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Results of the first solid-state **:Xe NMR study of xenon-containing compounds are presented. The two NMR-
active isotopes of xenon, 1°Xe (I = 1/,) and Xe (I = %), are exploited to characterize the xenon magnetic
shielding and quadrupolar interactions for two sodium perxenate salts, Na;XeOg-xH,0 (x = 0, 2), at an applied
magnetic field strength of 11.75 T. Solid-state 2%131Xe NMR line shapes indicate that the local xenon environment
in anhydrous NasXeOg adopts octahedral symmetry, but upon hydration, the XeOg*~ anion becomes noticeably
distorted from octahedral symmetry. For stationary, anhydrous samples of Nas;XeQs, the heteronuclear 213tXe—
ZNa dipolar interaction is the principal contributor to the breadth of the 12#131Xe NMR lines. For stationary and slow
magic-angle-spinning samples of Na,XeOg-2H,0, the anisotropic xenon shielding interaction dominates the *Xe
NMR line shape, whereas the ¥*Xe NMR line shape is completely dominated by the nuclear quadrupolar interaction.
The xenon shielding tensor is approximately axially symmetric, with a skew of —0.7 + 0.3, an isotropic xenon
chemical shift of —=725.6 + 1.0 ppm, and a span of 95 + 5 ppm. The ¥'Xe quadrupolar coupling constant, 10.8 +
0.5 MHz, is large for a nucleus at a site of approximate O, symmetry, and the quadrupolar asymmetry parameter
indicates a lack of axial symmetry. This study demonstrates the extreme sensitivity of the 3'Xe nuclear quadrupolar
interaction to changes in the local xenon environment.

Introduction extensive list of xenon(ll), xenon(IV), xenon(VI), and xenon-
¢ (V1) compounds has been synthesized and characterized

realized in 1962 when “X&PtR; " was reported. Since then, by solution NMR spectroscopyRecently, several transition

other noble-gas compounds containing kryptamd xenofrs metak-noble gas complexes have been synthesized where
LSO . is ali 8 9 '
have been synthesized in macroscopic amounts and radorf€Nnon is a |Igan1d0,lle.g., AuxE ° Cr(CO)Xe,? and (PrCp)-
chemistry has been explored by radiotracer technifjivsst Re(CO)(PE)Xe.>* A major limitation in high-oxidation-
recently, an argon compound has been observed by low-State xenon chemistry is that stable bonds with xenon are
temperature matrix-isolation techniquedf the noble gases, ~ 9enerally restricted to the most highly electronegative
the chemistry of xenon is the most divefdeand an  elements, namely, fluorine and oxygen, e.g., XekeF,,
XeFs, XeOF, XeQOF,, XeQO; XeOsF,, XeO, and the
rOJeIigk Vx;goﬂ”'shezfgggmf:gaegge should be addressed. E-mail: perxenate anion, Xef). Perxenate is among the most stable
TUni\,'ersig, of Alberta. xenon species, which was first synthesized as the sodium

* University of Lethbridge. salt by hydrolysis of Xek in aqueous NaOFE® An
§ McMaster University.
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improved synthesis employs the careful hydrolysis of geF
followed by ozonation and basification of the resulting
aqueous Xe@solution!* Perxenate exists in several salts
having various degrees of hydration. The hydrategxXiN@x-
8H,0,1%16 Na;XeOs-6H,0,1"*® and KXeOs9H,0,'° have

Forgeron et al.

Although the direct observation df°Xe in chemically
bound xenon species in the solid state is P&Pesolution
129%e NMR studies are considerably more preval&fit,
establishing a xenon chemical shift range of approximately
6500 ppm, where neat Xe@Q@#H at 24 °C is the accepted

been unambiguously characterized by X-ray crystallography, 12913%Xe NMR chemical shift referenc&’ Xenon chemical
while only unit cell parameters have been determined for shifts depend on the formal oxidation state of xenon and

NayXeOs 2H,0'820 and NaXeOs?° by powder X-ray dif-
fraction (XRD). Three potential NXeOs:2H,O phases
have been identified but none fully characterizéand a

qualitatively follow the trendd(Xe®) < o(Xe') < o(XeV)
< §(XeV").2 The xenon chemical shift range was recently
extended to approximately 7000 ppm upon measurement of

single phase of anhydrous sodium perxenate has beerthe 29Xe chemical shift of the xenon ligand in the organo-

reportec?® The octahydrate, NXeQs8H,0, was found to
be more stable than NWdeOs-6H,0, which readily decom-
poses to the dihydraté. Anhydrous sodium perxenate can
be obtained upon drying at 10C€ under dynamic vacuurd.
Decomposition of sodium perxenate at 375 accompanied
by xenon loss, was observ&dOther perxenate salts that
have been synthesized include those of cesiipayium?-24
lanthanun?? and americiunt® as well as NgHXeOs+H,0 .26

