HTML AESTRACT * LINKEES

JOURNAL OF CHEMICAL PHYSICS VOLUME 120, NUMBER 21 1 JUNE 2004

The nuclear magnetic resonance line shapes of Xe in the cages
of clathrate hydrates
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We report, for the first time, a prediction of the line shapes that would be observed 1AXee
nuclear magnetic resonan@MR) spectrum of xenon in the cages of clathrate hydrates. We use the
dimer tensor model to represent pairwise contributions to the intermolecular magnetic shielding
tensor for Xe at a specific location in a clathrate cage. The individual tensor components from
quantum mechanical calculations in clathrate hydrate structure | are represented by contributions
from parallel and perpendicular tensor components of Xe—O and Xe—H dimers. Subsequently these
dimer tensor components are used to reconstruct the full magnetic shielding tensor for Xe at an
arbitrary location in a clathrate cage. The reconstructed tensors are employed in canonical Monte
Carlo simulations to find the Xe shielding tensor component along a particular magnetic field
direction. The shielding tensor component weighted according to the probability of finding a crystal
fragment oriented along this direction in a polycrystalline sample leads to a predicted line shape.
Using the same set of Xe—0O and Xe—H shielding functions and the same Xe—0O and Xe—H potential
functions we calculate the Xe NMR spectra of Xe atom in 12 distinct cage types in clathrate
hydrates structures 1, Il, H, and bromine hydrate. Agreement with experimental spectra in terms of
the number of unique tensor components and their relative magnitudes is excellent. Agreement with
absolute magnitudes of chemical shifts relative to free Xe atom is very good. We predict the Xe line
shapes in two cages in which Xe has not yet been observe®0@ American Institute of Physics.
[DOI: 10.1063/1.1718349

INTRODUCTION discovered that experimental NMR line shapes of a single Xe
o ) guest atom in small cages exhibit either isotropic or aniso-
Clathrate hydrates are crystalline inclusion compound%opic characteristics*2 They have also observed aniso-

consisting of a hydrogen-bonded network of polyhedral way,qic xe line shapes in porous materials with nanochannels,

ter ce}vities which er_wca%e small molecules. The Cages alfhg find that these lineshapes exhibit a systematic depen-
described by a notatioM" for n faces, each face havirg

sides: for example, 862 (12 pentagons and 2 hexagans dence on the Xe loadintf=*°In the gas or liquid phase, Xe

. : is free to explore all directions equally and one expects and
Natural deposits of predominantly methane hydrate are ; L .

. . . observes isotropic lines in thHé%e NMR spectrum. In the
found in permafrost, in off-shore and on-shore sediments, th

amount of gas estimated to be much larger than global Com_|ghly anisotropic environments of nanopores and nanochan-

. . nels where confinement precludes uniform averaging in all
bined fossil fuel reserves. It has been suggested that gas h irections, one may expect to observe lineshapes that reflect
drates also exist in space, in some planets and their mooné_‘ ' Y €xp P

Understanding the crystal structure, growth, and decomposf— € ar_nsotropy of t_he enwronment._ The anlsoFropy of the Xe
tion will have wide ranging implications in a variety of ap- chemical shift which can be _ob_tamed experimentally from

plications including efficient exploitation of gas reserves, inth€ X& NMR spectrum in the limit of zero occupancy should

understanding the role of gas hydrates in space and ifEflect the pore geometry, provided that the physical ex-
glaciology! Furthermore, studies of clathrate hydrates con-hange of adsorbed Xe with the Xe atoms in the bulk phase
tribute to a fundamental understanding of inclusion chemis!S sufficiently slow. From such lineshapes the average Xe
try in general, particularly in hydrogen-bonded systems. ~ Shielding tensor components may be extracted.

Xe nuclear magnetic resonan@®MR) spectroscopy has In general there are six distinct elements in the symmet-
been a very useful tool for probing porous materials since th&ic part of the shielding tensor. In order to be able to calcu-
Xe atom, roughly the same size as a methane molecule, caate all the Xe shielding tensor components for an arbitrary
explore confined spaces having dimensions that span tho@sition of Xe within the cage, it will be necessary to repre-
of interest in catalysis and separations. Furthermore, the is¢ent the tensor components that are obtained quantum me-
tropic intermolecular Xe chemical shift is exquisitely sensi-chanically with interpolating functions which in turn may be
tive to environment. Thus, Xe chemical shifts have beertised to provide tensor components for Xe at arbitrary loca-
used to characterize cavities in aluminosilicates, in moleculations. The shielding tensor of Xe in a particular configuration
crystals, and in biological systeris? It has been demon- of water molecules is a complex function of the coordinates
strated that even more detailed information is available in thef all the oxygen and hydrogen atoms relative to the Xe
Xe chemical shift tensor. Ripmeester and co-workers havatom. This is not a trivial task. Therefore, we make the as-
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sumption that each of the Xe shielding tensor componenttures | and I~/ The results presented there were the first

(oxx, Oyy, Ozz, (oxytoyl2, (oxz+0o7x)/2, (ozy  calculations of the isotropic Xe shielding in clathrate hy-

+0vz)/2, in such a configuration in the laboratory frame, drates and the first calculations of Xe shielding in a

can be treated as a pairwise additive function of Xe—O andhydrogen-bonded system.

Xe—H shielding tensor components. The latter are assumed In this paper, we employ the dimer tensor model to rep-

to depend on Xe—0O and Xe—H distances in the same wakesent the quantum mechanical Xe shielding tensor at arbi-

that Xe tensor components ando, of the Xe—Rg rare gas trary positions within a clathrate hydrate cage and use Monte

dimer depends on distant®One of us has used this ap- Carlo simulations to calculate the NMR spectra of the Xe

proach previously in the calculation of the Xe NMR line atoms occupying each of the 12 types of cages in four types

shapes in the nanochannels of ALPO This required the of clathrate hydrate structures: structures I, Il, H, and bro-

neglect of any many-body contributions to the intermoleculaimine hydrate.

shielding tensor. There is experimental evidence of such de-

viatior_15 from pairwise additivity from Fhe ob;ervations of METHODS

neat liquid and gas phase NMR chemical shifi£? When _ .

all atoms involved are rare gas atoms, such as in XeNeQuantum mechanical calculations

clusters or Xg clusters, the many-body terms can be directly®' X€ shielding response

determined from the difference between the calculated The models, the basis functions, the shielding calcula-

shielding tensor components for the cluster and the pairwisgions, the coordinates of the clathrate hydrate atoms, were

sums of Xe—Ne or Xe—Xe shielding tensor components. Antroduced and described in Ref. 24. In the present work, we

discussion of the many-body contributions and the deviationsonsider only the results from using the XCAGE/PCA

from pairwise additivity of the intermolecular shielding ten- model, in which the Xe atom in a cage in a crystal fragment

sor is given elsewher€.In this work we will neglect such is modeled by the Xe atom in the cage of water molecules,

many-body terms and assume pairwise additivity in thetogether with their full set of hydrogen-bonding partners, im-

scheme known as the dimer tensor model, introduced by on@ersed in the point charge array that represents the remain-

of us!’ ing water molecules of the crystal. The point charge array
We have carried out nuclear magnetic shielding calculaself-consistently reproduces the Madelung potential in the

tions for Xe in the cages of clathrate hydrate structures | andegion including the Xe atom and the ca@er extended

I1.* In the previous paper, we discussed the various modelsage under investigation. For the present paper we use the

explored in the attempt to represent, within practical limita-results of the shielding tensor calculations using the DFT/

tions, the environment of a Xe atom trapped in a cage in 83LYP method.

