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In recent years, optically pumped xenon-129 has received a
great deal of attention as a contrast agent in gas-phase imaging.
This report is about the other NMR active xenon isotope (i.e.,
xenon-131, S = ) which exhibits distinctive features for imaging
applications in material sciences that are not obtainable from
xenon-129 (S = ). The spin dynamics of xenon-131 in gas and
liquid phases is largely determined by quadrupolar interactions
which depend strongly on the surface of the surrounding materi-
als. This leads to a surface dependent dispersion of relaxation
rates, which can be substantial for this isotope. The dephasing of
the coherence due to quadrupolar interactions may be used to
yield surface specific contrast for imaging. Although optical
pumping is not practical for this isotope because of its fast qua-
drupolar relaxation, a high spin density of liquid xenon close to the
critical point (289 K) overcomes the sensitivity problems of xenon-
131. We report the first xenon-131 magnetic resonance images and
have tested this technique on various meso-porous aerogels as host
structures. Aerogels of different densities and changing levels of
hydration can clearly be distinguished from the images
obtained. © 1999 Academic Press
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INTRODUCTION

due to the larger magnetogyric ratio (27.81% of the protol
Larmor frequency), and its higher natural abundance (26.449
compared to the other isotope xenon-131 (8.25% of the protc
Larmor frequency, 21.18% natural abundance). However, tf
xenon-131 isotope has a spt= % and thus a quadrupolar
moment which can be exploited to provide valuable informa
tion not available from xenon-129 with its spin= 3. There-
fore, xenon-131 has been used for studies concerning tl
nematic phase of thermotropic liquid crystalline solutiofs: (
12), was recently introduced as a tool for surface investigation
using multiple quantum filteringl@), and has been applied to
probe the distortion of the atomic electron density by the
external magnetic field1d). In this report, the authors intro-
duce the application of xenon-131 for obtaining unique con
trast in magnetic resonance imaging (MRI) in material science
Alumino-silicate aerogels have been chosen as a test mater
for this technique. Previously, Gregoet al. studied similar
aerogels using®Xe MRI and NMR (5, 16.

MRI of optically polarized gas phase helium-3 and xenon-12
either in gas phase or dissolved in liquids has gained increasil
interest for medical applicationsl{—2Q. Optical pumping of
xenon-129 provides sufficient signal intensitied)(for MRI,
which are otherwise hard to obtain for gases under atmosphe
pressure or at low concentrations. Unfortunately, optical pumpin

Xenon nuclear magnetic resonance spectroscopy has bgexenon-131 is not feasible for most applications because of tt

increasingly used during the past two decades as a non-infgt quadrupolar relaxation of this isotope. However, the appare
sive probe in chemistry and material sciences. The large elefsadvantage of quadrupolar relaxation can be turned into a be
tron cloud of the relatively inert xenon atom is highly polarefit since it depends strongly on the surface properties of tf
izable, leading to a large chemical shift range, which makesnitaterials surrounding the xenon-131, thus leading to a substant
a sensitive probe for its environmerit—6) . For recent re- dispersion of relaxation rates in different materials. This make
views, the reader is referred to the work of Raftery angenon-131 potentially useful for obtaining unique contrast in MR!
Chmelka 7) and Ratcliffe 8). The majority of the previous of meso-porous materials.

xenon NMR research was focused on the isotope xenon-129
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A B images were successfully recordetb)( Aerogels were first
synthesized in the early 1930s by Kistl&2) and received
to transfer line widespread attention in the 1980s and 1990s because of th

unique thermal, optical, and mechanical properti23, 4.
These unusual properties are determined by the structure
these materials in which the fragile solid network is preserve
without any solvent present. As a result, there is an increasir
scientific and industrial interest for the use of aerogels a
g potential thermal insulators, as matrices for heterogeneol
catalysis, in gas storage and gas filtering, in studies of supe
fluid transitions, and as a refractive medium in Cherenko
detectors 25, 2. The fragile solid network of aerogels can
possess a density as low as 0.003 g/tut may still support
1600 times its weightd7). The aerogels used for this report
(28) are alumino-silicate aerogels with densities of 0.1, 0.19¢
and 0.6 g/cmi They can be considered meso-porous, a defin
tion usually assigned to materials with pore sizes between
and 50 nm. The diameter of the interconnected alumino-silica
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FIG. 1. (A) Sketch of the high pressure sapphire NMR tube and BeCu-
alloy valve. The primary seal is open and the secondary seal is closed during
the xenon filling procedure. (B) Exploded view of the tube. The primary seal
(a) is made from Vespel, and the secondary seal (b) is a regular Viton-O-ring
that holds the gas up to a pressure of ca. 7 MPa during the filling procedure.
The valve system is glued with a special epoxy (Aremco568) (d) to the
sapphire tube (e). An inlet screw (f) with a small capillary opening reduces the
force on the primary seal, but it can be removed in order to transfer bulk
material (i.e., the aerogel) into the tube. The system was connected to a
stainless steel transfer line via swagelock fittings.

