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The distributions and?®Xe NMR chemical shifts of xenon in zeolite Aghave been measured in

a series of experiments by Moudrakovski, Ratcliffe, and Ripmed®eoc. Internat. Zeolite
Conference, Quebec, 1995; unpublishéd/e carry out grand canonical Monte Carfl@CMC)
simulations of xenon in a rigid zeolite Aglattice to provide the average Xeluster shifts, and the
distributionsP,, for comparison with their experiments. The GCMC results for the distributions, the
fraction P,, of the alpha cages containing Xe atoms, are compared with the experimental
distributions in 12 samples and the agreement is excellent. The distribution&iamdbin AA are

very similar, as can be established from the comparison of the dispersion of the distributions,
{{n?)—(n)?}, and both are different from the idealized hypergeometric distribution, in which the
component atoms occupy eight lattice sites per cage under mutual exclusion. The calculated
chemical shift incrementso(Xe,) — o(Xe,_1) ]aga are in good agreement with experiment. The
differences between these and the increments in zeolitd, Ndo(Xe,) —o(Xen_1)]aga
—[o(Xe,) —a(Xe,_1)Inaa}, are fairly small and are in good agreement with experiment. The
absolute!?®Xe chemical shifts of Xgin the alpha cages of Ay are nearly uniformly shifted by
about 40 ppm compared to the Xelusters in N&. This is attributed to the Fermi contact shifts
arising from the A§ metal atoms that form the linear é\bcomplexes that are found within the beta
cages of Ad. © 1997 American Institute of Physid$S0021-960607)50535-4

I. INTRODUCTION Xe---Ag* ion interactiong. Why should chemical shifts from

Most zeolites contain exchangeable cations to balancliiteractions of Xe with an Agion be different in sign from
the anionic framework. Among various cations, silver is 01"mer_""Ct'0nS W'th_ Na and other cations? The only other ex-
special interest due to the reversible oxidation reduction of€Ptional behavior has been observed in the0 ppm Xe
silver in zeolites. The light-sensitive hydrated silver zeolite ischemical shift in Cti-exchanged Né where the Ct ions
of interest for its potential to be used for light-write and are believed to be in sitéll) positions® These are only
light-erase materiafsUnlike other charge balancing cations Some of the rather puzzling observations in "Agand
in zeolites, silver exists as Agion and as A§to form vari- Cu’-exchanged N4 zeolites that await interpretation. In
ous sizes of silver clusters. Silver clusters, neutral, oparticular, the negative chemical shifts relative to Xe gas are
charged, are formed and stabilized in the cavities and théifficult to understand in these cases where Xe is in fast
channels of zeolited, X, andY, chabazite, mordenite, and €xchange.
rho2 Depending on the number, the location, and the oxida- “?°Xe NMR spectra for Xg clusters in Ad\ have been
tion number of silver in the zeolite, the latter provide variousreported by Moudrakovski, Ratcliffe, and Ripmeestér.
chemical environments, which have been studied¥te =~ These spectra show separate, Yeaks, very analogous to
NMR spectroscop§® by electron spin resonand&SR,®  the spectra of Xe in Na. 123 The same maximum loadir(@
and ir spectroscopyand other methods. For exampté®Xe  Xe atoms per alpha cagss found, and similar chemical shift
chemical shifts in the limit of zero loading inside silver zeo- increments in going from Xgeto Xe, ., but the whole spec-
lite Y vary from —50 to 60 ppm relative to the isolated Xe trum of a progression of Xepeaks is shifted by 32—43 ppm
atom? The unusual and unexpected sign of th&0 and  to higher chemical shifts compared to the spectra qf Xe
—40 ppm shifts observed by Boddenberg, Fraissard, anplaA. Two-dimensional exchange spectroscdgp-EXSY)
co-worker§>8is in contrast to all othet**Xe NMR studies  studies of Xe in these samplegielded rate constants for
on cation-exchanged Maand N&' zeolites in which Xe cage-to-cage migration that are very similar, although some-
exhibits positive chemical shifts relative to the isolatedwhat larger than those reported from 2D-EXSY studies of Xe
atom? In other Xe in A samples with positive”Xe  jn NaA.14The one aspect of Xe in Agthat is different is the
chemical shifts, the more positive chemical shifts compared. 1 40 ppm additional chemical shift of the entire spectrum
to Xe in NaX have been attributed to Xe-residual water a”dcompared to NA. In all respects but this one, the Xé&
Xe—Ad’ contributions’ On the other hand, the unusual nega- aga appears to exhibit the same characteristics as ie
tive chemical shifts have been attributed specifically tonaa. This is very promising, because the quantitative inter-
pretation of Xg in AGA by GCMC simulations may provide
dElectronic mail: cjj@sigma.chem.uic.edu some insight that can be transferred to the understanding of
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some of the puzzling observations of Xe chemical shifts intions were done on an IBM RISC/6000 model 560 and
open network zeolites containing Agon. For example, we model 365. Data were collected as described previo(i&ly
have found that in order to understand the chemical shifts ofo yield distributiongfractions of cages having Xe atoms,

Xe in K* ion substituted N¥, it was necessary to do the one-body distribution functions, pair distribution functions,
experiments and quantitatively interpret the experimentahnd properties of the individual Xeclusters. The aspects of
data of Xg in KA.'® In order to quantitatively interpret the the GCMC simulation which are new in this work are de-
Xe chemical shifts in the open zeolite “&d’ it was essen-  scribed below.

