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In recent years, optically pumped xenon-129 has received a
reat deal of attention as a contrast agent in gas-phase imaging.
his report is about the other NMR active xenon isotope (i.e.,
enon-131, S 5 3

2) which exhibits distinctive features for imaging
pplications in material sciences that are not obtainable from
enon-129 (S 5 1

2). The spin dynamics of xenon-131 in gas and
iquid phases is largely determined by quadrupolar interactions
hich depend strongly on the surface of the surrounding materi-
ls. This leads to a surface dependent dispersion of relaxation
ates, which can be substantial for this isotope. The dephasing of
he coherence due to quadrupolar interactions may be used to
ield surface specific contrast for imaging. Although optical
umping is not practical for this isotope because of its fast qua-
rupolar relaxation, a high spin density of liquid xenon close to the
ritical point (289 K) overcomes the sensitivity problems of xenon-
31. We report the first xenon-131 magnetic resonance images and
ave tested this technique on various meso-porous aerogels as host
tructures. Aerogels of different densities and changing levels of
ydration can clearly be distinguished from the images
btained. © 1999 Academic Press

Key Words: xenon-131; surface sensitive imaging; quadrupolar
elaxation; meso porous materials; aerogels.

INTRODUCTION

Xenon nuclear magnetic resonance spectroscopy has
ncreasingly used during the past two decades as a non
ive probe in chemistry and material sciences. The large
ron cloud of the relatively inert xenon atom is highly po
zable, leading to a large chemical shift range, which mak

sensitive probe for its environment (1–6) . For recent re
iews, the reader is referred to the work of Raftery
hmelka (7) and Ratcliffe (8). The majority of the previou
enon NMR research was focused on the isotope xenon
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ue to the larger magnetogyric ratio (27.81% of the pro
armor frequency), and its higher natural abundance (26.4
ompared to the other isotope xenon-131 (8.25% of the p
armor frequency, 21.18% natural abundance). However
enon-131 isotope has a spinS 5 3

2 and thus a quadrupol
oment which can be exploited to provide valuable infor

ion not available from xenon-129 with its spinI 5 1
2. There-

ore, xenon-131 has been used for studies concernin
ematic phase of thermotropic liquid crystalline solutions9–
2), was recently introduced as a tool for surface investiga
sing multiple quantum filtering (13), and has been applied
robe the distortion of the atomic electron density by
xternal magnetic field (14). In this report, the authors intr
uce the application of xenon-131 for obtaining unique c

rast in magnetic resonance imaging (MRI) in material scie
lumino-silicate aerogels have been chosen as a test ma

or this technique. Previously, Gregoryet al. studied simila
erogels using129Xe MRI and NMR (15, 16).
MRI of optically polarized gas phase helium-3 and xenon

ither in gas phase or dissolved in liquids has gained incre
nterest for medical applications (17–20). Optical pumping o
enon-129 provides sufficient signal intensities (21) for MRI,
hich are otherwise hard to obtain for gases under atmosp
ressure or at low concentrations. Unfortunately, optical pum
f xenon-131 is not feasible for most applications because o

ast quadrupolar relaxation of this isotope. However, the app
isadvantage of quadrupolar relaxation can be turned into a
fit since it depends strongly on the surface properties o
aterials surrounding the xenon-131, thus leading to a subs
ispersion of relaxation rates in different materials. This m
enon-131 potentially useful for obtaining unique contrast in M
f meso-porous materials.