hydrogen-bonded network system. We showed that the elec-

trostatic contributions tq i_ntermolecular shielding of a ?(e The additive dimer tensor model

atom are small and negligible, but the electrostatic contribu-

tions from neighboring water molecules in the extended lat-  The model of additive dimer shielding tensors proposed

tice to the electronic structure of the water molecules of &Y one of us in Ref. 17 assumes that it is possible to express

cage are not negligible, and this has a corresponding effe@ach component of the symmetric shielding tensor of Xe in a

on the Xe shielding response. When the hydrogen bonding drarticular configuration of neighboril§atoms in terms of a

the water molecules of the cage is incompletely describe§Um over contributions from XeA- dimer tensor compo-

(i.e., when their hydrogen-bonding partners are either absef€nts: For example, for Xe in a channel of Ne atoms, the

or represented merely by partial point charges, thereby leaOntribution to the Xe shielding due to thta Ne atom lo-

ing out the covalent part of the hydrogen bondintnese ~ cated at i y;,z) is given by theab initio tensor compo-

molecules do not provide the correct shielding response dtent, the function ¢, o, , 7)) xene €valuated atxene. The

the Xe nucleus. By using five models that incorporate somé&lerived expressions turn out to be simple geometric factors

but not all of the electronic coupling of the Xe atom to the coUpled witho, and oy evaluated atxene. For example,

water molecules in the crystal, we demonstrated which faCb-xxz[(xi—xJ)/riJ]Za-“

tors were important, and to what extent excluding them from

the model compromises the description of Xe shielding in HIyi—y)ria P+ [z —z) )P oy, D)

any hydrogen-bonded system. We provided a'paradlg.m fog((fxv+ oyx) =[(Xi=x)/ri]-[(Yi—y)/rialloy—oar). (2

the general treatment of intermolecular shielding in a

hydrogen-bonded network. Universal Xe—O and Xe—H iso-Terms like these are summed to include all the atoms in the

tropic shielding functions were obtained by fitting togetherchannel. Then the shielding response in an external magnetic

the quantum mechanical values calculated using sever8Eld (Bo) along a particular chosen directi¢f,¢) with re-

cages with diverse proton arrangements representing clat§Pect to the crystal frame can be calculated as follows:

rate hydrate structure I. Simulation boxes consisting of su- ;. (9 &)= gy Sin? 6 coZ ¢+ ayySin Osirt ¢

percells were used with the same set of isotropic shielding

functions and the same set of potential parameters to provide +077C08 0+ 3(oxy+ oy x)SIF §sin 2¢

Monte Carlo averages of the isotropic Xe shielding that were

in good agreement with the values observed by Ripmeester

et al. in the small and large cages of clathrate hydrate struc- + 3oy 2+ o2y)Sin 20sin . 3)

+ %(sz'f' (sz)sin 20 COS¢
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FIG. 1. The dimer shielding tensoeg(Xe—0) ando, (Xe—-0), o (Xe—H)

ando | (Xe—H) obtained from fitting to thab initio values of the Xe shield-
ing tensor components.
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FIG. 2. The quality of the fit of aléb initio tensor components to the dimer
tensor model.

employed to fit all six tensor components of Xe calculated
guantum mechanically for a large number of configurations
of atoms. The resulting(Xe-0), o, (Xe-0), o(Xe—H),

and o, (Xe—H) functions are the functions shown in Fig. 1,
each of which is in terms of inverse even powers Qf
andr y._y from —6 to —12, with the coefficients determined
by fitting to all ab initio components together. The quality of
the fitting is shown in Fig. 2, where eadb initio tensor
component value is plotted against the value reconstructed
by using the dimer tensor model. The deviations seen in Fig.

and analogous ones for Xe—H atom pairs are shown in Fig2 include deviations from additivity assumed in the dimer
1. These were obtained by fitting the calculated Xe shieldingensor model as well as the inadequacy of the functional
tensor components obtained from the DFT/B3LYP calculaform used for the dimer shielding tensor functions. It should

tions using the XCAGE/PCA model to sums of Hd) as
follows:

oxx=20i1([Xoi = Xxe)Ti xel*o(Ti xe)
H(Yoi=Yxe)/Tixel*+ [(Zoi = Zxe) /T xe)?}
X7 (1 xe)) + 2 k([ (Xpy k= Xxe) Tk xel 01Tk xe)
HL(Yhk— Y Tkxel + [(Zh k= Zxe) Tk xel )
X (Tkxe)) 4
and independently to sums of E@) as follows:

3wyt oyx) =2 0i([(Xoi—Xxe)/Ti xel
L(Yoi=Yxe)Tixel (=0 )(Tixe))
+ 2 k([(Xy k= Xxe) Tk xel

L(Yik=Yxe) Tkxel (0= ) (T xe)),
5
wherer; y.=r(Xe—Q) andr(Xe—H,) andX, Y, andZ are

be noted that imperfect fitting leads tdo(Xe—0)
+20, (Xe-0)] not exactly equal to &;(Xe-0), and
[oy(Xe—H)+ 20, (Xe—-H)] not exactly equal to
3o Xe—H), whereoi(Xe—0) andoi(Xe—H) are the
isotropic shielding functions resulting from the fitting to the
ab initio isotropic shielding values. The imperfect partition-
ing of the oxygen and hydrogen contributions to the shield-
ing leaves the parallel and perpendicular components for
each contribution somewhat less reliable than the individual
isotropic shielding functions. Thus, the isotropic averages
obtained by the line shape calculations using the functions
o(Xe-0), o, (Xe-0), oy(Xe-H), and o, (Xe—H) re-
ported here slightly differ from the isotropic averages ob-
tained by using the functionsis(Xe—0) andaois(Xe—H)
reported in our previous paper, but only by tenths of a ppm
or so?*

Monte Carlo simulations

The supercells which are used as the simulation boxes
for the simulations in this work are the same ones generated

the coordinates in the laboratory frame used to express the Ref. 24. The method for obtaining the line shapes by
configuration of atoms in the crystal. Analogous equationdMonte Carlo simulations of Xe in a supercell of a clathrate
are used for the other tensor components. One set of funtwdrate is that developed by one of {isThe approach is

tions oy (Xe-0), o, (Xe-0), oy(Xe—H), ando, (Xe—H) is

described in Ref. 17 for grand canonical ensembles. A poly-
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crystalline sample in thB, magnetic field of an NMR spec- tions as the simulation box. Supercells containing4«4
trometer is represented by a single crystal fragm@hé  unit cells of clathrate hydrate structure | antk2x2 unit
simulation box stationary in the laboratory frame, while the cells of clathrate hydrate structure Il were used. Only those
constantB,, field is permitted to change its orientation with cages in the supercell that have the same orientation with
respect to the laboratory frame. A set of 30orientations respect to the laboratory frame are filled with Xe atoms
(6,¢) is chosen in such a way as to have uniform sampling ofthree 5262 cages in structure | and fourt$cages in ),
orientations. The polycrystalline powder line shape resultsince we do not wish to simulate fast exchange of Xe atoms
when the ensemble averages of E8), (ot°(6,¢)), are  from cage to cage within the crystal, yet we wish to sample
binned into a histogram. The finite number of orientationsmany proton distributions such as would result from proton
limits the practical resolution of the simulated line shape.dynamics with oxygen atoms remaining in place.

Unlike the grand canonical simulations of Xe in ALPO-11,

the Xe is not permitted to leave the cage where it is placed.