Of the nine naturally occurring xenon isotopes, two are
NMR-active, ?°Xe and ¥Xe. Owing to its high natural
abundance (26.44%) and favorable nuclear properties (
1, Z = 27.810 186 MHz}f’ *?%e is the preferred isotope
for NMR studies®?8 Nuclear magnetic resonance studies of
the quadrupolar nuclidé3Xe (I = %/,; = = 8.243 921 MHz;
Q = —11.4 fn?; natural abundance, 21.18%)are rendered
more difficult by its relatively small nuclear magnetic
moment,uy, and large nuclear quadrupole momet, The
smalluy reduces the sensitivity of the NMR experiment, i.e.,
the Zeeman interaction, while the larQecauses exceedingly
broad spectral lines in the solid state. Togeth&rand Q
make it intrinsically difficult to acquiré3*Xe NMR spectra
of adequate signal-to-noise.
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metallic transition-metal complex, RB(Cp)(CO)(PEg)Xe;1°

this complex represents the most shielded xenon speégigs,

~ —6179 ppm, and is significantly more shielded than xenon
gas??® Subsequent density functional theory calculations
reproduce the experimental xenon chemical shift as well as
the indirect spir-spin coupling constantg)(*2%Xe—3P)q,

and 3J(*?°Xe—1%F)s0.1! The least shielded xenon species is
XeOFt with a chemical shift of+-704 ppm3! The originally
reported chemical shift for Xe£® in an aqueous solution,
+2077 ppm?tis erroneous and has been corrected @8
ppm? The ?°Xe chemical shift has also been reported for
solid, anhydrous sodium perxenate, €220 ppm? however,

no information regarding the anisotropic interactions has been
reported. Based on the assumption that the symmetry of the
perxenate anion in the solid state is octahedral or that
distortions fromOy, symmetry are slight®-181%the anisotropic
xenon shielding and quadrupolar interactions are expected
to be small and measurable.

The most common®’Xe NMR investigations involve
atomic xenon because th¥®Xe quadrupolar coupling
constantsCq, are generally small or zero. Most studies had
focused on solutions of atomic xené&hhowever, more
recently,’*Xe NMR spectroscopy of atomic xenon has been
utilized to probe porous material$.2¢ To date, only one
solution®*Xe NMR study of a molecular xenon-containing
compound has been reported in which #f&e chemical
shifts of tetrahedral Xe were measured in SOGIF,
anhydrous HF, and BgFsolvents at—78.5, —75, and
—50 °C, respectively’

When examined independently, the two xenon isotopes,
129%e and!3Xe, can provide complementary information:
the?°Xe nuclide probes the local xenon environment through
characterization of the magnetic shielding interaction, while
the quadrupolat®*Xe nuclide probes the local and extended
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xenon environment through measurement of the quadrupolartheories of nuclear magnetic shieldihg® and quadrupol&?-53
interaction. Thus, the relative sensitivities of the xenon interactions have been presented elsewhere.

shielding and quadrupolar interactions can be directly Inthe solid state, three parameters are required to describe
compared. For example, current literature regorté of the symmetric part of the magnetic shielding tensor: the
xenon atoms trapped in well-defined sites in solids yield isotropic magnetic shielding, span, and skéwlternatively,
spans in the xenon shielding tensor ranging from 0 to 107 one may define an anisotropy instead of a span and an
ppn® and Co(*32Xe) values ranging from 0.28 to 6.47 asymmetry parameter instead of a sk&#W.Experimentally,
MHz.3% The large range of measure@q(**Xe) values the magnetic shielding at a nucleus is measured in terms of
demonstrates the sensitivity of tHéXe quadrupolar interac-  the chemical shifty, i.e., the difference in ppm between a
tion relative to the anisotropic xenon shielding interaction. sample peak and that of a standard reference peak; the
Results from a series of high-resolution microwave studies isotropic value is given byisJ/ppm = [v(sample), —

on small xenon-containing molecut&s’ further emphasize  v(ref)sJ/v(ref)s,. The breadth of the observed shielding
the sensitivity of the'®Xe quadrupolar interaction, with  values is described by the sp&d= 611 — d33, and the line
measuredCo(*32Xe) values ranging from+0.3875 MHZ28 shape is described by the skews= 3(022 — 0iso)/2, Which

for 131Xe??Ne to —369.50 MH2° for 13Xe!H*. To date, no  can take on values of 1 to +1, inclusive>* The principal
solid-state!3Xe NMR study of a xenon compound has been components of the xenon chemical shift tensor are ordered
reported; however, such studies are expected to be severelpuch thatdi; = dz2 = dss.

hampered by the largéXe nuclear quadrupole moment and The quadrupolar interaction is generally the most important
the resulting largeCo(*3Xe) values. perturbation of the Zeeman interaction in solid-state NMR

