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Absiract We present in this paper some examples of the applications of the Nuclear Magnetic Resonance {NMR) of

xenon used as a probe in the study of different chemical environments: determination of the porosity of micro-
- and mesoporous sofids, evaluation of the concentrations and sizes of amorphous domains in solid polymers,

characterizaiion of liguid crystals, study of combustion processes at high temparature, determination of the

structure and dynamics of organic systems and proteins in solution, assessment of cerebral blood flow.
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Résums RMN du xénon adsorbé ulilisé comme sonde pour Pétude de solides micro- et mésoporeux,
polyméres, cristaux liquides, solutions, flammes, protéines et pour Fimagerie

Ce papier donne guelgues exemples d’applications de la résonance magnétique nucléaire (RMMN} du xénon
utilisé comme sonde & I'dtude de divers systdmes chimigues, Citons, de fagon non exhaustive : a
détermination de la porosité des solides micro- et mésoporeux, I'évaluation de ia concentration st des
dimensions des domaings amorphes dans les polyméres solides, la caraciérisation des cristaux liquides,
I'étude des processus de combustion & haute température, la détermination de la structure et de la dynamique
des systémes organiques et de protéines en solution, I'estimation du déhit sanguin dans le cerveau.

Mots-clés AMN du xénon, solides poreurx, eristaux Higuides, polyméres, protéines, imagerie.

he fundamental idea was to find a chemically inert

molscude, particulary sensitive to physical interactions
with other species, which could be used as a probe to
determine the properiies of its environment. This probe
negded to be, moreover, detectabla by Nuclear Magnetic
Resonance (NMR) since this technique is particularly well
adapted to the study of the electronic periurbations of
molecules under-going rapid movement.

Xenon is this ideat proba. It is an inert, monoatomic gas,
with & very large, spherically symmetrical slectron cloud. Any
distertion of this laiier is felt directly at the level of the nucleus
and Is conseguently expressed as a variation of the xenon
NMR parametsrs. From the NMR point of view, the
129 isotope is particularly suitable: it has a spin 1, its natural

abundance is 26%, its detection sensitivity is good (ca. 1072 .

that of tha proton), and i presents a large chemical shift
range. Despita its lower sensitivity, the 131 isotope (spin 3/2)
is, due to its large nuclear moment, essentially used for
relaxation and slectiic field gradient measurements.
Chemical shifts and relaxation times of xenon are solely
affected by intermolecular interactions and are exquisitely
sensitive to the atom’s surrounding. This sensitivity to lis
environment permits the Xe nucleus to report on a wide
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varisty of attributes of the physical systems in which it finds
itsell: gas, liguid, cage in a zeolite, nanochannel in a molecu-
lar solid, clathrate, protein in solution, amorphous polymer,
etc. It can be used also for imaging and gas diffusion measu-
rements. Several reviews have been published on these
applications [1-4]. By using optical poiarization techniques
[5] the sensitivity of detection can be increased by several
orders of magnitude, which widens the field of applications
of this tachnique. The use of a conlinuous flow approach [6]
Tor the production of hyperpolarized xenon (dencted HP Xe
in this text} is particularly beneficial for several applications
(porous materials [7], flames [8], microimaging [9], ete.). We
present some examples of the applications of the Xe NMR
tachnique to different environments.

129% e NMR speciroscopy
in microporous materials (zeolites)

Zeolites are currently among the most impottant silico-
aluminate compounds used in indusiry, especially in catalysis
[10}. Their general formula is CilAIO),{S105),,,mH50. The
negative charge on the laftice, egual io the numbear of Al
atoms, is compensated by exchangeable cations C™. Zeolites
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have porous structures consisting of cavities and/or chan-
nels of molecutar dimensions whers the cations and adsor-
bed molecules ars located. The form and the dimensions of
the pores are Important parameters since they can affect
the specificlty of these catalysts.

Many defects or properties of zeolite-based catalysts are
difficult to detect by classical physicochemical methods, for
example: pore dimensions, short range crystallinity and
structural defects, the size of very small supported metal
particies whan they are too small to be detected by electron
microscopy, eic.
~ The assential informetion is ohtained from the analysis
of the variation of the chemical shift with the xenon
concentration (denoted [Xe] or N atoms/g of solid) and the
aexperiment temperature T. This curve is characteristic of
each zeolite (figure 7). It has been shown that the chemical
shift, 6, of adsorbed xenon is the sum of several terms
cotresponding to the various perturbations it suffers {11].

8 (T) = Brof + Bg + Bxe + Sgas + O + By M
By 15 the reference (gaseous xenon ab zero pressure). bg
arises from interactions between xenon and the surface of
‘he zeolite pores, provided that the solid does not contain
any electrical chearges. 8yg = Bye.xe-Pxe COTresponds o
Xe-Xo interactions; it increases with the local density, pyg, of
adsorbed senon and becomes predominant at high xenon
pressure. When the Xe-Xe collisions are isotropically
distributed {large spherical cage), the refationship 6 = f]N] is
a straight line {figure 7). The slope, dd/dN, is proportional fo

" the local xenon density and, therefore, inversely proportional

to the « vold volume = i the Xe-Xe collisions are
anisotropically distributed (narrow channels), the slope of
this function increases with M {figlre 7).

When there are strong adsarption sites (SAS) in the void
space with which xenon interacts much more strongly than
with the cage or channel walls, each xenon spends a
relatively long time on these SAS, particularly al low xanon
concentration. The corresponding chemical shift, 8, will be
greater than in the case of a non-charged structure {figure 2).
When N increases, 8 must decrease if there is fast exchange
of the atoms adsorbed on SAS with those adsorbad on the
other sites. When N is high enough, the effect of Xe-Xe

—Jinteractions becomes again the most imporlant and the

_dependence of § on N Is then similar to that in (figure 7). In
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this case the chemical shift extrapolated o zero concen-
iration, Sy_, g, depends on the nature, the number, the
charge (effect of the elestric field, 8g) and the paramagnetism
(B of these strong adsorption slies. One exception to this
variation should be noted: cations with electronic structure
d'® and small charge (Gu* and Ag*) reduce §, which can even -
become nagative. This is due to the overlap of the d1® orbital
of the cations and the d” of Xe during the lifstime of the
cation-Xe van der Waals complex. This technique proves to
be the most simple for detscting Cu*. Sometimes strong
adsorption sites of different types (for example, various
highly charged cations or metal particles) are distributed in
solid pores. If the exchange of Xe between these various
sites Is fast with respect to the NMR chermical shift time-
scale, an average signal is observed, while several lines
correspond to a situation of slow exchange [11].

The &g term, characteristic of Xe-surface interactions,
has been related to the dimensions and the shape of the
pores, and to the ease of diffusion of the Xe atom in the frea
space; more precisely to the mean free path, 1, of a Xe atom
inside the pore volume, defined as the average distance
travelled by a Xe atom between iwo successive collisions
with the pore walls [12]. To explain the hyperbolic relation
obtained betwesn &g and ! for various zeolites (figtire 3)

1/ 8= (1/8a) (L + £ /3) @)
ti0 v - r— v Fr v T 7

[ .
100 - ]
- \n\m—/ |

so ]
5 ppm 80 ;- /“A ]
3 i / T

- —B—71 % |
o —o— 25 |

* —&— 53 %

60 [ 0% ]
r 1 3 s ] 1 1 1 1 1 1 s 'I 1 ]

a 1 2 3 4 5 5} T 8

N atomsig (#10°")

Figure 2 - Chemical shift variation versus xenon concentration for
HY zaolite (straight line) and for MgY zeolite for various Mg®*
content.

|
. L
_

ppn 250 200 150 108 50 0 -50

Figure 1 - Bependence of the chemicaﬂ shift & on the concentration

of adsorbed xenon per gramme of zsolite.