(1) The experiments were performed at very high fields
(600 MHz for protons, i.e., 49 MHz for Xe-131); /J\J

(2) Liquid xenon close to the critical temperature (289 K)

. . . L . T T T T T

was used, thus providing a high spin density in addition to 160 150 140 130 120 110 100
gas-like relaxation behavior; ppm

(8) The short relaxation time of the xenon-131 in an aerogel
(T, ~ 3-11 msdepending on aerogel properties and experi—F'G- 2. One dimensional single pulse spectrum of Xenon-131 in a sampl

" . . of aerogels with three different densities at 283 K. The zoomed plot shows tt
mental conditions) enables fast signal accumulation. chemical shift separation between different density aerogels. Identified cher

i Aifi - . ical shift values are: (1) 133 ppm—Iliquid xenon outside the materials; (2
_ The_ significance of xenon-131 for obtaining unique coNtragia 5 ppm—xenon in 0.1 g/chmerogel: (3) 135.6 ppm—xenon in 0.195
in various aerogels was tested. Recently, the first xenon-1g2&nr’ aerogel; (4) 139.7 ppm—xenon in 0.6 gftaerogel.
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particles is typically 1-2 nm, and the aggregation of the par-

: . . 0.195 0.1 06
til 10— m28, 29.
ticles is fractal until 10-50 nm2g, 29 g Jend® g/cm3 g Jom’

All experiments were carried out at temperatures around 285
K with natural abundance xenon-131. During sample prepara-
tion, the temperature of the xenon may rise above the critical
point of 289 K, leading to pressures within the sample tube in
excess of 6 MPa. In order to accommodate high pressure we
used a sapphire tube as introduced by R8® and a valve
system similar to the one developed by Hahvand Ponce31)
or Merbach and co-worker82). We also added a small inlet
screw inside the valve to permit the transfer of bulk material
(Fig. 1). After the 10 mm o.d. (outer diameter) sapphire tube
was filled with the material of choice, the whole system was
connected to a stainless steel transfer line as it was being filled
at room temperature with the supercritical natural abundance
xenon. For the experiments, the sample was cooled to 283 K,
leading to a condensed liquid xenon phase. The longitudinal
relaxation time of the pure liquid phase is arouind~= 110 ms
under these conditions and the density of the xenon is high
enough to provide a signal to noise ratio®N ~ 150 from
the 1.8 cmi sample after a single scan. Direct shimming on the
xenon-131 signal is therefore straightforward but was limited
to 8—10 Hz (half-height width of the liquid xenon signal)
within the 9.5 mm i.d. sample tube. This procedure proved to
be completely sufficient for the experiment since the signal
width obtained from xenon inside the cavities of the various
aerogels is around 40-115 Hz. No lock channel was used
during the experiment since the drift of the magnetic field was
much smaller than the signal shift due to temperature fluctua-
tions. The chemical shift of xenon changes by ca. 0.2 ppm per
0.1 K temperature alteration at 283 K, and very stable temper-
ature control is essential for the experiments.

Although the setup should hold pressures around 50 MPa,
which provides a sufficient safety margin, it cannot be stressed
enough that laboratory personnel should never be exposed
directly to the pressurized tube since sapphire tubes may shat-
ter unexpectedly. Workers should be aware that a small tem-
perature increase under conditions close to the critical point
may result in a strong pressure increase.