tial to first interpret the experimental Xe chemical shifts of

the Xeg, trapped in the alpha cages of By, _,,A, where

x=1, 2, and 3% GCMC simulations should provide as de- A- Structure of Ag- A

tailed a description for Xe in the Agsystem as it has been The structure of Ad is available from several sources,
able to provide for Xe in Na, and its cation-exchanged for zeolites which have undergone different pretreatm#hts,
varieties, KA and CaNay,_,A.*>*° In this article, we at- different amounts of Ag exchanged starting froma\ dif-
tempt to provide an interpretation of the experimentdke  ferent Si/Al ratio? and different amounts of reduced Ag in
NMR spectroscopy results reported by Moudrakovski, Ratcfylly Ag "-exchanged A§.%° When the reduction of Agis
liffe, and Ripmeester for “yellow Ag” samples in which  carried out in the dehydration step of the fully Ag
the relative intensities of the Xepeaks provide the fraction exchanged A4, silver clusters form inside the beta cages. It
of alpha cages containing Xe atoms in 12 samples with s known that the extent of Agcation reduction depends on
(n)xe ranging from 1.45 to 7.55, and the distinct chemicalthe dehydration temperatuteThe yellow color of yellow
shifts of the Xg clusters in the alpha cages of Agorovide  AgA appears at 378 K due to 4g clusters and the brick-
information about the environment inside the cagesfote red color of “red Ag\” appears at more severe dehydration
atoms'-? conditions due to formation of larger sizes of clusteér&
X-ray diffraction of the “AgA-105" (dehydration at 105 °C,
yellow)?® has Ag" located in the 8 ring just as the cation site
Il. METHODS Il in NaA, and 6.72 molecules of localized water are found

The GCMC simulation method we use here has beeiSide the alpha cage. X-ray diffraction of “#g430" (de-
described in detail previousk:*” The V(Xe—Xe) potential Nydration at 430 °C, orange cojofound no water and one

is a Maitland—Smith functional form fitted to the best MOre reduced Ag than Ag105 so the structure of the
Xe—Xe potential for the pair interactiéh former is very similar, in terms of existence of cation sites |,

I, and Il and no water found, to the structure of
U(r)=e 6 Tl n 6l T/ (Ag*)lo(AgO)zsilellzou, r_efineq by Kim and Seff using
n—6 n—6 ' min single crystal x-ray diffractio”® The structure of
(AgM)gs dAg%)3 Al 10,6 25 refined by Kim et al?® has no

cation in the 8-ring window so that Xe is able to be in fast

+11(r—1). The zeolite contribution to th&%e chemical :
o . . ) exchange between cages, as was observed in the orage Ag
shift is assumed to be pairwise sums just like the energ : 1
amples of Ripmeestet al.

sums, except summing over terms from pair shielding func- We carried out trial GCMC simulations of Xe in Ag

tions rather than potential functions. We use a shieldinq "
. 12 ~ . . rom fully Ag™-exchanged Na and fully dehydratedno
function o(**Xe.XeOyeq) which has been derived from residual water and also in Ad\ fully Ag* exchanged and

ab Initio quantum mechanical calculaﬂons of tér Sh'elq_ partially dehydratedwith some residual watgrOur results
ing in the presence of fragment;ﬂéof thdatt|§i§é)(represent|ng reveal that more than 1 and no more than 2 water molecules
gﬁiglldiindffncriir;%sis ftr:gesazr?lc;“as- Twhaesau(sed ?ﬁﬁﬁéxzviouwe needed to keep the maximum occupancy of an alpha cage

. 9 7 . .  the p f the 8 Xe atoms found experimentally and to get the order
simulationst’ The potential functions and the shielding func- . : o
tions are all cut and shifted in the usual marflehe ©Of Magnitude of (Xg—Xe, ;) chemical shift Increments

. . : ) : .that was found experimentally by Ripmeesteial © Further-

Norman—Filinov technique is used: a displacement step 5 ore. there is experimental  evidend@bservation of
followed by two steps of particle creation or annihilation '

12 1 _ : H
attempts’t An attempted move is accepted with a probability Xe H cross-polarized Xgspectra and increase _6?9Xe
P._.given by relaxation times upon decrease of residual water in the zeo-
acc

lite) that the A\ used in the experiments by Moudrakovski,

Pac=min[1, exg —AE/kgT)], AE/kgT=<180 Ratcliffe, and Ripmeester have water molecules present in-
side the alpha cages. Therefore, to represent the yelloiv Ag

Pacc=0, AE/kgT>180 samples used by Ripmeestgral., we consider a fully Ag

andAE is calculated from the configurational energy changeexchanged partially dehydrated Adpased on Gellens’ x-ray

between the old and new configuration and the imposegowder diffraction data on yellow A§ That is, each alpha

value of the configurational chemical potential. Some num-<age contains 11 Agcations and one reduced Aipn and 2

ber of 1C¢ cycles were discarded prior to the typically one water molecules inside each alpha cage based on the water

million cycles constituting the simulation proper, for each positions found by Gellerts.