Figure 3 - Variation of & against the mean free path { calculated for
saveral zeofites,
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a simpte modsl of fast site exchange has been used
{a = 0.2054 A 8, depends on the surface curvature, hence on
+ . Other physisorption models have been proposed [14-15].

At 300 K, which is the ususl recording temperature, 8 is
the average value of the shift of ons isolated xenon In rapid
exchange between a position A on the pore surface [defined
by &g which depends on Xe-surface interactions [16] and a
position in the volume V of the pore {defined by 8, with
< 8y > =1(8g, !

85 = (Ngdy + NyBy)/(Ng + Ny {3)

n, and n, are the probabilities of there being a Xe atom at the
surface (A) of In the volume (V). The effect of & decrease in
the expariment temperature increases with [ and provides
another way of determining the pore size.

In the 1980s, this technigue allowed the determination of
the free spaces in zeolites without knowing their structure
[17]. Today it is much more often used:

- to demonstrate the presence of different pores in the
same zeolite, and in some cases the intergrowth of
structures difficult to quantify by X-ray diffraction;

- to reveal structural defects produced, for example, by
dealumination of zeolites, and ic determine their charac-
teristics [11h]; .

- to lecate cations in the pore structure and to follow their
migration in the same crysisliiie or between different
crystallites, and/or valence change (for example, Gu®",
Cu* and Cu") as a function of diffierent factors. To
demonstrate also the blockage of certain types of pore by
cations, and the resuiting effect on the rate of exchange
betwsaen the different zones [18];

- 1o study the flexibility of structure as a funciion of
ternperature [19];

- to locate any «encumbering » species; for example:
adsorbed molecules, extra-framework species, coke
formed during a catalytic cracking reaction, ete. [4];

- 1o determing the size of metal particles supported on
zeolites (especially when they are too small to be seen by
electron microscopy), their location in the crystalite and
the distribution of the molecules chemisorbed or not on
these particles {as opposed to the mean coverage) [4];

- in some cases to detect the formation of himstallic
particles [4];

- to follow the diffusion of hydrocarbons in a zeolite and
to determine thelr inter- and infracrystallite diffusion
coefficients [4]. '

We mention also the interest of ¥'Xe NMR of the
131 isotope for the quantification of the electric field in
zeolite pores [20].

129%e NMIR speciroscopy
in mesopeorgsus materials

The porosity of humerous materials of industrial and sci-
entlfic importance, particularly catalysts and sorbents,
extends well into the mesopore region, with pore diameters
of ~20-500 A. Often such materials are also elther amorphous
or poorly crystalline, which limits the applications of diffrac-
tion-based methods. After many successful applications of
Xe NMR to crystalline microparous matetlals (pore diameters
< 20 Ayinthe 1980s and early 1990s, naturally there has been
a growing interest in the application of this technigue to such
porous materials, especially with the use of HPXe [7, 21-23].

Before a discussion of the known applications, it would
be useitl o consider sbme specifics of Xe NMR
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Speciroscopy to mesoporous systems, Very large and easily
accessible pores, plus fast diffusion of xenon, cause exchange
to have pronounced effects on the observed spectra. In the
case of weak interactions with the surface, which Is often so
far xenon in mesoporous materials, the adsorption is
described by Henry's law. In such a situation the observed
chemical shift of xenon can be expressed as [24-25}:

5 (#

= —&
T+(V,/ KSHT)

where S is the specific surface area, Vg s the free volume
inside the adsorbent, K is the Henry’s law constant, §, stands
for the chemical shift of surface-adsorbed Xe atoms, R is the
universal gas constant, and T is the temperature. The
equation shows that the observed shift is expected to be
independent of the xenon pressure. This is commonly
ohserved in experiments, at least at low pressures when
Xe-Xe interactions are insignificant and the adsorption
indeed follows Herwy’s law. Equation (4) shows that the
chemical shift § also depends sirongly on 8/Vg, the surface-
to-volume ratio of the pores occupied by Xe atoms involved
In fast exchange. lt is therefore expected that the spectra of
materials with a distribution of 8/Vg will refiect this feature
sither by the appearance of more than one line, or hy the
presence of a broad lne. The presence of small particles
{less then about 10 wm) in the material siudied will also result
in broad lines [25-26]. Specifically, the effects of xenon
exchange and bulk properties of porous materials on the
spectra have been demonstrated and discussed in terms of
xenon diffusion path length using 40 A Vycor controlied-pore
glass of different particle sizes [26]. According to
equation (4), the mean pore size D related to the Vy/S as
D =mVy/S (n Is a parameter dependsnt on the pare shape),
can be found from the NMR experiment provided that K is
known from adsorption experiments. The correlation of the
observed chemical shift with D {figure 4) as obtained by
conventional adsorption methods has uncovered a general
comrelation between & and D of the form 8 = 5,/(1+0/b) [25-
27] that is similar to those found for zeolites [12].
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Figure 4 - 2%%e chemical shifts vs mean pore diameters for porous silica-
based maleriale: ® sfllca gels; © Vycor/GPG; 4 and A porous organo-
sllicates of two different origins.

The solid curve is the nonbnear least-squares fit for samples 1-18, with prediction
bands given at a confidence leved of 95% shown as the dottad curves. The cashed
curve is the it for all samples. Inget; fits for two subsets of porous organo-sikcates.



For 34 silica-based materials with pores in the range of
0.5-40 nm, the parameters of the equation chtained from the
fit are 8 =116 =3 ppm and b = 117 £ 8 A [27]. With some
caution, the correlation can be used for the characterization

of silica samples with unknown pore sfructure. One needs to -

note that even within this general correlation, subsets of
materials of similar origin display yet finer correlations that
indicate an acute sensitivity of the method to detalls of the
pore structure.

Temperature-dependent chemical shift data can be used
to extract the physical parameters related to the adsorption
properties of materials, In the fast exchange approximation
with weak adsorplion, as described by Hshwy's law, the
temperaiure dependence of the observed xenon chemical
shift & for arbitrary pores can be expressed as [25}:

. V AH&&‘E -1

g RT

1+ 7 € (5}
V,SRT

8 = Bg
The heat of adsorption AH_ 45 can be found hy fitting the
experimental temperature dependence of the chemical shift
d, for Xe physically adsorbed on silica-based surfaces,
“Ean range from just a few kd/mol to about 20 kd/mol [25]. if
the pre-exponant of the Henry's constant is known from
indepandent adsorption measurements, then the V/S ratio
can be found as well. Application of equation (6} necessitates
working at very low xenon concentrations to reduce the
effects of Xe-Xe interactions and to prevent Xe condensation
in the pores at low temperature.

A very interesting class of mesoporous materials with
regularly spaced and uniformly sized pores [2B] was
Introduced in the early 1990s. The silica-based forms of such
materials as MCM-41, MCM-48, SBA-15 eic. recsived
perhaps the most attention in 2°)Xe NMR studies [20-37].
These materials can be praparad with poras in a very broad
range of sizes and are a good iesting ground for the chemical
shift-pore size correlations. The first studies demonstrated
{29-30}, however, that the chserved shifts could fall weli
outside the range predicted by the general correiations
obtained for sllicates [25-27]. In most cases, the chemicat
shift of adsorbed xenon is practically independent of the

~*@non pressure, and the observad values are almost always

ﬁ,w‘;élow those estimated from the empirical corretations. Since

the materlals are prepared as very fine powdars with the

particle size rarely exceeding 10 pm, the exchange betwesn -

adsorbed and gas phases is expected to contribute heavily
to the obhserved shifts. indead, compression of the samples
[30] producad significant downfisld shifts similar to those in
compressed aerosils [24] or in Vycor porous glass with
different particle sizes [26].

