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Molecular dynamics averaging of Xe chemical shifts in liquids
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The Xe nuclear magnetic resonance chemical shift differences that afford the discrimination
between various biological environments are of current interest for biosensor applications
and medical diagnostic purposes. In many such environments the Xe signal appears close to
that in water. We calculate average Xe chemical sHifative to the free Xe atojrin solution

in eleven liquids: water,isobutane, perfluorésobutane, n-butane, n-pentane, neopentane,
perfluoroneopentane;hexane n-octane n-perfluorooctane, and perfluorooctyl bromide. The latter

is a liquid used for intravenous Xe delivery. We calculate quantum mechanically the Xe shielding
response in Xe-molecule van der Waals complexes, from which calculations we develajpXe

site) interpolating functions that reproduce thb initio Xe shielding response in the complex. By
assuming additivity, these Xe-site shielding functions can be used to calculate the shielding for any
configuration of such molecules around Xe. The averaging over configurations is done via molecular
dynamics(MD). The simulations were carried out using a MD technique that one of us had
developed previously for the simulation of Henry's constants of gases dissolved in liquids. It is
based on separating a gaseous compartment in the MD system from the solvent using a
semipermeable membrane that is permeable only to the gas molecules. We reproduce the
experimental trends in the Xe chemical shiftsnialkanes with increasing number of carbons and

the large chemical shift difference between Xe in water and in perfluorooctyl bromide. We also
reproduce the trend for a given solvent of decreasing Xe chemical shift with increasing temperature.
We predict chemical shift differences between Xe in alkanes vs their perfluoro counterparts.
© 2004 American Institute of Physic§DOI: 10.1063/1.180781]7

I. INTRODUCTION water. The high solubility of Xe in perfluorocarbons, the long
XeT, relaxation time of dissolved gas, and the chemical and
Optical pumping methods are being used to achieve nomjological inertness of these liquids suggest their use for de-
eqU|1I|2br|um nuclear spin polarization in the noble ga%lele livery of hyperpolarized xenon. Perfluorocarbon-based emul-
and *Xe. The enhanced signal of such hyperpolarized gasegions have been designed for use as blood substitutes. These
in nuclear magnetic resonan¢dMR) has been utilized in - jocompatible emulsions contain perfluorocarbon droplets
biomedical imaging of void spaces, m_clugjlzng Investigationy, o+ are stabilized by a phospholipid monolayer. The droplet
of healthy and diseased human lurigs/ivo. Hyperpolar- size is small enough to pass through the lung capillaries.

ized xenon mtroduce_d Into bl(.)Od or tissues pro_wdemvo These properties suggest a perfluorocarbon emulsion as an
chemical shift-selective imaging for investigations. Xenonintravenous delivery medium for hyperpolarized xenon. Bi-
may have an inherent advantage for such investigations b?— i

cause it is~15-20 times more soluble in blood and tissue one and co-workers demonstrated that the perfluorooctyl

than helium, and is preferentially incorporated into lipid- bromide emulsions with droplet sizes5 um have the nar-

containing and protein-containing components. Tissuef®W Xe NMR lines that would permit the use of perfluorooc-

dissolved hyperpolarized Xe NMR signals from the thoraxtylbromide(PFOB) emulsions as delivery media for hyper-

and from brain have already been observed in both rodenfolarized xenonin V'YO'S Subsequently, Bifone and co-
and humans, and Xe images were recorded from the brain §forkers have used this delivery medium to carry ioutivo
a live rat using two-dimensional chemical shift imaghg. Nyperpolarized Xe NMR spectroscopy in tumors and to
One drawback of the use of Xe in humans is that it is arstudy blood oxygenation. The chemical shift of a xenon atom
anaesthetic. in aqueous solution is 196 ppm and in perfluorooctyl bro-
Dissolving hyperpolarized xenon gas in a liquid for sub-Mide it is 106 ppn?. The very large differences in intermo-
sequent injection into the organism was suggested by Bifonkecular chemical shift typical of the xenon atom is the major
et al* Intravenous injection of xenon dissolved in a bolus ofadvantage in discrimination of Xe signals from blood and
a biocompatible liquid is a far more promising method thanvarious tissued, and in discrimination of Xe signals in
inhalation of the gas for maintaining the polarization duringhealthy and cancerous tissifeBhe Xe chemical shift differ-
introduction of the xenon to blood and tissues. Saline soluences that afford this fine discrimination are therefore of
tions had been used, but xenon has a limited solubility irgreat interest for diagnostic purposes.
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Xe is soluble in organic solvents in which it has a chemi-culate average Xe chemical shifteelative to the free Xe
cal shift range from 85 pprtin hexafluorobenzendo 246.7  aton) in solution in eleven liquids: waterjso-butane,
ppm (in iodobenzeng’ relative to free Xe atom. The signifi- perfluoroisobutane, n-butane, n-pentane, neopentane, per-
cant body of experimental data of Xe in liquids has beerfluoroneopentane,n-hexane, n-octane, n-perfluorooctane,
largely due to the work of Stengle and Williamsbi?with  and perfluorooctyl bromide.
later additions from Lim and King>'*More recent data in- Our goal is to provide a fundamental understanding of
cluding alkyl alcohols, ketones, and acids have been prothe Xe chemical shift in liquid solvents that goes beyond
vided by Luhmer and Bartik® Lim and King'*'*as well as  empirical correlations with bulk properties such as refractive
Luhmer and Bartik’ have proposed empirical models of index. Quantum mechanical calculations have already shown
group contributions based on the Xe chemical shift depenthat, although electron correlation can have a significant con-
dence on number of carbons in the solvent molecule. Thesibution, the dominant part of the Xe intermolecular shield-
models suggested that the Xe chemical shift increases liring response can be found at the self-consistent-fi8h
early with fraction of CH groups™ Bonifacio and Filipe level?*~?3without including electron correlation. This find-
have suggested that all such analyses are flawed which dBg is at odds with the use of dispersion-based models that
not take into account the fact that the solvents in which théhrave dominated the literature on Xe chemical shifts in
Xe shifts are dissolved are not in the same thermodynamigolution®*” In addition, we seek to understand the ways in
states at the same temperattfiéfherefore, these authors which the liquid structure of the solvent plays a role in the
have made measurements of Xe chemical shifts in solution¥e chemical shifts in solution.
as a function of temperature and they suggest that valid com-
parisons could be made for solvents at the same reduced
temperature, or at the same mass density, in order to compajie METHODS
Xe in solvents at the same thermodynamic state. In such
comparisons, the Xe chemical shifts are found to actually APProach
decrease with increasing fraction of gHand decrease with In order to develop an understanding of Xe chemical
increasing number of C atom§Experimentally, Xe chemi-  shifts in liquid solvents, we adopt an approach that elimi-
cal shifts in solution decrease with increasing temperature fofiates any need for adjustable parameters. We use the same
the same organic solvefit?® approach as for Xe in the gas phase and for Xe occluded in