choice of chemical potential and temperature. All calcula- The unit cell composition used in the simulation is

where n is allowed to vary withr according ton=13
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(Ag1)ga(AG®)gSigeAl ¢3¢ (H20)16. The remaining charge based on charge-dipole and dipole-dipole interaction energy.
is assumed to be balanced by one hydrogen per alpha cag€)e unlocalized 6.72 0 in partially dehydrated A is

but in our simulations the contributions from the hydrogensfound by x-ray powder diffractiof® Using reflectance spec-
are neglected. We built a simulation box with two types oftroscopy, from the intensity of the water band with respect to
alpha cages alternating in the unit cell, satisfying the overalthat of the fully hydrated samples, Gelleatal. estimated
experimental(diffraction) population of Ag. The procedure only 1.5 HO molecules per unit cell of the yellow form of

of selecting the position of Agcations and water molecules AgA are left?® Considering the maximum number of Xe
based on x-ray data and their interatomic energies can betoms found in an alpha cage by Ripmeester's experiment,
summarized as follows. There is much more cation disordere., 8 Xe, our GCMC simulations indicate that the number of
in AgA than in zeoliteA with other cations. For example, H,O molecules left inside each alpha cage should not exceed
there are three unique positions for site | in the center of the. The possibility of having 2 or 2.6n which case, half of

6 ring and two unique positions for site Il. The experimentalthe alpha cages have 2 water molecules and the other half
(diffraction) populations of cation sites is roughly satisfied have 3 water moleculgr 3 water molecules inside each
by using two types of alpha cagé$ “ A-type” alpha cages alpha cage has been examined in GCMC simulations. The
and 4 “B-type” alpha cages in a unit cglwith different  case of having 2.5 or 3 water molecules has been eliminated
number of cations, rather than using a single type of alphg our work, since this would result in infrequent incidence
cage with some hybrid coordinates considering in and oupf xe, and moreover lead to very large discrepancies in the
positions of cation site | and two different positions of cationcrements of (Xg—Xe,_,) chemical shifts compared with

site Il. This is the same reason for chociging two types ofne experimental results. Starting from the lowest energy
cages in building the simulation box for&™ The distribu- configuration of Ag for a unit cel(with A/B cage$, the

tion of the Ag ions among the partially occupied equivalentyinimum energy configuration of two water molecules in-
positions provided by the x-ray diffraction data of Gellensside each alpha cage was chosen out of the original 12

23 ; A

etal™ are assigned t_)y con_3|der|ng the Coulgmb energy. equivalent HO positions found in the x-ray diffractioft.In
ZWe label the Agllons W't? thg type of cation site @) fact, these 12 water molecule positions are not equivalent

()3, and (1), or (IN* and (IN?. First, the A§ and 2Ad)), anymore after Ag ion locations have been chosen so that

positions are chosen so that they form the experimentall)(:ation configuration give the lowest coulomb energy. It

. + . .
g)luﬂg I(':geirg% tﬂgs,g I?nt?ﬁebgéigsgiséatzgt? Ir:laa::]a eturned out that the difference in the charge-charge energies
P 9 b ¥ Ctor Ag*---Ag” interaction can be smaller than the difference

participate to form the Imea_r triatomic A clugt_er. Ag and in charge-dipole energies for Ag--H,0 in various configu-
2Ag(l) are assumed to be in analogous positionsAeand . N : . ! .
rations of Ag" so all possible unique configurations of Ag

B-type alpha cages. in the above step were again considered here to find out the

Second, the repulsive coulomb energy of *Amns is . . . : )
calculated for one unit cell, applying the minimum image lowest energy conf|gur_at|ons of.Agon_s with 2 HZQ in the
alpha cage. All possible configurations of,® in each

convention. All possible configurations of Agions with i _ \ . .
unique configuration of Ag in a unit cell (A and B com-

fixed locations of A§ and 2Adl), are considered foA-type X X _
alpha cages but only certain configurations ofAigns in bined cageswere considered. We found that 2®1in analo-