In & recent siudy [32], the NMR of continuously
circulating hyperpolarized Xe has been used to characterize
purely siliceous and ordered Al-conialning mesoporous
MCM-41 and SBA-15. The effect of compression on the
mesopore structure has aiso been studied. The NMR spectra
obtainad can be interpreted in terms of exchange beiween
adsorbed xenon in the pores and gaseous Xe atoms in the
interparticle spaces. The greatly increased sensitivity arising
from hyperpolarized Xe has alsc been used to detect the
spectra of xenonh adsorbed on very small guantities of
mesoporous silica thin films [36].

Additional information about internat surface of the pares
can be obtained from the data on go-adsorption of Xe with
some other small molecules [29-31, 35]. The co-adsorption

studies can be particularly useful for scresning intra-wall
micropores, surface defects and inhomogeneities in porostty.
In certain cases, using guest molacules of different sizes, itis
possible to distinguish and estimate the sizes of micropores
inside the mesoporous walls [35].

The assessment of the distribution and accessibility of
maieties attachad to the walls of mesoporous silicates is
ancther area of 1?®Xe NMR applications. The effects of
hydrocarbon chains attached {o the silica walls has been the
sublect of an extensiva hyperpolarized 12%Xs NMR study |7].
The variable temperature measurements revealed a non-
uniform porosity and lrregular pore structure, and allowed
one to follow the changes in the adsorpiion propeities of
xenon due ito modification of the mesopore voids [7]. In
another study [37), the presence of Pt in the ordered
mesoporous silicates resulis in a notable chemical shiit of
adsorbed xenon. it was concluded that the Pt clusters are
situated inside the pores of the mesoparous molecular sieve
rather on the external surface.

There are a number of Xe NMR reports dealing with
rather less traditional mesoporous materials. The application
of Xe NMR speciroscopy io the characterization of soil
meso- and microporosity has been demonstrated in [38].
Based on the analysis of the spectra, a model for the
possible mutua! location of organic matier and iron
compounds in natural soils was suggested. Another study
used hyperpolarized Xe to characterize the hierarchically
ordered positive and negative replicas of wood celiular
structures prepared using surfactant templating methods
[39]. Xe NMR data confirm a highly ordered and uniform
structure with interconnected porosity in the positive silica
wood replicas preparad under acidic conditions. In conirast,
non-uniform porosity with irregular pore structures is inferred
from similar data for negative silica wood replicas prepared
under basic conditions [39].

Aerogels of different natures represent an important
class of open-pore mesoparous materials with exiremely low
framewaork density, reaching values as low as 0.05 g/cm®
and possessing great potential for various industrial applicea-
tlons. A recent ¥2"Xe NMR study of aerogels [40], performed
as a combination of spectroscopic and spatially resolved
NMR spectroscopy, has proved to be a poweiful approach for
characterizing the average pore siructure and steady-state
spaiial distribution of xenon atoms in different physicoche-
mical environments. The method offers unigue information
and insights into the microscopic morphology of aerogels,
the dynamical behavior of adsorbates, and provides spatially
rasolved Information on the nature of the defect regions
found in these materals [40]. The exiremsly iow dansity of
aerogels, however, required very long accumulaiions (often
in excess of 20 hours). The problem of long experimental
data acquisition times was addressed in another study by
employing the Xe-131 isotope and a very high density of
xenan {41]. '

A maore practical approach to obtain the Xe NMR spectra
of aerogels iz to employ the high sensitivity of HF Xe.
Application of NMR microimaging using continuous flow
HP Xe resulted in a visual picture of the dynamics of gases
inside the paricles of aerogels 9], The produced
« polarization-weighted » images of gas transport in aesrogel
fragments are correlated to the diffusion coefficient of xenon
obtained from NMR pulsed-field gradient experiments. In
another diffusion-related study [21], the ingression of HP Xe
in Vycor porous glass was followed by 1D NMIR imaging and
by observing the intensity of the NMR sfgnal, The resuliing
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diffusion cosfficients compared well with the resulis
obtained from the pulsed field gradient measurements with
thermally polarized Xe.

In a more recent report [23], HP Xe NMR has been used
to probe the geometry and Interconnectivity of pores in
resorcinol-formaldehyde aerogels of different preparations
and to comrelate them with the {resorcinof]/[catalyst] (R/C)
ratios used in the preparation.

it has been demanstraied that variable temperature HP
128%e-NMR can be used for accurate measurement of the
volume-to-surface-area (Vy/S) ratios in these organic
masoporous materials. 20 NMR maasurements revealed a
hierarchical exchange process between the gas phase
xenon, xencn adsorbed in mesoporous regions and Xe in
microporous regions of the aerogels. In the asrogels studied,
the exchange of Xe gas follows the sequence {from fastest
exchange to slowest): mesopore with free gas, gas in meso-
and micropores, free gas with micropores and, finally,
arnong micropore sites {(figure 5a-d). The homogeneity of the
distribution of mesopores In the aerogels was checked

290 160 120 B0 40
bpm

200 169 120 B0 40 9
prm

16 140 120 100 80 6 4

Figure 5 - (@) CF HP 12%Xe NMR spectra for asrogels prepared with
an R/G ratio of 300. Signals of free gas at 0 ppm, gas in mesa- {ca
100 ppm) and micropores; (b-d) CF HP 2D EXSY 2% NMRB
spectra for aerogels (R/C = 300} recorded as indicated. All specira
were obtalined at 293 K with a HP Xe flow rate of 45 standard cubic
centimsters per minuste (scom); (8) GF 12%Xe chawmical shift irmage of
Xe in cylindrical block of acrogel (A/C = 300). Intenshy profile
shown on the left Is taken through the center of the Image.
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directly using CF 12%Xe Ghemical Shift Imaging (figure 58).
The evenness of the image profile clearly indicated the
uniformity of the distrlbution of the mesoporous space
throughout the bulk of the aerogel.

Xe NMR cryoporometry

NMR cryoporametry is a method in which 'H MMR of an
organic substance confined in porous materials is used for
the determination of the pore size distfbution [42]. The
substance in a small pore has a lower melting point than the
bulk substance. According to the Gibbs-Thompson equation
[43], the melting point depression AT is inversely proportional
to the pore radius Ayt

AT = Ty-T= gE 6
fa]

Here Ty is the bullkk melting temperature, Tis the melting point
in a pore of radius Ry, and ki is a constant, characteristic of
sach probe liguid. In NMR cryoporomeatry, the melting point
temperaiure distribution is detected through the intensity
variation of the 'H resonance of the unfrozen component of
the confined substance, and the pore size distribution i=
calculated by using equation (6).

Xehon porometry is a novel method for the determination
of pore dimensions. it has been developed on the basis of
NMR cryoporomatry. In this method, a porous material is
immersed in an organic substance, and the freezing and
melting behavlors of the substance are explored by means of
the 129%e NMR spectroscopy of xenon dissoived in the
sample [44]. An example of the spectra measured at different
temperatures is shown in figure 6. The signals have been
labeled in the figure.
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Figurs 6 - '2%Xe NMR specira of the sample eontaining sillca gel
100, acetonitriie and xenon at different temperatures.