All the o8%( 8, ¢) contributions for a giverid,¢) from allthe ~ RESULTS

Xe atoms in thg simu_lation box are accumulqted tog']etheg(e shielding tensors at the centers of the cages

throughout the simulation. The frequency associated with thg, siructures 1 and II

center of each bin of the coarse histogram resulting from the o

Monte Carlo simulations is assigned a Lorentzian line shape !N Table I we compare the calculated Xe shielding tensor
with a fixed line width to generate’3%e spectrum. The bin  componentgcolumn (a)] at the center of each of the four
width used in all the simulations reported here is 0.625 ppmCages in structures | and Il with the tensor obtained from the
so the average shielding components can only be known tgimer shielding tensor mod¢tolumn (b)] at the center of
+0.3125 ppm. For display of the spectra, a Lorentzian line.£ach cage. H_ere we express our calculat_ed yalues in terms of
width of 0.5 ppm is used for the signals that correspond tghe Xe chemical shift _rath_er than the shielding tensor com-
less than five bins in the histogram and 1.5 ppm for all oth;Ponents. The conversion is as follows:

ers. The average values for the individual éix the most (8)carco=[o(free Xe atom—(c)]/
general casecomponentsryy, etc., are also part of the out-
put, and permit us to examine the numerical values of the [1—o(free Xe atom], (6)

principal components and also the orientations of the princi- S —To(free Xe atorn— /
pal axes of the tensor with respect to the crystal axes. (90 )caco=lot m=(o)]

The potential functions used in the canonical Monte [1-o(free Xe atom]. 7
Carlo simulations for the present work are the same as thosm Table I, comparison of columfa) with column (b) shows
we used in Ref. 24. The Xe—Xe contributions to the calCu, . jeviations of the additive dimer tensors from the

lated average shielding were neglected. Pairwise additive pcﬁuantum-mechanical values to which they have been fitted
tentials of the Maitland—Smith forfi were used,

do reflect the many-body terms not included in the model
6 n _ and also the inadequacies of fitting to a finite series in in-
n—6 r"— HVG . verse powers of distance. Nevertheless, we see that the ad-
ditive dimer tensor model provides a reasonable representa-
wheren is allowed to vary withr=r/r ., according ton tion of the intrinsic anisotropy of the Xe environment
=m+ y(r—1). For the Xe—O potential we usemi=13, reflected in the tensor calculated using DFT/B3LYP in
y=5, e/k=105.42K,r ,;n=3.724 A. For the Xe—H potential XCAGE/PCA. The dimer tensor functions obtained from fit-
we usedn=13,y=9.5,e/k=73.07K,r,,=3.471A. We do  ting the Xe tensors in structure | provide a good accounting
not explicitly include induction terms in our potential; no of the tensors for Xe located at the centers of the cages of
charges are involved in the Monte Carlo averaging of the Xestructures | and Il in columfb) when compared to the actual
shielding tensor. All atoms in the simulation box and theirab initio values given in columia).
periodic images are treated as atoms in the Monte Carlo ca- The Xe tensors at the centers of all four types of cages
nonical averaging. Since the Xe—O and Xe—H parallel andare anisotropic, reflecting the specific proton configuration of
perpendicular shielding functions correctly approach zero athe extended cage. However, in structure |, tHé65 cage
large distances, cut-and-shifted shielding functions are useldas a clearly greater anisotropy than tHé &ge. Likewise,
in parallel with cut-and-shifted potential functioff’’ The in structure II, the % cage has a clearly greater anisotropy
atoms beyond the first shell of water molecules hydrogerthan the 3%* cage. We note that the specific proton con-
bonded to the water molecules of the cage containing the X#&guration of the XCAGE leads to a slightly anisotropic ten-
atom lie at distances greater than the shielding cutoff dissor at the center of the'5cage of type | with a span of 9.0
tance so that the use of the XCAGE/PCA model for theppm; similarly the tensor at the center of th&&' cage of
shielding tensor calculations is completely consistent withtype Il has a span of 4.9 ppm. Although the oxygen atoms of
the simulation techniques used. the 5262 in structure | and & in structure Il form inherently
Monte Carlo lineshape simulations were first carried outaxially symmetric cages, the specific proton configuration of
for a single Xe atom in a single XCAGE for each of the four a given XCAGE leads to a more general type of tensor with
types of cages: % and 5%2 in structure |, and ¥ and  parallel component 91.6 ppm while the perpendicular com-
5126% in structure Il. The final averages reported here argonents differ by 7.7 ppm for Xe in the'%? cage in struc-
calculated using a supercell under periodic boundary conditure 1. We find similar tensor asymmetry in thé?Zage in

V=¢
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TABLE I. *%e chemical shift tensor principal components in clathrate hydrate structures | and II, given in
ppm relative to free Xe atom, calculated (g single pointab initio calculation with Xe at the center of the
cage using DFT/B3LYP(b) calculated from the dimer shielding tensor model at the center of the ¢age,
Monte Carlo average using shielding tensor functions of Fig. 1 in a single XCA@HB/onte Carlo average
using dimer shielding tensor functions of Fig. 1 in all cages of a given type in a supercedldof 4 unit cells

for structure | and X2x2 unit cells for structure Il. Lattice parameters at 275 K were used and Monte Carlo
simulations were carried out at 275 K.

. . At the center Monte Carlo average

Chemical shift

tensor component (@ (b) (c) (d)
5'2 cage of | Ab initio Dimer tensor model Single XCAGE 128 cages
o 194.4 195.8 214.8 214.05
o, 200.4 196.9 2141 213.96
S, 203.4 197.2 214.2 213.93
Sio 199.4 196.6 214.4 213.98
span 9.0 1.4 0.7 0.1
51%62 cage of | Ab initio Dimer tensor model Single XCAGE 384 cages
S 91.6 103.6 134.0 133.19
S, 116.9 118.4 155.1 153.83
[ 124.6 119.3 155.6 153.81
Siso 111.0 113.8 148.2 146.94
span 33.0 15.7 21.6 20.63
5'2 cage of |l Ab initio Dimer tensor model Single XCAGE 128 cages
o 173.4 175.8 195.9 194.33
o, 194.1 195.2 215.6 213.84
[ 201.3 195.1 215.2 213.61
Siso 189.6 188.7 208.9 207.26
span 27.9 194 19.7 19.5
51%* cage of Il Ab initio Dimer tensor model Single XCAGE 64 cages
S 43.2 53.9 103.5 104.59
S5, 45.6 54.2 104.5 104.70
[ 48.1 54.4 104.8 104.72
Siso 45.3 54.2 104.2 104.67
span 4.9 0.5 1.3 0.1

structure II; the perpendicular components differ by 7.2 ppmsingle XCAGE removes most of the anisotropy arising from

These are a physical consequence of using a single cage withe specific proton configuration. The results for tHé&ge

a specific static proton configuration. in structure | in column(d) show that averaging in 128 cages
with different proton configurations leads to a nearly isotro-

Average Xe shielding tensors in structures | and Il

Averaging over a large number of Xe positions within a 51262
given cage is necessary to correctly reflect the anisotropy of 512
the shielding response at the Xe nucleus of a mobile Xe
atom. Since the Xe atom has a finite probability of being
found in a fairly large fraction of the free volume of the cage,
the anisotropy that is observed experimentally in the line-
shape could be different from the anisotropy of the Xe
shielding tensor at the center of the cage, and may depend or
the shape of the cavity. Shown in Fig. 3 are the Monte Carlo
averaged spectra for Xe in the four cages in structures | and
[l obtained using the dimer shielding functions of Fig. 1 for
Xe in a single extended cag¥CAGE) of each type of cage. structure II
The Xe chemical shift tensor components from these simu-
lations are given in Table | columft) and compared with
the components obtained by Monte Carlo averaging in super-
cells containing cages with varying proton configurations in

column (d). The results from averaging in 128%cages in 250 200 150 100 50 0

structure I

512 51264

structures | and Il can be compared under the same statistica ) }
conditions by using #4x4 unit cells for structure | and chemical shift / ppm

2X21><2624 unit Ce',ls for structure I, Accggsrgpanymg.these are FIG. 3. The line shapes obtained by canonical Monte Carlo simulations of
645 cages In _StrUCture Il'and 34 Cages In S_trqc' Xe in a single XCAGE of each of the four types of cages in clathrate hydrate
ture I. Column(c) in Table | shows that averaging within a structures I and I1.
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TABLE II. The average*®Xe chemical shift tensor principal components in clathrate hydrates structures | and
I, given in ppm relative to free Xe atom. Comparison of calculated values from MC simulations in supercells
against experiment.

