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Abstract: At the interface between solid surfaces and cavities filled with gaseous or liquid xenon, the nuclear
magnetization of3Xe (S= 3/,) is subject to quadrupolar interactions which may lead to higher rank single-
guantum coherences that can be described by tensor eleentand Ts 1. This can be demonstrated by
multiple-quantum filtered (MQF) NMR experiments. In gaseous xenon on Pyrex surfaces, the primary source
of such coherences was shown to be coherent evolution induced by a nonvanishing average quadrupolar coupling.
In this contribution, MQF NMR is applied to aerogels filled with liquid xenon to demonstrate the potential of
this technique for material sciences. Xenon in the liquid phase provides a sufficient spin density to obtain
reasonable signal-to-noise ratios. Coherent evolution and relaxation both contribute to the creation of higher
rank coherences depending on the presence or absence of water molecules on the surface. These two processes
can be distinguished experimentally and provide complementary information about the surface of the host
material.

Introduction where the integration overaverages the quadrupolar interaction
during the residence timeof the xenon atom on a microscopic
surface site 8. The integral over the surface area accounts for
the averaging of the interactions arising for a xenon atom
readsorbing on different surface siteS.dOnly readsorption
within a partial surface ared,, of the overall surfac& need

to be considered because of the intrinsic time limitatignr

given by the relevant NMR time scale. Finally, the brackets
represent the ensemble average over all xenon atoms. The
resulting time-independent Hamiltoni&f" originating from

the surface interactions leads to an average coherent quadrupolar

A xenon-131 nucleus experiences an electric field gradient
(EFG) if the atom is physisorbed on the surface of a host
material>? The coupling between the quadrupole moment of a
xenon-131 nucleusS(= 3,) and the EFG leads to quadrupolar
splittings which may be as large as 6 MHz on Duran glass
surfaces. Different surface sites feature different quadrupolar
couplings, either because of a variation in the strength of the
xenon adsorption or because of the angle of the unique axis of
the EFG tensor, believed to be parallel to the surface normal,
with respect to the magnetic field. The overall quadrupolar

interaction at the surface can be described as: evolution. ) o
In contrast, the time-dependent part of the Hamiltonian
~ N A N (1) i
Hg(t) _ Hg(O) + Hgl)(t) 1) H_Q ® represents fluctuations causgd b_y exchange between
different sites of the surface and by diffusion along the surface

. ~50) ) if the sticking timers is long enough for any site hopping to
The first termHG™ represents the surface-averaged and time- occyr. It is a random variable with zero average which will give

averaged quadrupolar interactibrf. rise to relaxation but not to any coherent evolution. The average
coupling at the surface is scaled by the faatgfrs + 7,) due

{0 — H as d—tI:iS(t)D ) to exchange of surface-adsorbed xenon with the bulk fluid phase,
Q SwrS, T Q wherers is the mean sticking time on the surface ands the

time between encounters with the surface which lead to an
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2453)452134‘35“5“ R.; Wekerle, G.; Mehring, M.Chem. Phys. Let1996 tonian describing the coherent evolution of the xenon spins can
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Thus, the density operator of the spin system evolves under
the influence of an effective Liouvillian as described by a)DQF

Deschamps et &lwhere the average splittingg corresponds 904 180, 905 90, )
to the effect of3" and the combined influences of relaxation H ﬁ m Ff\ DQF T, pnd T, ,
and inhomogeneous quadrupolar broadening that cannot be ~ <<, - -+ t¢ -t dataacquisition

refocused by ar-pulse are described by effective line widths.

Theory and Pulse Methods
The product operator formalisinwhich is widely accepted b) MA-DQF

for the description of spifk nuclei, is rather cumbersome when 904 180y 5474 547
applied to systems containing spins witt> /,. It is more H H _ ! ~~ DQF T only
convenient to represent the evolution of a quadrupolar spin ——te—= ~—Te—Tm dataacquisition

system in terms of irreducible tensor operafor$. In this
formalism, the populations of a spff system in thermal
equilibrium at high field are described by a ten3gp, of first
rank and zeroth order (“Zeeman order”). This can be transformed ¢) TQF
into coherence of first rank and first-orddn 1 (“single-