The measuremsnt tempearatures are shown beside the spectra. The chemicat
shift range of the signals B and C at 230 K has been expanded in the inset
of the figure.

The origins of the components are the following: signal A
arises from the inner xenon thermometer, which is a capillary
tube In the middle of a2 10 mm sample tube containing ethyi
bromide and xenon gas [45]. Signals B and C originate from
xenon dissolved in the liquid substance. Signal B arises from
bulk substance located in the spaces betwsen particles of
porous matetial and on the top of porous material, and



vanishes below the freezing temperature of the substance
(227 Kin the case of acetonitrile), as the iransition from liquid
1o =ofid is accompanied by an abrupi reduction of gas
solubilliy. Signaf C originates from liquid inside the pores,
and pgradually vanishes al lower temperatures, as the
confined substance freezes. I the density of the substance
increases substantially (as occurs in the case of acetonitrlls),
signal D appears at lower temperatures. This signal arises
from xenon in very small gas bubbles appearing inside the
pares. The bubbles build up during the freezing of confined
substance, as the substance cohtracts. The signal vanishes,
as the confined subsiance malts. As bulk subsiance freezes,
bubbles also build up in haetween the particies of porous
materials due to the density change, and signal G orlginates
from xenon in this environment. Since the bubbles are much
bigger than those inside the pores, the chemical shift of
signal G Is close to that of bulk gas.
The method provides three novel possibilities for
determining pore sizes:
1) As, on one hand, the melting point of the bulk
substance can be deduced from the emergence of signal B
~ and from the disappearance of sigha/ G, and, on the other
\__and, the disappearance of signal D and the changes of the
intensity of sfgnal C reveal the lowersd melting point of the
_confined subsiance, the melting point depression can be
determined by msasuring the NMR spectra at variable
temparatlre, and the average pore size of the material

ture to the solid state. The mesophases of TLCs can further
be divided, for example, inic nematic, smesiic A and
smectic C phases according to the orientational order of
rmolecules. In the nematic phases, there is long-range oren-
tational order but no posltional order. The molecules, hows-
ver, tend to orientate in a commoen dirsction which defines
the direction of the LC director, n. In smectic A and C pha-
ses, the LC molecules possess also positional order leading
1o a layer structure. The director n is parallel to the layer nor-
mal in smectic A phases. On the contrary, in smectic G pha-
ses, the director ia tilted with respect to the layer normal. The
struciures of these phases are iliustrated in figure 7. Lyoiropic
phases are formed by mixing various compounds, one of
them usually being water. TLCs are very importtant com-
pounds in display technology. Therefore, the knowlsdge of
their physical properties is extremely important. A very signi-
ficant property is the response time which shows how quic-
ily the LG reacts to exiernal disturbances, such as electric
and magnetic fields. A class of LGs which has particular
potential in display technology is chiral LCs which possess
farroelectric phases. In recent investigations of three-dimen-
sional protein structures by NMR so-caited dilute liquid crys-
tatline solutions are applied. These consist of, for example,
water and micelles at variable concentrations [46). A detaiied
description of liquid crystals can be found in [47]. '

can be calculated by the Gibbs-Thompson equation in
the same way as in the usual NMR cryoporomestry.

2) The chemical shift difference of signals Cand B Is
dependent on pors size. By determining the correlation
for a certain substance at a certain temperature using
known mesoporous materials, the pore size of an
unknown sample material can.be measured. This is very
easy o do, because the signals can be recorded by a
single scan measurement at any temperaiure above the
bulk melting point. On the other hand, the correlation is
quite inaccurate because the line-width of the signals is
large compared io the distance batween them. The
correlation is best sulted for pore size dstermination of
smaller pore sizes in the mesoparous range.

3) As the size of the gas bubbles formed inside the

Nematic

C:-*""'_ares during the freszing of the confined substance

“ugpends on the size of tha pores, the chemical shift of
xenoh atoms inside the bubbles also depends on the
pore slze, These studies prave that the large majority of
bubbles are isolated (l.e. they are not connected with
.each other) giving resonance signals characteristic of
each pore size. As signalD ls mads up of these
components, the shape of the signal represants the pore
size distribution. The correlation batween the chemical
shift of signal D and the pore slze can be datermined using
known refersnce samples. Afier that, the pore size
distribution of an unknown material can be determined by
measuring its NMR spectrum [44].

Liguid crystals as studied
by Xe NMR spectroscopy

Liquid crystals {LC) can be classified into two main cate-
gories: thermotropic (TLC) and lyotropic (LLC) tiquid crystals,
The TLGs are usually formed by rod- or disk-like molecules
and display liquid-crystalline phases (mesophases) within a
certain temperature range. At higher temperatures, a transi-
tion to the isotropic phase takes place and at lower tempera-

Flgure 7 - Schematic illustration of a nematic, smectic A and smeciic G phase.

Director n indicates the average orientation of molecules. In the smectic A phase, n is parallel
with the iayer normat whereas in the smectic G phese # Is tilted with respect to the layer
normal, The tlit angle is dependent upon temperature.

The first 12%Xe NMR experiments of xenon in TLGs were
published in 1987 [48]. Since those days, the Xe NMRB of
¥enon in LGs has developed to a level that allows the
determination of many proparties, as wiil be discussed
balow,

When a liquid-crystalline sample is placed in a magnetic
field B, the LG director n orients either parallel with or
parpendicular to B, depending upon the sign of the anisotropy
of macroscopic diamagnetic volume susceptibility of LC, Ay 4
if Ayg > 0, thenn || B, and if Ayy < 0, thenn L B. This s clearly
seen in figure 8 which shows the 12%Xe shielding as a function
of temperatufe in different TLCs. Another feature that is
obvious from figure 7 is the fact that 123%a NMR experiments
of xenon in TL.Cs reveal phase transition temperatures.
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Figure B - 12°)e sivelding as a function of temperature.

{@) The LC solvent is a mixtura of two LCs (ZLI1167 and EBBA) with opposite
sign of diamagnstic anisatropy. At the highest temperaiures the LC appears
in Isctropic phase. Lowering of temperature leads to transition to nematic
phase where n || B, and finally to nematlc phase where n L B. The shielding
value at the highest temperature is set as a reference. (b) Again at the highest
temperatures the LC (NOCBB4) is isotroplc. When lowering iemperature,
nematic, smactic A, smestic C and other smectic phases appear. Shielding
iz refarenced 1o that of bulk pas (ca. & atm, 300 K).

Additional information about TLCs can be obtained
by applying a theoretical model according to which the
128%e shielding can be represented in the form [49]: '

G (T)-0g= p(MHo,l1 - (T =TI +2ev;(TH

+§P2(COSG)AU;-[1 —Ae(T- ToNIS(M +2c6 4(T)y (TN} {7)

where p(T) is the LC density at temperature 7, and the
temperature dependence of the shielding constant and
shielding anisotropy are assumed to be linear and are
described by the coefficients £ and Ae, respectively [50]. In
equation (7), ¢y is the shielding constant of the reference, Ty
the reference temperaiure, 64’ and Aoy’ are the temperature-
independant isoiropic shielding constant and anisoiropy of
the shielding tensor (in ppm/g'cm?), respectively. The
anisotropic part in the shisiding arises from the deviation of
the xenan electron cloud from spherical symimetry bacause
of the anisotropic surroundings. The coefficient ¢ measures
the deviation of the xenon distributlon from uniform
distribution, and S8(7), ¢4({T) and (7 are orientational order
parameters: S(7) is the normal second-rank orientational
order paramster, ¢4(7) the mixed translational-orientaticnal

X ] T R B I | 15 1
] | c:clum‘l_t—l.: ehirte !I-Jm ?Q 237 7

order parametear, and v (7) the translational order parareter.
Py(cos6) is the second-order Legendre polynomial with @
being the angle between the liquid crystal director and the
external magnetic field. ‘ -

Least-squares fit of function (7} to experimental data
allows in favorable cases (when the temperature ranges of
mesophases are wide enough) the determination of the
temperature dependence of all three orientational order
parameters. In the smectic C phases, the derivation of the
temperature dependence of the tilt angle (angle between the
layer normal and director n) also becomes feasible.

