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We report, for the first time, a calculation of the isotropic NMR chemical shitf®¢e in the cages

of clathrate hydrates Structures | and Il. We generate a shielding surface for Xe in the clathrate cages
by quantum mechanical calculations. Subsequently this shielding surface is employed in canonical
Monte Carlo simulations to find the average isotropic Xe shielding values in the various cages.
For the two types of cages in clathrate hydrate Structure |, we find the intermolecular shielding
values [ o(Xe@5'cage)- o(Xe atom)]= — 214.0 ppm, and o(Xe@ 5?62 cage)- o(Xe atom)|
=—146.9ppm, in reasonable agreement with the valu@2 and —152 ppm, respectively,
observed experimentally by Ripmeester and co-workers between 263 and 293 K. Fof émel 5

51%6* cages of Structure Il we find o(Xe@5“cage)- o(Xe atom)]=—206.7 ppm, and
[o(Xe@5'%6* cage)- o(Xe atom)|= —104.7 ppm, also in reasonable agreement with the values
—225 and—80 ppm, respectively, measured in a Xe-propane type Il mixed clathrate hydrate at 77
and 220-240 K by Ripmeestet al. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1632895

INTRODUCTION also very pronounced. For example, the Xe deshielding is

The applications of?®Xe NMR spectroscopy, in particu- —493.2,-66.6,—6.8 ppm, respecgigely, interacting with an-
lar, the use of hyperpolarizéd®Xe, as a probe for the elec- other Xe atom at 3.0, 4.0, and 5.0'A(We have used shield-

tronic environment and structure of nanocavities andn9 values calculated at the Hartree—Fock level for an illus-

nanochannels in inorganic materials, organic molecular crydration here. These two factors, the greater Xe deshielding
tals, polymers, proteins, and biosensbr¥ take advantage with shorte_r dlstance§ and the grez_iter deshielding in the pres-
of the exquisite sensitivity of the chemical shift of the Xe €nce of neighbors with “more available” electrons, together
atom to the electronic structure and the spatial arrangemeR€Mit the Xe shielding response to discriminate between
and distribution of the atoms that it encounters in these con€nvironments. Thus, the Xe shielding response is unique to a
fining structures. The unique advantage of employing the Xéarticular arrangement of particular types of atoms, i.e., the
atom as a probe is that intermolecular interactions directlgonfiguration of its neighbors. At the same time, the prob-
affect the electronic environment of the observed nucleusability of finding Xe in a particular configuration of sur-
Whereas the isolated Xe atom has a purely diamagnetitounding atoms determines how much each shielding re-
nuclear magnetic shielding, any deviation from sphericalsponse can contribute to the overall average shielding. Thus,
symmetry brought about by intermolecular interactions necevery observed®Xe average chemical shift relative to the
essarily creates paramagnetic shielding contributions thadsolated Xe atom is a convolution of two mathematical hy-
deshield the Xe nucleus relative to the free atom. The latter ipersurfaces: the shielding response surface and the potential
the commonly used reference state for specifying the shieldenergy surface; both are functions of coordinates. After con-
ing differences that are experimentally measured?@e  structing the shielding surface from quantum mechanical cal-
NMR chemical shifts? culations, and the potential surface from multiproperty
In the presence of another rare gas atom, the Xe atoranalyses, we have found that it is possible to use Monte
experiences a deshielding that depends on the distance frogarlo grand canonical simulations to calculate the average
the neighbor and the electronic structure of the neighbor ané?°e NMR chemical shifts in aluminosilicate and alumino-
also the orientation of the Xe—Rg axis in the applied magphosphate cages and channels. In particular, we obtained av-
netic field. Therein originates the abl'lty of th&Xe nucleus eragelzg)(e chemical shifts in the cages of zeolite type A,
in the Xe atom to discriminate between different enViron-With pure xenon gé§114 and with mixtures of Sorbatég,_:lj
ments. For example, at a given distance, say 3.5 A, when thgnd in the channels of silicalitézeolite ZSM-5,28 and
neighbor is another Xe atom, the isotropic deshielding isn| pO-112° as a function of loading and composition. Fur-
very pronounced;-195.7 ppm, and diminishing in the series thermore, by adopting a dimer tensor model, we have found
Kr, Ar, and Ne, respectively;-87.5,-44.8, —5.5 ppm rela-  that it is possible to predict in general the NMR lineshapes
tive to the isolated Xe atortf. For a given neighbor, the hat one might expect to observe for an average shielding
dependence of the Xe shielding response on the distance {gnsor of Xe at various occupancies in nanochannels of these
materials:>?°We also have made some progress in calculat-
aElectronic mail: cjj@sigma.chem.uic.edu ing lineshapes fort?®Xe in channels containing aromatic
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chemical shift values have not been superceded. In this work
we will focus entirely on the simulation of the isotropic
12%e chemical shifts and the general approach that allows
for a realistic description of the disordered hydrogen-bonded
network to provide for a reasonably good description of the
Xe environment in the clathrate hydrate cages. The line-
shapes and th&Xe nuclear quadrupole coupling will be
considered later.

There are several goals of this study besides attempting
to reproduce the observééXe isotropic shifts in the small
and large cages of clathrate hydrates. In the process of doing

(@

512 64

FIG. 1. The structure of the four cages in clathrate hydrate Structures | and
I, based on the diffraction data of Refs. 31 and 32. The filled circles rep-
resent oxygen atoms and the open circles hydrogen atoms of the water
molecules that comprise the cages.

rings in molecular crystals, and féf%e in organic cage$:
That the intermolecular shielding response falls off(p)
greatly with increasing distance is fortunate from a theoreti-
cal point of view in that one only needs to include immediate
neighbors in considering the Xe environment. However, this
is misleading if interpreted to mean that the atoms at larger
distances away from the Xe atom play no role in the shield-
ing response. In this paper, we consider examples in which it
becomes important to consider a sizable crystal fragment in
order to obtain a reasonably realistic description of the Xgc)
shielding response. When the atoms that are the immediate
neighbors of the Xe atom are participants in an extended
hydrogen-bonding network that extends throughout an entire
crystal, the molecules that are the nearest neighbors of the
Xe atom are, by themselves, insufficient to describe the engj)
vironment experienced by the Xe atom. We treat two ex-
amples of such systems, the clathrate hydrates Structures |
and Il. In clathrate hydrate Structure I, the water molecules
constitute two types of cages in which the Xe atom may be
trapped: the smaller more symmetrical’5age, with 12
pentagonal faces and the more disklike, somewhat larger
5% cage having two additional hexagonal faces. Clathratge)
hydrate Structure Il also forms two types of cage¥ &nd
51%6%. These four types of cages are shown in Fig. 1. The
body of excellent experimental work on Xe in clathrates has
been done nearly entirely in the laboratory of J. A. Rip-
meester and his co-workets:2” More recently, since the
availability of hyperpolarized®®Xe technology, other groups
have begun to study*®Xe in clathrate hydrates as wéfl.

the calculations, we expect to shed light on some more gen-
eral questions concerning the effects of long-range interac-
tions and hydrogen bonding on Xe nuclear magnetic shield-

ing.