180, 904,90 90
qguantum coherence”) by a 9€adio frequency (rf) pulse. Only gﬂ% ﬁ ¢ﬁnﬂ;\
the order of the coherence can be changed by the rf pulse, while P ————r—— = TQF T, , only
the rank of a coherence can be altered through evolution under ¢ Fer T Tm Culaacquistion ’
the combined effects of both quadrupolar interaction and
relaxation. Thug§ .1 coherence may be transformed into second 42 0 2 Al
and third rank term3; 11 andTs 11 (“antiphase single-quantum d) TQF-IR
coherences”). Only a coherentg; of first rank and first order 1809 904 90¢
can be directly observed in an NMR experiment. The effective [ ‘ WV\ TQF T, , only

quadrupolar coupling caused by interactions with the surface T Tm data acquisition

causes mO(_:IuIatl_ons of the,+; coherence in time domam_that Figure 1. Pulse sequences and resultiitXe spectra obtained in a 6
Ie_ad to a triplet in frequency doma?ru_nfort_unately, the_“ne mm i.d. Pyrex tube at 7.4 T, 1.2 MPa, and 298 K: (a) double-quantum
widths are usually broadened by field inhomogeneity and fjjtered pulse sequence, (b) magic-angle double-quantum filter which
susceptibility effects to the extent that small splittings due to is aT,.; pulse sequence, (c) triple-quantum filtered sequence, and (d)
exchange between the surface and the bulk phase cannot beiple-quantum filtered inversion recovery pulse sequence.
observed.

Alternatively, MQF NMR spectroscopy combined with a 180 Evolution e AfOFO, X
o - ?) RF- T g 857 Do) Moy Evolution
pulse to refocus the effects of magnetic inhomogeneities can ‘ pulse . A‘T > Op” > o
be employed to detect higher rank tensor elemefts (and fo? =N o) "8 87 1ha2? ~JQF Tlﬂ g
. . . . . Ty s T ) oI,
Ts.+1) and to obtain information about surface interactions. If ) “REpuse ) TTQR B
the average quadrupolar coupling vanishes,Ta@: term is .
generated, buffz3.1 may be observed in the presence of b Evolution pRul-se _
. . RF- |y g — i Ty ) 1Ty20) Evolution
quadrupolar relaxation. Although these terms do not directly pulse Lo . o -
. . r } . i -
lead to any observable signal, they can be converted back into '™’ ) ) e REEER) A
1T 00— T3 ) 17y 5 ———> T2

observable coherenc®&;.; under quadrupolar evolution or
relaxation and they can thus be monitored indirectly. This is Figure 2. Schemes showing the evolution of the density operator under
demonstrated in Figure 1 where four pulse sequences usingthe influence of a coherent quadrupolar coupling and quadrupolar
multiple quantum filters are shown. The simplest double- relaxation during the different pulse sequences: (a) evolution of the
quantum filtered (DQF) sequence in Figure 1a, which uses two density operator observed during the DQF, MA-DQF, or TQF sequences
90° pulses to excite and reconvert double-quantum coherencesin the presence of an average coupling_and transverse relaxatipn and
in effect monitors a superposition .1 andTs 1 which are (b) evolution of the dgnsnty operator dynng the TAR 'sequence in
created during the periodr2 The magic-angle DQF sequence the presence of multiexponential longitudinal relaxation.

(MA-DQF) shown in Figure 1b uses two magic-angle pulses
with f = 54.7 and allows one to extract solely tAe.; term.

The triple-quantum-filtered (TQF) sequence shown in Figure
1c allows one to monitor the evolution of tfg., term. The
spectra were obtained from xenon gas contained in a plain 8
mm (0.d.) Pyrex tube af = 298 K andP = 1.2 MPa. The
spectra were taken under conditions where line broadening
would not allow any splitting to be observed in a conventional
single-quantum spectrum. They are closely analogous to previ-
ous experiments involving®Na cations § = 3/,) interacting

RF-pulse TQF

with a partly oriented cartilagé'? and other experiments
involving “Li® and?*Mg.13 The evolution of the density operator
of the spin system for these experiments is represented in Figure

The three experiments of Figure-1a allow one to probe
the behavior of the spin system under the combined influence
of transverse relaxation and coherent quadrupolar evolution.
Longitudinal relaxation may be studied by an MQF inversion
recovery sequence (TQF-IR) shown in Figure 1d and explained
in Figure 2b. The spin systems will only experience mono-
(7) Serensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.; Ernst, €Xponential relaxation if the extreme narrowing condition is

R. R.Prog. NMR Spectrosd 983 16, 163-192. fulfilled, i.e., if wore < 1. However, longitudinal relaxation
(8) Jaccard, G.; Wimperis, S.; BodenhausenJGChem. Phys1986

85, 6282-6293. (11) Eliav, U.; Shinar, H.; Navon, Gl. Magn. Reson1992 98, 223~
(9) Muller, N. Chem. Phys. Lett1986 131, 218-223. 229.
(10) Miller, N.; Bodenhausen, G.; Ernst, R. R.Magn. Reson1987, (12) Eliav, U.; Navon, GJ. Magn. Reson. Ser. B994 103 19-29.