Another quantity, besides the 1225e shielding, that gives
vaiuable information about phase transitions and phase
structure is the self-diffusion coefficient of 128xXe. Thie 12%Xe
setf-diffusion tensor in amectic fiquid-crystalline environments
appears to be remarkably anisotropic, and consequently
gives Information about changes in the smectic layer
structure that occur between different smectic phases.

To conctude, 12%Xe NMR experiments on xenon dissol-
ved in liquid crystals may be utllized in the detesmination of:
{a) the sign of the anlsotropy of diamagnetic susceptibifity
tensor; (b) phase transition temperatures; (¢} phase structu-
res; (d) orientational order parameters. Experiments with
183%%g give additional information for the determination of the
above-mentionad properties but aiso on the electric field
gradients created by LC molecules. A review of the NMR of
noble gases, including xenon, in liquid crystals can be found
in [511.

129% e NMR applied to polymers

Before describing some 12%Xe NIMR experiments on bulk
polymer materials, it is worthwhile to show with a few
selected examples some general aspects of 12%Xe NMR of
polymers. The first guestion to address is where sorbed
¥e atoms are iocated in a polymer material, or rather where
they are not located. With a diameter of 0.44 nm, the
Xe atom is clearly larger than the interchain distance for most
crystalline polymers. In general this means that, when
Xe atoms are found in crystalline domatns, they must be in
defect areas.

A clear exampie for the absence of Xe in crysialine
polymers is shown in figwre 9 for highly stretched
polysthylene (PE) fibers. From X-ray experiments it is known
that the crystallinity of the semicrystalline PE fibers increases
with stretching. In figure 8, the NMR signal of absorbed
128y decreases with streiching, which shows that the Xe is
practically absorbed only in the amorphous domains and/or
in the imtetface between crystaliine and amorphous domains
of PE. The absence of Xe in crystalline polymers also is due
to the fact that the polymer chains thereln are usually rigid.
The energy to deform the chains so that a Xe atom can be
incorporated between them is too high.

The mobility of the chains plays an important role for the
line-width of the Xe rescnance in amorphous polymers.
Figure 10 shows the lins-widih of the 12e resonance in
polymethylmethacrylate (PMMA)} as a function of temperature.
It falls drastically when the glass transition temperature Ty is
approached. The mobility of the polymer chalns In amor-
phous domains affects the 1?9Xe line-width white it makes it
possible for the Xe atom to move rapidiy from one location o
another, thereby averaging out local differences in Xe chemi-
cal shift and dipolar interactions with proton spins.
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Figure 8 - The 12%Xe NMR. spectrum of PE fibers as a function of
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Figure 10 - The 2®Xe NMR line width as a function of temperature
for poly(methylmethacrytate) (PMMA). The glass transition temper-
ature of PMMA s abouk 375 K. The line width dependence clearly
shows that the PMMA chains already start to become mobile far
below T [42].

The chaln mobillty also influences the rate of Xe
absorption in an amorphous polymer: it takes several weeks
for PMMA at room femperature to absorb enough Xe for an
NMR signal 1o ba detected, in contrast io materials above
their Ty,

From figure 10, It can be concluded that room
temperature 12%Xe NMR spectroscopy is especially well
suited for the investigation of amorphous domains in
polymer materials of which the giass-transition temperature
Ty is welt below room temperature, as in elastomers.

129ya NMR of elastomers

Many elastomers are used as componenis in commercial
materials, as blends, copolymers or gompostes. The chemi-
cal shift of 128Xe dissolved in a given polymer is unique. Con-
sequently, binary polymert blends with large domain sizes
exhibit two 2%Xe NMR lines {in addition to the atways pre-
sent free Xe gas peak at O ppm). As an example, figure T1
shows the 2%Xe resonances of xenon in the amorphous
domains of high density polysthylene (PE), of isctactic poly-
propylene (iPP) and of a biend of iPP and a PE-PP copalymer
[52].
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Figure 11 - Tne 12°Xe NMR spectra of (g) high-density PE, (b)iPP and

(6} of a blend consisting of 80% PP and 20% of a PE-PP copolymer.

The line positions show that tha Xe absorbed in the iPP
domains of the blend is identical to Xe in IPP iiself, but that
the Xe in the PE-PP copolymer domains has a chemical shift
in between those of Xe in PE and in IPP. For Xe the PE-PP
copolymer domains are homogeneous. The chemical shift of
Xe in the PE-PP copolymer depends on the PE/PP
composition [52].

In & mode! of Miller ef al. [53] the Xe chemical shift is
propartional to the differance in interaction energy between
units of neighboring polymer chains with and without an
enclosed xenon atomn. That the chemical shift for Xe in PP is
higher than in PE shows that it costs more energy to
incorporate a Xe atom between PP chains than between PE
unlts, This is in agreement with the fact that the Tg of
amorphous PP (ca. 273 K} is highsr than that of amorphous
PE (ca. 230 K).

An Important aspect of the study of 12%Xe NMR on
palymers is the mobility of the Xe atoms. The effect of the Xe
mobillity on the line-width was seen in figure 10, On a longer
time-scale mobility is also important. For instance, the
existence of two resonances in the specirum of the blend in
figure 11c implies that the motion of the Xe atoms is not so
fast that during the NMR characteristic fime  {in the spactra
of figure 71 of the order of the length of the free induction
decay, ms range), the Xe atoms can move batween the two
different domains. By changing the characteristic time of the
expsriment, together with lknowladge about the self-diffusion
coefficient I of Xe in the material, the domalin sizes can ba
estimated from the Einstein relation: ¢°) = 6Dt .

Two-dimensional exchange NMR experiment [54] have
been performed where the characteristic time (« mixing
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time »} has been lengthened to 5 8. The presence of cross-
peaks indicates an exchange of Xe bhetwean the two
domains within 5 s.

Self-diffusion of Xe atorns in elastomers

Pulsed field gradient eche (PFGE) NMM experiments
allow the direct measurement of the Xe self-diffusion
coefficient in various materials. Here we fimit ourselves to
systems with elastomer components. For a very similar
system as shown in figure 10, a blend of PP and the ternary
copolymar sthylene-propylene-norbornene (EPDIM), the Xe
diffusion cosfficients in the PP matrix and in the EPDM
domalns were determined and compared to the diffusion
coefficients in the pure materals (tabfe 7) [55]. In the blend
the diffusion cosfficienis in the PP matrix and in the EPDM
domains are quite similar and lie beiween the values for the
pure components, while during the characteristic time of the
diffusion experiment (here 1.2 s} the Xe atoms exchange
many times between the matrix and the EPDM domains,
With the data of table 7 the average EPDM domain size for
the PP/EPDM blend can then be estimated. The average size
of the EPDM domains in the PF/EPDM blend is therefore
clearly larger than 0.6 pm and smaller than 20 pm, By
shiortening the diffusion time in the PFGE experiment, the
range of the average EPDM domain size could be further
decreased, thereby making the method applicable for the
determination of average domain sizes. The average domain
size range determined here agrees with scanping eleciron
microscope {SEM) measurements from which sizes of
1-3 um can be estimated.