Previous treatments of Xe chemical shifts in solutioncages and channels in the crystalline phase. The Xe atom has
have been entirely empirical. The models used were based efn intrinsic shielding response in a particular configuration
the reaction field theory of Onsager which describes the liqof neighbors. This is an electronic property which can be
uid as a continuum. Linear correlations of the Xe chemicaldescribed by quantum mechanical calculations. The prob-
shifts with a function of the refractive index of the pure abilities of system configurations, on the other hand, can be
solvent f(n)=[(n*-1)/(2n*+1)]% for example, have described by a statistical mechanical calculation using inte-
been found for liquids of similar molecular types. The use ofgrations, or grand canonical Monte Carlo or classical mo-
this function, based on the idea that the major chemical shiflecular dynamics simulations. For the present work, we as-
contribution arises from the dispersive part of the van desume transferability, i.e., we import directly those potential
Waals interactions, was suggested by Rumnén&The  functions and shielding response functions, which have been
more recent interpretations by Luhmer and Bartik are stilltested against either gas phase dX&in CH, and CFR), or
based on dispersion contributions as the primary origin of Xalata in the crystalline solid@Xe in water cages in clathrate
chemical shifts in the various solvents, differing from the hydrate$ for use in the molecular dynamics simulations.
Rummens model in that the Xe chemical shifts are assumethat is, we assume that the electronic factors are preserved
directly proportional to the Xe-solvent dispersion energy,(same interaction potential energy functions and same shield-
where the latter is taken from a PISpair interaction struc- ing functiong, and that the only difference between the pre-
tureless approximatiormodel*®>°?°These models involve vious systems and the systems of Xe in liquid solvents arises
primarily parameter fitting and do not permit calculations offrom the probability distributions of system configurations.
the Xe chemical shifts from first principles. They provide no To provide the latter, we use molecular dynamics simulations
satisfactory explanation either for the nonzero intercept irmethods and liquid-liquid potentials that have been success-
the linear fit or the way in which such intercepts change withfully employed for simulations of liquid properties.
solvent molecule type.

In this paper, we offer the first theoretical calculations of
ch_emical shifts for Xe at_oms dissolved in qu_uid_solvents byB. Chemical shift functions
using quantum mechanically calculated shielding response
functions in classical atomistic molecular dynamics simula- ~ The observed chemical shift in solution arises from the
tions. We investigate the large experimentally observed difdifference in shielding between the free Xe atdtime refer-
ference in Xe chemical shifts between xenon dissolved irence and the isotropic shielding of Xe dissolved in solution.
water and Xe in perfluorooctyl bromide, a liquid used for Although the observed Xe chemical shiftis related to the
intravenous Xe delivery. We also systematically investigateshielding by
Xe dissolved inn-alkanes, in which the Xe chemical shifts
have been measured as a function of temperéttfree cal- 6=[0(free xe atom™ T(xe in sample)/[ 1= T (free xe atornls
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when we neglect the absolute shielding of the free Xe atomJABLE I. Investigation of the electronic factors as a function of distance

itself compared to 1.0, the Xe chemical shifobserved in Petween Xe and the closest C atom. Values given &g/ppm
Iuti . . b ' = o(free Xe atom)- o(Xe,model) for the Xe isotropic shielding calculated
solution Is given by in vacuum for model systems, with the Xe approach normal to the plane of

the three H atoms in §C.

o~ O (free Xe atom

r(Xe=0 (A) Xe@H,CH Xe@H;CCH;, Difference

~ Uiso(Xe in infinitely dilute solution in a spherical sample (1) 35 66.60 63.06 3.54

4.0 21.31 20.09 1.22

In what follows, we will use the term Xe chemical shift 45 6.23 5.86 0.37
functions, rather than shielding response functions, having 5.0 167 1.58 0.09

already expressed the results of shielding calculations with
respect to the free Xe atom.

In a separate study of the chemical shifts of Xe in the
small and large cages of clathrate hydrate structure | and I,

we have determined the Xe tensor in large basis set quantughemical shift functions for molecular dynamic simulations

mechanical calculations, using density functional theory, folof Xe dissolved in water in order to obtain the Xe chemical
Xe atom in cages of water molecules. In that study we obshift in aqueous solution.

tained Xe shielding contributions from O atoms as a function  The Xe@ CH shielding response functions are not en-

of the Xe—O distance, and Xe shielding contributions from Htjrely transferable to Xe@#,,,..». The electronic structure
atoms as a function of the Xe—H distance. These functiongf the C and H atoms within (,,,. , is different from that
had been used to calculate average chemical shifts using cH,, thus eliciting a somewhat different Xe shielding
Monte Carlo simulations in 12 different water cages in crys-response per C and per H. An indication of the magnitude of
tal fragments***The chemical shift function is expressed asthe expected deviations arising from this is given in Table I,
follows: where replacement of one H atom in €Hy a CH; group
results in a lower Xe chemical shift. Therefore, our simula-
. 2 tions for Xe in alkanes should overestimate the Xe chemical
6= (%) = Oane—O(j)+|_|(zk) nze Pl etk - (2)  shift by at least 5%. The fractional change would increase
upon substitution of another H atom by a Cgroup.