In the present paper, two sodium perxenate saltsX&@s: spectra of quadrupolar nuclei, i.e., those with a nuclear spin
xH,0 (x = 0, 2), have been investigated by solid-st&®e greater thaf/,. The quadrupolar interactiéi> arises from
and®3Xe NMR spectroscopy at a moderate applied magnetic the interaction of the nuclear electric quadrupole moment,

field strength (11.75 T). The two NMR-active isotopes of €Q With the EFG at the nucleus. The EFG is properly
xenon,12%Xe and*3!Xe, have been exploited to characterize described by a symmetric, traceless second-rank tensor. In

the xenon magnetic shielding and electric field gradient its principal-axis system, the EFG tensor is diagonal with

(EFG) tensors, thus representing the first solid-stabée YaaVaa = 0 and is characterized by two parameters: the
NMR studies of xenon compounds. largest principal component of the EFG tensé#z, and the

asymmetry parameteng = (Vxx — Vyv)/Vzz, where|Vz]|

> |Vyy| = |Vxx|. The nuclear quadrupolar coupling constant

is a convenient measure of the strength of the quadrupolar
Background Theory. The important NMR interactions interaction and may be expressed in frequency units by

for xenon in NaXeOs'xH,O (x = 0, 2) are the magnetic Cq = eQ\zz/h, whereh is Planck’s constant.

shielding (chemical shift) interaction, the nuclear quadrupolar ~ Last, the dipolar interaction is a “through-space” interac-

interaction (for'*Xe only), and the heteronucle&f'*3Xe— tion between two nuclear spin,andN', and is analogous

23Na dipolar interaction. The quadrupolar interaction is to the classical interaction between two bar maghethe

sensitive to small EFGs at the observed nucleus that dependstrength of the dipolar interaction is measured in terms of

onr;;~3, wherer;j is the distance between a particular charge,

Results and Discussion
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Figure 1. Experimental solid-stat&?%Xe NMR spectrum of a stationary
sample of anhydrous M4eOs acquired at 139.0314 MHB( = 11.75T)
using a spir-echo sequence, a pulse delay of 2 s, and 1600 scans.

the dipolar coupling constant (in her2)Rop = (uo/4m)(h/
2m)ynyntun S, Whereug is the vacuum permittivityh is
the reduced Planck’s constaht2z, yy is the magnetogyric
ratio of nucleus N, andyy is the internuclear NN’ vector.
Of the three aforementioned NMR interactions important for
xenon in sodium perxenate, th8%3Xe—23Na dipolar
interactions are expected to be the least important, with
magnitudes on the order of 4Blz. Note that?¥13Xe—1"0
dipolar coupling is negligible because of the low natural
abundance and small value pffor *'O.

Anhydrous NasXeOs. (a) Solid-State!?°Xe NMR Spec-
troscopy. The!?°Xe NMR spectrum of a stationary héeOs

sample is presented in Figure 1. The isotropic chemical shift

of anhydrous N&XeOs, —721+ 1 ppm, is in good agreement
with the previously reported value;720 & 1 ppm? The
line shape of thé?’Xe NMR peak shows no evidence of

anisotropic xenon shielding, suggesting that the structure of

the XeQ* anion is a perfect octahedréhas predicted by

Forgeron et al.
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Figure 2. Solid-state 1¥1Xe NMR spectra of stationary samples of

anhydrous Ng&XeOs acquired at 41.2136 MHZBy = 11.75 T) using (a)
spin—echo (52 432 scans) and (b) QCPMG (53 024 scagsemc = 200

Hz) experiments. An apodization function of 100 Hz was applied to the

experimental spectrum (a) upon Fourier transformation.

possesses octahedral symmetry or whether the isotropic

simple valence-shell electron-pair repulsion rules. Inspection 1204 o NMR line shape arises as a consequence of motional

of the'?°Xe NMR peak reveals that it has a Lorentzian shape,
which is unusual in the solid state, where NMR line shapes
are characteristically Gaussigtlorentzian line shapes are
observed in solids when there is considerable motional
averaging, as observed in solution NMR spectroscdjyar

the octahedral perxenate anion, it is likely that rapid jumps
are occurring about the 2-, 3-, and 4-fold symmetry axes.
Such motion is reasonable, particularly for anhydrous Na
XeOs, where the absence of water eliminates the possibility
of hydrogen bonding and further supports the possibility of
rapid reorientation of the Xef) anion. Other octahedral
molecules and anions that exhibit rapid reorientational motion

in the solid state are the neutral transition-metal hexafluorides

(MFg; M = Pu, W, Os, Pt, M@ and main-group hexafluoro
anions (Eg~; E = P 8162 As 83 512,69,
The argument that the Xe® anion is rapidly jumping

averaging of an anion distorted fro@y symmetry. Our solid-
state’¥Xe NMR results and Raman spectroscopic data for
anhydrous Ng&XeOs provide further conclusive evidence that
xenon resides in a site of octahedral symmetry (vide infra).