7ex 1012

NMR of xenon gas dissolved
in pure liguids and isoltropic solutions

Both 2%%e and '¥'Xe NMR siudies have besn reported
for monatomic xenon gas dissolved in pure liquids and solu-
tions [1]. "¥Xe NMR studies mainly concern relaxation time
measurstents [56]. The magnitude of the nuclear quadru-
pole moment of the *¥1Xe nucleus (I = 3/2) is large enough for
its relaxation to be dominated by the quadrupolar mecha-
nism without leading to excessive signal broadsning. '31Xe is
a spin-spy suitable for the investigation of the electrostatic
propertigs of organic solvents and other hydrophcbic envi-
renments. Indeed, experimental data and computer simula-
tions have shown that the fiuctuating electric field gradients
responsible for the "*'Xe relaxation are primarily due to the
permanant electric moments of surrounding molecules.
Interestingly, the 131Xa relaxation rate for xenon dissolved in
dipolar and various non-dipolar solvents have been found io
be similar [56]. These studies highlighted the central role of
permanent electric moments of higher order than the dipoie
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in solvent effects and lead to a revision of the nofion of
molecular polarity.

in pure liquids, 12%Xe relaxation times are hundreds of
seconds long and narrow signals, line-width typically less
than a few heriz are therefore observed. The very long exper-
imental {imes, the presence of tfaces of paramagnetic impu-
rities as well as diffusion and convection in the liquid, usualty
make 2®Xe NMR relaxation studies rather difficult to carry
out, at least using thermally polarized xenon. It has bsen
shown that in diamagnetic systems the dominant relaxation
mechanism is the intermolecular nuclear magnetic dipole-
dipole mechanism {57]. Polarization transfer experiments
using thermally polarized 2%%e and, particularly, hyperpolar-
ized 12%Xe (SPINOE experiments), have definitely confirmed
the importance of this mechanism [58-59]. For xenon
trapped in dissolved diamagnetic cage molecules, 12%Xe
relaxation times of the order of ten seconds have bsen mea-
sured and significant broadening of the signals can be
assigned unamblguously to dynamic exchange processes
[58, 60]. In these types of systems, the exchange between
trapped xenon and xenon in the solvent is likely to be fast on
the relaxation NMR time scale. in paramagnstic systems,
128@a relaxation times are considerably shortened as a con-
sequence dipole-dipole magnetic interactions with the para-
magnetic centers [61-62]. This will be discussed below for
xenon dissolved in agueous solutions of metmyoglobin.

Chemical shifts are by far the most frequently expioited
parameter in xenon NMR. The chemical shift of dissolved
monatomic xenon ranges over more than 250 ppm; such a
huge solvent effect clearly demonstrates the sensitivity of
this parameter to the xenon atom surroundings. Solvent
effects on the xenon chemical shift have been shown to be
directly related to the xenon-solvent dispersive interaction
energy [63] and have been interpreted in terms of additive
group contributions. The xenon chemical shift is highly
temperature dependent. it may also significantly depend on
the xenon concentration in solution as a consequence of
xenon-xenon interactions. Such an effect is well known in the
gas and adsorbed phases and can be exploited to determine
the amount of xenon in solution.

Probing cavities by "2°Xe NMR

The fact that the volume of a xenon atem is comparable
with the volume of internal cavities present in various organic
host systems and proteins, and that it is chemically inert,
makes this hydrophobic atom very suitable for the structural
and dynamic study of many systems.

Studies undertaken on the complexation of xenon by
organic host systems in sulution, ranging from o-cyclodex-
tin to self-assemblad host molecules [58, 60, 64-67] have
shown that it {5 possible, using thermally polarized or
HP xenon, to obtain quantiiative data on these systems and
on their ability to complex xenon. When xenon Is in slow
exchange on the xenon cherlcal shift time-scale, the chem-
ical shift of xenon within the host cavity can be directly
observed, and if the exchange is not infinitely slow informa-
fion on the exchange dynamics can be easily obtained from
line-widih analysis. For xenon In fast exchange, & single res-
onance. line is obsarved and the chemical shift is the
weighted average of the xenon chemical shift in the various
environments. The experimental data are then interpreted on
the basis of a three-site model for xenon in solution, in which
the xenon and the host molacule can form a 1:1 host-guest
pair characterized by an equilibrivm constant K, and for



which the non-complexed fraction of xenon is distributed
between xenon in the close environment of the host and
Xenon in the bulk phase.

For exampile, it has been shown that the relatively apolar
internal cavity of a-cyclodextrin (e-CD, figure 12a) can

compiex xenon [60, 67]. The squilibrium constant was

determined for the xenon-o-CD system in water (~20 M'ﬂ at
208 K) and In DMSO (~2 M™' at 298 K). The larger constant
measured in water Is a clear indication that hydrophobicity
plays a major role in complex formation. The chemical shift
of xenon included in the o-CD cavity was found to be
independent of the solvent and in excellent agreement with
the value measured in the solid state [68]. The xenon-o-CD
systemn is the first for which selective enhancemenis of
TH NMR signals were observed using laser-polarized xenon
[59l. '
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-\“"F“igure 12 - Structures of (&) a-cycladextrin and (h) cryptophane-A.

A system which has proven o be of great interest is the
chiral cryptophane A host (CA, figure 12b). The xenon-CA

complex is the mast stable xenon-host complex reported o

date (K > 3000 M at 278 K) {84]. The fact that the xenon
atom fits the cavity without restraining the dynamics of the
cage centribuies to this high stability. The complexation
kinetics Is siow on the "2®Xe chemicat shift time-scale. Inter-
estingly, unexpacted xenon concentration dependencas of
the line-widths were observed and the correlated escape
and inclusion of xenon was identifled as the pravailing
axchange mechanism. The xenon-CA system has been the
cbject of much investigation especially using hyperpolarized
xenon [68, 69] and is being developed as a NMR-based
xenon blosensor (see below).

Mislow and Siegel defined many years ago as
« chirotopic any point or segment of the molecular modsi,
whether occupied by an atomic nucleus or not, that resides
within a chiral environmant ». With xenon NMR it has been

shown experimentally that the CA cavity ls chirotopic and
that monatomic xenon is chirallzed when it is In this chiral
environment [70]. The 12°Xe NMR specira at 278K in a
racemic solution of GA coentfaining xeron. and increasing
amounts of a chiral chamical shift reagent are reported in
figure 13. The chemical shift of the included xenon is
identical for the two enantiomers of CA dissolved in the
absence of the chemical shift reagent. In its presence two
128ys resonance lines are observed. It can therefore be
argued that ihe xenon atom in the CA cavity ts chirotopic, and
that it becormes diastereotoplc as soon as the chiral host CA
is put in the presence of a chiral pariner. These resulis are the
first example of the chirallzation of a spherical and neutral atom.

62.45ppm
a
63.15ppm
62.62ppm
b 63.48ppm
62.75ppm
[
63.92ppm
d 63.53ppm
66.45ppm
il

Figure 13 - 128%e NMR apectrum of xenon dissolved In a racemic
solution of the fwo enantiomars of cryptophane-A (GA} in CoD,Cly
at 278 I in the presence of Increasing amounts of a chiral europium
chemilcal shift reagent (GSR): (a) [CSR)/[CAj=0.08; (b) [CSRY
[CA] = 0.16; (o) [CSRV[CA] = 0.24; (d) [CSRY/[CA] = 0.52.