Chemical shift T, 512 51%62 512 51%4

tensor component K Structure | Structure | Structure Il Structure Il Ref.

{8 caLco 275 214.0 133.2 194.3 104.6 This work
(8, )caLco 275 214.0 153.8 213.6 104.7 This work
(8, Yearco 275 214.0 153.8 213.8 104.7 This work
(SsodcaLcn? 275 214.0 146.9 207.3 104.7 This work
spartaco 275 0.1 20.6 19.5 0.1 This work
S expT 200-240 242.0 130.7 243 80° 5

5, expr 242.0 162.7 23 80 5
(SsoExPT 242.0 152.0 2250 80* 5
Spakypr 0 32 18 o° 5

) ExpT RT 244.6 135.7 217.6 THF 11

5. expr 2446 164.5 2425 THF 11
(BisoExPT 2446 154.9 234.2 THF 11
Spaypr 0 28.8 24.9 THE 11

O ExPT RT 216.1 DCFE 11

8. ExPT 239.65 DCFE 11

T T — 231.8 DCFE 11
spaypt 23.55 DCFE 11

@These values are obtained fraity3) the trace of the average tensor. On the other hand, using the shielding
functions fitted to the isotropiab initio values, we get, respectively, 214.1, 147.2, 207.0, and 104.9 ppm for
these cages.

PXe in a double hydrate type Il in which-propane occupies the'%* cage.

“The isotropic value is 86 ppm at 77 K, with benzene in thécage(Ref. 32.

dXe in a double hydrate type Il in which tetrahydrofuran occupies tHé“cage.

®Xe in a double hydrate type Il in which 1,1,1-dichlorofluoroethane occupies & Bage.

pic average with a span of 0.1 ppm, much smaller than thevas observed in the Xe—propane hydrate structurg II,
9.0 ppm calculated at the center of the same XCAGE. Fowhereas we used the neutron diffraction data for the,CCI
the 5'%* cage of type II, column&) and(d) in Table | show  clathrate hydrafé to generate the coordinates of the super-
that averaging within a single XCAGE removes most of thecell for our simulations. In addition, we have not taken into
anisotropy. Averaging among 64 cages results in a tensaiccount any contributions to the Xe chemical shift from the
with a residual span of only 0.1 ppm, which is essentiallymolecules occupying the adjacent cages. There are well-
isotropic. known effects from occupancies of neighboring cat/s.
Finally, we find nearly the same span for the averagenevertheless, the calculated line shapes are in reasonably
chemical shift tensors in the'%? cage of structure | and the good agreement with the experimental line shapes, as seen in
5'% cage of structure Il Averaging within a single®8*  Fig. 4. In summary, the spectra obtained from the simulations
XCAGE leads to clearly axial tensors with the smaller  compare well with the corresponding experimental results at
than 8, in both cages. Averaging among 38%&° cages in 77 K for Xe type | hydrate and the Xe—propane type I
structure | gives results nearly identical to averaging within Ahydrate®
single XCAGE. Similarly, averaging among 128%ages of The respective lineshapes for Xe@and Xe@ 5262 in
the supercell of structure Il gives results nearly identical t0q|hrate hydrate structure | are in accord with experiment.
those obtained by averaging within a singfé BCAGE. We ¢ 12044 spectrum for the symmetrical®cage is isotropic

carried out supercell calculations in order to ensure that thg\s expected. Within our resolutighin width of 0.625 ppm
proton configurations are properly averaged over. As it turn he Xe@%52 has a signal indistinguishable from an isotropic

?(uCtAfeolrE i:llr:;ijr types.dof cagesl, a\éeraglng within a SlngleIine shape, with a span of 0.7 ppm in a single XCAGE with
y provices nearly the same average tensoI{S specific proton configuration. A small span can arise from
components as averaging in the supercell. . . . .
the small differences in the averages resulting from incom-
pletely averaged proton configurations, even in the supercell.
Comparison against experimental line shapes Our predicted spaf21.6 ppm for the 5'%6? cage is some-
in structures | and II what smaller than the experimentally observed value
The average Xe chemical shift tensor components ob(28.8—32 ppm An axial anisotropy is consistent with the
tained in this work from the supercell simulations are com-idealized symmetry of the %862 cage, which has a unique
pared with experimental values in Table Il. The theoreticalaxis through the centers of the hexagonal faces. There is no
spectra are displayed in Fig. 4, where they are compared withpparent deviation from axial anisotropy in the line shape
the Xe NMR spectra from the work of Ripmeester, Ratcliffe, resulting from Monte Carlo simulations in thé%? cages of
and Tse In comparing our simulated line shapes with ex-the supercell. Our simulations predict the unique component
periment, it should be noted that th&Xe NMR spectrum  along the axis through the centers of the two hexagonal faces
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(a) EXPERIMENTS
512 512 62
structure I

FIG. 5. In the idealized B cage in clathrate hydrate structure (H), a

512 unique axis connects two unique oxygens, leading to an axially symmetric
structure 1I cage, in contrast to the'5cage in structure (b).
512 g4 ton disorder is averaged out, thé%* cage is highly sym-
metrical (T4), so it was not unexpected to find, for a single

~ ,J XCAGE, a span of 1.3 ppm which is just barely outside the
resolution of our histograrttwo adjacent bins We therefore
' ' ' ' find an isotropic line shape even for simulations in a single
250 200 150 100 50 0 XCAGE with its specific proton configuration. Averaging in
an XCAGE results in very nearly the same tensor as averag-

chemical shift / ppm ing in the supercell. On the other hand, thé &age in struc-

ture Il is intrinsically less symmetrical than thé?xage in
(b) CALCULATIONS structure | when only the oxygen positions determined by
512 512 62 neutron diffraction are considered, neglecting the proton dis-

order. The differences between the two types Bfcages are

small and may be visualized by comparing O—O distances
involving oxygen atoms opposite each other in the cages.
structure I Between the & cages of structures | and Il, the correspond-
ing O—0 distances differ by only 0.04 A for six oxygen
pairs; three differ by 0.11 and one by 0.05 A. However, the
512 cage in structure Il has a unique axis, unlike tHé &age
in structure I. If only the oxygen atoms are considered in the
512 cage of structure Il, there are two unique oxygen atoms
through which an axis of symmetry can be dragee Fig.
5), whereas three pairs of such oxygen atoms can be chosen
to form three such axes in thé%cage of structure I. There-
fore, neglecting the protons, the'’scage of structure II
structure 11 should lead to an axially symmetric average tensor, whereas
the 5 cage of structure | should lead to an isotropic average
T T ' ' ' tensor. The short Xe—O and Xe—H distances in both 5
250 200 150 100 50 0 cages(l and Il) lead to significant contributions from the
highly deshielded portions of the Xe—O and Xe—H shielding
chemical shift / ppm functions, resulting in rather similar averages for the centroid
of the peaks, but in the Monte Carlo averaging the Xe clearly

FIG. 4. The comparison of the calculated line shapes obtained from Montey. .. - 1 . )
Carlo simulations in supercells at 275 K with the experimental spectra of Xe%llStlﬂgUlSheS that the ' cage of structure Il is less sym

in clathrate hydrate structures | and Il from Ripmeesteal. for xenon type ~ Metrical than the % cage in structure 1. The short Xe-cage

| hydrate and Xe—propane type Il hydrate. The experimental spectra aratom distances in the'5cages that correspond to the highly

istry. The numerical values for the tensor components are given in Table ”the differences between averages obtained at various direc-
tions of theBy, field with respect to the crystal frame.