We expect to determine the shielding at the nucleus of
a Xe atom located at the position that corresponds to
the center of the small cadelso the large cagen the
presence of only point charges that represent the infi-
nite clathrate hydrate crystal lattice, with no oxygen or
hydrogen atomgi.e., no electrons This would show
the shielding due to the effect of electrical polarization
of the Xe atom alone. We expect this to be small, al-
though others have assumed electrostatic contributions
to shielding as a primary mechanism for intermolecular
effects on chemical shifts. The goal is to show it is
indeed small for Xe, as we have predicted.

We expect to determine the shielding at the nucleus of
a Xe atom located at the center of an isolated cage
carved out of the lattice, in other words, including only
the water molecules of the cage itself in the shielding
calculations, omitting the rest of the crystal. The long-
range influence of the rest of the crystal on the elec-
trons of the Xe atom and the long-range effects on the
water molecules of the cage are not included.

We expect to determine the shielding at the nucleus of
a Xe atom located at the center of a cage of water
molecules embedded inside an array of point charges
that simulates the electrostatic effects of the rest of the
crystal.

We also consider a model that takes into account the
full hydrogen bondingnot only the electrostatic part of
the hydrogen bondingof the cage water molecules.
For this we need to represent the cage water molecules
as well as at least the first shell of water molecules that
provide the full complement of hydrogen-bonding part-
ners of the cage waters.

Finally, we consider a model that provides fully the
hydrogen-bonding partners to the cage containing the
Xe atom, as in the model above, and in which the water
molecules in the rest of the crystal lattice are repre-
sented by point charges.

We want to comparéa)—(e) and thereby determine the
following: to what extent is the observed shielding at the Xe

The isotropic'?®Xe chemical shifts that we wish to under- nucleus due tdi) the long-range point charges directii,
stand quantitatively arise from early work in the Ripmeestetthe electrons of the water molecules of the cage diily,the
laboratory??~2* Although more recent results with hyperpo- influence of the long-range point charges on the electronic

larized ?°Xe have been reported by the grotip? the early

structure of the water molecules of the cage, and the conse-
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guence of this to the shielding of X@y) the influence of the
covalent part of the hydrogen bonding on the ability of the
cage waters to provide the appropriate electronic response to
the Xe atom that generates the shielding response at the
nucleus.

2000 - random

—

switching

1500 -
METHODS

The representation of the clathrate hydrate structure

The neutron diffraction studies of a Xe Structure | clath-
rate hydraté' and a mixed Xe/CGl Structure Il clathrate
hydraté? provide the positions of the oxygen and hydrogen
atoms, however, the hydrogen positions possess only half
occupancy. The remaining proton disorder in clathrate hy- 0T ™
drates even at 0 K, leads to the residual entropy irfidhe 0 5000 10000 15000 20000
“jce rules” state that* (1) ice consists of intact water mol- number of switches

ecules.(2) The oxygen atoms form a lattice with tetrahedral FIG. 2. The comparative efficiency of random shiftiffigst stage and chain

coordination(3) The bond between two neighboring oxygen propagation(ast stagein achieving a proton configuration that obeys the
atoms can accommodate one and only one proton belongingg rules in 2944 water molecules of clathrate hydrate Structure | under

explicitly to one of the two oxygen$4) All proton configu- periodic boundary conditions. Note the much faster convergence to the de-

) s . sired zero deviation configuration at the last stage.
rations satisfying the above three conditions are equally g g

probable.

Starting from neutron diffraction data, implementing the . .
. S N oxygen or hydrogen atom already used in a previous or the
ice rules means satisfying the two constrairifg: only one . o
current chain, or else encounters the periodic image of one of

of the two positions between two oxygen nuclei can be oc- : -
cupied by a hydrogen atom, ax#) each oxygen atom must the points already on the chaito prevent the chains from
ha?/e exayctl ti//vo hg drogen ;ﬂoms at coval%e%t O-H distancerunning in loops, or when none of the possible hydrogen
and exactl ytwo h )éro gen atoms at O—H hvdrogen-bonding ifts result in a decrease of deviations. This chain propaga-

: y ydrog . . yarog ion method proved to be very efficient for generating rela-
distances. Naturally, in our shielding simulations we have tot

use a clathrate hydrate structure that complies with the |C(];!Vely I.arge simulation boxeﬁsuperce!l}; with .proton con-
. ! . igurations that completely comply with the ice rules under

rules. In order to generate a valid hydrogen configuration, we > "~ o .
start out by placina onlv one hvdrogen atom at one of th eriodic boundary conditions. Figure 2 shows as an example
tWo ossiblyepositigns inythe Iineybetv?/een WO OxXvVaen atoms he number of deviations from the ice rules as a function of
Thisp uarantges that we have the correct stoicr{i%metr an%roton switching steps for generating a valid proton configu-

9 . ) . ; 'Y @NStion for a Structure | clathrate hydrate supercell containing
that we also satisfy the first constraint. This results in a

. S . C . n2944 water molecule@x4x4 crystallographic unit celjslt
incorrect initial configuration in which oxygens can have. O )
X . Js apparent from the plot that random switching is very effi-

zero to four covalent bonds. In order to satisfy constraint 27, " o . .
. S . cient in the beginning, quickly reducing the number of de-
without violating constraint 1, we rearrange the hydrogen”. . . :
. : viations from the ice rules, however, becomes essentially
atoms in such a way that we only shift hydrogens along the

O—O0 line and not off the line onto another O—Oo line. The Useless at a certain point in the process. At this point, the

shifting of one hydrogen atom back and forth between theChaIn propagation method very effectively reduces the re-

. S . maining deviations to zero, yielding a supercell with a valid
two known positions along each O—O line is carried out . : - .
) . ; roton configuration under periodic boundary conditions.
using a Monte Carlo procedure, with a penalty associated t8
any shift that corresponds to an increase in the number of
violations of the ice rules. The random shifting is performedThe models
until the deviations from the ice rules is down to a number

deviation from ice rules

chain propagation ———m«— l‘
1

e To investigate the contributions of long-range effects and

next step is specifically targeting the “problem” oxygen at- ydrogen bondmg on the shielding response aJ.[ the Xe
. nucleus, we carried out quantum mechanical shielding calcu-

oms, those oxygens with greater or fewer than two co-_.. S .