RESULTS

. . . . . FIG. 3. Relaxation weighed Xenon-131 images of aerogel fragment:
Three dimensional xenon-131 images were acquired Wi#Ls mm diameter) with three densities as a function of echo tihE:((a)
the use of a spin echo pulse sequence. Suppression of the= 3.6 ms, (b)TE = 8 ms, (c)TE = 12 ms. For short echo times
otherwise dominant signal arising from the liquid xenon oufTE = 3.6 ms) the signal arising from the xenon within the aerogel
side the aerogel is achieved by saturating this transition Witﬁ%{nples appears with slightly different intensities over the backgroun

. . .. depending on the density of the aerogel host structure. The backgrour
selective sinc-shaped pulse of 22 ms length at the begmnmq&gnsity which arises from the liquid “void space” xenon surrounding the

each experiment. In order to compensate for imperfection OT HSrogel fragments has been reducedThyweighting (see Experimental)
selectivity, the saturation pulse was followed by a relaxatiamd is largely independent of the echo-tifiE due to its small transverse
delay of 12 ms, allowing the xenon-131 inside the aerogelaxation rate. As the echo time increases, the signals decrease differen

with its much shortefT, relaxation times) to relax partiall due to different relaxation times of the samples. F& = 8 ms the signal
( 9 ) P y from the highest density aerogel has already decayed below the backgrou

towa“{' eqU|I|br|um. SUbSEquently' an echo Slgnal Was Cl’eaﬁﬁ nsity whereas the signals from the low density fragments appear sti
by a sinc-shaped/2 pulse and ar pulse. The echo time waspyrighter than the background. The sapphire tube axis is horizontally ori

varied in order to produce magnitude images that are weighteted in all depicted images.
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surface contact of the xenon in the higher density materia
compared to those with lower density. More surface contac
will lead to an increase of transverse quadrupolar relaxatio
and may also cause a faster dephasing due to coherent quac
polar evolution if the samples show macroscopic anisotropy
The dephasing due to coherent evolution can in principle b
measured by a multiple-quantum filtered experimé&® put
we shall restrict the discussion to quadrupolar relaxation for th
course of this contribution. A simple measure for the pure
relaxational contribution is yielded by the longitudinal relax-
ation obtained by an inversion—recovery measurement whe
coherent evolution cannot interfere. The valuesBre= 5.3
ms (0.6 g/cm), T, = 8.9 ms (0.195 g/ci), andT, = 11.2 ms
(0.1 g/cm), respectively. Therefore, there are at least twe
possible mechanisms by which to distinguish xenon in differ
ent aerogels. One would make use of the chemical shift dif
ference by utilizing selective pulses. The xenon-129 isotop
would be the best choice for this kind of experiment due to th
larger (absolute) chemical shift separation with larger magne
togyric ratio. The second technique would use the difference i
relaxation times in order to produce contrast. We have nc
attemptedT, relaxation weighted imaging at this point, al-
| : : though it could be used in principle to obtain the desirec
145 140 135 130 125 contrast between the different surfaces. For simplicity, a spir
ppm echo sequence was chosen in order to avoid any interferen
with the signal suppression from the “void space” liquid xenor

FIG. 4. One dimensional, single pulse spectra of xenon-131 in a sample of . . . . .
an 0.1 glcrA aerogel at 283 K. (a) Untreated 0.1 gltaerogel, (b) Aerogel Sltside the aerogel. The, relaxation times provide a good