B-type cage are considered, with the following assumptiong0US POsitions ilA- andB-type cages gives lower energies.
to reduce the number of possible configuratiors: As ~ 1he lowest energy configuration of two water and 11°Ag
stated above, Ayand two Adl), are in the analogous posi- 2Nd Ad in A and B cages is found based on the sum of
tions in B-type alpha cage as in thetype cage so that the coulomb energy for AQ-.--Agﬂ dipole-dipole energy for
Ag2* cluster is located in analogous positions in every cageH20-Hz0, and charge-dipole energy for Ag-H,O. This
(b) Of the Ag" ions in the cation site@ll)* and(Il)? located configuration is shown in Fig. 1. In this figure, Agations
in the 8 ring, one Agl)! and two Adll)% are in analogous are represented by+" symbol except for Agl); which is
positions for two types of cagéc) The two Agl)? positions ~ coordinated to 3 oxygen atoms in the 6 ring and(IAg
in the A-type cage are assigned and the analogous location &hich is coordinated to Ato form the linear A" cluster.
chosen for the single A2 in the B cage. One Ag' cation and two oxygen atoms from,@ are located
To find the lowest energy arrangement of ions amongn analogous positions foA and B cage except for one
the equivalent positions given by x-ray diffraction, we useAg(l); in the A cage in the position of A@); in B cage.
electrostatic energy calculations. The size of the system foFhere is only one AYper alpha cage but 4 Agire shown in
calculations of the electrostatic interactions starts from jusFig. 1 for two alpha cages. The two extraAatoms belong
one unit cell, with a number of neighboring unit cells which to neighboring alpha cages located next to the two alpha
is expanded systematically up to the final calculation of onetages shown in Fig. 1. The shared extra®/goms are
unit cell surrounded by 26 other unit cells. The ordering ofshown there to mark the position of the linear cluster of
the energy for various Afyion configurations in the com- Ag3" formed with Agl), inside two alpha cages shown in
binedA-B cages is found to be invariant upon increasing thethe figure. Similarly, there are actually only three catitn
number of cages in the system up to 27 unit cells. sites per alpha cage due to sharing with neighboring cages,
Third, the configuration of water molecules is found but 11 sites are shown in the figure for completeness.
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FIG. 2. The'?*Xe shielding function of Xe—Ag scaled from the®Ar
FIG. 1. The configuration of 11 Agand one A§ and two water molecules  shielding function obtained from fitting @b initio values of*°Ar shielding
in A- and B-type alpha cages of Ag Cations are represented by the for Ar—Ag* is compared with the shielding function obtained from the
symbol except Ag): which is coordinated to 3 oxygen atoms in the 6 ring fitting of Freitag’sab initio values for Xe shielding of Xe—Ag (see Ref.
and Ad|), which is coordinated to AYjto form the linear A§" cluster. Ag  26).
and two oxygen atoms fromJ@ are located in analogous positions for
andB cage except one more A in A cage in the position of Ag)l in B

cage. The positions are based on the diffraction results for yello fAgm . . . .
Gellenset al. (see Ref. 28 handbook, the ion basis set was made from the given basis

set of Ag atord’ by deleting the basis orbital describing.5
The validity of obtaining a suitable ion basis by deleting the
outermosts function was checked by comparing tRAr
shielding calculated for Ar—Naand Ar—RI using the op-
The intermolecular chemical shifts éf%e in the Xg,  timized ion basis set for the Naand Rb cations with the
clusters inside the alpha cages ofgre calculated as pair- 3°Ar shielding calculated using an ion basis set made up by
wise sums of Xe—O shielding contributions from O in the deleting the outes orbital of the atom basis set. The differ-
zeolite framework and O in the water molecules, theence was negligible. Thus we carried @l initio calcula-
Xe—Ag" contributions, and the Xe—Xe contributions. The tions of the®°Ar shielding as a function of Ar—Agdistance,
shielding functiona(Xe—0Q,s,) used here is the same as in using the gauge-including atomic orbital&lAO) method
previous work:®> which was based oab initio calculations  with a 6-311G* basis set for Ar and a basis set for Ag
of rare gas atom shielding function in the presence of a zeamodified from the Huzinaga basis set of Ag atom by deleting
lite fragment!® The shielding contribution from the O atoms the basis orbital describing thes5The o:(Xe—Ag,,) Shield-
of H,O were considered to be the same as for O atoms in thimg function is obtained by scaling in the usual way from the
framework and the contributions of H atoms ip®{to Xe  shielding function ofo(Ar—Ag™). The electronic properties
shielding are neglected. Consistent with this, the contribuof Xe and Ar used in the scaling are as befbr@he ioniza-
tions from the charge-balancing hydrogens in the zeolitdion potential of Ag is 22.5437 eV obtained frorab initio
framework are neglected. There isséXe—Ag') shielding calculation for Ag using Koopman's theorem and the
function in the literature, shown in Fig. 2 calculated usingry(Ar—Ag,e,) is assumed to be the same ggAr—Ne)
the individual gauge for localized orbital5LO) method®®  =3.146 A. In Fig. 2, theo(Xe—Ag,.,) Scaled from the
The peculiar shape of this function prompted us toato o (Ar—Ag*) is compared with ther(Xe—Ag") values re-
initio calculations for comparison. Since the Ag neutral atomported by Freitaget al?® at various distances. The scaled
basis set but not the Agion basis set is available from the shielding functionos(Xe—Ag,.,) is overall of the same shape

B. Shielding functions for Xe—Ag A
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FIG. 3. The potential energy surface of single Xe in ghtype of AgA cage
for selected level¢a) z=3.541,(b) z=4.772,(c) z=6.004,(d) z=7.235,

and(e) z=8.467 A.
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FIG. 4. The distribution of Xe atoms among alpha cages of zeolit& g
selected samples at 300 K from GCMC simulations are compared with the
experimental data from Moudrakovsét al. (see Refs. 1 and)2

as Freitaget al’s shielding function but shifted to smaller
range by about 0.1 A. Thab initio points of Xe—Ag
shielding from Freitaget al2® were also fitted to a shielding
function which is a sum of “®, r 78, r 719 andr 12 terms

for use in GCMC simulations. Although we carried out
GCMC simulations with this shielding function, the differ-
ences between the results using ours and theirs, all other
conditions being kept the same, are not large enough to war-
rant further comment. The results reported here are those
GCMC simulations using the scaled Xe—Ag,,) shielding
function.