Equation(2) is obtained directly from the functions that In a separate study, we h.ave. determ|.ned the )(e_i-),C
' . . Xe—(QF), Xe—H, and Xe—F shielding functions for Xe inter-
were fitted to the quantum mechanical values for Xe in watef . : .
cting with CH, or CF, molecule from quantum mechanical

cages of known structure. In this way it represents the actugl . S .
9 . 4 pres ... _calculations of Xe shielding in XeCH and XeCR
guantum mechanical values for Xe in a particular position

within a cage within a crystal of water molecules. The Site_supermolecule%?f These shielding functions, relative to the

. o : . o free Xe atom, were used to predict the Xe chemical shifts in
site additive form is merely a convenience and, in this case

permits direct application to Xe surrounded by water mol_r’nlxtures of Xe and Ctland of Xe and Cgases in the limit

ecules in arbitrary configurations. That is, the functionsOf very low Xe mole fraction, as a function of Gror CF,
Th y 9 : ’ density and temperatufé.We will use the Xe—(H), Xe—

12 12 =n )
Zn=60nl xe-0 ANAZn=gMnl e, taken together, may be con C(F), Xe—H, and Xe—F chemical shift functions so obtained,

sidered as the universal chemical shift functions for Xe in theTor the calculations of Xe chemical shifts for Xe dissolved in
presence of neighboring¥) molecules. The parametes any liquid hydrocarbon or perfluorocarbon. Thus, for Xe in

andh,, were obtained by fitting quantum mechanical values. ~. . ) o
of shielding(relative to free Xe atoinfor Xe in 73 different SIlqwd alkanes, the Xe chemical shift function is expressed as

configurations involving 40—48 explicit water molecules in a

12

14 14
crystal fragment represented by periodic point charge arrays 5= horo? o4 cron 3
providing the proper Madelung potential at the Xe position, %) nge ' Xe-H) %) Ee " Xe-Qk) ®

using large basis sets in all-electron calculations, especially

for the Xe atom for which 240 basis functions were usedwith the coefficients transferred directly from the Xe@,CH
These crystalline systems are clathrate hydrates in which thg/stem. An analogous equation is used for the averaging of
coordinates of oxygen and hydrogen atoms that constitut¥e chemical shifts in liquid perfluoroalkanes using Xe—F
the cages of water molecules which form around the Xe atand Xe—QF) chemical shift functions taken directly from
oms are well established from neutron diffraction studiesthe Xe@ CFk system.

Since the same set of functions predicted the isotropic Xe For the averaging of Xe chemical shifts in liquid
chemical shifts in twelve distinct types of cages in clathrateCF;(CF,)CF,Br, the Xe chemical shift in liquid PFOB was
hydrates, we believe that these functions can be considerdrkated as a pairwise sum of three Xe-site chemical shift
as universal shielding functions for Xe interacting with functions: Xe—F, Xe—Br, and Xe—C, where the Xe—C and
water?* The universality of these Xe—O and Xe—H chemical Xe—F functions were taken from the Xe@C8ystem. The
shift functions has been established by accurate predictionse—Br chemical shift function was obtained by scaling the
of Xe chemical shifts in twelve types of clathrate hydrate Xe—F chemical shift to Xe—Br chemical shift using well
cages from quantum mechanical calculations in only twdknown scaling proceduréé.Thus, for Xe in liquid perfluo-
types of cage$*?® In this paper, we use these same sets ofooctylbromide, the Xe chemical shift is expressed as
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TABLE Il. Coefficients for site-site isotropic chemical shift functions used in E2s-(4) in this work.

n 6 8 10 12 14
Xe—QH,), ¢, (A™" —1.4821x10° 1.045 90< 10 —1.901 3% 10° 1.384 33< 10° —3.45561x 10°
Xe—QF,), ¢, (A" -1.628 91x 10* 2.909 18 1¢° —4.835 1% 107 2.760 70< 10° —5.230 7% 10°
Xe—H, h, (A™" 8.583 34 10° —6.557 3% 10° 1.421 310 —6.347 4K 10 4.200 88< 10’
Xe—-F,f, (A™" 7.445 6% 10° —6.937 6% 10° 1.899 30x 10/ —1.321 48 10° 2.776 10 10°
Xe—Br, b, (A™") 6.151 51x 10" —6.678 64x 10° 2,130 4 10° —1.727 15¢10° 4,227 6% 10°
Xe—Qpaten On (A7) —1.368 40< 10* 7.146 28 10° —2.042 105 10° —5.850 74<10° 0.0
Xe—Hyaer N (A7) —7.738 6 107 1.167 61X 10° —5.820 54K 10° 7.143 56X 10° 0.0

The density and temperature of the solution compart-
5=, E fol s F(l)+2 2 Cal Xe-ok) ment can be fixed to correspond to the state condition of
R1) n=6 interest. In this study, the density of the liquid phase was set
equal to the experimental density of the solvent at the tem-
+ > E Bl e gi1) (4)  perature of interest. This establishes the volume of the solu-
Br(h tion compartment once the number of solvent molecules to
where the outside sums are over all the F, C, and Br atoms ihe included in the solution compartment is fixed. In these
the simulation box within the cutoff distance from the Xe simulations, the solution compartment consisted of typically
atom, under periodic boundary conditions. In all cases, thé80 solvent and solute molecules and the two membrane
pairwise chemical shift functions had been constrained tavalls were constructed of 64 atoms. The number of Xe at-
approach the free Xe atom limit, zero, so as to match th@ms found in the solution compartment is typically small.
limiting behavior calculated in the supermolectieThus, Since the simulations for averaging the Xe chemical shifts
each of the Xe chemical shift functions have typically goneare carried out to mimic the solution at infinite dilution in
to zero at much shorter distances than the cutoff distanc&e, the Xe—Xe contributions to the Xe chemical shift in the
used in the MD simulation box. The parameters in Egs-  solution compartment are not included. They are similarly
(4) are given in Table Il. ignored in the gas compartment. The volume of the gas com-
partment has been set to be equal to the solvent compartment
(although this is not essentjalin the initial setup the gas
C. Molecular dynamics compartment would have as many Xe atoms as to give the
gas any desired density/pressure. The gas compartment typi-