512 512 64

to be less deshielded, whereas the two equivalent comp&—
nents perpendicular to this axis are more deshielded. This
sign of the anisotropy had been predicted earlier without line  Clathrate hydrate type H consists of three types of cages:
shape calculation?. 512 435663, and 5%°%, and has been reported to be isos-
The respective lineshapes for the Xe in the structure Itructural with hexagonal clathrasil D1H. Using the unit cell
supercell are also in accord with experiment. When the proparameters of structure H from powder diffraction pattrn

e tensors in the cages of structure H
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and the structure of hexagonal clathrasil D1H from synchro- (a) EXPERIMENT
tron diffraction®! we have obtained the coordinates of the
oxygen atoms. The proton positions were assigned at 1.00 A

from the oxygen atoms along the edges of the polygons that12-hedral 12—hed|—a|
make up the cages. We follow the same methods as we have 12 3.6.3
developed for structures | and Il, generating a simulation box (5 [4°5°6%]

containing a certain number of unit cells that obey the ice
rules under periodic boundary conditions. Since we have dis-
covered that supercell simulations provide nearly identical
results as XCAGE simulations, we report only results of
Monte Carlo simulations in an extended cage of each type
using the same shielding functions and the same potential
functions as for structures | and Il. The results are shown in
Fig. 6 where they are compared with the experimental results ( 100 ppm |
of Ripmeesteet al® The calculated lineshapes clearly show
three distinct components for the Xe chemical shift tensor in
the 52 cage and axial tensors with opposite-signed anisotro- (b) CALCULATIONS
pies for Xe in the 45%6° and 5268 cages. The most general
type of average Xe chemical shift tensor found for Xe atom
in a 5% cage is seen in structure H. The tensor has three
distinct components and the isotropic value is shifted from
the Xe tensor in the %°6° cage by about 7 ppm, as com-
pared to the experimentally observed 17 ppm. The calculated
Xe spectra in the ¥ and £5°6° cages are completely con-
sistent with the deconvolution proposed by Ripmeester
et al® for the combined peaks in the observed static powder
spectrum. The NMR signal for Xe in the"%® cage has not
been observed experimentally. The average Xe chemical
shift tensor components for a Xe atom in the cages of struc-
ture H are given in Table lll. We find excellent agreement - T ¥ T
with the experimental values with respect to the absolute 300 250 200 150 100
chemical shifts measured from the free Xe atom and the
anisotropies of each observed signal. TH&8 cage which 5/ ppm
is elongated along the unique axis yields average Xe tensor _ _ _ S
components in the relative ordés,)>(45,). On the other FIG. 6. The line shapes obtained by canonical Monte Carlo simulations of
. 603 . . .., Xe in a single XCAGE of each of the three types of cages in clathrate
hand, the dlsk-shapedga 6° cage ylelds Xe chemical shift hydrate structure H at 275 K are compared with the experimental line shapes
tensor components in the relative orde )>(d;), just as  from Ripmeesteet al. for Xe—methylcyclohexane type H hydrate. The ex-
the disk-shaped 1852 cage of structure I. These relative or- perimental spectra are reproduced from Ref. 5, with permission from the
ders of the parallel and perpendicular components for xézoyal Socic—_zty of Chemistry. The numerical values for the tensor compo-
. . . nents are given in Table .
chemical shift tensors of a Xe atom in oblate and prolate
cages had been predicted by one of us, without line shape
calculations, by considering the limiting cases of the shield
ing of a Xe atom in right circular and elliptical cylindet.

‘unit cell parameters and the fractional coordinates of water
oxygens given in Ref. 32, we have obtained the coordinates
of the oxygen atoms. As for clathrate H, the proton positions
were assigned at 1.00 A from the oxygen atoms along the
Bromine hydrate is a clathrate hydrate that has beerdges of the polygons that make up the cages. We report
known since 1829, but its structure was not definitely knownresults of Monte Carlo simulations in an extended cage of
until the work of Udachiret al.in 199732 Their single crys- each type using the same shielding functions and the same
tal x-ray diffraction analysis reveals a water framework with potential functions as we have used for structures | and Il.
unit cells consisting of 10%(D) cages, 16 ¥62(T) cages, The calculated tensor components are shown in Table IV
and four 5%° (P) cages in the unit cell. Furthermore, there which provides a comparison of the static and magic angle
are two distinct types oD cages, P, and @y and two  spinning(MAS) 1?*Xe results from Udachiet al3? with our
distinct types ofT cages, & and 8T in the unit cell.1?Xe  Monte Carlo simulations. In Fig. 7 our calculated line shapes
NMR spectroscopy in double hydrates of xenon angBo-  are compared with the experimental specfra.
vide results that are consistent with the tetragonal structure In our canonical Monte Carlo simulations we do not de-
from single crystal x-ray diffractiof? termine the relative distribution of Xe among the types of
We follow the same methods as for structures | and Il,cages, so the calculated relative intensities of the lines ob-
generating a simulation box ofx2x2 unit cells that obey served for Xe in the ¥, 5!%2, and 526° cages only repre-
the ice rules under periodic boundary conditions. With thesent the number of cages of each type in the crystal of bro-

Xe tensors in the cages of bromine hydrate
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TABLE IIl. The ***Xe chemical shift tensor in clathrate hydrate structure H, anisotropy in averaging using thé’6% XCAGE model in
given in ppm relative to free Xe atom. Calculatidiisis work) were done at the simulations

275 K; experimentgRefs. 1 and Bwere done at 220—-240 K.

512 435563 51%8 General considerations of the average Xe shielding
(8)onc o175 1907 996 tensor in a cage as a signature
(8, Yemco 2241 2303 89.8 of the cage structure
<5L’>CALCDa 2333 2306 89.1 The nuclear site symmetry at the center of the cage,
i(;i;"r)&it? zfg:g zig.z 1902_';3 ign_oring the proton positions, can provide the numbe_r_ of
Seo xpr 232 215 unique shielding tensor components for Xe at that position,
SpaRypr’ <5 ~40 and these are known from group theoretical considerations in

the work of Buckingham and Malr? At arbitrary locations

#These values are obtained frdfi3) the trace of the average tensor. On the : : -
other hand, using the shielding functions that have been fitted to the isotroc—)ther than the center of the idealized cage, the Xe tensor is

pic ab initio values, we obtain isotropic chemical shifts of 223.5, 214.7, andgenerally asymmetric, however, with as many as six distinct
91.4 ppm, respectively, for these cages. components. How then do the average shielding tensors for
*References 5 and 10. the Xe atom in a cage come to reflect the idealized cage
symmetry? In the Monte Carlo averaging, the one-body dis-
tribution function of the Xe atom in a cage, ignoring the
mine hydrate. The Monte Carlo simulations provide lineproton positions, should reflect the crystallographic symme-
shapes which are completely consistent with experiment. Thery of the cage. For this reason, equivalent positions in space
simulations can distinguish between the inequivalggtand  with asymmetric instantaneous tensors end up with cancella-
Dg cages (%) and the inequivalenfT, and Tz cages tion of opposite signed off-diagonal elements, since the prob-
(5%%62). The Xe chemical shift tensor in tH2, cages have ability of finding the Xe in equivalent locations are equal,
a larger anisotropy than the tensor in g cages, but since leaving only the noncanceling parts to survive. The use of
the ratio 2:8 is rather unfavorable for tBe, cages, the over- the dimer tensor model permits the analysis to be transparent
lapping line shapes observed has an apparent anisotrofy Egs. (4) and (5). In this additive approximation, the off-
closer to that of the Xe tensor in tHeg cages. The equal diagonal components of the tensor change sign for equiva-
numbers ofl , and Ty cages would lead to overlapping spec- lent positions which are related by symmetry operations such
tra that have an apparent span closer to that oftheage, if  as rotation about a symmetry axis, reflection through a mir-
the A andB cages are equally likely to be occupied. Overall,ror plane, or inversion through the origithe center of the
the complete Xe NMR spectrum for bromine hydrate withcage. Thus, when the average is taken over a large number
xenon is in excellent agreement with the experiments. of Metropolis-weighted Xe positions within the cage, the
The Xe signal from theP cage was not observed by uniform sampling over equivalent positions leads to cancel-
Udachinet al, however, they expected it to appear some-lation of contributions. Because the averaging leads to can-
where between the 1872 of structure | and the B6% of  cellation of equal and oppositely signed terms, despite the
structure I, and to be anisotropitindeed, we find that their fact that the symmetric part of theb initio Xe shielding
gualitative predictions agree completely with our calculatedensor at each arbitrary position within the cdgéher than
results for Xe in the 563 cage. We found only a small the centeris a general six-component tensor, the resulting

TABLE IV. The *?%e chemical shift tensors in clathrate xenon bromine double hydrate, given in ppm relative
to free Xe atom. Calculations were done at 275tkis work); experiments were done at 77 and 245Ref.