C. Potential function for Xe—Ag A

The potential energy of Xe-zeolite interactions is ex-
pressed as sums of the pairwise potentials of XggO0
Xe-Qu 0, and Xe—Age, Assuming the same effective po-
tential V(Xe—Q,,) for all A zeolites, we use the same
V| ;(Xe—O) potential function as in previous work'”*®and
we use thisV| ;(Xe—0) also for the Xe interaction with O
atoms of the water molecules. Interactions of Xe with H
atom in HO were neglected in this work. The estimated
potential function for Xe—Ag interaction hag(Xe—Ag,e,)
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25 TABLE |. Experimental Xg chemical shifts and increments of Xehemi-
NaA EXPT ® cal shifts in A@\, ppm at 300 K(see Ref. 2 are compared with experi-
| NaA.GCMC . mental Xg chemical shifts and increments of Xehemical shifts in NA
AgAEXPT A (see Ref. 12
A
| - AgA.%(}ilg’éS 8(Xey) S(Xe,) — 8(Xe, 1)
2.0 AgA AgA—NaA AgA AgA—NaA
Xe; 111.1 36.3
Xe, 127.9 35.6 16.8 -0.7
Xez 145.8 34.1 17.9 —-1.5
[\ Xe, 165.5 323 19.7 -1.8
é Xes 190.9 32.5 25.7 0.5
\Y; Xeg 219.8 36.4 28.9 3.8
! Xe; 270.5 42.2 50.7 5.6
N/é Xeg 315.9 43.6 454 1.7
\

cages and experimental increments of Xe chemical shifts.
We do not have a unique set of parameters for
V| j(Xe—=Ag,eo). In this work, ry=3.67 A ande/kg=50 K
was chosen for all GCMC simulations of Xe in Ag

lll. RESULTS

The potential energy surface for a single Xe atom inside
an A-type cage is shown in Fig. 3. The corresponding figure
for the B-type cage is very similar and is not shown here.
The potential energy surface of a single Xe atom inside the

O 1 2 3 4 5 6 7 8 alpha cage of A§ has an unsymmetrical shape due to the
excluded volume made by the presence of two water mol-
<n>, Xe atomS/cage ecules inside the alpha cage located2057 94, 9.25 706,
FIG. 5. The dispersion of Xe distributions in Agfrom GCMC simula-  6.1575 A and (3.057 94, 6.1575, 9.257 06)AIn addition,
tions are compared with the dispersion of the experimental distributionthere is the excluded volume from one(A)ﬁ ion displaced

at 300 K from Moudrakovsket al. (see Refs. 1 and)2Also shown are  ; : :
into the B-type alpha cage and the two ions in the
the dispersion of the Xe distribution in Wafrom GCMC simulations yp P 9 Aﬁ

(see Ref. 1yand experiment¢see Ref. 12and the hypergeometric distri- A_—type cage. A_S_ shown i'; t_he potential_ er_1ergy surfaces in
bution. Fig. 3, the additional A@); ion located inside thé\-type

alpha cage excludes as large a space at levé.541 A as
the water molecules do. In thH&-type cage, the volume ex-
smaller tharr o(Xe—Nae,) ande(Xe—Ag,eo)/Kg larger than  cluded by the Ad). ion in the same 6 ring can be seen at the
e(Xe—Nag,o)/kg, based on the ratios of these quantities insame level.
the Xe-cation interaction potentials obtained from coupled  The distribution of Xe atoms among the alpha cages of
electron pair approackCEPA) calculations® or based on AgA obtained from the GCMC simulations at four different
the pair potentials obtained by using the Kirkwood-IMu  Xe loadings at 300 K are plotted in Fig. 4. These and the
formula?® We had previously used the potential other eight samples not shown are in good agreement with
V,(Xe—Na,,) with r;=3.676 A ande/kg=39.08 K. Obvi-  Ripmeester’s experimental distribution of Xe atoms indg
ously the potential function for the gas phase pair-X&g™
would have a deeper potential well and a shortethan the
Xe interaction potential with an Agion coordinated to oxy- TABLE Il. The Xe-0O, Xe-Ag, and Xe—Xe contributions t&*Xe chemi-
gen atoms in the zeolite. Starting with the estimated potentiaﬁal shifts of X in the alpha cages of Agfrom GCMC simulations.

energy from CEPA calculations of Xe interacting with Ag Xe—Ad’
ion,”® or using the Kirkwood Muer formula? the Lennard— Xe-Oeq  Xe-Ouo Xe-Agey Xe-Xe estimated
Jones potential of Xe—Ag, is adjusted. The extreme limits 606 61 63 0 381
of parameters found for the potential function of Xe—Ag in Xei 61.0 6.4 6.3 13.7 405
the GCMC simulations of Xe in Ay are as follows: Xe, 61.9 6.7 6.2 29.3 41.7
ro(Xe—Ag)=3.4 A seems to be obviously too small and Xe, 63.4 7.3 6.0 46.4 42.5
e(Xe—Ag,e)/ks=120 K seems to be obviously too large. %€ 66.3 .8 58 654 455
An t of potential parameters neag(Xe—Ag)=3.67 Xes 69.6 8.2 35 875 49.1
y s€ P P b 9 80.8 8.2 37 129.1 487
iOlA and e(Xe—Ag)/kB=50i20 K was found to give Xeg 89.5 9.0 22 171.0 44.2

reasonable agreement with maximum occupancy of the alpha
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TABLE lIl. Comparison of the Xe—O, Xe cation, and Xe—Xe contributions 60
to Xe, in AgA with chemical shifts in NA, from GCMC simulations.