The line width at half-heightAvy,,, of the 12Xe NMR
peak (Figure 1) is 370@- 100 Hz. The broadening must
arise mainly from the heteronucled#®e—23Na dipolar
interaction because the anisotropic xenon shielding interac-
tion is zero for octahedral site symmeéthand the indirect
spin—spin, spin-rotation, paramagnetic, and quadrupolar
interactions are irrelevant fdf°Xe in Na;XeQs. Unfortu-
nately, the absence of an X-ray crystal structure for anhy-
drous NaXeOs precludes calculation of the dipolar coupling
constant,Rpp(*?°Xe,2Na), and quantitative analysis of the
dipolar interaction.

The 122Xe spin-lattice relaxation timeT1(*2°Xe), was

raises another question as to whether the anion truly neasured using the progressive saturation techffigunel
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determined to be 9& 10 s, demonstrating that spihattice
relaxation is inefficient for NaXeOs.

(b) Solid-State ¥ Xe NMR Spectroscopy. Solid-State
131Xe NMR spectra of a stationary anhydrous sample of
Na;XeQs, shown in Figure 2, are in accord with the
129%e NMR results in that an isotropié’Xe NMR line shape
is observed. This result resolves the question regarding the

(64) Freeman, R.; Hill, H. D. WJ. Chem. Phys1971, 54, 3367-3377.
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Figure 3. Simulated (top trace) and experimental (bottom trace) solid-
state?9Xe{H} NMR spectra of NaXeOs-2H,0 acquired at 11.75 T using

various spinning rates. Spectra shown were acquired using (a) CP/TPPM

with a pulse delay ©2 s and are the sum of 4096 scans and (b and ¢

but was estimated to be less tha s by monitoring the
BIXe NMR peak intensity as a function of the pulse delay.
The T,(*3Xe) value was sulfficiently long;-30 ms, to carry
out a QCPMG experiment. The line widths of the spikelet
sidebands in the QCPMG spectrum are dictated by the
experimental digital resolution. In this case, the line widths,
35+ 5 Hz, indicate that homogeneous interactions are small
for anhydrous Na&XeO;.

NasXeOg 2H,0. (a) Solid-State!?°Xe NMR Spectros-
copy. Experimental and simulated solid-stat&Xe{'H}
NMR spectra of NgXeOs-2H,0 are shown in Figure 3, and
the parameters)iso, 2, andx, that provided the best fits for
the simulated spectra are given in Table 1. The xenon
shielding tensor is anisotropic, which immediately indicates
deviation of the Xe@™ anion fromOy, symmetry. The span
of the xenon shielding tensor is small, 255 ppm, relative
to the xenon chemical shift range,7000 ppm, suggesting
that distortion of the anion is small. The span also suggests
the absence of rapid isotropic motion of the X&Oanion
in NayXe0Os:2H,0. The water molecules likely restrict motion
of the XeQ* anion because of its lower site symmetry in
the crystal lattice and hydrogen-bonding interactions with
XeOs*.

The isotropic'?®Xe chemical shift~725.64+ 1.0 ppm, is

one-pulse experiments with a 30-s pulse delay and are the sum of 1916 (b)Cl0S€ to the previously published value for solid anhydrous

and 6516 (c) scans. Processing parameters for speet@ {aclude line
broadening (15, 150, and 300 Hz, respectively) and zero-filling (16, 4, and
8 K, respectively). Best-fit simulated xenon shielding parameters are given
in Table 1.

local xenon environment in the Xe® anion. If the
XeOg*~ anion were slightly distorted fro®, symmetry, an
EFG at xenon would result; this EFG would be amplified
by the large nuclear quadrupole moment#Ke and give
rise to a broad!3’Xe NMR signal with a characteristic
quadrupolar line shape. Rapid reorientation of the
XeQs*~ anion is ineffective in averaging this interaction;
hence, the only logical explanation for the isotroi®Xe
and ¥Xe NMR line shapes is that the xenon atom in
anhydrous N&eOs resides in a site of true octahedral
symmetry. Raman spectroscopic data for anhydrouX&&s
also support this conclusion. Three vibrational bands,
consistent withOp, symmetry, were observed in the Raman

perxenate;-721+ 1 ppm? The xenon shielding tensor is,
within error limits, axially symmetric, 0.7< « =< 1.0,
suggesting that €, axis ( = 3) may be present; however,
the value ofyq (vide infra) does not support axial symmetry.
Unfortunately, determination of accuratgvalues for axially
symmetric, or near axially symmetric, chemical shift tensors
is a well-known problem for magic-angle-spinning (MAS)
samples and precludes more accurate determinatiatfof
The'?°Xe{'H} NMR spectra of both slow-spinning MAS
samples and stationary samples of, X0 2H,0, shown
in Figure 3, are broadened; the most plausible source of this
broadening i$2°Xe—?3Na dipolar couplingRop(*?*°Xe ZNa).
An accurate value ofRpp(*?°Xe,*Na), which depends
explicitly onrxens cannot be calculated because the structure
of Na;XeOs-2H,0O has not been determined. However, an
estimate oRpp may be obtained from the reported N&xe
distances in the known single-crystal X-ray structures of

spectrum and are assigned as follows (relative intensities areya,xeOs8H,0516 and NaXeOs-6H,0 178 The value thus

in parentheses)vi(A1g), 684 (100) cm?; vo(E,), 654 (26)
cm L vs(Tog), 469 (16) e,