32).
512 512 51262 51262 51263

(D) (Dg) (Ta) (Ts) (P)
(8 caLep 216.4 218.2 1325 134.2 129.4
(8, )caLco 237.3 232.3 149.0 146.3 125.2
(8, earen 245.8 233.4 155.7 148.6 126.6
(SisocaLcp” 233.2 228.0 145.8 143.0 127.1
sparacop 29.3 15.1 23.2 14 4.2
Siso Exp @t 245 K 256 253 153 153 c
MAS
Sisoexpt A 77 K 244 ~147 c
static
spaRyer’ at 77 K ~25 ~35

#These values are obtained frait/3) the trace of the average tensor. On the other hand, using the shielding
functions fitted to the isotropiab initio values, we obtain 232.4, 227.7, 145.9, 143.7, and 127.7 ppm, respec-
tively, for these cages.

PReference 32.

°Either Xe is not competitive with Brfor this cage or else the peak is overlapping with the peak at 153 ppm
assigned to th& cages(Ref. 32.

dEstimated from the spectra in Fig. 8 of Ref. 32.
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(a) EXPERIMENT — ALL CAGES
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Xe in clathrate hydrates 10209

Monte Carlo average Xe shielding tensors will reflect the
symmetry of the cage itself. This is a particularly strikingly
demonstrated in the cases where there are only one or two
unigue tensor components in the average teriBous, we
arrive at an extremely useful conclusion, that the number of
unigue tensor components can be predicted a priori for a
single Xe atom in a cage directly from the symmetry of the
cage itself In the clathrate hydrate, the disorder of proton
positions imposes an additional complication in that frozen
positions lower the symmetry of the cages. However, the
asymmetry arising from only including a finite number of
specific proton positions does not give significant contribu-
tions. Ripmeester and co-workers were the first to recognize
that the observed Xe line shapes exhibit axial anisotropy for
those cages which have a unique symmetry 2%is.

Table V summarizes the tensor symmetry predictions
from Buckingham and Malff for the nuclear site symmetry
at the center of the 12 cages in structures I, Il, H, and bro-
mine hydrate. The average tensors from our Monte Carlo
simulations in these cages have the expected number of
unigue components, and the principal axis directions found
for the average tensor are the expected ones, corresponding
to the symmetries of the idealized cages, within the statistical
errors of the simulations. We do indeed find that our results
bear out the general consequence of symmetry arising from
averaging the shielding over the one-body distribution of Xe
in the cage.

In Figs. 8—10 we provide a summary of the assignments
of our calculated average tensor components to the cage axes
in the various clathrate hydrates. Since we use the coordi-
nates of the cage atoms in our Monte Carlo simulations, the
average tensor components that result from the simulations
can be associated unequivocally with the crystal axes and the
axes of the individual cages. In Fig. 8, thé%? cage in
structure | is clearly axially symmetric. There are three types
of these cages with the unique axis lined up along each of the
crystallographic axis. One of the principal axgise unique
one at 194 ppmof the Xe tensor in the B cages of structure
Il is shown in better detail in Fig. 5. The other two principal
components are orthogonal to this and equivalent to each
other (214 ppm. Where there is a unique axis for the cage,
as in the %62 cage of structure (Fig. 8 and the 45°6°
cage in structure HFig. 9), the observation of an axial ten-
sor is expected. In such cases, the assignments are obvious
from the experimental spectra. Th&’6® cage in structure H
is apparently not populated by Xe, but we predict an axially
symmetric tensor with the higher chemical shift along the
unique axis which is the sixfold symmetry axtbe long axis
of the cageé The 52 cage of structure H has three unique
components, along the three twofold axes of the cayg),
but they are not greatly different from each other. Only the
principal values are shown when symmetry dictates more
than three unique components of the tensor, although the

FIG. 7. The line shapes obtained by canonical Monte Carlo simulations opalcmat'ons prowde the full tensor for Xe in the Cartesian

Xe in a single XCAGE of each of the five types of cages in bromine hydrateframe of the crystal in every case, including the off-diagonal
at 275 K are compared with the experimental line shapes at 77 K and 200 k|ements.

from Udachinet al. (Ref. 32. The MAS experiment suggests two types of
cagesD,, Dg andT,, Tg. The experimental spectra are reproduced from

The cages carved out of the bromine hydrate crystal

Ref. 32, with permission from the American Chemical Society. The numeri-SNOWN in Fig. 10 show unequivocally t#eandB types of

cal values for the tensor components are given in Table IV.

512 and 562 cages are different from each other. Despite
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TABLE V. The symmetry-predicted number of unique Xe shielding tensor components for Xe in various types
of idealized cages. Th¥, Y, Z indices are not associated with the crystal frame;Zfredex corresponds to the
highest-fold axis of symmetry of the cage, or else the unique twofold axis.

Unique tensor Unique average
Nuclear site components at center, components found
symmetry at determined by by Monte Carlo
Cage type center of cage symmetry simulation$
52in | Th 1 0,,=0xx=0vyy 1 o,2=0xx=0vyy
51%62in | D,y 2. 0277, Oxx=0vyy 2: 077, oxx=0yy
52in 1l Dy 2. 077, Oxx=0yy 2: 077, Oxx=0yy
51264 in Il Ty 1: 077= 0xx=Oyy 1: 077= 0xx=Oyy
52inH D,y 3. 027, Oxx, Oyy 31027, Oxx, Oyy
4°556% in H Dap, 2. 077, Oxx=0yy 2: 077, oxx=0vyy
5'%8 in H Dgn 2: 077, Oxx=0yy 2:077,% Oxx=0yy
52(D,) in bromine hydrate Do, 31027, Oxxs Oyy 31072, Oxxs Oyy
5'2(Dg) in bromine hydrate D, 31027, Oxxs Oyy 31027, Oxx: Oyy
5262 (T,) in bromine hydrate C. 4: 077, Oxxs Oyy, Oxz 3 0y, Oxxs Oyy
5262 (T;) in bromine hydrate Cs 4: 057, Oxxs Oyys Oxz 3 s, Oxxs Oyy
5'%6° (P) in bromine hydrate Cy, 31077, Oxx, Oyy 3107, Oxxs Oyy
*From Ref. 1 for structures |, I, H, from Ref. 32 for the bromine hydrate.

From Buckingham and MalrtRef. 33. Only the components of the symmetric part of the shielding tensor are
included in this column since the antisymmetric part of the shielding tensor is not directly observable in NMR
experiments.

‘Neglecting small differences that may be attributed to proton disorder. The assignments of the calculated
average tensor components to the axis directions in the respective cages are given in Fig. 8.

The unique component is along the line connecting the centers of the six-membered rings.

€The unique component is along the line connecting the pair of unique oxygens as shown in Fig. 5.

The unique component is along the line connecting the vertices shared by three five-membered rings.

9The unique component is along the long axis of the cage.