The averaging to obtain Xe chemical shifts can be Carcally starts out with 40—80 atoms of xenon in the simulations
ried outin various ways. In this paper, we employ a molecuf r which results are shown here. The length of the simula-

lar dynamics-based method using an algorithm developed b .
Y 9 9 P on system perpendicular to the membrane has been set to

one of us to study the solubility of gases in liquids. The .
method has been described in previous publicatiisso four times that parallel to the membrane. Furthermore, the
Iengths parallel to the membrane were set to be the same

we will only summarize it here. The simulation box consists L,=L,). These relative dimensions minimize the effect of
of a solvent/solution compartment separated from the ga 2). ve di ! inimiz
e membrane on the overall system.

compartment by a semipermeable membrane. A schemat} .
diagfam of the ;mulationpsystem is shown in Fig. 1. Periodic An important advantage of setting the solvent density
boundary conditions then lead to a system infinite in yhe
andz directions(parallel to the membrangdn the x direc- -
tion this leads to alternating gas and solvent sections of:};
width L,/2 (L, is the system size in thg direction, i.e.,
perpendicular to the membranet this method, the mem-
brane typically consists of several layers of atoms arrange( £ &
in a fcc configuration. In the present study the membranel
simply consisted of a single layer of atoms. The membrane is
formed by tethering the atoms that constitute the membrane
to their equilibrium positions with a simple harmonic poten-
tial, although other potentials could also be used. For the
present application, the membrane atoms are fictitious; the[
membrane serves as a means of including all parts of the
equilibrium systenithe gas and the solutipin the simula-
tion box. The membrane is made permeable to the gas mol |¢?
ecules but not to the solvent molecules. This has been ac ;
complished for these studies by adjusting the pore size of thcso'-UT'ON GAS SOLUTION
membrane, and adjusting the intermolecular interaction berig. 1. The basic simulation system for investigating chemical shift and
tween the solvent or gas molecules and the memkfane.  solubility of gases dissolved in liquids.
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equal to the experimental density of the pure solvent in the 0.04
MD simulation at the temperature of interest is as follows.
The average Xe chemical shift is extremely sensitive to the
effective free volume in the solvent, and a MD simulation
that permits either the volume or the number of solvent mol-
ecules to vary would not provide the correct free volume for 0.02 -
the Xe unless the solvent-solvent potentials were extremely
accurate. Since the total number of solvent molecules re-
mains fixed during the simulation and is at least an order of
magnitude as large as the equilibrium number of Xe atoms in
the solution, the average liquid density in the solution com- 0.00 -
partment remains very nearly constant throughout the simu-
lation.

The molecules were given a Gaussian velocity distribu-

tion corresponding to the system temperature being investi- (b)
gated. The time evolution of this initial system setup was 0.2 1

then followed using a fifth order predictor-corrector scheme .

for the translational motion and a fourth order predictor p

scheme using quaternions for the rotational motfbithe

temperature was held constant using a Gaussian thermostat. 0.1 1

The simulation system was allowed to equilibrate for 6
X 10°-1x 10° time steps. After this, production runs were
carried out for 5x10°~1x 10° time steps, each of size 2
X 10" %8s for water and % 10 *6s for hydrocarbons. Some 0.0 -
simulations, where we calculated the Henry’s constant were : : : .
up to 3x10° steps. 00 02 04 06 08 10
Typically, the initial system configuration consists of a WL

solution section with 15—40 atoms of xenon and 440-465 X
molecules of solvent, for example. Equilibrium is obtainedriG. 2. The density profiles of solvent and Xe at the end of a typical MD
more rapidly for systems with very low Xe solubilifguch  simulation with 16 steps. Here* represents the reduced number density,
as wate) if the solution has an excess of xenon, since expu|prg. Filled circles correspond to Xe and the open symbolgare-butane,

. . . . . (b) water. The two membranes arexat 0.29., and 0.7%, .
sion of xenon from such solutions is more rapid than diffu-
sion of xenon into the solution from the gas phase. The solu-
bility of Xe in water is very low?! while that of Xe in
organic liquids is much highéf~34For Xe in organic liquids D. Potential functions

this does not appear to be a problem. We adopt for Xe in the alkanes and perfluoroalkanes the

After the initial equilibration run, the simulation is con- same set of pairwise potentials that have been tested against
tinued in which the Xe chemical shift is calculated everythe measurements of the Xe chemical shift in Xe-4Gidd
time step for each Xe atom and the averages calculated ovéfe—CF, gas mixtures as a function of temperature and for
all Xe atoms every 10 000—20 000 steps, using the chemicathemical shifts in Xe—Clg mixtures in zeolite$33¢ The
shift functions shown in the appropriate one of E@—(4).  Aziz Xe—Kr potential functior?/ fitted to an exp-6 form, was
To ensure that only xenon atoms completely surrounded bgdopted for Xe—Br. For the Xe—} potential we adopt the
solvent molecules were included in this stine., to exclude Same potential as was used for the calculation of the Xe
xenon molecules near the membranes for the purpose of aghemical shifts in clathrate hydratés’® For the present
eraging the properties of xenon atoms in the solytionly work, we use an exp-6 fit rather than the Maitland-Smith
those xenon atoms in the middle half of the solution comJform, since the former is more convenient to use in molecu-
partment(see Fig. 1 were included in accumulating the lar dynamics codes:
sums in Eqs(2)—(4). Typical density profiles of Xe and sol- 6
vent in the simulation system are shown in Fig. 2. In our  uy, ;=>, ein{(fG) exfd axe(1—1)]
preliminary studies, we had found early convergence of the : *Xel
chemical shift average in comparison to solubility or Henry's ( Uyei )_6]

6 ,

law constant® We find this to be the case in the present )
work for all the liquids. In most runs, the chemical shift

averages converged withinxI10° (2x 10 in a few cases where r=r yg It minxa - The parameterg, a, andr y, for
time steps. For Henry's constafgolubility), convergence Xe-GCy1, Xe—Hyyy, Xe—F, and Xe—Br are given in Table

required between 810° and 3x 1(° time steps. M.