The line width of the'¥Xe NMR peak (1200 Hz) is
significantly less than that of th#%Xe NMR peak (3700
Hz). The ratio, Avy(*29Xe)/Avip(*3Xe) = 3.1, is ap-

obtained,~235 Hz, is comparable to the line broadening
that was applied to the simulated spectrum for the stationary
sample, shown in Figure 3c. In addition, tF&8Xe NMR
spectra of MAS samples shown in Figure 3a,b illustrate that,
upon employment of faster MAS rates, the heteronuclear

proximately equal to the ratio of their respective resonance 129xa 23\g interactions are more effectively averaged, as

frequenciesz(*2°Xe)/Z(*3Xe) = 3.4, strongly supporting the
contention that broadening of th&Xe and'3’Xe NMR peaks
arises from'?%13Xe—23Na dipolar interactions. Because the
dipolar interaction is directly related to the product of the
magnetogyric ratios of the coupled spinsxeyzna and
yley2, a greater line width is expected for tAgXe
NMR peak relative to that of its quadrupolar counterpart,
lBlXe_

TheT;(**Xe) for NayXeOs was not accurately determined

demonstrated by the reduction in the line width of the
spinning sidebands from 4G8 15 Hz atv,s = 1342 Hz to
200+ 10 Hz atvy: = 1950 Hz.

In the absence of detailed structural data, it is instructive
to investigate the'H — 2%e cross-polarization (CP)
dynamics to estimate the strength of fi&—12°Xe dipolar

(65) Clayden, N. J.; Dobson, C. M.; Lian, L.-Y.; Smith, D.J.Magn.
Reson.1986 69, 476-487.
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Table 1. Experimental Xenon EFG and Shielding Parameters faXd&s-xH,O (x = 0, 2) and Two Unknown Hydrates of Sodium Perxenate

Oisor PPM Cq, MHz 7Q Q, ppm K
NayXeOs —721+1
NayXeOs2H;0 —725.6+ 1.0 10.8+ 0.5 0.48+ 0.05 95+ 5 0.7<k=<+1.0
hydrate 1 —700+ 1.0 3.5+ 0.5 0.6+ 0.1 b b
hydrate 2 —743+1.0 3.5+ 05 0.6+ 0.1 b b

aThe unknown hydrates may be polymorphic phases afXE&q2H,0 or other hydrate phases, i.e.,Xa0Os'xH,0 (x = 2).® The anisotropic xenon
shielding parameters for the unknown XaOgs hydrates have not been determined but are believed to be negligible.

interaction and therefore the proximities of the water a [FRTTT ey
molecules. The CP parametei®,iz. and Ti,(*H), have S sie

been determined by measuring the normaliZ8de NMR JITTTITTTTTINA

peak intensity as a function of the contact tine;, for st bl

Nas;XeOs:2H0. Nonlinear regression analy$isof the W
characteristic “risefall” curve, fit to eq 17 wherel is the

peak intensity andy is a proportionality constant, yields R erorren

values forTy12s and T, of 3.37 and 18.2 ms, respectively, : “;0 : ('J : 1;}0
with an estimated error a£10%. AlthoughTz12s provides i

1 1
-200 -300

v/ kHz

2 ol @XPEter/ Ty, (H)] — expl-ter/ Tuuaocl)
[1 = Tuzoxe/ To,("H)]

valuable information about the general strength of the
IH—-129%Ke dipolar interaction, the individuatH---12%Ke
distances cannot be determined.

Upon variation of the contact time, two much smaller
xenon peaks became visible in th&Xe NMR spectrum.
One peak appeared at743 ppm, to a slightly lower
frequency obis(Xe) for the dihydrate, and became apparent
with the use of a long contact time (20 ms), while the second ~ 200 100 0 <100 -200  -300  -400
peak appeared at700 ppm, to a higher frequency 6k v/ kHz
(Xe), and was visible with the use of shorter contact times, Figure 4. (a) Selected*:Xe NMR spectra of a stationary sample of
<3 ms. Given their similar chemical shifts, it is reasonable ~2 16396'2H_20 acquired using the stepped-frequency technique at 11.75

) T; v(*3Xe) = 41.2136 MHz. Each spectrum is the sum of 142 848 scans
to attribute these peaks to other sodium perxenate hydratesnd was acquired using a 1-s pulse delay agebuc = 6055 Hz. (b) A

or to polymorphic phases of the dihvdrate. The NMR peaks total of 15 subspectra were superimposed to give the “skyline” projection
poly phic p Y P of the 13Xe NMR spectrum (bottom trace). The simulatédXe NMR

of the hydrate 'mpu”t_'es bec"f‘me more prqnounced using aspectrum (top trace) has been calculated using the parameters given in Table
one-pulse'?®Xe experiment withtH decoupling; however, 1. The broad component is attributed to/XaOs2H,0, and the narrow,

relative to the main component, MNaeOs:2H,0, their central component is the sum of two sites attributed to two unknown hydrates
intensities are weak. of NaxXe0s.