"Only the principal tensor elements in the principal axis system manifest themselves in the NMR spectrum of
polycrystalline samples such as the clathrate hydrates. The full tensor results from the simulations but this can
be obtained only in a single crystal experiment.

the appearance of the cluster 0?6 (T,) cages displayed tures. The results are compared in Table VI. The temperature
in Fig. 10 as stacked along tlzeaxis of the crystal, thd,  dependence of th&#%Xe chemical shift tensors predicted in
cages hav®,, symmetry and cannot lead to an axially sym- this work can be summarized as follows: The chemical shift
metric Xe tensor. There are three distinct components, igpan and the isotropic chemical shift both increase with in
agreement with the symmetry rules of Buckingham andcreasing temperature for the larger cage¥g5cage in type
Malm.23 On the other hand, the nearly axial symmetry of the| and 5'%* cage in type Il, whereas they both decrease with
Xe tensor in the 56 (T;) cage is easily understood in the increasing temperature for the smaller cage¥ @ges in
view shown at the bottom right of Fig. 1€he cluster offz  type | and I). The changes with temperature are systematic,
cages viewed from belowThe larger two of the principal put not large. These changes are opposite to the temperature
components, although statistically distinct, are nearly equalgependence expected in the limiting cases of small spherical
The theoretical calculations can provide assignment ingages and large spherical cages.
formation not available from experiments on polycrystalline | et us consider the limiting cases of a small cage and a
material, especially where overlapping peaks may 0CCU[arge cage. The different temperature behaviors of the chemi-
and/or some cage types are not sufficiently populated by Xgg| shift of a single Xe atom in a cage have to do with the
to result in the observation of a characteristic line shape UNotential energy surfaces, which in turn determine the one-
der normal conditions. In such cases theoretical calculationﬁody distribution function. In a small cage, the potential sur
can provide a region where the weak signal may be expectegd,
tol appear, for example, the'%® cage in structure H or the  yhe center is a local maximum, and the lowest energy posi-
5'%° cage in bromme hydrate, as well as a signature ling;,ng |ie along a three-dimensional potential trough that is
shape to compare with and confirm the assignment. shaped by the walls of the cage. In a small cage, the highest
probability of finding the Xe is at the center, at any tempera-
ture. At low temperatures, the one-body distribution is tightly
We performed simulations at 77 and 275 K for Xe in peaked at the center. At higher temperatures, the one-body
clathrate hydrate structures | and Il. The lattice parameterdistribution function is still peaked at the center but the prob-
are known as a function of temperature from the work ofability of finding Xe off center is increased, leading to in-
Ikeda et al3* We used the appropriate lattice parameter tocreased contributions from highly deshielding close encoun-
scale the coordinates between 77 and 275 K. The Xe onders with wall atoms. Therefore, the Xe chemical shift
body distribution is also a function of temperature and isincreases with increasing temperature in the limiting case of
determined by Monte Carlo simulations at the two temperaa small cage. In a large cage, at low temperatures, the highest

ce has a minimum at the center of the cage. In a large cage,

Temperature dependence
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51263

133(x) 126(y)

isofropic 214

FIG. 8. The assignments of the calculated average tensor compdirents
Table l) to the axes for Xe in clathrate hydrate structures | and Il. One of
the principal axes for the Xe tensor in th&Sages of structure Il is shown

in Fig. 5, the unique one, corresponding to 194 ppm. The other two are
orthogonal to this and equivalent to each otli2t4 ppm. Indicated in
parentheses are the instances where the principal axes of the Xe chemice
shift tensor are parallel to the y, or z crystal axes.

FIG. 10. The assignments of the calculated average tensor components and
the orientation of the principal axes of the Xe chemical shift in bromine
hydrate. To illustrate the orientation of the principal axes in the crystalline
frame, we have reproduced the drawings of the cages from Ref. 32, with
permission from the American Chemical Society. Indicated in parentheses
are the instances where the principal axes of the Xe chemical shift tensor are
parallel to thex, y, or z crystal axes.

probability of finding the Xe is along the trough, whereas the
probability is smaller for finding Xe close to the center,
where the deshielding contributions from the remote cage
atoms are much smaller. At higher temperatures, the one-
body distribution function is still highest along the trough but
the probability of finding Xe close to the center is increased,

51265 leading to increased contributions from low deshielding

terms of remote wall atoms. Therefore, the Xe chemical shift

FIG. 9. The assignments of the calculated average tensor compdirents decreases with increasing temperature in the limiting case of
_Table ) and the orientation of the principal axes of the _Xe chemical shift large cage. At some intermediate cage size, between these
in clathrate hydrate H. Indicated in parentheses are the instances where the " . . .
principal axes of the Xe chemical shift tensor are parallel toxthg or z imiting cases, the Xe chemical shift tensor can be nearly
crystal axes. temperature independent.
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TABLE VI. The temperature dependence of t#&Xe chemical shift tensor in the cages of clathrate hydrate
structures | and Il, using a single XCAGE for the simulation box for both temperatures.

512 512 51262 51264
Structure | Structure Il Structure | Structure Il T, K

(8 caLep 220.1 196.9 129.1 102.0 77
(8. )caLco 219.4 217.7 149.0 102.9 77
(S8, 1)eaLep 219.4 217.9 149.8 103.2 77
(SisocaLcp’ 219.6 210.8 142.6 102.7 77
spara.co 0.7 21.0 20.6 1.2 77
(i)caco 214.8 195.9 134.0 103.5 275
(81 )caLep 214.1 215.6 155.1 104.5 275
(S8, 1)caLcp 214.2 215.2 155.6 104.8 275
(6iSO>CALCDb 214.4 208.9 148.2 104.2 275
sparaLco 0.7 19.7 21.6 1.3 275
sign of doy/dT - - + +

&These values are obtained frait/3) the trace of the average tensor. On the other hand, using the shielding
functions fitted to the isotropiab initio values, we obtain 220.0, 210.5, 143.0, and 103.1 ppm, respectively, for
these cages at 77 K.

bThese values are obtained fraif¥3) the trace of the average tensor. On the other hand, using the shielding
functions fitted to the isotropiab initio values, we obtain 214.1, 207.9, 148.3, and 104.5 ppm, respectively, for
these cages at 275 K.

These qualitative predictions of temperature dependencgredict for this cage. On the other hand, the isotropic Xe
in the limiting small and large cage cases assume that thehemical shift in the ¥6* cage of structure Il has been
cage itself is static with temperature. In clathrate hydrataeported as 80 ppm at 200—240°kand 86 ppm at 77 K2
structures | and Il, however, the lattice parameters increas€he observed increase in Xe chemical shift with decreasing
systematically with increasing temperature, that is, the inditemperature in the '86* cage of structure Il is in the oppo-
vidual cages increase in size. All other factdesg., elec- site direction to that predicted by our simulations for this
tronic structure of cage atomeemaining the same, when the cage. However, it has also been reported that minor chemical
cage dimensions increase with increasing temperature, thahift differences for the same resonance have been observed
average Xe chemical shift will decrease because, for corrén different sample§. Systematic temperature dependent
sponding Xe positions relative to the center, all Xe-cagestudies of Xe spectra in clathrate hydrates are needed to pro-
atom distances become longer, leading to smaller deshieldide unambiguous tests of our predictions in Table VI.
ing. This is the trend found in our Monte Carlo simulations
for both 52 cage types in structures | and(tee Table VI, .« ss10NS
where a small increase in the cage dimensions can have a
significant and dominant effect on the average Xe chemical Monte Carlo averaging results in a different line shape
shift, since the preponderant Xe—O and Xe—H distances arhan that which is calculated from the Xe shielding tensor at
rather short. On the other hand, th&& and 5%* cages, the center of each type of cage. Unlike Xe igoCthere is
though larger than the' cages, are still fairly small cages, some free volume for Xe atoms to explore in each of the
and exhibit the temperature dependence of the limiting caseages of clathrate structures | and Il. This averaging leads to
of the small pordincreasing Xe chemical shift with increas- a Xe tensor that is at higher chemical shift than for a static
ing temperaturg despite the concomitant increase in cageXe atom at the center of the cage. For each of the four types
dimensions with increasing temperature. of cages, about 20 to 50 ppm deshielding is gained by aver-