QAxei —
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TABLE llI. Site-site potential functions used in E¢(p) in this work. Origi- TABLE IV. Lennard-Jones parameters for the solvent-solvent potentials
nal sources for the functions are given in the teX(Ryea)= €{(6/a used in this work.
—6)exda(1-r)]—(adla—6)r 8.
elkg (K) ro(A) Reference

ke (19 ¢ " ) c-c 25-78 3.80-3.96 41
Xe—Q(H,) 141.2 16.1 3.99 F-C 48 3.54 b
Xe—QF,) 141.2 16.1 3.99 Br-C 141 3.76 b
Xe—Huyyi 53.3 15.9 3.66 F-F 31 3.12 30
Xe-F 78.5 14.2 3.93 Br—Br 271 3.56 30
Xe—Br 233.0 17.0 4.17 Br-F 92 3.34 b
Xe—Oater 105.0 15.2 3.74
Xe—Hyater 73.1 14.2 3.47 Ancludes attached H atoms for hydrocarbons (CHCH, interaction$. Ac-

tual values used for various GHypes are given in Table Il of Ref. 41.
bEstimated using Lorenz-Berthelot ruléRef. 30.

The Xe—Xe chemical shift contributions are not included
in the averaging, thereby resulting in an average appropriate For the MD simulations in liquid water, we have tested
to the infinite dilution limit. The Xe—Xe potential and chemi- two widely used potential models, the SR€Imple point
cal shift functions are irrelevant to the calculations of Xecharge model and the TIP4Rtransferable intermolecular
chemical shifts in this study since measurements had begptential functions, 4-poinimodel. Both these potentials can
made in very dilute solutions of Xe. reproduce the density of water as a function of temperdture.
Potential functions used recently in MD simulations of The SPC model has acceptable agreement while the TIP4P
liquid perfluoroalkanes modeled them as chains of tangerhRas good agreement with the structure of liquid water. A
tially bonded spherical segments of hard-core diametefecent review of liquid water potentials by Guillot provides a
sigma, and the attractive interactions described by squargomprehensive assessment of the current state of the art in
well potentials® In other studies, the AMBERS potential computer simulations of liquid watét.
functions have been used for perfluorinated decane, for
example®® In the present work, we used the OPLS-Adp-
timized potentials for liquid simulations, all-atdrmodel#? Il RESULTS
that is, the perfluoroalkane molecules are treated atomisti- The present work provides MD simulations of Xe

cally, but internal rotation about the C—C bonds is not perchemical shifts for Xe atoms in liquid solvents. Previous MD
mitted. The potential models adopted for the solvent-solvengimy|ations carried out for Xe in liquids addressed relaxation

interactions are of the form mechanismsdipolar and quadrupolar relaxatiof?~°
rj -12 rj -6 The bulk susceptibility contributions are sample-shape-
UZZ 4ej (0_> - +qiq;/rij (6) dependent and are not included in our simulations. Thus,
1] ij ij

comparisons have to be made with experimental data which
wheree ando are the Lennard-Jones energy and size paramhave already been corrected for this sample shape factor.
eters,q the chargej andj the active sites, whilg;; is the  Furthermore, the experiments have to correspond to the limit
distance between the active sitesand j. These potential of infinite dilution. The average chemical shift of xenon in
models are known to give a reasonable quantitative pictureelected solvents at 298 K and 273 K obtained using the
of a wide range of thermodynamic properties of liquifis. method outlined above are shown in Table V, where they are
Potential parameters used in the present work are given icompared to the experimental values where available.
Table IV. The average Xe NMR chemical shift resulting from the
The partial charges of the alkanes and perfluoroalkanesID simulations are compared to the experimental spectra
were obtained from DFT/B3LYP calculations of the solventshown in Fig. 3. Our MD simulation results give an excellent
molecule in vacuum using the 6-31®asis set. Thes@ow-  account of the large difference in the Xe chemical shift of
din) charges were used only in the solvent-solvent interacxenon dissolved in water and in perfluorooctyl bromide.
tions, and their absolute magnitudes have influence on the Measurements carried out for Xe in many alkanes over a
averaging of the Xe chemical shift only by their effects onwide range of temperatur€sshow a linear dependence with
the free volumes afforded to Xe atom in the liquid solvent. temperature and a negative temperature coefficient, that is,
For the MD simulations in the alkanes, the solvent-the Xe chemical shift is found to decrease with increasing
solvent potentials used the same parameteend o) as in  temperature, as seen in three examples given in the third
the OPLS modet! but no internal rotation was permitted, column of Table V. Our MD simulations at 298 K and 273 K
and we used the rigid all-trans configurations for the carborfor Xe in liquid pentane and hexarisee Table Y uniformly
backbone. Here, in keeping with the OPLS model for thepredict that Xe chemical shift in liquid solutions decrease
purposes of calculating solvent-solvent interactions, hydrowith increasing temperature, that is, we obtain the same sign
gens on carbon are implicit and the interaction sites for thef the temperature coefficient as was observed experimen-
CH, groups are neutral and centered on the carbons. Thially for Xe in these liquids.
Xe—H interactions are explicitly included, however, with the It required much longer simulations to obtain good val-
proton positions at their normal bond lengths and bondies for the Henry’s constant of Xe in the solution. Selected
angles. examples are compared with experiment in Table%The
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TABLE V. Average Xe chemical shift§ppm) calculated in liquids.

Xe chemical shifts

Calculated, Observed, with
Liquid this work bulk susc. corr. Reference
(CHz)3CH 150+10 (322 K)
(isobutang
170+10 (298 K)
(CH3CH,)» 142+5 (350 K)
(n-butane
155+10 (298 K) 145.423+2 °C) 13
186+5 (273 K)
C(CHj3), (necpentang 175+5 (298 K)
CH3(CH,)3CH; 185+10 (298 K) 154.123+2 °C) 13
(n-pentang
154.125.0:0.3 °Q) 8
215+10 (273 K) 162.20+0.3°Q 16
—0.362 ppm/K
173-303 K
CHy(CH,) ,CH, 212+15 (298 K) 160.323+2 °C) 13
(n-hexane
160.925.0+0.3°C 8
225+15 (273 K) 168.60+0.3 °C) 16
—0.314 ppm/K
173-323 K
CHy(CH,)6CHs 220+15 (298 K) 169.823+2 °C) 13
(n-octane
169.925.0+0.3 °C) 8
176.80+0.3°Q 16
—0.304 ppm/K
228-328 K
(CF3)3CF 90+5 (298 K)
C(CR3)4 75+5 (348 K)
CF;(CF,)¢CF; (PFO 78+5 (298 K)
CR,(CF,)4CF,Br 105+5 (298 K) 106 (roomT) 5
(PFOB
H,O 195+5 (298 K) 196.023.5 °0 11