129%e NMR has also proved to be a powerful msthod for
investigating hydrophobic cavities in proteins and protsin
surfaces [71-74]). X-Ray studies have shown that xenon
binds reversibly to specific hydrophobic cavities in proteins
[75}. Metmyoglobin (MMb) was the first protein to be shown
by X-ray crystallography to bind xenon reversibly in its prox-
imal cavity next 1o the heme group, and also the first one to
be studied by xenon NMR [72]. This systam, for which xenon
is in fast exchange between all possible environmenis, has
been further characierized by several groups using both
thermally and HP xenon. The analysis of xehon chemical
shifis in the presence of proteins which do not have specific
xenon binding siies, suggest that non-specific interactions
exist between xenon and the protein exteriors and the data
can be analyzed in ferm of parametsrs which characterize
the protein surfaces [73-74].
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As mentioned previcusly, relatively few studies have
been published on the rneasurement of 12¥Xe longitudinal
relaxation timss. The '*®Xe longitudinal relaxation rate in
MMb solution is, however, dominated by the paramagnstic
contiibution due to the interactian between the xenon atom
Ir-the proximal cavity and the high-spin Fe¥* of the heme
group. Consequently 122Xe longitudine! relaxation times are
shortened and their measurement is feasible. The 129Xe
longitudingl relaxation rates of the complexed and the
uncomplexed xsnon have been determined, and non-
specific interactions with the protein surface have been
further characterized [59]. The relaxation study of xenon
atoms trapped in protein cavities close to a paramagnetic ion
could therefore be an efficient method to determine the
xenon-ion distance and consequently the position of the
cavity with respect to the paramagnetic center.

Molecular palpation by 2%Xe NMR

Most recently, '?%Xe NMR has been used to sfudy sys-
terns in solution that do hot complex xenon in a specific site
but are Involved in a configurational or a conformational
equilibrium. 12%Xe NMR has, for example, been used to mon-
itor the mutarotation of D-glucose in agueous solutions [76].
The two anomers of D-ghicose are diastersoisomers that
only differ by the configuration at one of their six stereogenic
centers, Oncs the o, ar B anomer of D-glucose is dissolved in
a solvent, apimerization occurs and the concentration of
both anomers changes until equillorium is reached. The
process was monitored by measuring, as a function of time,
the "2PXe chemical shift in solutions conteining Initially one or
other of the pure anomaers {figure 74). The resuits show that
the xenon methodology can indeed be used to study the
equilibrivm between two molecules that are structurally
nearly identical. The themodynamic and kinetic constant
characteristics of the system were determined and an H/D
isotopic effect was also observed.

The '®Xe NMR methodology has been also used to
study the conformational equifibrium of eyciohexanol [77].

For mono-substituted cyclohexanes, the activation energy
for the chair-chair equilibrium is such that at room tempera-
ture it is impossible to isolate the confarmers and determine
their specific properties. The glassical NMR methodologies
used to study the conformational equilibrium of mono-subs-
tituted cyciohexane molacules at room iemperature focuses
on a carbon or proton atom belonging 1o the molecule under
investigation. The xenon atom was used as an external spy
to monitor the equilibrivim. The results show that xenon is
indeed sensitive io the Interconwversion equilibrium between
the axial and the eguatorial isomsars of cyclahexanol, The
conformational equilibrium constant has been estimated and
its value is in axcellent agreement with the values obtalned
by H and "*C NMR.

These results show that it is possible, using 2°Xe NMR
spactroscopy, 1o investigate a chemical equilibrium via
intermolecular interactlons without parturbing it. The xenon
methodology can be defined as a « palpation methodology ».

In situ HP 12%Xe NMR of combustion

Because of the difficulties for conventional NMR with the
conditions present in high-temperature gas phases, the first
in situ NMR of combustion utilizes (HP) 12%Xe as a probe [8].
The chemical inertness of xenon and its temperature-depen-
dent chemical shift within porous media provide additional
advantages for HP 2®Xe NMR as a probe for combustion
and other high temperature reactions. Furthermors, radio-
frequency can readily penetrate many optically non-transpa-
rent systerns that are difficult to access by measuremenis in
the UV, visible or infrared regimes. In sift NMR measure-
ments are therefore of particular interest for combustion pro-
cesses that ocour within opague media. Examples are the
reaction zones of smoldering processes or catalytic com-
bustion within reactors. Previously, ulirasonic tomographic
imaging has been employad for studies of smeldering pro-
cesses in opaque media [78]. This technique is limited to the
solid phase and can be used to study the propagation of a
smoldering front. Mowever, gas transport, flow veloci-
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ties, diffusion phenomena and gas-phase reactions are
only accessible to MP '28Xs NMR and MRI.

The reported in sitt NMR of combustion [8] served
largely as a proof of concept work. 1t was demonstrated
that despite the presence of paramagnetic oxygen and
radicals, the xenon relaxation times are sufficiently fong
for pas exchange studies. The observed scale of the gas
dynamice was sufficiently slow to provide hope for
chemical-shift-seleciive spatial imaging In future work.
HP 128X was mixed with methane, and air as an oxidant
was added shortly bsfore the combustion zons within
the superconducting magnet.

" A photograph of the actual combustion zone is
depicted in figure 75a. The gas mixture was flowed
through an area with molecular sieve peliets (NaX) and
ignited above the pellets. Figure 15b [78] shows one of
the resutting 12®Xe NMR spectra taken during comibus-
tion (sofid red ling) in comparison with the spectrum of
the same inftial mixiure without combustion at ambient
temperature (dashed blus line). In addition to the pure
gas (-0.26 ppm}, a peak at -3 ppm is only ohsarvad

during combustion in the presence of the zeoltte. i was

Figure 14 - 1?%xg chiemmical shift variation in 1M a-D-glucose (o} and B-D-ghucose

(%) solutions in Dy0 as a function of time.
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demonstrated by 2D-EXSY data (figure 16) that this
350 Hz-broad signal at -3 ppm originates from a region
just above the bulk of the zeolite. This effect will need
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Figure 15 - Photography of the detection region of the NMR probe
with radio frequency coil.

A methane-air mixture was ignited above zeolite pallets. The mixtura also
Xe NIMRA spectra with 30% xenon
3m high-density xenon oplical pumping} in 70% mathans Is depicted. The

“wpectrum in the absence of combustion s shown in a blue dashed fine

- and the spectrum during combustion in a red solid line. -

% A8Y) was applied to study xenon transfer

‘ whlie the vértical axis describes the chemical

the delay fime. Since combustion is a non-squilibrium
process and pgas transport is directional, the cross-peaks in
the EXSY spectra for larger exchange times T are seen to be
asymmeiric in figure 76.

At 1= 20 ms, a single cross- peak appeared bacause of
the exchange between xenon located in the nanoporous
matetial and the -3 ppm gas phase. The EXSY provad that
transfer of xenon from the zeolite did not take place to the
-0.26 ppm region at © = 20 ms. Howaver, figure 16b shows
also a (barely resolved) cross-peak that demonstrated
exchange from the -3 ppm to the -0.26 ppm region. Due to
the gas fiow direction, it was concluded that the -3 ppm zone
was located between the porous material and the bulk of the
flame region further above. For longer  times (figure 16c-d),
an exchange cross-peak directly between the material phase
and the gas phase at -0.26 ppm appears. The diaganal
peaks of the combustion region disappear because the gas
is transported out of the detection region after long delay
times and no more signal can be deiected after t = 1 for the
gas phase. it seems that Xe NMR is the only way today to
study the exchanges of gas in such heterogenseous system.

fimprovement of Xe NMR technigue

The ability to hyperpolarize xenon nuclear spins through
spin exchange optical pumping [5] opens new experimenial
possibilities to study surfaces or targets at very low

further investigation since neither experimental
nor theoretical xenon chemical shift data are
presently available for temperatures above
1000 K.