(b) Solid-State ¥2Xe NMR Spectroscopy. The ¥Xe (13) and 641 (8) crm; v4(T1), 602 (9) cny; vs(Toy), 478
QCPMG spectra of NxeOs-2H,0 acquired at 11.75 T using  (7) 462 (11) cm?] and two OH stretching bands at 3059
the stepped-frequency technique are shown in Figure 4.(2) and 2951 €1) cni L. The appearance of the moderately
Selected subspectra are shown in Figure 4a, and the completghtenser,(T1,) band at 602 crmt, which is formally Raman-
131Xe NMR spectrum, processed using the skyline projection inactive but infrared-active, and splittings of the degenerate
method?® is shown in Figure 4b. The spectrum spans ca. v,(Ey) andvs(T,g) modes are consistent with a XgOanion
500 kHz and was acquired over a period of 25 days. While distorted fromO, symmetry in the dihydrate. The two OH
the signal-to-noise ratio of the spectrum is poor, it is stretching bands of the water molecules of hydration appear
sufficient to estimate @Cq(*3'Xe) value of ca. 11 MHz.  at considerably lower frequencies than those for gaseous
Deviation of the Xe@~ anion from idealO, symmetry is water (3756 and 3657 ct#),® indicating strong hydrogen
apparent from the larg€q(**’Xe) value and is in agreement  honding.
with 12Xe NMR data. Raman spectroscopic data for  The solid-staté3Xe NMR spectrum of N&eOg2H,0
Nas;XeOs:2H,O also support this finding. The Raman clearly demonstrates the highly sensitive nature of the xenon
spectrum contains six distinct vibrational bands attributable EFG tensor to small changes in the local xenon environment
to the XeQ*~ anion f1(A1g), 681 (100) cm; vx(Ey), 651 relative to the xenon shielding tensor. While the span of the
129X e shielding tensor is only 95 ppm (3.9 kHz), théXe
second-order quadrupolar line shape is much broader (500

@)

(66) The demonstration version of the nonlinear regression program is
available at www.nlreg.com.

(67) Alemany, L. B.; Grant, D. M.; Pugmire, R. J.; Alger, T. D.; Zilm, K.
W. J. Am. Chem. S0d.983 105 2133-2141. (69) Benedict, W. S.; Gailar, N.; Plyler, E. K. Chem. Phys1956 24,

(68) Blumich, B.; Ziessow, DJ. Magn. Reson1982 49, 151-154. 1139-1165.
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kHz), a consequence of the large nucl&8Xe quadrupole strate that thé*Xe quadrupolar interaction is highly sensitive
moment, which amplifies structural distortions in X£Q to small changes in the local xenon environment. This is a
The3Xe NMR line shape is unusual and does not represent serious drawback in the study of chemically bound xenon
a characteristic second-order quadrupolar pattern. The sparspecies in the solid state, rendering acquisitiottfe NMR

of the1?%Xe shielding tensor is small relative to the second- spectra for species having low-symmetry xenon environments
order quadrupolar interaction and therefore has been ne-impractical at this time. In contrast, solid-stdt&e NMR
glected in the line-shape analysis. Thus, it is reasonable tospectroscopic studies are considerably more promising in that
assume that the impurity hydrate phases previously observedoth MAS and stationary samples can be studied with relative
in the 129Xe NMR spectrum abis, = —700 and—743 ppm ease and in reasonable experimental time frames and with
make significant contributions to tHé’Xe NMR spectrum. no impractical restrictions on the external magnetic field
The narrow component, observed near the center of thestrength.

131X e pattern in Figure 4b, is attributed to the two impurity

hydrate phases, and the broad peak is attributed to the majoEXxperimental Section

Component{ N&XeOs2H,0. The simulated Sp(?Ctrum’ als‘_) Synthesis and Structural Characterization of Sodium
shown in Figure 4b, has been calculated using three siteSperyenates. A sodium perxenate salt of unknown degree of
with percent contributions of 90:5:5 for bieOs-2H,O and hydration, NaXeOs-xH,0, was prepared following a modification
the two minor components, respectively. The contributions of the published synthetic procedudf€®Powder X-ray diffraction
from the impurity hydrate phases to théXe spectrum are  (XRD) and thermal gravimetric analysis were used to determine
significant because the@q values are much smaller relative the degree of sample hydration. In addition, the observed XRD
to those for NaXeQs:2H,0. Acquisition of the'3Xe NMR pattern for NaXeOs'xH.O was compared with the XRD patterns
spectrum at a single applied magnetic field prevents a morecalculated from the single-crystal X-ray structures ofpRK&Os:

definitive interpretation of the results for BeOg-2H,0 and ~ 6H20'°and NaXeOs-8H,0.1° The lack of agreement between either
the unknown phases of the calculated XRD patterns and the experimentally determined