EXPERIMENTAL

There are three factors that contribute to a sufficient s
ntensity for the xenon-131 imaging experiments under dis
ion:

n@

t



eld
(

K
w n t
g

og
( er
m

tras
i -1

i t
s d
w f their
u
T re of
t rved
w sing
s s as
p eous
c uper-
fl kov
d an
p t
1 ort
( 195,
a fini-
t en 2
a icate

eCu
a dur
t sea
( -ri
t du
T th
s s th
f bu
m to
s

mple
o s the
c chem-
i ; (2)
1 95
g

259COMMUNICATIONS
(1) The experiments were performed at very high fi
600 MHz for protons, i.e., 49 MHz for Xe-131);

(2) Liquid xenon close to the critical temperature (289
as used, thus providing a high spin density in additio
as-like relaxation behavior;
(3) The short relaxation time of the xenon-131 in an aer

T1 ' 3–11 msdepending on aerogel properties and exp
ental conditions) enables fast signal accumulation.

The significance of xenon-131 for obtaining unique con
n various aerogels was tested. Recently, the first xenon

FIG. 1. (A) Sketch of the high pressure sapphire NMR tube and B
lloy valve. The primary seal is open and the secondary seal is closed

he xenon filling procedure. (B) Exploded view of the tube. The primary
a) is made from Vespel, and the secondary seal (b) is a regular Viton-O
hat holds the gas up to a pressure of ca. 7 MPa during the filling proce
he valve system is glued with a special epoxy (Aremco568) (d) to
apphire tube (e). An inlet screw (f) with a small capillary opening reduce
orce on the primary seal, but it can be removed in order to transfer
aterial (i.e., the aerogel) into the tube. The system was connected

tainless steel transfer line via swagelock fittings.
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mages were successfully recorded (15). Aerogels were firs
ynthesized in the early 1930s by Kistler (22) and receive
idespread attention in the 1980s and 1990s because o
nique thermal, optical, and mechanical properties (23, 24).
hese unusual properties are determined by the structu

hese materials in which the fragile solid network is prese
ithout any solvent present. As a result, there is an increa
cientific and industrial interest for the use of aerogel
otential thermal insulators, as matrices for heterogen
atalysis, in gas storage and gas filtering, in studies of s
uid transitions, and as a refractive medium in Cheren
etectors (25, 26). The fragile solid network of aerogels c
ossess a density as low as 0.003 g/cm3 but may still suppor
600 times its weight (27). The aerogels used for this rep
28) are alumino-silicate aerogels with densities of 0.1, 0.
nd 0.6 g/cm3. They can be considered meso-porous, a de

ion usually assigned to materials with pore sizes betwe
nd 50 nm. The diameter of the interconnected alumino-sil
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FIG. 2. One dimensional single pulse spectrum of Xenon-131 in a sa
f aerogels with three different densities at 283 K. The zoomed plot show
hemical shift separation between different density aerogels. Identified
cal shift values are: (1) 133 ppm—liquid xenon outside the materials
34.5 ppm—xenon in 0.1 g/cm3 aerogel; (3) 135.6 ppm—xenon in 0.1
/cm3 aerogel; (4) 139.7 ppm—xenon in 0.6 g/cm3 aerogel.
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260 COMMUNICATIONS
articles is typically 1–2 nm, and the aggregation of the
icles is fractal until 10–50 nm (28, 29).

All experiments were carried out at temperatures around
with natural abundance xenon-131. During sample prep

ion, the temperature of the xenon may rise above the cr
oint of 289 K, leading to pressures within the sample tub
xcess of 6 MPa. In order to accommodate high pressur
sed a sapphire tube as introduced by Roe (30) and a valve
ystem similar to the one developed by Horva´th and Ponce (31)
r Merbach and co-workers (32). We also added a small inl
crew inside the valve to permit the transfer of bulk mate
Fig. 1). After the 10 mm o.d. (outer diameter) sapphire
as filled with the material of choice, the whole system
onnected to a stainless steel transfer line as it was being
t room temperature with the supercritical natural abund
enon. For the experiments, the sample was cooled to 2
eading to a condensed liquid xenon phase. The longitu
elaxation time of the pure liquid phase is aroundT1 ' 110 ms
nder these conditions and the density of the xenon is
nough to provide a signal to noise ratio ofS/N ' 150 from