: . .~ lations in five model systems with a type | clathrate hydrate

valently bonded hydrogens. The idea is to generate chains %(’i[\ructure

H shifts that propagate through the simulation box, starting '

from one problem oxygen toward another. An allowed chain(1) CAGE: This model includes only the Xe atom and the 20

step decreases or retains the total number of deviations; no water molecules in thes cage or the 24 molecules in

uphill steps are allowed. If a chain is terminated, a new prob-  the 5?62 cage.

lem oxygen is chosen and a new chain is started from tha2) XCAGE: This model includes the Xe atom, the water

oxygen. A successful chain termination occurs when the molecules that constitute the cage and all the water mol-

chain connects two problem oxygens, resulting in a configu- ecules that are required in order to provide the hydrogen-

ration in which both oxygens possess two covalently bonded bonding partners of every water molecule in the cage.

hydrogen atoms. A chain is abandoned when it encounters an We refer to the cage together with its first coordination
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shell as the extended cage. For tHé &ge the extended
cage consists of a total of 40 water molecules. For the
51%62 cage the extended cage consists of 48 water mol-
ecules.

(3) PCA: This model includes only the Xe atom. All water
molecules in the crystal fragment are represented by
point charges.

(4) CAGE/PCA: This model includes the Xe atom, the water
molecules of the cage just as in the CAGE model, with
the addition that the remaining water molecules in the
crystal fragment are represented by point charges.

(5) XCAGE/PCA: This model consists of the Xe atom, the
extended cage, and an array of point charges that repre-
sents the remaining water molecules in the crystal frag-
ment.

To construct each of the five models, we started out by
generating a valid proton configuratigoonfiguration A for
one crystallographic unit cell using the random shifting and
chain propagation procedure outlined above. Subsequently,
this unit cell was replicated to form a crystal fragment of
4X4x4 unit cells in sizg2944 water moleculgesThe coor-
dinates of the entire fragment were translated so that its cen-
ter (the origin of the coordinate systg¢moincided with the
center of the cage under investigation'{®r 5'%62). The  FIG. 3. Model systems used in tf@ initio and DFT calculations of Xe
crystallographic coordinates of the fragment provides the Coshielding in the 2 cage of clathrate hydrate Structure I. Atoms represented
ordinates of the oxygen and hydrogen atoms, as well as t with all electrons are shown as balls. Atoms represented by point charges are

awn as dots.

coordinates for the point charges utilized in the models. The
actual point charge values used in these models to simulate
the electrostatic effects of the infinite crystal lattice are ob-
tained by employing the Embedded lon Method that hadler (configurations B and Lof the starting unit cell. The five
been described earlier by one of i his method simulates Models are illustrated in Fig. 3.
the electrostatic crystal potential that is experienced by @&p jnitio and DFT shielding calculations
given atom inside an infinite crystal lattice, the Madelung

potential, with a finite, self-consistent array of point charges, For the quantum mechanical calculations of Xe shield-

This point charge array is generated in a fitting procedur ng, we use gauge-mclud_mg atomic orbital§1AO) that .
) . S : ave been shown to provide an advantage when used with
using the Ewald summation method. By adjusting the size o

. o any size of basis set, but especially for modest-sized ones,
the array and of particular zones within the array, the poten-. . . )
. . ' .~ since they provide the correct first-order wave functions for
tial that is produced by the array at a defined central region

: . an atom in the presence of an external magnetic fielle
th_e Ewald pqtennal, may be tuned to the Madelung potentlaﬁsed both Hartree—FodidF) and density functionalDFT)

d din the EIM utili h il duced by th hethods. We employ 240 basis functions for Xe, as de-
con UCt? n the ut |z'est € potgnﬂa produce Y M€scribed in our previous work, starting from the compilation
finite point charge arrays in conjunction with the quantum

\ : i _ of Partridge and Faedfi and augmented with polarization
mechanics suite of program&AUSSIAN™ to obtain the  ¢,nctions according to the recipe by Bishepal ® This ba-

shieldings of interest. In the first part of the EIM, a self- gis et was specifically constituted to describe the shielding
consistent point charge array is obtained in an iteration progegponse of Xe under the influence of a static electric field. It
cedure between thewALD program andAUSSIAN. Subse- s so well balanced for this purpose that we have found full
quently, the shieldings of interest are calculated for a giverzounterpoise correctiorf8,even with 1200 additional basis
atom embedded inside the point charge array, located insid@nctions on the neighboring atoms, amount to mere hun-
its central region, usingAussiAN. In the models used in the dredths of a ppm at the typical distances of interaction. For
present study, the zones in which the Madelung potential ishe water molecules we used a D95basis set, which is a
reproduced in the Ewald calculations were made larg®unning—Huzinaga full double zeta basis set augmented
enough to contain the Xe atom and the water molecules ofith three sets of p and one set of d polarization functftns.
the extended cages under investigation. All shielding calculations were carried out utilizing the
In order to investigate the effects of the proton disordercaussian package® using coordinates derived from the
in clathrate hydrate crystals on the Xe shielding, two addi-neutron-diffraction datd"*? The lattice parameter appropri-
tional versions of the XCAGE/PCA model for the small cageate to 275 K was chosen for the clathrate structure, based on
were generated, each one based on a different proton disahe diffraction data of lkedeet al. for Structure B! To

XCAGE/PCA
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answer the questionga)—(e) posed in the Introduction, Investigation of the effect of the local proton disorder
shielding calculations were carried out for Xe in the center of

the small and large cages for each of the five models d%
scribed above.