The solid-state’¥Xe NMR spectra of Na&XeOs and XRD pattern indicated that the sample was either another hydrate

e or the anhydrous salt. Subsequent solid-stdtBIMR experiments
Na;XeOs-2H,O demonstrate the sensitivity of the xenon EFG confirmed the presence of water, eliminating the anhydrous salt as

tensor to small changes in the xenon environment. Upon 4 possible candidate. Thermal gravimetric analyses indicated that
absorption of two water molecules, the symmetry of the there were approximately two water molecules present, suggesting
XeOs* anion is slightly reduced fronD, symmetry, as that the sample is NXeOs-2H,0.
evidenced by the increase édfrom 0 to nearly 100 ppm in To obtain anhydrous NXeOs, the sample was heated under
the solid-staté?°Xe NMR spectra. Moreover, the observed dynamic vacuum at 106C for 10 h. The absence of water in the
Co(*¥Xe) increases from 0 to-11 MHz, corresponding to ~ sample was confirmed by solid-stat¢ NMR spectroscopy. Raman
131Xe NMR line widths of 1200 and 500 000 Hz, respec- spectroscopy was used to characterize both sodium perxenate salts,
tively. From an experimental point of view, the broadening NaXeGOsxH:0 (x = 0, 2) (see the Results and Discussion and
that arises from the second-order quadrupolar interaction isRaman Spectroscopy sections). _
disadvantageous, resulting ##Xe NMR line shapes that SO“d'State;f;mxe NMR Spectroscopy. The primary NMR
are exceedingly broad and time-consuming to acquire, "éference fof##7#xe NMR spectra, neat XeQff) at 24°C **"is

. o not readily available. An alternativ®13%Xe NMR reference is
placing strict limitations on the'types of molecules that can xenon gas: however, tHé¥13Xe chemical shifts are both temper-
presently be succeseful!y examined by SO“d'SJt% NMR ature- and pressure-dependent, making xenon gas a less than ideal
spectroscopy. Considering thag(**’Xe) values ranging from eference. The frequency ratio scale has been employed in the
~0 to —369.50 MHZ? have been reported, solid-statéxe present work and is highly recommended for referencit®fe
NMR studies will be useful for examining chemically bound NMR spectra, as previously describ@dThis method enables
xenon species in whickXe is in an environment where  2%Xe NMR spectra to be referenced with respect to the primary

the EFGs at xenon are close to zero. Xe NMR reference, XeOfneat liquid; 24°C, =(12°Xe) = 27 810
) 184 Hz] without direct use of the primary reference. TR&e
Conclusions NMR resonance of XeQfl) cannot be observed as a consequence

- . f rapid quadrupolar relaxation; thu$’Xe NMR spectra of the
The present study represents an interesting case Wher%erxenate salts were indirectly referenced to XgQRising the

SOIId'StatefStrUCtu{al information T]ay bﬁ gained in the jsotropic'?%Xe chemical shifts of Xeg}~, which ignores the small
absence o cryste structure data throug measurement Oi)rimary 12013 sotope effect. All solid-staté293%e NMR
the i(aelnon shielding and EFG tensors. The'lsetréﬁﬁxe spectra were simulated using WSOLIB3&nd/or SIMPSON?
and*3’Xe NMR peaks for anh_ydrous e Og |r_1d|cateOh Na;XeOs. Solid-state!?913e NMR spectra of NaXeOs were
symmetry, and the Lorentzia®®’Xe NMR line shape  acquired on a Bruker Avance NMR spectrometer operating at
suggests rapid reorientation of the X£0anion in the solid
state. For NaXeOs:2H,0, distortions in the local xenon  (70) Jaselskis, B.; Spittler, T. M.; Huston, J. L.Am. Chem. S0d.966

i 88, 2149-2150.
envwonmem fromOy Symmetr.y ha.ve .been deteCted. by. (71) Schumacher, G. A.; Schrobilgen, Glnbrg. Chem1984 23, 2923~
measuring the xenon magnetic shielding tensor, which is 2929
nearly axially symmetric and spans 955 ppm, and the (72) Eichele, K.; Wasylishen, R. BYSOLIDS NMR Simulation Package

. . : version 1.17.26; 2000.

EFG tensor, which yields a larg&Xe quadrupolar coupling

(73) Bak, M.; Rasmussen, J. T.; Nielsen, NJCMagn. Resor200Q 147,
constant, 10.8 0.5 MHz. Our**Xe NMR results demon- 296-330.
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129Xe and ¥Xe frequencies of 139.0314 and 41.2136 MHz,
respectively By = 11.75 T). Samples of NXeO; were powdered
and packed into a 7-mm ZgQotor, which was 75% full. Because

Forgeron et al.