Xe—0,eq Xe—M,gq Xe—Xe
AgA—NaA AgA—NaA AgA—NaA 1
50 ~
Xe, 22 -11.6 0 ]
Xe, 2.2 -11.7 -15
Xes 22 -11.9 —-2.4 g |
Xey 2.4 -12.3 -4.0 o
Xes 15 ~12.8 -7.8 Q40 A
Xes 1.3 —-13.4 -10.6 < 1
Xe, 4.2 -15.7 -3.6 _ .
Xeg 6.4 -17.6 -0.7 T -
=
o 30 T
< 1
N’
s |
~ |
derived from the relative intensities of the Xgeaks in their ><'<9 20 -
12%¢e NMR spectrd. The dispersion of the Xe distribution, = |
el

{(n?)xe—(n)Z.}, in AgA at 300 K from experimental data of
Ripmeesteet al. and from our GCMC simulations are plot- ]
ted in Fig. 5 to compare with the distribution of Xe atoms 10 -
among the alpha cages of Nand also with that predicted ]
from the hypergeometric distribution model. The hypergeo- ]
metric distribution is added for comparison, since it has been ]

established that this model distribution can reasonably repro- 0 T T T T T T T
duce the experimental distribution of Xe in alpha cage of

NaA in samples at low to medium Xe loading but can deviate 123 45 6 7 89
significantly at high loading&?'® We see in Fig. 5 that the Xe

dispersion of the experimental distributions of Xe atoms
among the alpha cages of Naand AGA are very similar.  gig. 6. The chemical shift increments for Xén AgA at 300 K from
Both deviate significantly from the strictly statistical hyper- GCMC simulations are compared with the experimental data from Moudra-
geometric model in the same way. In addition, we see thafovskiet al. (see Ref. 2

the distributions obtained from GCMC simulations are in

good agreement with the experimental distributions in a gen-

eral way (as described by the dispersjoiThere appears t0 e that the sign changes fram) to (+) in going to larger

be a small difference in the dispersion of the experimentalize of clusters, is reproduced from GCMC simulations, as

Xe distributions in NA and A\, toward smaller disper-  ghown in Fig. 7. These are fairly small numbers, so we can

sions in AgA at high Xe loadings, although it is not clear i expect much better agreement, given the approximate
whether this is real outside the experimental uncertainties. potential functions used here.

The experimental Xgchemical ST'ZﬂS in Ag are com- The larger chemical shifts of Xen AgA compared to
pared with Xg in NaA in Table |. The e chemical shifts  Nga is partly due to the water molecules inside the alpha
of Xe, inside the alpha cages of Agobtained from the c4ge in A, but the water contributions are far too small to
G'CM'C simulations are given in Tablg Il. The separate conycount for the 32.3—43.6 ppm difference. The number of
tributions of Xe—Qeoy X€~0h,0, Xe cation, Xe—Xe, and the . 5 molecules per alpha cage in Agan be estimated to be
estimated contribution of Xe—Agare shown in Table Il. A no more than 3 even without the aid of GCMC simulations,
comparison with the separate contributions to the chemicajue to maximum size of Xecluster observed in Ay being
shifts of Xg, in NaA is shown in Table lll. The GCMC Xe,. In fact from GCMC simulations, the Xe—O contribu-
simulations give only Xg chemical shifts composed of tijons coming from the KO molecules is 6.1-9.0 ppm for
Xe—Qpeqp Xe—Qy,0, Xe—Ageq and Xe—Xe contributions, Xe,—Xeg, with the larger contribution for the larger size of
and the difference between the absolute shielding fronXe, clusters. The slightly larger Xe—O contributions to the
GCMC and the experimerior the chemical shifts relative to Xe,, chemical shifts in Ag. compared to that in Nais re-
free Xe atom is attributed to Xe—Ag contribution, in the lated to the effectively slightly larger Agcage, which also
magnitude of 38—49 ppm. results in a slightly smaller Xe—Xe contribution in Aghan

The chemical shift increments in Agfrom GCMC in NaA, as shown in Table IIl. The chemical shift difference
simulations is compared with that from experiment in Fig. 6.caused by the small difference in cage size is small, as can be
These increments are in reasonable agreement with expegxpected from finding the same maximum numberg)Xa
ment. We can also compare the difference of chemical shifboth NaA and AA.
increments between Agand Na&\ obtained from GCMC What about the Xe-cation contribution? The Xe-cation
simulations and experiment. Here, only the qualitative feacontribution to the Xg chemical shifts is much smaller for
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9 function at small separatioribig. 2) does not overwhelm the
positive chemical shift portion in the averaging of Xe
g | chemical shifts in yellow Ag. In AgA, the cation contribu-
& . tion is actually decreasing with increasing size of, X#us-
%5 ters(see Table I, which is quite different from the case of
. 6 all contributions(Xe—0, Xe cation, Xe—Xgto the chemical
-, i shift of Xe, in NaA, and quite different from all the other
oé contributions in Ad\. This is to the due to the unique loca-
5 i tion of the shielding minimum in the(Xe—Ag,e,) shielding
o 3 - function relative to the/(Xe—Ag) potential minimum, lead-
;}: ing to a positive Xe chemical shift relative to the isolated Xe
> 1 atom at all distances less than 3.7 A from Freitag’s wrk,
§ ] or at all distances less than 3.6 A from our work.
S
< 0
/TT'-_ | IV. DISCUSSION
)
Z</ . The difference of 35—45 ppm in the absolute chemical
2% shift of Xe, clusters from GCMC simulations compared to
2}: -3 7 experiment is attributed here to the presence of on2iAg
Y - side each beta cage. The estimated magnitude of the Xe—Ag
S contribution in Table Il is obtained by subtracting GCMC
= 7 chemical shifts of Xgfrom the experimental chemical shifts
-6 : | | : | | | of Xe,. The 35—-45 ppm larger shift is consistent with the 60