he 1.8 cm3 sample after a single scan. Direct shimming on
enon-131 signal is therefore straightforward but was lim
o 8–10 Hz (half-height width of the liquid xenon sign
ithin the 9.5 mm i.d. sample tube. This procedure prove
e completely sufficient for the experiment since the si
idth obtained from xenon inside the cavities of the var
erogels is around 40–115 Hz. No lock channel was
uring the experiment since the drift of the magnetic field
uch smaller than the signal shift due to temperature flu

ions. The chemical shift of xenon changes by ca. 0.2 ppm
.1 K temperature alteration at 283 K, and very stable tem
ture control is essential for the experiments.
Although the setup should hold pressures around 50 M
hich provides a sufficient safety margin, it cannot be stre
nough that laboratory personnel should never be exp
irectly to the pressurized tube since sapphire tubes may

er unexpectedly. Workers should be aware that a small
erature increase under conditions close to the critical
ay result in a strong pressure increase.

RESULTS

Three dimensional xenon-131 images were acquired
he use of a spin echo pulse sequence. Suppression
therwise dominant signal arising from the liquid xenon
ide the aerogel is achieved by saturating this transition w
elective sinc-shaped pulse of 22 ms length at the beginni
ach experiment. In order to compensate for imperfection
electivity, the saturation pulse was followed by a relaxa
elay of 12 ms, allowing the xenon-131 inside the aer
with its much shorterT1 relaxation times) to relax partial
oward equilibrium. Subsequently, an echo signal was cre
y a sinc-shapedp/2 pulse and ap pulse. The echo time wa
aried in order to produce magnitude images that are weig
r-
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FIG. 3. Relaxation weighed Xenon-131 images of aerogel fragm
1–5 mm diameter) with three densities as a function of echo time (TE): (a)
E 5 3.6 ms, (b)TE 5 8 ms, (c)TE 5 12 ms. For short echo tim

TE 5 3.6 ms) the signal arising from the xenon within the aero
amples appears with slightly different intensities over the backgr
epending on the density of the aerogel host structure. The backg

ntensity which arises from the liquid “void space” xenon surrounding
erogel fragments has been reduced byT1 weighting (see Experimenta
nd is largely independent of the echo-timeTE due to its small transvers
elaxation rate. As the echo time increases, the signals decrease diffe
ue to different relaxation times of the samples. ForTE 5 8 ms the signa

rom the highest density aerogel has already decayed below the backg
ntensity whereas the signals from the low density fragments appea
righter than the background. The sapphire tube axis is horizontally
nted in all depicted images.
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y the quadrupolar interactions of the xenon in the vicinit
he aerogel surface. Images were acquired in 128:32:32 m
es, such that the total number of scans, 245,760, for a s
mage acquisition took approximately 3 h of experimenta
ime. The matrices were interpolated to 256:64:64 to pro
agnitude images with increased digital resolution. The
ensions of a non-interpolated voxel are 0.47 mm in the
arallel to the static magnetic field (along the sapphire
xis) and 0.383 0.38 mm in the transverse plane.
Xenon-131 spectra of liquid xenon in aerogels are show

ig. 2. The “void space” liquid xenon (i.e., xenon outside
erogels) displays a chemical shift of 133 ppm, where 0
efers to the predicted shift of xenon gas at 273 K and
ressure. The aerogel with the highest density (0.6 g/3)
hows the largest down field shift (139.7 ppm). Its sma
avity sizes cause xenon-surface interactions to be more
ounced compared to those of the materials with lower de
here xenon has a chemical shift of 135.6 ppm (0.195 g/3)
nd 134.5 ppm (0.1 g/cm3). The linewidth also decreases w
ecreasing density. A half-height width of 115 Hz is obser

or the 0.6 g/cm3 aerogel, 56 Hz for the 0.195 g/cm3, and 43 Hz
or the 0.1 g/cm3 aerogels, indicating a more pronounc