(0.1 g/cn) with water removed from the surface. The dashed line shows tﬂ\@dication for the possible imaging contrast in this experimen
slight chemical shift difference of the aerogel peak in these two samples. N&#ice all measurements indicate a close relationship betwe
the significant broadening of an aerogel peak in the dried sample (b). the T, relaxation and the dephasing in a spin-echo experimel
for various surfaces. This dephasing is a result of transver:
guadrupolar relaxation and possible quadrupolar evolution ¢
by the quadrupolar interactions of the xenon in the vicinity dhe xenon within the aerogel cavities3j. The assignment of
the aerogel surface. Images were acquired in 128:32:32 malrj-values would be questionable since it is defined only fo
ces, such that the total number of scans, 245,760, for a singilenoexponential pure relaxation processes. (Indeed, even t
image acquisition took approximayeB h of experimental T, values must be handled with some care, since quadrupol
time. The matrices were interpolated to 256:64:64 to producglaxation of a spir§ nucleus may be biexponential in some
magnitude images with increased digital resolution. The diases 33).) The results of the transverse dephasing weighte
mensions of a non-interpolated voxel are 0.47 mm in the axsnon-131 images for three different echo times are shown
parallel to the static magnetic field (along the sapphire tulbég. 3. Clear contrast is obtained between the highest densi
axis) and 0.38x 0.38 mm in the transverse plane. aerogel and the aerogels of lower density by comparing th
Xenon-131 spectra of liquid xenon in aerogels are shownimages for various echo times, while the contrast between tt
Fig. 2. The “void space” liquid xenon (i.e., xenon outside thevo low density materials is much less pronounced.
aerogels) displays a chemical shift of 133 ppm, where 0 ppmThe strength of xenon-131 images weighted by the depha
refers to the predicted shift of xenon gas at 273 K and zeirrg of the spin echo due to quadrupolar interactions becom:
pressure. The aerogel with the highest density (0.6 Y/cnapparent when the difference in chemical shift is too small fo
shows the largest down field shift (139.7 ppm). Its small¢he application of selective pulses. An example is shown in Fic
cavity sizes cause xenon-surface interactions to be more pfp-which displays the spectra of xenon-131 in aerogel frag
nounced compared to those of the materials with lower densitents of 0.1 g/crhdensity. Figure 4b shows the spectrum
where xenon has a chemical shift of 135.6 ppm (0.195 §/cnwhere the surface water has been removed from the aerog
and 134.5 ppm (0.1 g/cth The linewidth also decreases withwhereas no special treatment has been applied to the aero
decreasing density. A half-height width of 115 Hz is observddr the spectrum in Fig. 4a, which is identical to the corre-
for the 0.6 g/cm aerogel, 56 Hz for the 0.195 g/épand 43 Hz  sponding transition of the spectrum in Fig 2. In order to remov
for the 0.1 g/cm aerogels, indicating a more pronouncethe surface adsorbed water, the material was heated for half
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FIG. 5. (a—d) Relaxation weighed Xenon-131 images of untreated 0.1°glenogel pieces as a function of echo tinf&€): (a) TE = 3.6 ms, (b)TE =
7 ms, (C)TE = 9 ms, (d)TE = 12 ms. (e—h) Relaxation weighed Xenon-131 images of 0.1 Yéarogel with water removed from the surface as a functior
of echo time TE): () TE = 3.6 ms, (fTE = 7 ms, (Q)TE = 9 ms, (h)TE = 12 ms. For short echo timeJE = 3.6 ms) both aerogel samples appear
brighter as the background (see also the caption of Fig. 3). For larger echo times, the signal from the degassed sample decreases rapidly and
distinguished from the background BE = 7 ms (f). It appears as “dark” fragments®E = 9 ms (g), where the corresponding signal from the non-treate
sample is still above the background intensity (c).

hour to an estimated 400 K in vacuum until the final pressure 3.6 ms for the treated host structure. An explanation for thi
of about 10 Pa had been reached. The transition of the xenphenomenon is that a portion of the surface bound water

131 inside the treated aerogel has a chemical shift of 134efmoved by the heating (the effect is reversible) and the dt
ppm, which is about 0.2 ppm different from that of the nongassed surface sites may be more lipophilic—i.e., the xenc
degassed sample. This makes selective experiments very wil-have a longer residence time on this particular site than o
bious, since lineshape overlap must be expected even itha polar surface sites already occupied by water molecule
xenon-129 spectrum. However, the relaxation times are sufherefore, xenon-131 can be employed as a surface probe, as sht
stantially different, withT, = 11.2 ms for thaintreated and@, in Fig. 5. (i.e., Figs. 5a—d, non-degassed; Figs. 5e—h, degasse
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Recently (5), a dispersion of the transverse relaxation timgfonal, very sensitive probe that may provide valuable
of xenon-129 for different aerogels was reported. One possilcemplementary information for the study of solid/gas (solid,
explanation is a change of the average local susceptibility witquid) matrices. Current research also concerns coherent gt
changing density. This is in contrast to the xenon-131 reladrupolar evolution on the surfacd3), which may provide
ation, which depends directly on surface interactions and cafiormation about order parameters in materials. Xenon-13
therefore probe surface coatings. For this study we examindI| will be of particular importance for materials with com-
the transverse relaxation of xenon-129 within the 0.1 d/crparably large cavities—i.e., meso-porous structures, where tl
aerogel, using 150 kPa of xenon with approximately 3 kPa ofiemical shift may be a less sensitive probe for the surfac
added oxygen as a relaxation agent. No change in the trapseperties.
verse relaxation behavior was noticeable for the degassed
versus non-degassed material with= 35 ms for both cases. ACKNOWLEDGMENTS
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