The disordered proton configuration of the specific cage
which the Xe shielding calculation is carried out poses a
problem. Ideally, a molecular dynami@8ID) simulation, in
which the water molecules are allowed to change orienta-
tions, should be performed. This requires a sophisticated
The Xe shielding function in a clathrate hydrate force field including many-body terms that account for hy-
drogen bonding interactions accurately and able to reproduce

A single-point quantum mechanical shielding calculation .
the crystallographic clathrate hydrate structure. An average
for a Xe atom located at the center of a clathrate cage does . .
. L : - over many quantum mechanical calculations of the Xe
not provide a complete description. It is anticipated that a_, ., .. ;
) : . shielding carried out every few MD steps accumulated over a
proper comparison with the experimentally observé&te

chemical shift values will require permitting the Xe to ex- long simulation time would then provide the average Xe

plore an arbitrarily large number of positions within the cage shielding. This approach is not practically feasible. The static

i . ‘equivalent of this procedure is to perform shielding calcula-
especially for a large cage. Positions close to the atoms of the : . ; o )
: - . tions in static cages, each with a specific proton configura-

cage at which the Xe has a small but not negligible probabil-. : -
. . . tion, provided that we sample a sufficient number of local
ity of being found at the temperature of the experiment have ~ )
. O L environments for the Xe. Following the latter approach, we

to be included because the shielding function is known from

. S S started out with three different proton configuratidicen-
our previous work to be significantly more deshielding atfi urations A, B, and Cfor the 52 cage, and onéconfigu-
closer coptgct. These calculations are carried out using thr%gtion A) for t’he,51262 cage in clathrate’hydrate Structure 1.
most realistic model, the XCAGE/PCAZ o The shielding calculations were carried out, using the
Our general approach for constructing shielding Surface?(CAGE/PCA model, at 16 positions in the small cage for
is to calculate quantum mechanically the shielding values for ach of the proton c,onfigurations A, B, and C, and 25 posi-
various nuclear configurations and then to describe the co fons in the large cage for proton co,nfi,guratior,l A
lection of shielding values with a mathematical function of In order to verify that we have dorab initio (,:alcula-
coordinates for the given configuration. In this particular aP~ions in a sufficient number of proton configurations to rep-
plication, Xe shielding values are calculated at various posi-

. . . resent the general Xe shielding function in a clathrate hy-
tions along trajectories that approach the cage walls from th . . o X

o rate, we investigated the proton distribution functions for
center of the cage. The positions are chosen to sample ma

. : '®ich of the XCAGE/PCA models used fa initio shielding
different molecular environments that the Xe atom can expe; .. ) ) 1
. o o function calculations in both the small*5cage and the
rience within the cages. Subsequently the shielding value

2 i .
are fitted to the following general form: I%\rger 5262 cage. Since the oxygen atoms are in the same

positions and only the proton positions vary, a useful indica-
tor for comparing similarities and differences of proton con-

og(Xe,r)—o(free Xe atom figurations is the distribution of distances from the center of
the cage, where the Xe has the highest probability of being
- EI asrifoﬁr asr§e80i+ ag )Ze?gi_l' af ;elgi found. Thus, we determined distributions of proton distances

(fraction of protons at each distandeom the center of the
cage(a) for each individual XCAGE/PCA use(ttonfigura-
+ 2 Bl xo it bal xiit Do xelt+ b1ol xaZ, (1) tions A, B, and G, (b) for three 52 cage model$A, B, and
K C) taken together, antt) for the supercell containing 2944
water molecules. All were compared with the proton distance
In other words, it is assumed that thb initio or DFT result  distribution of the crystallographic average structure, which
can be described in terms of sums over the shielding rehas a 1/2 population at each proton position.
sponse contributions from the Xe—O interactions and contri-
butions from the Xe—H interactions, each of which is merely
a function of distancé¢a shielding function The form of the
distance dependence used in Ef). has been found to be
completely adequate in describing the e initio and also Averaging of the Xe shielding is carried out using ca-
the DFT shielding values for Xe—Xe, Xe—Kr, Xe—Ar, and nonical Monte Carlo simulations. The disadvantage of this
Xe—Ne at a large number of separatidhshe fit is con-  approach is that we will be unable to consider the effects on
strained such that the Xe—O and Xe—H shielding functionghe shielding of a given Xe atom arising from the distribu-
individually correctly approach zero at large distances. Weions of Xe atoms in neighboring cages. This does not appear
will demonstrate how well this description fits the Xe shield- to be important for Xe shielding in low occupancy clathrates,
ing values obtained for Xe in the cages of the clathrate hyalthough Ripmeesteat al. have demonstrated that the occu-
drates studied here. Note that we only use the function as pancy of the adjoining cage in some clathrates can have a
description of the actuadb initio values. It is not incorrect to measurable effect on th¥°Xe chemical shiff? Since the
think of it as a rather intelligent interpolating function be- Xe—Xe intermolecular shielding is negligible at distances
cause the functional form is based on #ieinitio results for ~ greater than 6 A, and in any case, we usually use a cut-and-
Xe with only one neighbor atom. shifted Xe—Xe shielding function that is zero akexe

Monte Carlo simulations
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TABLE |. Potential parameters used in this wo= e{[6/(n—6)]F " TABLE Il. Single-point calculations; isotropic shielding of Xe at the center

—[n/(n—6)]r %}, wheref =r/r y,, n=m+ y(r —1). of the 52 cage in Structure lgis,— o(Xe atom), ppm.
m y Fins A elkg, K Model PCA CAGE XCAGE CAGE/PCA XCAGE/PCA
Xe-0O 13 5 3.724 105.42 HF -04 —1421 -138.2 —114.0 -119.4
Xe—H 13 9.5 3.471 73.07 B3LYP -05 -—-226.6 —217.0 —184.9 —199.4

A o After a large number of Metropolis-weighted displacement
=6.5A, the Xe—Xe contributions to the calculated averaggyqyes, the average isotropic shielding is obtained. The final
shielding will be neglected. Pairwise additive potentials Ofaverages reported here correspond to 1280000 Xe configu-
the Maitland—Smith for? were used, rations for all cage types, except fof%6* in Structure I,
V=¢€{(6/n—6)f "—(n/n—6)r °, where we used 3840 000 Xe configurations. The temperature
chosen for the simulations is 275 K, the same temperature as

wheren s allowed to vary withr =r/ F min according N ihe earliest reported experimental spectra of Xe in clathrate
=m+ y(r—1). For the Xe—O potential we start with the hydrateg223

Xe—Ne parameters, nameljn=13, y=5, e/k=65.42K,
- 43 . .
rmin=23.924 A*® For the Xe—-H potgnnal we start with the RESULTS AND DISCUSSIONS
parameters based on agreement with molecular beam scatter-
ing and other properties for Xe—GHmM=13, y=9.5, ¢/k  Single-point calculations; Xe shielding at the center
=53.07K, r;n=3.671A)17 In both cases we increased the Of the cage

well depth and decreased thg, to the final set of Xe-O  As an initial assessment of the various models, we em-
and Xe—H parameters given in Table I. The simulation box isyloy the Xe isotropic shielding at the center of the two cages
a supercell under periodic boundary conditions. in Structure |. These results are shown in Tables Il and Il for

