fifth of the simulation time as
compared to solubility, it provides an efficient means of testing
of potentials prior to solubility simulations.

This study has shown that flexibility of solvent molecules
greatly influences the average Xe chemical shift. For a given
density, temperature, and chemical composition, solvent flex-
ibility leads to lower Xe chemical shifts as compared to those
calculated using rigid groups. This is an important finding that
provides insight into applications of Xe in probing pores with
pendant groups attached to the walls, such as functionalized
mesopore channels and polymers. The temperature dependence
of the Xe chemical shift in typical experimental measurements

TABLE 11: Constitutive Contributions to Xe Chemical Shift (ppm) for Xe in n-Alkanes

T ) 298 K T* ) 0.5

solvent n-butane n-pentane n-hexane n-octane n-butane n-pentane n-hexane n-octane

No. of carbons 4 5 6 8 4 5 6 8
CH3 42.2 39.4 33.1 30.1 53.1 46.1 39.7 30.5
CH2 28.9 26 21.7 18.1 37.7 30.2 24.7 19.7
ratio 1.46 1.51 1.52 1.66 1.41 1.53 1.61 1.55

TABLE 12: Constitutive Contributions to δ1,effective(Xe-B) (ppm Amagat-1) for Xe in n-Alkanes

T ) 298 K T* ) 0.5

solvent B n-butane n-pentane n-hexane n-octane n-butane n-pentane n-hexane n-octane

No. of carbons 4 5 6 8 4 5 6 8
CH3 0.192 0.198 0.190 0.222 0.202 0.209 0.215 0.225
CH2 0.131 0.131 0.125 0.134 0.144 0.137 0.134 0.146

TABLE 13: Prediction of Xe Chemical Shifts (in Ppm) in n-Alkanes (n ) 9-16) at 298 K from CH3 and CH2 Contributions to
δ1,effective(Xe-B) (ppm Amagat-1) Derived from MD of Xe in n-Alkanes (n ) 4-8)

solvent B n-nonane n-undecane n-dodecane n-tetradecane n-hexadecane

No. of carbons 9 11 12 14 16
prediction usingδ1,effective(CH3) ) 0.20 and

δ1,effective(CH2) ) 0.13 based on MD at 298 K
164 167 167 169 170

prediction usingδ1,effective(CH3) ) 0.21 and
δ1,effective(CH2) ) 0.14 based on MD atT* ) 0.5

175 179 179 182 183

experimenta 171.7 176.0 176.6 180.7 182.8

a Reference 7.
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has been analyzed in terms of the major mechanism (the linear
decrease of the density with increasing temperature leads to a
linear decrease of the Xe chemical shift with the temperature)
and a secondary mechanism (the temperature dependence of
the intermolecular interactions lead to a change of the effective
second virial coefficient of Xe chemical shift with temperature).
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.

We have shown that the apparent large change in the
magnitude of the Xe chemical shift in alkanes with increasing
number of carbon atoms at room temperature is a consequence
of incorrectly comparing solutions that are not in the same
thermodynamic state. The dependence of the Xe chemical shift
with the number of carbons in then-alkane chain is not very
pronounced, provided we compare the chemical shift values in
liquids at the same thermodynamic state, such as at the same
reduced temperature. The relative magnitudes of these CH2 and
CH3 contributions are in the order CH3 > CH2 (a ratio of 1.4-
1.6), which makes physical sense when one takes into account
the three rather than two H atoms providing the chemical shift
response and also the greater exposure of Xe to the end groups
(CH3) as opposed to the middle groups (CH2), in agreement
with a previously documented nuclear site effect. Previous
analyses of chemical shift data at the same temperature (not at
the same thermodynamic state) had erroneously arrived at the
opposite order for CH3 and CH2 contributions, which did not
make physical sense. Further studies with branched alkanes and
cycloalkanes should permit us to determine how much of the
CH3 > CH2 difference comes from the site effect and how much
comes from the differing number of H atoms. We have found
that the nearly constant CH2 and CH3 contributions to the density
coefficient of the Xe chemical shift from our work can be used
to predict reliable Xe chemical shifts in other linear alkanes.
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