FIG. 4. One dimensional, single pulse spectra of xenon-131 in a sam
n 0.1 g/cm3 aerogel at 283 K. (a) Untreated 0.1 g/cm3 aerogel, (b) Aeroge
0.1 g/cm3) with water removed from the surface. The dashed line show
light chemical shift difference of the aerogel peak in these two samples
he significant broadening of an aerogel peak in the dried sample (b).
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urface contact of the xenon in the higher density mate
ompared to those with lower density. More surface con
ill lead to an increase of transverse quadrupolar relax
nd may also cause a faster dephasing due to coherent q
olar evolution if the samples show macroscopic anisotr
he dephasing due to coherent evolution can in principl
easured by a multiple-quantum filtered experiment (13) but
e shall restrict the discussion to quadrupolar relaxation fo
ourse of this contribution. A simple measure for the p
elaxational contribution is yielded by the longitudinal rel
tion obtained by an inversion–recovery measurement w
oherent evolution cannot interfere. The values areT1 5 5.3
s (0.6 g/cm3), T1 5 8.9 ms (0.195 g/cm3), andT1 5 11.2 ms

0.1 g/cm3), respectively. Therefore, there are at least
ossible mechanisms by which to distinguish xenon in di
nt aerogels. One would make use of the chemical shif

erence by utilizing selective pulses. The xenon-129 iso
ould be the best choice for this kind of experiment due to

arger (absolute) chemical shift separation with larger ma
ogyric ratio. The second technique would use the differen
elaxation times in order to produce contrast. We have
ttemptedT1 relaxation weighted imaging at this point,

hough it could be used in principle to obtain the des
ontrast between the different surfaces. For simplicity, a s
cho sequence was chosen in order to avoid any interfe
ith the signal suppression from the “void space” liquid xe
utside the aerogel. TheT1 relaxation times provide a goo

ndication for the possible imaging contrast in this experim
ince all measurements indicate a close relationship bet
heT1 relaxation and the dephasing in a spin-echo experi
or various surfaces. This dephasing is a result of transv
uadrupolar relaxation and possible quadrupolar evolutio

he xenon within the aerogel cavities (13). The assignment o
2 values would be questionable since it is defined only
onoexponential pure relaxation processes. (Indeed, eve

1 values must be handled with some care, since quadru
elaxation of a spin3

2 nucleus may be biexponential in so
ases (33).) The results of the transverse dephasing weig
enon-131 images for three different echo times are show
ig. 3. Clear contrast is obtained between the highest de
erogel and the aerogels of lower density by comparing

mages for various echo times, while the contrast betwee
wo low density materials is much less pronounced.

The strength of xenon-131 images weighted by the dep
ng of the spin echo due to quadrupolar interactions beco
pparent when the difference in chemical shift is too sma

he application of selective pulses. An example is shown in
, which displays the spectra of xenon-131 in aerogel f
ents of 0.1 g/cm3 density. Figure 4b shows the spectr
here the surface water has been removed from the ae
hereas no special treatment has been applied to the a

or the spectrum in Fig. 4a, which is identical to the co
ponding transition of the spectrum in Fig 2. In order to rem
he surface adsorbed water, the material was heated for h

of

e
te
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our to an estimated 400 K in vacuum until the final pres
f about 10 Pa had been reached. The transition of the x
31 inside the treated aerogel has a chemical shift of 1
pm, which is about 0.2 ppm different from that of the n
egassed sample. This makes selective experiments ve
ious, since lineshape overlap must be expected even
enon-129 spectrum. However, the relaxation times are
tantially different, withT1 5 11.2 ms for theuntreated andT1