9587

molar fraction solubilityX; of xenon in pure water at a pres- as a function of configuration. Thus, fact@ has the same
sure of 101.325 kPa is described by the empirical forftula nature for Xe in liquids as for Xe in rigid cages in crystalline

_ -1 materials.
In(Xy) 74.7398- 105.21T/100K) The average size of the solvent cage or free vol{fime
+27.4664 I T/100K)

tor (b)] depends on the density of the solution, which in turn
for 273.15 K= T=348.15K, according to which, the molar is determined by the solvent-solvent interaction potential.
fraction solubility of xenon in water amounts to onky

The effect of the internal volume of the solvent cage on the
=7.92x10 ° at 298 K. Xe has greater solubility in organic

average Xe chemical shift is the same as for Xe in rigid
solvents such as the alkanes and fluoroalkanes in this stud§?

ges in crystalline materials. The smaller cage permits a
For example, the solubility of Xe in perfluorooctyl bromide S@mPpling of short Xe-cage atom distances. Since we had pre-
is about 11 times that in wat@r.

viously established that the Xe shielding response is increas-
ingly deshielding(to higher positive chemical shiftswith
decreasing distané®??> small cages permit sampling of
large chemical shift contributions. This is the basis for the
observed correlation between cage internal volume and av-
To understand Xe chemical shifts in infinite dilution in €rage Xe chemical shifts for a given electronic structure of
liquid solvents, it is helpful to think of the Xe as being sur- C2g€ atoms, as for Xe in silicate cages.
rounded by a dynamic cage of solvent molecules. Thus, the Quantum mechanical calculations reveal that the univer-
major determinants of the magnitude of the average chemic&®@l sharp change in the Xe shielding response is decidedly
shift are (a) the electronic structure of individual solvent nonlinear with decreasing distance of a neighboring
molecules,(b) the average size of the cagfee volume atom?1??This means that the range of cage internal volumes
available to the Xe atoim(c) the range of free volumes that sampled over timdfactor (c)] will be important, because
are sampled over time, and) the temperature. The elec- even the infrequent sampling of the low end of the range of
tronic structure of the solvent molecules determines both théree volumes can make large contributions to the average Xe
Xe shielding response and the potential energy of interactiochemical shifts.

IV. DISCUSSION
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Xe in PFOB lutions are carried out, i.e., at constant pressure, in which
case, temperature plays a role in fact@@sand (c) in addi-

tion to the effects such as would be observed in the dilute gas
phase under constant volume conditions. In the latter simpler
system, the sampling of configurations determined by tem-
perature in the factor ekp V/IRT] gives rise to temperature-
dependent Xe chemical shifts under the constant density con-
ditions of a sealed gas sample. Since configurations having
short distances between Xe and neighbors give rise to greater
Xe shielding response, this intrinsic temperature dependence
is decidedly nonlineat® For example, the Xe chemical shifts

in Xe—CH, and Xe—CR mixtures at constant density are
nonlinear with temperature in theory and experinféi@imi-

Xe in H,0

EXPERIMENT

22ﬁ01 260’12130'1(:-‘»0'1:‘.0.1:'20'165 8|0 larly, in the zero occupancy limit, the average shift for a
single Xe in a cage or channel in a crystal has a decidedly
Ppm nonlinear temperature dependence over a wide temperature

range>® In contrast, both factor&) and (c) are affected by
temperature in a liquid under the constant pressure condi-
Xe in PFOB tions of a standard NMR measurement. The density of a
Xe in H,0 liquid typically decreases with increasing temperature and
this leads to larger free volumes available to the Xe atom
[factor (b)]. Given the sharp dependence of the Xe shielding

SIMULATION response on the short distances sampled in the internal vol-

. r y T r T T S ume of the solvent cage, the solvent density change with
220 200 180 160 140 120 100 80 change in temperature has a significant and dominant contri-
8, ppm bution to the temperature dependence of the average Xe

chemical shift, primarily due to factaib). This is the pri-
FIG. 3. Xe NMR spectra of Xe at infinite dilution in water and PFOB at mary reason Why the average Xe chemical shift in various

room temperature, compared with results of MD simulations. Spectra repro-
P P b Pr%olvents should not be compared at the same temperature,

duced from Ref. 5, with permission from Magnetic Resonance in Medicine,

Wiley-Liss. but rather at a constant reduced temperature, as suggested by
Bonifacio et al1® Furthermore, if the solvent molecules are
associating by specific interactions such as hydrogen bond-

A. Dependence on temperature ing, then temperature can have unusual effects on the aver-

yage Xe chemical shift as the disruption of cage-forming hy-
chemical shift is generally observed for Xe in liquiighe drogen bonds upon increasing temperature can affect the

effect of temperaturffactor (d)] appears deceptively simple. electroni.c nature of the neighbors.of the Xe atqm, in addition
It is well known that chemical shifts in liquids change with 10 &ffecting the average geometric configuration of the sol-

temperature when one is observing a nucleus in the puréent cage. _
In the present MD study of Xe in alkanes, we have kept

solvent. For example, extensive studies of gas to liquid NMR
shifts over a wide range of temperatures in simple moleculef2ctor (& constant so as to explore the role of fact@rs (c),

have established that tA% chemical shifts varied with tem- @nd(d). To establish that factdb) is the major reason for the
perature, uniformly decreasing as the density of the liquid®mperature dependence of Xe chemical shifts in liquid so-
decreases with increasing temperafiiré’ The temperature lutions, we also carried out simulations in which we raised
dependence of Xe chemical shifts has been measured [R€ témperature but maintained the liquid density constant
some liquid€® The MD simulations in the present work (an MD simulation of the typical high pressure experiments
provide the theoretical paradigm for the understanding of alPf Jonas). The results are as follows. Raising the tempera-
such data. ture of the simulation to 322 K whilst maintaining the den-
The complexity of the effect of temperature arises fromSity the same as the density at 298 K left the average Xe

the traditional way in which NMR experiments in liquid so- chemical shift unchanged in isobutafi&’0+10 ppm). Rais-
ing the temperature of the simulation to 350 K while keeping

the density ofn-butane the same as at 298 K also led to no
TABLE VI. Henry’s Law constants(atm) for Xe in selected solvents change(155+5 ppm vs 15%5 ppm). These results demon-
at 298 K. strate that the change of liquid density with changing tem-
perature is primarily responsible for the temperature depen-