75, 297-334. (13) Wimperis, SJ. Magn. Resonl99Q 87, 174-182.
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for about 15 min, resulting in a partial removal of the adsorbates (i.e.,

mainly paramagnetic oxygen, nitrogen, and water) from the surface.
Ao R . Since adsorbed water is only partly removed under these mild
Q elaxation " - S )

— - conditions, we shall refer to “wet” samples in this case. Figure 4a shows

the results from'3Xe MQF experiments with “wet” alumino silica

J+J aerogels of densitgd = 0.1 g/cni. A more vigorous removal of the

surface adsorbates has been accomplished by heating an otherwise

identical aerogel sample under vacuum to 380for about 30 min

until a pressure of 34 Pa was reached. Samples prepared in this
A®,

manner will be referred to as “dry” samples. The results from “dry”
ARAR alumino silica aerogels are shown in Figure 4b. The peak heights were
compared to the intensity of the signal obtained after a singl@pQe

Figure 3. Roles of inhomogeneity and relaxation in line broadening. - for normalization and the curves were fitted with the functions provided
An inhomogeneous distribution of the average quadrupolar splitting is i ref 2.

represented bAwq. The effective relaxation rate of the two external
transitions is given by, + J1 + Jz, and the relaxation rate of the central
transition byJ: + Ja.

Results and Discussion

The effects of Figure 4 must be due to differences in the
surface structure and behavior of the wet and dry aerogels.
Similar aerogels absorb water directly from moist air, leading
to mass increases of up to 20%. This process is reversible and

the T3, term89 Thus, the presence of a signal in such an heating to temperatures above 400 K will completely dry the
experiment indicates a violation of the extreme narrowing material. The rev§r3|b|I|ty Qf this process can be confirmed by
condition. This may be a powerful probe for the motions in MQF NMR experiments since dry aerogels exposed to water
exchanging systems. vapor revert to the behavior of wgt aerogels. The removal of
A ndive interpretation of the behavior of the xenon-131 water IeaFis to su_rfaces.covered with hydroxyl groups that have
signals in aerogels in terms of an average Liouvillian leading sf[ronger m_terr_;\cn_ons with xenon, as e_wdenced by the TQF-IR
to an average splitting and effective line widths may be S|glnals which |nd|catg longer sqckmg t|me§ of the xenon atoms.
misleading. The spectra we obtained correspond to averagelhis leads to an increase in longitudinal and transverse
powder spectra as explained in Figure 3. For an isoltbee relaxation. This effect has previously been used, but without
atom, the evolution during the period<nay be described by ~MQF, as a means of enhancing surface contrast in MRI.
an average Liouvillian as explained in ref 2. However, one has Furthermore, slow motion implies tha{0) > J(wo) > J(2wo),
to take an average over different surfaces visited by different leading to faster relaxation rates for the external transitions of
atoms during the same period. This leads to a line broadeningSPin %> and explaining why MA-DQF signals vanish in the
due to the different values of the average splitting experi- degassed sample.
enced by each xenon atom. This subsequent inhomogeneous To explain the presence of coherent interactions for xenon-
line broadening has to be taken into account in the interpretation131 in aerogels, one has to carefully study the microscopic
of the decay rates we obtained from the time evolution of the structure of aerogels. The aerogels comprise primary particles
density operator. Thus we only obtain effective spectral densitiesof 1-5 nm diameter that are interlinked together to form a
from a study of the combined effects of transverse quadrupolar mesoporous framework. This framework is fractal until a radius
relaxation and average quadrupolar coupling. In the following, of about 50 nm, but it may be described as a network of pores
the measured spectral densiti¥8), J(wo), andJ(2wo) may be with a 2-50 nm diameter, which is usually considered to be
noted respectively a:i?&’i?z(dry/wet) or J§7'qdry/wet) depend-  within the mesoscopic scale. If the xenon atoms were able to
ing on the sequence type (probing longitudinal or transverse visit the whole network of cavities, one would expect a
relaxation) and on the nature of the sample (dry stands for vanishing average quadrupolar coupling. However, we must
strongly degassed, or wet corresponds to partly degassed). invoke two arguments: First, the xenon atoms cannot easily
) ) move about locally because of slow diffusion in the liquid phase.
Experimental Section Hence, they only experience the average coupling induced by
Aerogels have been chosen to explore the applicability of MQF NMR the generally nonspherical cavity in which they are effectively
of liquid xenon-131 for the study of mesoporous materials. These confined during the measurements. Such a behavior would give
experiments can in principle be performed in the gas phase at moderatean average powder spectrum, thus leading to a nonvanishing
pressures arou_nd_l MPa. However, to reduce the'experi'mental time'apparent splitting, as shown in Figure 3. Second, optical
the signals of liquid xenon have been observed with a high-pressure yo|arization microscopy indicates some directional heterogeneity
single-crystal sapphire tube described elsewfefé. The tubes have within the aerogel fragments which may have been imposed