We do not explicitly include induction terms in our po- each of the five models.

tential; no charges are involved in the Monte Carlo averaging  The isotropic shifts obtained in Hartree Fock and density
of the Xe Shleldlng All atoms in the simulation box and theirfunctiona| theory calculations for a Xe atom located at the
periodic images are treated as atoms in the Monte Carlo c&enters of the ¥ and 562 cages are given in Tables Il and
nonical averaging. Since the Xe-O and Xe—H shielding|, respectively. For every model system used in this work,
functions correctly approach zero at large distances, a cuthe Hartree—Fock calculations uniformly provide a signifi-
and-shifted shielding function can be used in parallel with acantly smaller deshielding response at the Xe nucleus than
cut-and-shifted potential function, although the cut distanceshe DET/B3LYP method does. It has been previously noted
are not required to be identic&t** Most of the atoms be- that the shielding of the oxygen nucleus in the water mol-
yond the first shell of waters hydrogen bonded to the wategcule is inadequately represented at the HF level, as it is
molecules of the cage containing the Xe atom lie at distancegsually found for atoms bearing lone pairsOur results in
greater than the shielding cutoff distance. Tables 1l and Ill show that the water molecules of the cage
The supercell has to be sufficiently large to include ag|so give an incomplete shielding response to the Xe atom
representative number of proton configurations for the indiywhen electron correlation is not included. In other intermo-
vidual cages containing Xe and small enough for efficiencyjecular Xe shielding calculations, for example, Xe interacting
We investigated the optimum size of the representative Sugith rare gas atom&Rg)*? or with CO,, CO, or N;, we have
percell for the Monte Carlo simulations of Structure | by found that DFT/B3LYP gives values that are more
using simulation boxes consisting of 1 unit cell2xX2,  deshielded than the values obtained in HF calculatféns.
4x4x4, and 6<6X6 unit cells. In each case the Crystal frag- Where averaging can be h|gh|y accurate, as for Xe_Rg and
ment withn X nXn unit cells was constructed from the neu- Xe_cql a Comparison with gas phase experiments estab-
tron diffraction coordinated}**a valid proton disorder was jishes that there are electron correlation contributions to the
generated for the entire fragment, utilizing random shiftingxe intermolecular shieldingof the order of 15% in Xe—Rg
followed by the chain propagation method, as describeghairg that are not included in HF calculatiof®?! On the
above. We find that the optimum size of the simulation boX ispther hand, the B3LYP values for these systems are too
4X4X4 for Structure I. The Comparable size for Structure ||desh|e|d|ng by about the same amount. In systems where
is 2x2X2 unit cells. Both are large enough so that a Xe atomelectron correlation is important in the description of the
will be placed in cages with diverse proton arrangementspeighboring molecules, the intermolecular Xe shielding val-

Final averaging of the Xe shielding was carried out in thesgjes calculated using the HF method can be significantly in-
supercells containing, respectively, 2944 and 8704 water

molecules for Structures | and II.

Finally, average isotropic shieldings for Xe were o
tained in four separate Monte Carlo simulations in which
single Xe atoms populate only those cages of a particulamodel PCA CAGE XCAGE CAGE/PCA XCAGE/PCA
type: 5'2 or 5'%2 in Structure I, 32 or 5'%6% in Structure II. T02  —soo 755 o34 “o03
For each simulation, initially, a Xe atom was placed at thegsvp 03 _1381 -1280  -1008 1110
center of each of the respective cages within the supercel

b- TABLE llI. Results of single-point calculations of the isotropic shielding of
Xe at the center of the'86? cage in Structure lg;s,— o(Xe atom), ppm.
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adequate, as we demonstrated in the Xeg@@(amplez.l calculations conducted by Peter Pulay and his co-workers on
These findings indicate that the DFT/B3LYP method shouldthe proton shielding tensor in ice, which required the water
be preferred over the HF method for calculating the Xemolecule to be surrounded by its 16 immediate neighbors in
shielding response in clathrate hydrates, and for the remairfrder to produce a proton shielding anisotropy that agreed
der of this paper we discuss the results derived from DFTWith experiment® The calculations by Gang Wu on thé

B3LYP calculations exclusively. shielding tensor in crystalline urea required seven urea mol-
ecules in order to obtain tensor components that agree rea-
Xe located at the center of the 5 2 cage sonably well with the experimental values. Six urea mol-

The PCA model represents all the oxygen and hydrogels?cm(:“S are hydrogen-bond doné#$ and acceptor®) to the

atoms in a crystal fragment by an array of partial chargeé‘realltwhere the nuclcter?rtshleldmg |stbe(|jng myt:_sﬂgéie;jﬁ X
with no electrons to invoke a Xe response, thus results in ah. ld.now appearst ‘2 ;n acczratcej descrltp ion of the t?]
very small deshielding effect at the Xe nuclgus0.5 ppm, shielding response fo hiydrogen-bonded systems requires the

independent of the size of the point charge array that Waigclusion of at least the first coordination ;hell of a given
used. It is clear that Xe shielding does not primarily arise cage. Table Il shows that the effects of having truncated hy-

from the polarization of its electrons by electrostatic Charges?irogen bonds at the oxygen atoms whose electrons have

an incorrect but commonly suggested mechanism for its ob(_)verlap and exchange with the Xe electrons are severe in the
served chemical shifts CAGE model but less pronounced in the XCAGE model.

The CAGE model with every oxygen having truncatedThe XCAGE model results in a smaller deshielding for Xe

hydrogen bonds provides the largest deshielding response H}an the CAGE mode(—217.0 versu_s—226.6 .pprT). This
all the models—226.6 ppn. extended cage can then be placed in the point charge array

The CAGE/PCA model provides a smaller deshieldingilggéeglrSéims t:el rlestthgf thedirllfi?ri]te crysttalé] this is the
response at the Xe nuclegs 184.9 ppm than the CAGE model. In this model, the point charge array

model. This change in Xe shielding from the CAGE moolelprovides the electrostatic part of the hydrogen bonding for

to the CAGE/PCA model is brought about by the pointthe water molecules of the first coordination shell of the cage

charge array providing, to a limited extent, the hydrogenand should have a less dramatic effect on the Xe shielding

' : o : d to going from the CAGE to the
bonding that is missing from the isolated cage. Thus, thd©SPONSE as compared S
CAGE/PCA model provides a more accurate description OFAGE/PCA model. We find that this is indeed the case, a

the Xe environment in the real clathrate crystal than thedrOp of 17.6 ppm in going from the XCAGE model to the