Since a linear temperature dependence of the average

Solvent This work Experiment Reference dence of Xe chemical shifts in liquid solvents. With
n-butane 56:10 increasing average size of the effective free volume upon
2:2;";]”: jgig ‘313 gg increasing temperature dominating the temperature effect on
Water 60062000 9500 31 Xe chemical shifts, the temperature dependence of the Xe

chemical shift in the limit of infinite dilution in liquid sol-
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vents is easily predictable: Xe chemical shifts decrease witlC. Xe in water
increasing temperature for a given solvent, primarily due to The Xe chemical shift in liquid water relative to free Xe
factor (b). Of course, in those organic solvents where the Xe

N e atom is found by the MD simulations to be in excellent ab-
solubility is significant, the intrinsic temperature dependenceSOlu,[e agreement with experiment; MD simulations give an
of Henry’s law constant would bring in the complication of ’

Xe chemical shift of 1 ing the SP
Xe—Xe contributions to the chemical shift, with increasedaveragje e chemical shift of 185 ppm using the SPC

S . otential for water compared to 196 ppm from experintént.
Xe—Xe_ encpunters n higher Xe concentrations. We do nan the present work, MD simulations using TIPS4P gives
deal with this aspect in the present work.

identical results to those obtained using the SPC potential,
within statistical errors. The two liquid water potentials used
in this work had been shown to give reasonable agreement
with a range of experimental observations on liquid wéter.
Apparently they are both good enough to reproduce the dis-
tribution of configurations of water molecules that form tran-
Our simulations do very well with distinguishing Xe sient solvent cages around a Xe atom. In particular, the abil-
chemical shifts in alkanes compared to perfluoroalkanes, dgy of both liquid water potentials to accurately reproduce the
seen in Table V. The uniformly smaller chemical shifts for experimental density of liquid water ensures that the liquid
Xe dissolved in the fluorinated versions runs counter to thestructure will provide nearly the correct environmeéptima-
usual idea of higher dispersion contributions from moleculesily the correct free volumkfor the dissolved Xe atom.
with larger number of electrons. We had found that at the
same distance from the C center, the Xe shielding respon
from a CH, molecule is slightly greater than that from a CF
molecule for the Xe approach toward the face of the three F The ability of Xe to discriminate between biological
or H atoms, whereas the shielding responses at Xe from CHcavities, in the same chemical shift region as Xe in aqueous
or CF, are about the same for approaches along the C—H olution, and the Xe in the delivery medium is of great ad-
C—F bond, or along the bisector to the HCH or FCF aRgle. vantage in applications of Xe for chemical-shift-selective im-
The F atom core electrons and the longer C—F bond lengthging and spectroscopy, for investigation of cells and tissues
do not permit the Xe atom to get as close to the; @6 it  in vivo? Therefore, we were particularly interested to find
does to the Climolecule?® The differences in the observed out whether it was possible to account for the large Xe
Xe chemical shifts in these gas mixtures arise primarily fromchemical shift difference between these two media. The MD
the averaging; the Xe shielding response is smaller at thossimulations give an excellent account of the large difference
distances favored by the Xe—F potential functions. The sami Xe chemical shift in water and in PFOB, as can be seen in
holds for the averaging in the MD simulations of Xe chemi- Fig. 3. The average chemical shifts of Xe in PFOB an®H
cal shifts in liquid perfluoroalkanes. Thus, for the same numare, respectively, 1655 and 1955 ppm, to be compared
ber density of C atoms, the Xe chemical shifts in the perfluowith the experimental 106 and 196 ppm.
roalkanes are smaller than in the alkanes. Our results at room The Xe atom obviously experiences longer average dis-
temperature reflect this. There are no published data for Xtances from solvent cage atoms in PFOB than in water. That
in perfluorocarbons, other than gFor comparison with our  the transient solvent cages in PFOB are much larger than
predictions, although measurements have probably beehose in liquid water is easy to understand; the smaller mol-
made in the laboratory of Filipet al. ecules tend to form smaller solvent cages than the long ex-
Our results have some relevance to Xe shifts in polytended molecules.
mers. Golemmet al. have measured Xe chemical shifts for There is a smaller, yet significant, difference between Xe
Xe in glassy perfluorinated polymers that have high freen PFO and PFOB liquids. The two solvent molecules differ
volume®! At near-zero loading the Xe chemical shift is only in that one F atom in the former has been replaced by a
65—-84 ppm depending on the polymer. The Xe chemicaBr atom. The greater intrinsic shielding response at the Xe
shifts in these glassy perfluorinated polymers are smallefrom a Br atom, compareata F atom(a factor of 2.07, will
than those found in polymers with alkyl sidechafiske lead to larger average chemical shifts provided the Xe has
chemical shifts in the voids of polytetrafluoroethylene aresimilar access to the Br atom as to the F atom in that position
found to be about half as large as that found in polycarbonata PFO. The positions of the center-of-mass in the two mol-
under the same conditioi$ These experimental results are ecules are nearly identical; the two molecules PFO and
entirely consistent with the smaller average chemical shift®FOB will generate similar configurations during the MD
that we calculate for Xe in perfluorinated alkyl solvents com-simulation. With the greater shielding response of Xe to the
pared to Xe dissolved in their alkyl counterparts. As we haveBr atom, a larger Xe chemical shift in PFOB compared to
seen alread$? both the intrinsic shielding response and thePFO may be expected. The MD results demonstrate that Xe
potential functions for Xe—GFvs Xe—CH, lead to a predic- can tell the difference between the two liquids, resulting in
tion of smaller Xe chemical shifts for Xe—GFThus, for the an average Xe chemical shift of Z& for PFO, compared to
same void sizes, Xe in the polymers with pendant,CH 105+5 for PFOB. With the understanding of the influence of
groups should have a larger chemical shift than in the perthe parameters that determine the average Xe chemical shifts
fluorinated polymers; this is indeed observed experi-in liquids, especially the perfluoroalkanes that are similar to