been filled with aerogel fragments of a few millimeter diameter and by st th terial duri ducti Thi ts that
were pressurized with xenon to about 6.9 MPa at 298 K to create y SUESS on the material during production. This suggests tha

supercritical conditions. The actual experiments have been performedN€ cavities in each aerogel fragment are not randomly oriented
at 285 K where the xenon is in the liquid phase so that the spin density Put possess a macroscopic directional preference. The conse-
is greatly increased compared to the gas phase. Before the measurequence is that an averaged powder spectrum is observed.
ments, the aerogel samples were prepared by two different procedures  The results of the fits of the curves of Figure 4 are reported
to_ remove surface adsorbates. In one preparation, the sapphire tuben Taple 1. The TQF-IR data, observed in the dry sample and
with the aerogel fragments was placed in a vacuum at room temperatureg; . according to ref 8, indicate a strong violation of the

(14) Roe, D. CJ. Magn. Resonl985 63, 388-391. extreme narrowing condition in the dry sample, due to stronger

(15) Cusanelli, A.; Frey, U.; Richens, D. T.; Merbach, AJEAm. Chem.  gyrface interactions and longer sticking times. Note that this
So0c.1996 118 5265-5271. . . . .

(16) Paviovskaya, G.; Blue, A. K.; Gibbs, S. J.; Haake, M.; Cros, F.; experiment is independent from inhomogeneity effects. The

Malier, L.; Meersmann, TJ. Magn. Resonl999 137, 258-264. spectral densitied*"%(dry) andJ®"%(dry) obtained from TQF-

becomes multiexponential if the motion is slowedugr. ~ 1.
The first 180 pulse inverts the initial equilibrium staie o into
—T1,0, Which is partly transformed intds o if the relaxation is
multiexponential. The TQF allows one to selectively monitor
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Figure 4. Experimental liquid xenon-131 signal intensities and fits for the wet (or partly degassed) and dry (or strongly degassed) aerogels of
densityd = 0.1 g/cn¥: (a) with the wet or partly degassed aerogel, no F@¥ signals were observed, and the fits were obtained according to ref

2, and (b) in the dry or strongly degassed aerogel, only TQF and TQF-IR signals were observed and fitted, thus indicating a violation of the extreme
narrowing condition. The MA-DQF signals were not observable. A theoretical MA-DQF curve has been calculated for similar conditions.

0.015 0.02 0.025 ] 0.005

Table 1. Rates Extracted by Fitting the Curves Presented in Figure with splittings lying between 117 and 248'sn the wet sample

adl and between 0 and 112%in the dry sample. The error in the
experiment rate wet dry determination of the splitting in the dry sample is larger because
TQF—IR Jors N/A 3874+ 715! this estimate stems from the sole TQF experiment, while the
ong N/A 394+ 7g! wet sample exhibits MA-DQF and TQF signals. The functions
MA-DQF + TQF wzeﬁ 183+ 66s! 0O+112s! appropriate for the regime where relaxation is domihalid
Juans 1474+ 17s! 383+ 7st not allow a good fit of the observed curves. Note that the
Juansy gyans 42+ 11s? 118+ 1st splittings in the dry sample might be lower than those in the

wet sample, even if the sticking time is believed to be larger.
Two effects can be invoked: On the one hand, a lower splitting
could be due to a modification of the structure induced by the
removal of water atoms from the cavities, thus allowing xenon

aThe first two lines correspond to the spectral densities obtained
from the TQF-IR experiment, and the following lines have been
extracted from the combined MA-DQF and TQF experiments.