: CAGE/PCA model, compared to a drop of 41.7 ppm in
CAGE model. These three are standard models used in tt?é .
initial applications of the EIM methotf*®4"The results ob- 399 from the CAGE model to the CAGE/PCA model. The
tained at this stage have made it apparent that we need to ér nds in the shielding values calculated for our model sys-

beyond the standard approaches in order to generalize t ams clearly indicate that the more shells of water molecules
EIM method for an application to extended networks of e include in the calculations, the closer we approach the
hydrogen-bonded systems real situation. However, including two shells of water mol-

ecules would require a substantially more demanding calcu-

Two major problems are revealed by the single-pointI ’ ) h ber of wat lecules i anifi
calculations in the simpler model&) How do we take into ation since theé number of water molecules Increases signiti-
cantly after the first shell.

account a better hydrogen-bonding description for th© H
molecules that “touch” the Xe atom(®) How do we average 1202
over the disorder of the protons? We discuss the latter in th&© focated at the center of the 5 °°6° cage
next section. The results for the 862 cage shown in Table Il reveal
We can attribute the change in shielding in going fromthe same trends among the different models as those ob-
the CAGE model to the CAGE/PCA model to a change intained for the small cage. However, the isotropic shift values
the distribution of electron density in the water molecules ofat the Xe nucleus obtained for all models of the large cage
the cage due to the point charges. The point charges do nate significantly lower than for the small ca¢sbout 80 to
compensate enough to replace fully the truncated hydroge®0 ppm for all but the PCA modgl reflecting the longer
bonds in the CAGE/PCA model. One possible solution is todistances of the cage atoms from the center of the cage. The
include the hydrogen-bonding partners of the cage moleculetsend is in agreement with experiment. The calculated chemi-
in the model so that the Xe atom is involved in short-rangecal shift anisotropy(not shown also reflects the disklike
interactions with water molecules that have their full shape of the cage. The PCA model for the large cage results
complement of hydrogen bonds. This can be achieved bin a deshielding response barely smaller than for the small
creating a crystal fragment that contains the water moleculesage, but this is almost irrelevant since the PCA model in
of the cage and the water molecules of the first surroundingeneral produces a nearly negligible shielding response.
shell of water molecules, so that the truncated hydrogen The Xe shielding values obtained at the center of the
bonds are shifted to the surrounding shell. This is thecage in the five model systems clearly reveal that including
XCAGE model. the full complement of hydrogen-bonding partners of the
The necessity for including a first coordination shell, es-cage waters improves the description of the electronic struc-
pecially in hydrogen-bonded systems is certainly well knownture of the cage that, in turn, generates a more accurate
for those cases where the nucleus of interest is itself takinghielding response at the Xe nucleus. Including a point
part in the hydrogen-bonding network. See, for example, theharge array that mimics the effect of the remaining infinite
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crystal lattice is essentially as important to complete the electABLE IV. Average Xe shielding ais,) — o(Xe atom), ppm, obtained using
tronic description This leads to the conclusion that theindividual sets of 1@b initio values obtained in the XCAGE/PCA model to

. . generate individual shielding functions for Xe—O and Xe—H in each of three
XCAGE/PCA qug_l represents the .best compromise of acs12 cages having different proton configurations.
curacy and feasibility. From this point on, we abandon the

simpler models and consider only the XCAGE/PCA model.  Configuration A B c
(0150) — o(Xe atom) -221.1 -210.8 -211.1

Accounting for proton disorder

In the crystal, two dynamic processes have been identi-
fied: the reorientation of water molecules at their lattice sites
and center of mass diffusion. The water molecule reorienta-
tion process has been studied extensively for Structure | anfiérent proton configurations can reveal how large these dif-
Structure Il hydrates? Several different symmetry situations ferences are. In addition, in using one unit cell to propagate
and motional regimes can be distinguished. When water mdnto a crystal fragment, we end up with a crystal fragment
lecular motions are rapid, the hydrate cages take on their trugith the reinforced proton disorder of the original small unit.
crystallographic symmetry on time average. In this instancé\ point charge array with reinforced proton disorder will
(Xe in spherical cagess in Structure | and the 86* in  result in the water molecules of the cage having a different
Structure 1) the *?°Xe peak observed in the NMR spectrum electronic structure than in a cage embedded in a point
is narrow and has an isotropic lineshape. In the case of theharge array that reflects the space average crystallographic
nonspherical cages %72 in Structure | and & in Structure  symmetry.
1) the ?°Xe exhibits an anisotropic line shafkAt low First, we show the magnitude of the differences between
temperatures, when the water molecules are static on thbe calculated average Xe shieldings associated with particu-
NMR time scale, the proton disorder is frozen in, and alllar proton configurations. In Table IV, we compare three
cages will have a local symmetfsnuch lower than the space such results. We have calculated 16 DFT/B3LYP shielding
average crystallographic symmetmpat varies from cage to values(using the XCAGE/PCA modglfor the 5 cage in
cage depending on proton configuration. The experimentebtructure | for Xe in various positions within the small cage,
12%¢e chemical shifts we are comparing our results with wereemploying unit cells with proton configuration A, B, and C.
taken at 200—275 K when water molecular motiGmorien-  Each set of 16 calculated values is fitted to Xe—O and Xe—H
tations, in particularare rapid?®?*so the Xe finds itself in a shielding response functions of the form shown in Ex.
site with true crystallographic symmetry on time average. OrEach surface was used to calculate a canonical Monte Carlo
the other hand, in our model systems the Xe finds itself in average shielding. We anticipated the results to differ, and in
site with a fixed local proton disorder and, when using afact we find that using a specific proton configuration, both
small replicating unitthe unit cel), even the long-range pro- to generate the shielding surface and to perform the canoni-
ton order in the PCA model for the crystal fragment is lowercal Monte Carlo simulation, results in a particular average
than the space average crystallographic symmetry. isotropic Xe shielding, slightly different from the shielding