were performed by monitoring tHé%e NMR peak intensity as a
function of the contact time.
A 7-mm double-resonance probe was used to acquire stepped-

the rotor was only partially filled, we were unable to safely carry frequency’ 3Xe{!H} QCPMG NMR spectra of a stationary
out $2913Xe NMR experiments on MAS samples of anhydrous sample of NgXeQs:2H,0. A total of 15 subspectra were collected,
Na;XeOs, hence, only experiments on stationary samples were whereby the transmitter or carrier frequeney, was adjusted in
performed. Experiments were carried out using a double-resonanceincrements of 42 kHz. Prior to each experiment, the tune and match
probe. To ensure the hygroscopic sample did not absorb water,of the'H and!32Xe channels were meticulously adjusted. Selective
nitrogen gas was continuously flowed over the anhydrous sample z/2 andsx pulses were found to be 2.75 and &% respectively,

through the bearing-gas line to the probe.

for the132Xe channel and an optimizé#i 7/2 decoupling pulse of

For 12%Xe NMR experiments, a simple one-pulse sequence was 13.0us was used. A sweep width of 100 kHz, an acquisition time
used with a sweep width of 100 kHz, an acquisition time of 10.2 of 13.3 ms, and a pulse delaj bs were used to acquire 142 848

ms, an/2 pulse width of 2.0Qs, and pulse delays varying from 2
to 600 s. To estimat&;(129Xe) for Na;XeOs, the progressive

scans. The QCPMGr pulse train was repeated 80 times using
delays of 10Qus before and after each pulse, andr, was set to

saturation technig§éwas employed, and four dummy pulses were 80 us, which corresponds to a separation between spikes in the
applied before the acquisition of 16 scans to ensure that a steadyNMR spectrum,voceme Of approximately 6.0 kHz. The skyline
state was established and pulse delays ranging from 2 to 800 sprojection metho# was used to process the stepped-frequency

were used. The data were fit & = S.[1 — exp(~/T1)],”* where
S, andS, are the peak intensities after timend the time required
for the sample to fully relax, respectively, anés the time between
pulses.

For13Xe NMR experiments, the pulse width was calibrated using

the3’ClI NMR resonance from a solid sample of KCI&t= 11.75
T. The frequencies o¥Cl in KCI and31Xe in Na;XeOs:2H,0 are
40.8033 and 41.2136 MHz, respectively. Solid-st&fXe NMR
experiments on anhydrous N&eOs; were carried out using a spin-
echo or QCPM@&"8sequence. A selective’2 pulse width of 2.00

spectra. This method superimposes the various subspectra, rather
than co-adding them, to produce a single spectrum that represents
the 13Xe NMR line shape of NgXeOg-2H,0.

Raman SpectroscopyThe Raman spectra of O and Na-
XeOs2H,0 were recorded on a Bruker RFS 100 FT Raman
spectrometer with a quartz beam splitter, a liquid-nitrogen-cooled
germanium detector, and a low-temperature accessory. The back-
scattered (180 radiation was sampled. The actual usable Stokes
range was 583500 cn1? with a spectral resolution of 2 cm
The 1064-nm line of an Nd:YAG laser was used for excitation of

us and a pulse delay of 1.0 s were used. For the spin-echothe sample. The low-temperature {00 °C) spectra of NgXeOg
(QCPMG) experiment, an acquisition time of 13.27 (86.4) ms and and NaXeOgs2H,O were recorded on powdered samples sealed in

a sweep width of 100 (50) kHz were used. For tfiXe QCPMG
experiment, a spikelet spacing of 200 Hz angulse repetition of
22 were used.

melting point capillaries using laser powers of 300 and 250 mW,
respectively.
Thermal Gravimetric Analysis. Data were collected on a

NayXeOg-2H,0. A 4-mm triple-resonance probe was used t0  perkin-Elmer Pyris | thermal gravimetric analyzer at atmospheric
acquire'?’Xe NMR spectra of stationary and MAS samples of pressure under a flow of nitrogen gas. Two determinations were

Na;XeOs:2H,0 using either standard one-pulseldr— 12°Xe CP
methods. Proton decouplingyB:/2r) = 60 kHz, was used in all

carried out for temperature ranges of-2200 and 26-350°C at a
rate of 5°C min~L. Loss of two water molecules occurred in an

experiments. The magic angle was set by maximizing the number apparent stepwise fashion at-888 and 98-124 °C.

of rotational echoes in th&Br NMR free-induction decay of solid
KBr. To calibrate ther/2 pulse forl2%Xe one-pulse experiments,

Powder XRD. The powder XRD patterns of NgeOs2H,0
were recorded on an Inel Equinox 3000 powder diffractometer

the 1°C NMR resonance of adamantane was used; the respectiveequipped with a Cu K radiation sourcel(= 1.540 56 A), using
3C and**Xe frequencies for adamantane and sodium perxenate g yoltage of 40 kV and a current of 20 mA, and a CPS 120 detector.

at 11.75 T are 125.8027 and 139.0314 MHz, respectively/A

pulse angle, pulse delays ranging from 30 to 600 s, a sweep width
of 100 kHz, and an acquisition time of 10.2 ms were used to acquire

Data were collected for@angles varying from 5 to 100
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