ppm larger chemical shifts found for Xe in Xg(after reduc-

1 2 3 4 5 6 7 8 9 tion at 100 or 300 °Ccompared to Xe in N4, ***which had
been attributed to AYsites in the reduced Ag zeolite. A
strong metal—-xenon interaction is hinted at in these articles,
FIG. 7. The difference in the chemical shift increments betweeA Agd  but neither the number of RAgatoms nor their locations are
NaA at 300 K from GCMC simulations are compared with the experimentalidentified. There may well be a strong Xe_%@teraction
data from Moudrakovsket al. (see Ref. 2 energy, but the x-ray diffraction data show the ®Aafoms

inaccessible to the Xe in the alpha cage by being in the

center of the linear Ag clusters in the beta cages. Thus,
Xe—Ag' ion than for Xe—N& (see Table I, as can be only the ends of the linear é@ clusters are accessible to the
expected from a direct comparison of shielding functionsXe atoms. How then do we account for the 35—45 ppm shifts
og(Xe—Na.,) and o(Xe—Ag,,). Intermolecular shielding observed? We believe the unpaired electron shared by these
functions have been showh®2 to have the form of the three Ag ions can be expected to be somewhat delocalized
shielding function for Xe—Ag ion in Fig. 2. That is, relative over all three rather than localized at the center Ag. Thus, the
to the isolated atom, the shielding is zero at infinite separaXe atom will experience the effects of the unpaired electron.
tions, then becomes negative as the intermolecular distandéhe effects of the unpaired electrons ip &d NO on Xe,
decreases, reaches a minimum and then increases agaiwver and above the usual chemical shift second virial coeffi-
heading toward the positive shielding of the united atomcient of Xe interacting with a diamagnetic molecule, have
limit at very short distances. For all the rare gas—other sysbeen previously establishé®:3In addition to the bulk mag-
tems previously investigated, the minimum in the shieldingnetic susceptibility effects, which gives a positive chemical
function occurs at distancesuch much shortethan ther,  shift contribution in a cylindrical sample parallel to the mag-
of the intermolecular potential energy functi$h®? Thus, netic field when unpaired electrons contribute to the suscep-
even at very high temperatures, the regions of positive intertibility, there is also some contribution from the Fermi con-
molecular shielding are not sampled, leading to intermolecutact interaction, leading to a highly temperature dependent
lar shifts that are deshielding relative to the isolated systenpositive chemical shift larger than that found for a diamag-
(i.e., always positive intermolecular chemical shifts for rarenetic collision partner with about the same electric dipole
gas nuclei. In contrast, the calculated shielding function polarizability. This explanation has been advanced to inter-
o(Xe—Ag") shown in Fig. 2 has its minimum at a distance pret the experimental temperature behavior of the density
greaterthan ther ,;,=3.04 A of theV(Xe—Ag")cepa poten-  coefficient of the Xe chemical shift in Xe—Q@nixtures and
tial energy function reported by Freitag al?® and reaches a Xe—NO mixtures*~3¢ The effects of the Fermi contact in-
positive shielding value at 3.7 Al The Xe—Agchemical teraction have been estimated theoretically in terms of the
shift contribution is smaller than Xe—Nabut not negative same mechanisms, overlap, and exchange, that are generally
(see Table I), which means the negative chemical skiftat  responsible for intermolecular shifts of rare gas atoms in a
is, positive shielding portion of the Xe—Ag,, shielding calculation of Fermi contact shifts in Xe and NO by Buck-
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TABLE IV. The Xe—0, Xe—Ag, and Xe—Xe contribution t°*Xe chemical shifincrementsn AgA alpha
cage, compared with Xe chemical shift increments ilANage, all from GCMC simulations.

AgA AgA—NaA

Xe—Qeq Xe—Ag Xe—Xe Xe—-Q0 Xe—0,eq) Xe—-M Xe—Xe

Xe,—Xe, 0.4 0.0 13.7 0.3 0.0 -01 -15
Xe;—Xe, 0.9 -0.1 15.6 0.3 0.0 -0.2 -0.9
Xe,—Xe; 15 -01 17.1 0.6 0.2 -03 -16
Xes—Xe, 3.0 -03 19.0 0.5 -08 -06 -38
Xeg—Xes 3.2 -03 22.1 0.4 -03 -06 -28
Xe;—Xes 11.2 -18 41.6 0.1 2.9 -23 7.0
Xeg—Xe; 8.7 -33 42.0 0.8 2.2 -34 4.4