How do we determine the average Xe shielding that revalue arising from a different proton configuration. The val-
flects an average equivalent to that which would have beenes given in Table IV are the results from averaging ovér 10
obtained in hydrate cages with true crystallographic symmesystem configurations.
try on time average, that is, without doing molecular dynam-  To improve upon this, we need to randomly pick a cage
ics andab initio shielding calculations every few time steps? within a large supercell and do theb initio or DFT Xe
The static equivalent is to do Monte Carlo averaging in ashielding calculations at various locations in the cage, then
crystal fragment that possesses the space average crystalt® this for some number of cages and average the results. An
graphic symmetry. This is usually done by making large su-average over a large number of such calculations, only three
percells and using these as the propagating unit with whiclof which are represented in Table 1V, would be prohibitive.
to create the periodic infinite solid. See, for example, theThe Monte Carlo averaging is inexpensive, but the quantum
series of papers by Mauri and co-workers on disordered sysnechanical calculations and fitting the values to shielding
tems such as amorphous materialind hexagonal ic® We  functions are time consuming. Therefore, we choose the fol-
can generate a large supercell that obeys the ice rules undemwing approach. We use a small representative number of
periodic boundary conditions, using the combination of ran-cages to carry out quantum mechanical calculations, to pro-
dom shifting followed by the efficient chain propagation pro- duce Xe—O and Xe—H shielding functions that can describe
cedure described above. However, we still have the othahe Xe shielding response in any cage with any proton dis-
problem of having to generate the Xe shielding response as@der. To obtain these universal shielding functions, we fit all
function of configuration in the Xe@XCAGE/PCA model in of the quantum mechanically calculated points together to
a form that could be used at an arbitrary Xe position in arthe same set of coefficients, so that the proton configurations
arbitrary cage in a crystal fragment that has the space aveare averaged together in the fitting. We then use this shield-
age crystallographic symmetry. ing surface as a universal shielding surface that applies to

The water molecules in a given extended cage have any cage in any point charge array. In principle, if we include
specific proton disorder. Cages with different proton configu-enough proton configurations in the fitting, the universal
rations should give different shielding responses at the Xehielding function will only be systematically inaccurate in
nucleus. Comparing calculations based on unit cells with difthe sense that in every cage the Xe is feeling a reinforced
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% 10— 10 48A Only the calculations based on the XCAGE/PCA model are included here.
£ =
2 50N 5
S T% was sufficient, that, when combined together, they reproduce
a9 Y 0 S6A closely the distribution of proton distances in the supercell
' ) and the latter accurately reproduced the distribution in the
15 15 crystal. We therefore fitted all the calculated shielding values
= for the three configurations together to arrive at a common
z2 01— 10 —m shielding surface. Even better, we found that this combined
3 4TE - H shielding surface could reproduce the original shielding val-
2 5N\ 5 /NH ues for Xe in specific locations in the largé%? cage that
e - H were calculated independently. Thus, we combined all the
0 5.7 A 0 72 A calculated values together, and found a single set of Xe—O
' and Xe—H shielding response functidmne., the coefficients

ag,...,A12, bg,...D1,in Eq. (1)] that described very well the
EA EB EC §A+B+C ﬂsuperce" l entire set(_73_ pointsg pf quantum _mechanlcally calculated
values. This is the universal shielding surface that we use for
FIG. 4. The distributions of proton positions from the center of tHeceige ~ all the Monte Carlo simulations described below for the
in Structure |, including all hydrogen atoms within the extended cage. Thesmall and large cages in a supercell of clathrate hydrate

models based on unit cells with proton configurations A, B, and C are :
compared with the distribution for the composite of B+C, for the super- Structure |, and for the small and large cages in a supercell of

cell used as the simulation box for the averages reported in Table VI, and foFlathrate hydrate Structure !l- The Cqmparisoln Of the quan-
the crystallographic data with 1/2 population at each proton position. Altum mechanical values against the fit to E). is given in

proton positions are based on the neutron diffraction data of Ref. 31 and ifFig, 5 and the Xe—O and Xe—H shielding response functions

each case a crystal fragment wittk4X4 unit cells is the basis for the that are arrived at by the fittin rocedure are shown in Fi

calculated distributions. . . y gp . 9.
6. At a given distance, the O atom provides a greater shield-
ing response at the Xe nucleus than does the H atom.

disordered environment, but many different reinforced disor-A _ ic Xe shieldi
ders are represented. verage isotropic Xe shielding

The accuracy of the universal shielding function ob-  The universal shielding surface obtained above is used in
tained by this procedure is determined by how closely thecanonical Monte Carlo simulations in a supercell simulation
few unit cells together represent the crystallographic protorbox, as described in the Methods section. The same shielding
distribution. In order to test how well the three different pro- functions and the same potential functions are used in all
ton disorders in unit cells A, B, and C reproduce the crystalsimulations. In Fig. 7@ we show the Xe shielding surface
lographic symmetry, we compared the corresponding protofor Xe positions on a specific plane, the plane passing
distributions. That is, we determined the number of protonghrough the center of the'®? cage in clathrate hydrate
located at a certain distance from the center of the small cag8tructure |. Figure ) shows the one-body distribution
in the XCAGE/PCA models with proton configuration A, B, function for the Xe in this plane at 275 K. The average
and C. The comparison is shown in Fig. 4. We find that theshielding is the value of the isotropic shielding given by the
diversity in the proton disorder in the three cages in Table I\Vshielding surface in Fig.(@) weighted by the probability of
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FIG. 6. The Xe—0O and Xe—H universal isotropic shielding response func-
tions that comprise the shielding surface described by (Egfor Xe in
clathrate hydrates.

finding the Xe at that position, given by the one-body distri-
bution function shown in Fig.(B), with the sums carried out
over all Xe positions. Of course, the mathematical surfaces
shown in Figs. 7@ and 7b) illustrate only the values at a
specificz coordinate(in the plane shown the Monte Carlo  FIG. 7. (8 The isotropic shielding surface gives the magnitude of the
procedure includes a Iarge number of configurations repres_hiek’jing response qt the Xg nucleus aF various positions in the Plane per-
. . : . pendicular to the unique axis and passing through the center of'f#6é 5
S?mat've of all coordinates for the Xe atom in three dlmen'cage in clathrate hydrate Structurgll) The one-body distribution function
sions. shows the probability of finding the Xe atom at various positions in the same
The precision and accuracy of the average isotropic Xeplane as in(a).
shielding will depend on the size of the supercell used as a
simulation box and the total number of Xe configurations
used in the Monte Carlo simulations. A larger simulation box  Finally, the average shieldings calculated for Xe in the
provides a larger number of different proton configurationssmall and large cages of Structure | and Structure Il are
for the cages the Xe atom explores throughout the simulashown in Table VI. In order to have comparable accuracy in
tion. Increasing the number of Monte Carlo loops withoutthe averages for the Xe shielding in thé*ages of Struc-
changing the size of the simulation box improves the preciture I and II, we show the results using a simulation box of
sion but not the accuracy of the averages obtained. We irdx4x4 unit cells for Structure | and>22x2 unit cells for
vestigated the number of cages in the supercell required tgtructure Il. The averages obtained here are in good agree-
obtain a statistically valid average in clathrate hydrate Struc-
ture I. A comparison in Table V of the averages obtained

using different sizes of the simulation box demonstrates th ABLE V. Average isotropic s_hleldmg of X_e in the _smaII cages of cla_thrate
ydrate Structure | at 275 K in different sizes of simulation box, using the

conve_rgence O_f the average Xe ShIEIC_hng Vall_JeS upon Inﬂniversal Xe-0 and Xe—H shielding functions fitted toat8initio shield-
creasing the size of the supercell while keeping the totajg values.