FIG. 5. (a–d) Relaxation weighed Xenon-131 images of untreated 0
ms, (c)TE 5 9 ms, (d)TE 5 12 ms. (e–h) Relaxation weighed Xenon

f echo time (TE): (e) TE 5 3.6 ms, (f)TE 5 7 ms, (g)TE 5 9 ms, (h)T
righter as the background (see also the caption of Fig. 3). For large
istinguished from the background atTE 5 7 ms (f). It appears as “dark”
ample is still above the background intensity (c).
e
n-
.7
-
du-

a
b-

3.6 ms for the treated host structure. An explanation for
henomenon is that a portion of the surface bound wat
emoved by the heating (the effect is reversible) and the
assed surface sites may be more lipophilic—i.e., the x
ill have a longer residence time on this particular site tha

he polar surface sites already occupied by water molec
herefore, xenon-131 can be employed as a surface probe, as

n Fig. 5. (i.e., Figs. 5a–d, non-degassed; Figs. 5e–h, dega

/cmaerogel pieces as a function of echo time (TE): (a) TE 5 3.6 ms, (b)TE 5
images of 0.1 g/cm3 aerogel with water removed from the surface as a func
12 ms. For short echo times (TE 5 3.6 ms) both aerogel samples app

cho times, the signal from the degassed sample decreases rapidly a
ments atTE 5 9 ms (g), where the corresponding signal from the non-tre
.1 g3

-131
E 5
r e

frag
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Recently (15), a dispersion of the transverse relaxation tim
f xenon-129 for different aerogels was reported. One pos
xplanation is a change of the average local susceptibility
hanging density. This is in contrast to the xenon-131 re
tion, which depends directly on surface interactions and

herefore probe surface coatings. For this study we exam
he transverse relaxation of xenon-129 within the 0.1 g3

erogel, using 150 kPa of xenon with approximately 3 kP
dded oxygen as a relaxation agent. No change in the
erse relaxation behavior was noticeable for the dega
ersus non-degassed material withT2 5 35 ms for both case
Xenon with natural abundance (21.18% of131Xe) has bee

sed for all experiments described in this contribution.
iched 131Xe (80% and 99%) is commercially available and
sage would lead to a substantialS/N enhancement even

ower fields. The very high cost could be reduced if the de
f the experimental setup were modified to limit the amoun
enon used for the experiment. Xenon can easily be rec
ue to its high freezing point (161.3 K at atmospheric p
ure).
While the signal intensity of131Xe is comparable to th

ntensity of 129Xe in these materials due to the much fa
epetition time, it is orders of magnitude weaker than th
btained from optical pumped129Xe experiments or exper
ents using protonated solvents. The benefit of131Xe is that the

ontrast of the images can be attributed to the quadru
nteraction on the surface of porous materials. The setu
cribed has the additional advantage that the transfer of x
an be accomplished under supercritical conditions wit
estroying or altering the test materials (such as the fr
erogels) inside the tube.

CONCLUSION

This report shows the first examples of successful xenon
mages. It also shows the potential value of this isotope
urface sensitive contrast agent. Future applications ar
estricted to different levels of hydration of the surface,
hey might also include surface coatings or grafting, sur
eometry and the surfaces of catalysts like solid super
uch as sulfonated metal oxides. Xenon-131 imaging mig
f particular importance in characterizing the homogeneit

he macroscopic distribution on hydrophobic grafting on am
hous materials.
An important limitation of this technique is its restriction

on-paramagnetic materials since paramagnetic relaxatio
asily dominate over quadrupolar interactions. In the ca
aramagnetic impurities, xenon-129 or protonated liquids
rovide a larger range of relaxation rates and therefo
tronger contrast for imaging.
Xenon-129 spectroscopy has been very useful in the stu
aterials where the chemical shift of the xenon can be
loited as a probe for micro-porous host structures. Quad

ar relaxation of the xenon-131 isotope can serve as an
s
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ional, very sensitive probe that may provide valua
omplementary information for the study of solid/gas (so
iquid) matrices. Current research also concerns coheren
rupolar evolution on the surface (13), which may provide

nformation about order parameters in materials. Xenon
RI will be of particular importance for materials with co
arably large cavities—i.e., meso-porous structures, wher
hemical shift may be a less sensitive probe for the su
roperties.
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