ingham and Kollmari’ We believe the 35—45 ppm shifts in Xe:--Ag system changes sign at separations which are
AgA to be largely due to the Fermi contact shift. sampled at ordinary temperatures. As the cage gets more
The small difference in the chemical shificrementsn crowded, contributions of unusual sign become more impor-
AgA and Na&\ in Table | can be explained by GCMC simu- tant. Nevertheless, they are small, as seen in Table IV and do
lations. This case is different from Xén KA compared to not alter to a great extent the trends in the tota}, Xhifts
Xe, in NaA.*® In KA, the larger chemical shifts of X&om-  which are dominated by the Xe—Xe contributions. Therefore,
pared to NA are due to the larger shielding of Xe—K,) the general behavior of the total Xehemical shifts and
combined with a deeper potential well &(Xe—K). The their increments in A§ look just like those of Xgin NaA.
monotonically larger increments of Xe chemical shifts iA K It is interesting that observing thHé%e NMR spectrum
compared to NA are due to the larger excluded volume in of Xe, in AgA under magic angle spinning improves the
KA mainly from the in-out placement of the'Kions in the  resolution well enough to observe that the,X&d Xg clus-
alpha cages. Thus, the difference between the increments fars are present in two distinct peaks each, one smaller than
KA and Na are monotonically positive and increasing with the other? This indicates one of two things: that there are at
cluster size: 1.4, 1.9, 4.2, and 9.9 ppm. Simulations & K least two distinct types of alpha cages in yellowAA¢per-
did provide this trend® The Xe, in AgA show only larger haps with small differences in the locations of theAigns)
chemical shifts with very similar increments to those foundand only in the very crowded cages can these small differ-
in NaA. The difference between the increments inAAgnd  ences be probed by the Xe nuclei, or that the large number of
NaA are —0.7,—1.5,—1.8, and 0.5 ppnfand 3.8, 5.6, and Xe atoms in the crowded cages induce these alpha cages to
1.7 ppm for the larger Xgeclusters that were not observed in distort away from the structure of half empty or empty cages.
KA). The GCMC simulations do provide the correct qualita-Incidentally, even in this experimental aspect, the, Xe
tive trend here: negative changing over to positive, witttan AgA behaves similarly to Xgin NaA, in which this behav-
shape, as seen in Fig. 7, although the agreement is not quaior was observed for the first tinm&.
titative. Finally, Table IV provides the analysis of the differ- There are some approximations used in this work that
ent contributions to the (Xge- Xe,_,) incremental chemical could be improved upon. In this work, we have not separated
shifts. We see that, just as in Nathe increments are domi- out the contributions to the polarization of Xe by the zeolite;
nated by the Xe—Xe contributions which are rapidly increasthe V| ;(Xe—0,.,) and theV ;(Xe—Ag,.,) We used are ef-
ing with the shorter Xe—Xe distances for averaging of thefective potentials which represent the totality of Xe-zeolite
shielding as the cage gets more crowded. The contributionsteractions, including the induction terms. On the basis of
of Xe---O,eq to the chemical shift increments is small and GCMC simulations of Xg in NaA using both explicit and
increasing slightly as the cage gets more crowded. Thémplicit induction contributions, we expect that the distribu-
Xe---Na' contributions to the increments in Wébehave like tions and chemical shifts from simulations using explicit Xe
the Xe--O,¢q increments, small and increasing slightly aspolarization terms in A§ will be very similar to the ones
the cage gets more crowded. But in Agthe Xe--Ag con-  found here. We could have dorab initio calculations on
tributions to the increments are negative and becoming\gA zeolite fragmentgsimilar to those we carried out for
slightly more negative as the cage gets more crowded. ThdaA, KA, and C& fragment$ in order to obtain the
peculiar position of the minimum shielding in the Xeé\g o(Xe---Ag,eo) Shielding function, instead of using the more
shielding function relative to the, of the potential function approximate Xe-Ag* model. In simulations of Xe in N&,
is responsible for this. In other shielding functions, the dis-using the Xe--Na* model for theo(Xe---Na,.,) shielding
tances in the region where the shielding function changefunction tends to lead to larger XeNa contributions to the
sign are very short, and these distances are never sampledX, shielding than using the(Xe---Na,,) shielding func-
ordinary temperatures, thus, no contributions to the intermotion from the zeolite NA fragment calculations> On this
lecular shift of unusual sign are observed. In contrast, théasis, we expect that using the Xé&g* model leads to
12%e shielding relative to the isolated Xe atom in the o(Xe---Ag,eo) contributions that are likewise less accurate,
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but not necessarily in the same way because of the shape ©he unusual negative chemical shifts reported for Xe in fast

the o(Xe---Ag™) function. exchange in zeolite Ag or AgX*®8remain a puzzle and can
With respect to the negative Xe chemical shift puzzles innot be attributed merely to strong interactions between Xe

AgY and AgX,* unusual negative average Xe chemical shiftsand Ag" ions in the zeolite as originally proposed, since

could arise from the Xe—Ag shielding functions shown in those reports of unusual shifts can not be reconciled with the

Fig. 2, but this would require that the Xe atom take configu-very conventional behavior of Xan AgA.

rations which are at all times shorter than 3.7 A from the

Ag™" ion. Since Xe atoms in a zeolite are physisorbed rather

than chemisorbed, the larger fraction of configurations withack NOWLEDGMENTS
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