number of Xe configurations the same. Averaging in a simu _ _
lation box of 6x6x6 unit cells leads to an average shielding ~ Simulation box,

Number of (o(Xe@5)— o(free Xe atom),

for a Xe atom in the ¥ cages in Structure | that does not unit cells 5% cages ppm
significantly differ from the results obtained using4x4 or ~ XCAGE config A, B, C 1 —214.905,—-214.617,—214.500
2x2x2 unit cells. We find that using a supercell ok2x2 Ix1x1 2 —214.383

or 4xX4x4 unit cells as the simulation box is sufficient to e o I

obtain an average Xe shielding response that is statistically gy gxg 432 _514.038

valid for the 52 cages of Structure I.
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TABLE VI. Average isotropic shielding of Xe{cs,) — o(Xe atom), ppm, in the small and large cages of
clathrate hydrate Structure | and Structure Il. These were calculated at 275 K using the Xe-O and Xe—H
universal shielding functions derived from @B initio values.

Number of cages Calculated Experiment

in simulation box {0is) — o(Xe atom) (Tise) — o(Xe atom)
Small (59 cage, | 128 —213.98 —242
Large (5%2) cage, | 384 —146.93 —152
Small (59 cage, Il 128 —206.7 —228¢
Large (5%6%) cage, Il 64 —104.67 —8pd

®Reported at 263—-293 K in Ref. 22, at 275 K in Ref. 23, and at 200—240 K in Ref. 24. At 77 K, a vah@506f
and—148 ppm, for 32 and 5%62, respectively, has been reported in Ref. 53. More precise measurements made
possible by the use of hyperpolariz&iXe give —244.6 and—154.9 ppm, respectively, at an ambient tem-
perature(Ref. 29.

PReported in the Xe-propane double hydrate at 200—-240 K in Ref. 24 and imb(gane double hydrate at 77

K in Ref. 27. Minor chemical shift differencdsip toca. 20 ppm for the same resonance in different samples
are reported in Ref. 27.

°With tetrahydrofuran or 1,1,1-dichlorofluoroethane in tHé6% cage, Xe chemical shifts in the'5cage are
somewhat larger, 234.2 and 231.8 ppm, respectieBf. 29.

A value of —86 ppm has been reported at 77 K in Ref. 53.

ment with the trends in the experimental values; we reproing response to the water molecules of the cage. When the
duce the relative order of experimentaiXe chemical shifts hydrogen bonding of the water molecules of the cage is in-
in the four types of cages. We also achieve reasonably gootbmpletely describe@such as when their hydrogen-bonding
agreement with the individual magnitudes of the chemicapartners are either absent or represented merely by partial
shifts relative to the free Xe atom, despite the approximaypoint charges, thereby leaving out the covalent part of the
tions used here: the potential functions were not optimized tdwydrogen bonding these cage water molecules do not pro-
reproduce the Xe chemical shifts, nonpairwise additive termside the correct shielding response at the Xe nucleus. It re-
in the intermolecular shielding response are neglected, andquires at least the first shell of additional water molecules to
finite number of cages are included in the supercell simulaget a realistic description. By using the five models that in-
tion box. corporate some but not all of the electronic coupling of the

The differences between the cage structures are respoXe atom to the clathrate cages in the crystal, we have dem-
sible for the differences found in the average isotropic Xeonstrated which of the factors are important, and to what
shieldings. In Fig. 1, the small {8 and large (3%6%) cages extent excluding them from the model compromises the de-
of Structure | clathrate hydrate are compared with thé 5 scription of Xe shielding in any hydrogen-bonded system.
and 5%6* cages of Structure II. The different cage structureswWe provide a paradigm for the general treatment of intermo-
lead to different one-body distribution functions for the Xe lecular shielding in a hydrogen-bonded network. Universal
atom(not shown. The universal Xe—O and Xe—H shielding Xe—O and Xe—H shielding functions are obtained by fitting
functions are used for all cages. Since the shielding surface i®gether the quantum mechanical values calculated using the
less deshielded at larger Xe distances from the oxygen andCAGE/PCA model of several cages with diverse proton
hydrogen atoms, the larger the cage, the greater the fracticrrangements representing clathrate hydrate Structure |I.
of Xe positions that make only small contributions to the Simulation boxes consisting of supercells are used with the
overall deshielding. The distribution functions for Xe in the same set of shielding functions and the same set of potential
larger cages permit the Xe to be found at locations where thparameters to provide Monte Carlo averages of the isotropic
shielding response is weaker. Upon considering the differXe shielding in the small and large cages of clathrate hydrate
ences between the cage structures shown in Fig. 1, the rel&tructures | and Il. These average shieldings are in good
tive order of the average isotropic Xe shielding in the fouragreement with the values observed by Ripmeester
types of cages is easily understood. et al??~2*2%The results presented here are the first calcula-
tions of Xe shielding in clathrate hydrates and the first cal-
CONCLUSIONS culations of Xe shielding in a hydrogen-bonded system.

We have considered the average shielding for Xe in th
small and large cages of clathrate hydrates Structures | an
Il. The Xe shielding response is shown to be very sensitive to  This research was funded by the National Science Foun-
the electronic structure of the close neighbors. We havelation (Grant No. CHE-9979259 We wish to thank Lewis
shown that the electrostatic contributions to intermoleculaiedgewood for suggesting the hydrogen shifting technique.
shielding of a Xe atom are small and negligible. On the other
hand, the electrostatic contributions from neighboring water, _ o _
molecules in the extended lattice to the electronic structure XEMAT 2000 Optical Polarization and Xenon NMR of Materials Pro-

o ceedings, 28—30 June, 2000, Sestri Levante, Italy.

of the water molecules constituting a cage are not at all Nneg=; | Bonardet, J. Fraissard, A. Gedeon, and M. A. Springuel-Huet, Catal.
ligible, and this has a corresponding effect on the Xe shield- Rev. - Sci. Eng41, 115(1999.
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