IR data cannot be interpreted in terms of a single Lorentzian
J(nwo) = 1Jd[1 + (nwetc)d. This tends to indicate that the

underlying motions are complicated. For the wet aerogel, no
TQF-IR signal could be observed, i.e., no violation of the
extreme narrowing condition is apparent, indicating that the

atoms to visit more adsorption sites and to experience a greater
variety of quadrupolar couplings, which leads to a better
averaging of the interaction. On the other hand, the splitting
we measured is the effective splittthges = (wg? — Jan$)1/2,

If J352"dry) > J2"%dry), one could explain whyveg(dry) is

131X e sticking time is very short in this case. lower thanwes(wet) even if the average splittin@o(dry) ~

The interpretation of the MA-DQF and TQF experiments @q(wet) remains unchanged.

leads to distinct values faver, J5°" andJ;"°+ J52"for the Concerning the effective spectral densities extracted from the
wet and dry aerogels (Table 1). These last two are different MA-DQF and TQF experiments (last two lines in Table 1), one

from the ones stemming from the TQF-IR experiment in the can observe that they appear to be considerably higher in the
dry aerogel. As this observation is beyond the scope of this dry sample. As shown in Figure 3, inhomogeneities may broaden
article, we chose to treat the experiments separately to drawthe lines and lead to an overestimation of the relaxation rates.
some conclusions concerning the aerogel structure and the xenoinhomogeneities should be less important in the wet sample:
atoms dynamics. In both dry and wet samples, we are in a water adsorbed on the surface could have a smoothing effect,
regime where the coherent quadrupolar interaction is dominant. masking the chemical heterogeneity of the adsorption sites.
In both cases, a nonvanishing quadrupolar interaction is presentMoreover, removing water allows xenon to explore smaller
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cavities previously filled with HO molecules, thus leading to  aerogel and the affinity of xenon for this surface. Inhomoge-
wider spread of possible values afg. Second, if surface  neities remain the main factor limiting the interpretation of the
interactions are stronger in the dry aerogel, longer sticking times results. The dependence BfXe MQF spectra on the surface

7s lead to stronger relaxation. These arguments explain why state may be of particular interest in combination with magnetic
decay rates are larger in the dry sample compared to the wetresonance imaging. Similar effects have been used previously
sample. to distinguish between ions in intra- and extra-cellular

Furthermore, in the dry sample, no MA-DQF signal could compartment$?-2! Moreover,¥2Xe MQF NMR can be applied

be detected. The combination of inhomogeneities and slow to opaque media in contrast #§'Xe quadrupolar nutation
motion—revealed by TQF-IR signatsexplains why the value  experiments enhanced by optical pumping, and can therefore
of Ji®"{dry) = 383+ 7 s'Lis higher than the sum of the two ~ be employed to study surfaces of porous materials. Sufficient
other spectral densitie®"{dry) + J*"(dry) = 118 + 1 s°'L. signal intensities can be achieved by liquid xenon experiments.
Assumingwes = 100 s in the dry aerogel, and with the values 1N conclusion;3'Xe MQF NMR may be a powerful method

of the spectral densities above, we plotted the theoretical curvet0 characterize the surface state of low-density aerogels. Due
stemming from the MA-DQF experiment in Figure 4b. This 0 the extreme sensitivity of the system with respect to the state

signal is experimentally undetectable. The decay rate of the MA- Of the surface, it may be possible to probe for various materials
DQF signal, which corresponds to the outer transitions, is that are adsorbed on the surface. If the mesoporous material is

proportional toJf™dry) + J*"dry) + Ji"{dry), which is used as a catalyst, it would be useful to know whether a chemical

much faster than the decay rate of the TQF signal, which SP€cies remains adsorbed on the surface, i.e., to obtain knowl-
corresponds to the central transition, proportional ®@dry) edge about the_llfetlme and its reIathn to the catalytic efficiency
+ J""dry) of such materials. One c_o_uld cahprate the effect of these

2 ’ phenomena, such as remaining species adsorbed on the surface,
Conclusion on xenon-131 spin dynamics to obtain a powerful probe of the
microscopic state of the surface.

The interpretation ot3XXe MQF NMR would benefit from
further experiments with materials that show a better macro-
scopic homogeneity. There is a surprisingly close analogy
between the behavior of xenon-131 interacting with the surface
of mesoporous materials and that of alkali-metal cations bound
to slowly tumbling biological macromoleculés!217.19A careful
analysis of the combined effects of average quadrupolar
couplings, quadrupolar relaxation, and inhomogeneities may
provide important information concerning the surface of the
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