Although Xe chemical shifts in clathrate hydrate cagesaging. Another consequence of the dynamics is to average
have been reported at various temperatdrésthe variation  out local shielding tensor asymmetries. The apparent anisot-
of the 1?°e isotropic chemical shifts and line shapes haveropy of 9.0 ppm at the center of thé%cage of structure | is
not been systematically studied as a function of temperatur@veraged out to 0.7 ppm by Monte Carlo averaging in the
We compare our results with the separate reports of the issame XCAGE. We discovered that the average shielding ten-
tropic Xe chemical shifts in the' and 5%62 cages of struc-  sor components in a single XCAGE is not statistically differ-
ture | at both 275 K and at 77 K: For thé%cage Ripmeester ent from the average shielding tensor components obtained
and co-workers reported 242 ppm at 273 &nd 250 ppm at  in the supercell of 384 cages of typé?6? in structure | or
77 K32 The observed increase in Xe chemical shift with 128 cages of type'5 in structure II. Local sampling of dif-
decreasing temperature in thé&?Bage of structure | is in the ferent proton arrangements is apparently sufficient.
same direction as our simulations predict for this cage. Inthe  Although the differences in O—0O distances found in the
same respective samples, the isotropic Xe chemical shifts i6'? cages of type | and type Il are very small, the Xe atom is
the 5'%2 cages of structure | are reported as 152 ppm at 275ensitive to these small differences. The shielding response
K,” and 148 ppm at 77 R? The observed decrease in Xe in the 5% cages in type Il do reflect the existence of a unique
chemical shift with decreasing temperature in thé5 cage  pair of oxygen atoms in the!s cage of type II, which leads
of structure | is in the same direction as our simulationsto an axially symmetric Xe tensor with about 20 ppm anisot-

Downloaded 18 Feb 2005 to 131.193.196.71. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 21, 1 June 2004 Xe in clathrate hydrates 10213

ropy. The small remaining anisotropy from the simulations attypes. Our method provides unequivocal predictions, given
275 K, in cages that should have given rise to isotropic sigthe same set of quantum mechanical shielding functions and
nals at a temperature high enough for molecular reorientatioampirical potential functions, and all results are directly
to effectively average out the proton disorder, reflect the incomparable since we do not adjust any parameters to ob-
ability of simulations of Xe in cages with static configura- served NMR spectra. Agreement with experiment can still be
tions to completely represent the dynamically averaged conimproved by improving the Xe—O and Xe—H potential func-
figuration, even when using supercells with 128 and 64ions used. This may be most important for the largest cages
cages, respectively, of type'bin structure | and ¥6* in  with the largest free volumes for Xe, where changing the
structure Il. Using an “averaged” clathrate structure would potential functions used could lead to significant changes in
of course have led to three identical average tensor compdhe Xe one-body distributions that weight the shielding con-
nents for these cages. For example, to mimic clathrates und#ibutions from cage atoms. The dimer tensor model appears
fast molecular reorientation, we could have used a static corfo be adequate in representing the quantum mechanical val-
figuration with each proton located at the center of the O—Ques of Xe shielding tensors. Improvement would require the
line. Alternatively, we could have placed twice as many pro-inclusion of nonadditive termghree-body and highgin the
tons in the simulation box, at the positions located by neufitting of the ab initio values.
tron diffraction, and used half the Xe—H shielding function
and half the Xe—H potential function in the Monte Carlo CONCLUSIONS
simulations. However, neither one of these two possible rep-  \\e have calculated for the first time, and starting from
resentations of "averaged” cage structures would have refirst principles, the line shapes that are observed irthée
sulted in an accurate one-body distribution functions. The,yclear magnetic resonance spectra of xenon in the cages of
probability of finding a Xe atom in a particular location ¢jathrate hydrate structures 1, I, H, and bromine hydrate. In
within a cage depends on the instantaneous configuration @he dimer tensor model, the shielding response tensor com-
oxygen and hydrogen atoms, which would be falsely repreponents for a Xe at a specific location in a clathrate cage
sented by either one of these simple “averaged” representgrom quantum mechanical calculations using an extended
tions. For this reason, we choose the more complex reprezage mode(XCAGE/PCA) are represented by contributions
sentation of the crystal using supercells. Indeed, Table from parallel and perpendicular tensor components of Xe—O
shows that the residual anisotropy of 0.7 and 1.3 ppm oband Xe—H dimers. The shielding tensors reconstructed from
tained in averaging over a single XCAGE reduces to only 0.khe Xe—-O and Xe—H parallel and perpendicular shielding
ppm upon averaging in supercells. functions are employed in canonical Monte Carlo simula-
All 5*2 cages in clathrate hydrates I, II, H, and brominetjons to calculate the Xe shielding tensor component along a
hydrate have been found in this work to have Xe isotropicparticular magnetic field direction. The shielding tensor com-
chemical shift values in the range 208—-233 ppm at 275 K, imonents weighted according to the probability of finding a
good agreement with experimefitange 232—-254 ppm at crystal fragment oriented along a particular laboratory direc-
200-240 K, and at room temperatur&he relative magni- tion in a polycrystalline sample lead to a predicted line
tudes of the anisotropies of the nonisotropic average tensoghape.
are reasonably well reproduced, largest for Xe in t8°4° The line shapes calculated for Xe in the 12 types of
cage of clathrate hydrate type H, smallest for Xe in th#®5  cages in clathrate hydrate structures 1, I, H, and bromine
cage of typeTlg in bromine hydrate(The smallest anisotropy hydrate usinghe sameshielding functions anthe samepo-
of the anisotropic tensors was calculated in tH&3 cage  tential functions, are in excellent agreement in terms of the
(P) in bromine hydrate, but this has not been observed exexistence of anisotropy, the sign of the anisotropy, and the
perimentally) The Xe chemical shift tensors in the entire magnitude of the anisotropy, with the line shapes observed
range of Xe environments observed in clathrate hydratessxperimentally by Ripmeester and co-workers in Xe type |
from 80 to 250 ppm are well represented in these calculahydrate, in Xe—propane type |l hydrate, in Xe type H hy-
tions. The absolute agreement with the isotropic Xe chemicadrate, and in bromine hydraté®'**?we have assigned the
shifts is reasonably good, except for the Xe chemical shift inndividual average tensor components to specific axes of the
the 5%6* cage of structure Il which is overestimated by cages or the crystal. While the agreement with the experi-
about 20%. The relative positions of the peaks and their inmental values that can be deduced from the Xe spectra is not
dividual line shapes are in excellent agreement with the exexcellent in every case, we believe the assignments of rela-
periments of Ripmeester and co-workefs’? tive magnitudes of the components to the specific principal
We are unable to have quantitative agreement with somdirections are reliable. Such assignments cannot be un-
finer details, for example, the relative magnitudes of theequivocally determined from the experimental spectra in
anisotropies of Xe in the 862 cage in type | and the’s  many cases.
cage in type Il. We find nearly the same value of the span for We have established that the average Xe shielding tensor
both whereas the experimental data reveal that Xe in thef a single Xe atom in a cage reflects the symmetry of the
51%62 cage has a larger span than does Xe in tHe&ge. On  cage itself, as canceling contributions of equal magnitude,
the other hand, we do find excellent predictive capabilitiesand opposite signs, are uniformly included in the averaging
by our methodology overall, when we compare the predictegbrocess through built-in proper statistical sampling. Thus, the
NMR spectra for Xe in 12 different cages, with spectra thatXe NMR line shapes directly provide information about the
have been observed experimentally for ten of these caggymmetry of the cage, in the number of unique components,
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