mentally51:6364 the compounds already in medical use as oxygen carriers and

B. Alkanes versus fluoroalkanes

SS. Xe in water and perfluorooctylbromide
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blood substitutes, it should be possible to design an alternalready mentioned, using the SPC or the TIP4P potential for
tive to PFOB for the efficient delivery of hyperpolarized xe- liquid water gave indistinguishable results for the average Xe
non to cells and tissues, using as a basis the quantitativghemical shift. On the other hand, the sensitivity of the av-

insight gained from the present work. erage Xe chemical shift to the liquid density implies that

when the individual site-site Xe-solvent interactions are well
E. Sensitivity to the potential functions known (from low-density gas phase chemical shift studies,
used in the simulations for examplg, the solute chemical shift can be used to dis-

criminate between those descriptions of pure liquid solvents

We have not explored other Xe-alkane, Xe-perfluoro- . . .
at correspond to different densities at a given temperature.

alkane potentials since our goal was to demonstrate that it i

possible to understand Xe chemical shifts in liquids using the h's. would therefqre make the average Xe .che_mlcal shift a
same electronic structufeame shielding and potential func- particularly attractive property for the investigation of com-

tions as for Xe—CH and Xe—CE. Now we consider, in plex condensed phases, such as mixtures of liquid solvents or

o . o i liquid crystals.
general, the sensitivity of the chemical shift in solutions to . .
the interaction potentials between solute and solvent. Be- V‘.’e have shown in Table | that the Xe@¢ihodel is
cause of the strong dependence of the intermolecular che jot directly transferable to Xe-alkane and that we expect to
cal shift on the distance between the nucléde in our always overestimate the Xe chemical shifts for alkanes be-

solute exampleand the individual atoms of the neighboring cause the Xe chemical shift function for Xe@CH itself var-

solvent molecules, the average chemical shift is sensitive t§'s with increasing C substitution for H. This is part of the

the Xe-solvent potential over a range of distances typicall)feason why the calculated average chemical shifts are over-

3-6 A. The results of the simulation are sensitive to theestimates in every case when compared to the experimental

Xe-solvent interactions, including the anisotropy of the pc)_values in the alkanes. We note that the deviations become

tential function. Only the isotropic average of the Xe chemi-larger as the alkane length increases. Finally, we should note

cal shift can be observed experimentally. However, thet.hat we have used only rigid molecules in these MD simula-

shielding response functions are expressed in site-sittgon_S; W(Iadhave not ;ifCOlél’ltEd fe>t<ﬁ||0|t|)|/ forttheleffelct of thtﬁ
(Xe—A) form; therefore the MD results are sensitive to the orsional degrees ot ireedom of Ine solvent molecuies on the

anisotropy of the Xe-solvent potential. Since the greatef”werage Xe chemical shift. Therefore, subtle differences,

shielding response is at the shorter distances, theAXpe- ZUCh ﬁs;h?kZ—lo ppm chelmllial shift d|ﬁert'et;1ces for )ied";
tential function has to have a reasonably accurgtand a ranched alkanes vs normal alkanes cannot be accounted tor

proper functional behavior for the repulsive region inside of" the present work. The packing of rigid all-trans molecules

V=0. The Lennard-Jones form of Xépotential is usually is different from the case where a distribution of conforma-
not édequate for this purpose: the 2 form of V is too tions is allowed. The deviations of the calculated chemical

steep. The temperature dependence is a robust test for tﬁglfts from the experimental values therefore become more

adequacy of the Xe-solvent potential provided the Xe ShieIOIpronounced as the number of internal rotation degrees of

ing response functions are well described, as is the case f rreedom in the alkane increases. On the other hand, the

the Xe—C and Xe—H functions we used in this work for igher internal moments of inertia of Ggroups correspond

alkanes, and the Xe—C and Xe—F functions used for perﬂuot-o smaller rotational velocities and the bulkier F atoms com-

roalkanes. With a given description of the dynamic liquid pareq to_ H atoms corresponds to higher barri_ers to_internal
structure of the pure solvent, the Xe-solvent interaction pa_rotatmn in the perfluorocarbons. The Br atom is bulkier yet,

rameters may be determined if the shielding response can 3 neglect of internal rotation in PFOB is not as severe an

calculated quantum mechanically for Xe in the presence Ofrlpproximation. Thus, we represent dynamics in the perfluoro
one solvent molecule solvents more faithfully than the dynamics in the alkanes,

The same reason, the steep dependence of the Xe shiewth concomitant expectations of better agreement with ex-

ing response on Xe-neighbor distance, makes the average wgriment in the Xe chemical shifts. The predicted Xe chemi-

chemical shift in solution also sensitive to the “free volume” cal shifts in perfluoro alkanes need to be tested experimen-

provided by the dynamic liquid structure. In the presentta"y'

work, we fix the number density of the solvent in the simu-
lation box to be the same as the experimental density, so thgt
the free volume available to the Xe atom in solution is not  We have carried out calculations of Xe chemical shifts in
entirely determined by the accuracy of the solvent-solventiquids, for the first time. Previous interpretations were pri-
potential; thus, the results of our simulation should not bemarily empirical correlations between the observed Xe
acutely sensitive to the long range terms in the solventehemical shifts and functions of refractive index of the liquid
solvent potential functions used. We have verified that thesolvents or semiempirical measures of dispersion energies.
average Xe chemical shifts are not extremely sensitive to th&he MD simulations in the present work used shielding re-
details of the solvent-solvent potential, provided the liquidsponse and potential functions for Xe which are identical to
density is reproduced by the potential. For example, upoithose used for Xe in gas and crystalline phases; and the
increasing the parameter, of the CC Lennard-Jones by liquid-liquid potentials were adopted from standard sources.
2.5% in the MD simulations in isobutane, the average XeNo parameters were adjusted to chemical shift data. We have
chemical shift remained unchanged within statistical errorsshown that this general approach successfully provides good
despite the significant increase in the energy of the liquid. AXe chemical shift averages that are comparable with experi-

CONCLUSIONS
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