The NMR peak originaiing from xenon
within the zeolites was sirongly affected by
temperature. The xenon instde the nanoporous
zeolite pellets led to a signal at approximateiy
82 ppm at room temperature, but shifted to
about 65 ppm after ignition. The shift was due
to the reduced xenon loading of the porous
material caused by a iemperature increase
within the material in the pre-combustion region
through thermal conductivity and IR radiation.

.. 2D HP 12%Xe NMR exchange spectroscopy

between the nanoporous material and the
combustion zone.- The psaks in EXSY
experiments are a function of two correlated

chigmical shift values. The hotizontal axis in
figure 16' relatés to the chemical shift of the
xéngn atthe begifining of the experiment (£ = 0),

= fier & time period { =T has passad. The
Signals will dppear on the diagonal when the
chemiéal shiff values on the horizontal and
vertical sxes are identical. No cross-peaks
appear in figure 16a proving that no exchange
between the various regions occurred during
short exchange times t< & ms. The cor-
responding - spectrum is displayed above
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caused by gas transport between the different
regions. The location and intensity of the cross-
peaks indicate the exchange direction and the
amount of material that Is transported during
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Figure 16 - Hp 1™ 2D EXSY NMR spectra recorded during combustion for various
exchange times.




concenitration, image void spaces, or study gas flow.
However, even this enhanced sensitivity may not be
sufficient il the sampie has a very low porosity or If the target
molectle is only available at low concentration. Furthermore,
the specificity of xenon Is low if the sample is a complex
mixiure of different potential targets. We present two
techniques that can help io overcome these problems, To
enhance the selectivity of xenon NMR, the xenon atom can
be functionalized with a protein cavity or a crytophane cage
that matches the size of xenon. Molecules with known
selectivity for a specific biomolecular target can be modified
hy introducing a xenon-binding cavity or by attaching a
cryptophane cage. Cage-associated xenon has a unique
chernical shift separate from the solution chemical shift,
unlike xenon bound to a protein cavity. Thersfore the
sensitivity for specific analytes is enhanced considerably by
using a cryptophane cage. Another approach {o improve
sensitivity Is remote detection, which is based on the fact
that encoding and detection of information in NMR often
have different requirements. Spatially separating encoding
and dstaction enables us to separately optimize both steps.

Remaote deteciion

Remote detection is a methodology allowing for the
separate optimization of encoding and detection steps in an
NMR experiment [79]. In conventional NMR hoth of these
take place in one coil inside a homoganous magnetic field, A
series of radio~frequency {rf} pulses are delivered 1o the
sample fo encode the nuclel with structural information, such
as their local environment or connectivity. In the case of
imaging, spatial information may be encoded by using
magnetic field gradients in addition to the «f pulsas. In the
raemote detection mode, the encoded information is stored
as magnetization of 2%Xe, which can be detected later under
optimized conditions. The signal is thus read out point-by-
point rather than in a single shot. Performing NMR in this way
adds a dimension to the experiment but provides a flexibility
not permitted by conventional NMR, namealy, the ability to
tailor the encoding environment to the requirements of the
sample in shape, size, and flsld strength without compro-
mising the guality of the signal. The detecior is optimized
independently, which not only allows encoding and
detection at differant field strengths, but it also facilitates
the use of different kinds of deteclors.,

The remote detection modality requires the use of a
sensor to survey the environment of interast and to repoit the
encoded information. In principle, this can be achieved with
any NMR-active nucleus provided it has a longitudinal
relaxation time, 74, which Is longer than the travel time of the
sensor medium from the encoding to the detection site.
Xenon is chosen as « signal-cawier » because of its long 77,
its sensitivity to the chemical environment, its chemical
inertness, and the high polarization attainable through spin-
exchange optical pumping. Xenon is therefore a good
transport medium capable of gathering chemically rich
inforrmation about its environment and retaining this
information for a sufficiently long time io allow transport out
of the sampie to the detector.

With remote detection there are a variety of different
detection methods available (figure 77). Examples of senaitive
detectors are optimized Faraday cofls, magneto-mesters ke
Buperconducting Quantum interfersnce Devices (SQUID)
[80], or atomic magnetometers [81] and spin-exchange
oplical detection [82]. in proof-of-principle experiments,
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Encoding Detection

Figure 17 - Remote detection schernatic.

Laser polarized 2%%e is prepared by spin exchange optical pumping to achieve
polarizations on the order of 1-10%. The gas Is transfered from the polarization call
and allowed to infuss the sample matrix where it is encoded by a large coil with &
poor number of spins per volume ratic. The sensor Is then removed from the
sample and detected undar optimlzed conditions. The encoded information can be
read out using a more sensliive rf-coll or by alternative detection msthods such
a3 5QUIDs or optical detection.

some of us used small, sensitive Faraday coils for detection.
in detecting the chemical shift of xenon in an aerogel, a
signal-to-noise improvement of 10 was achieved by remote
reconstruction. This was primarily atttibuted to the increase
in the number of nuclei per volume that was achieved when
the cuii did not need to accommaodates the aerogel sample [79].

In addition to chemical shifts, Imaging Information of void
space can be reconstructed remotsly [83]. A 13 mm
phantom inscribad with the letters, CAL was imaged at 7 T.
The Images (figure 18) highlight the signal enhancement
possible using remote detection. The fully reconstructed
image is the sum of ten batches of gas which reach the
detector at differant times due to their distance from the
detector and represents an enhancemant of approximately
1.7 times that of the directly detected image.

A promising application of remote detection is using it to
amplify the signal of xenon in biomolecular solutions, The
following section will brisfly highlight the use of "22Xe for
biomolecular assays; interested readers are referred to a
more thorough review of this topic presented elsewhere [84].

Xenon biosensor

The '2Xe NMR has several unique advantage as a
biomolecular probe. These Include the ability to probe opague
environments, the potential for multiplexing, and the absence
of xenon from biomoleculas provides zero background signal.
When in an aqusous protein solution, xenon is in fast
exchange between all available sites, and the observed xenan
chemical shift is an average of the chemical shift at each she
weighted by its hinding affinity {74, 85]. These sites include
bulik solvent, protein surfaces and protein cavities. Soms
protein cavities bind xenon with moderate affinity (~100 M)
and therefore significantly contribute to the observed xenon
chemical shift [86]. Protein conformational changes that alter



Remotely Reconstructad Image

'=Igure 18 - 129yg ramotely detected vold space image.

13 mm pharntom Inscribed with the letters CAL was imaged. The remotely resonsiructed image is the result of several baiches of gas reaching the deteclor at
varymg times based on flow path. The imzge has an snhancement of 1.7 times that of the diracily detacted image.
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ing to improved sensitivity of analyte-
associated xenon. The uniqus exchange
properiles of the xenon biogensor enable
even greater sensitivity enhancement by
two new techniques called exchange sig-
nal averaging and Indirect assay; inter-
ested readers are referred to the original
text for a complete description [88]. When
avidin binds to the biotinylated biosensor,
the chemical shift of the encapsulated
xenon moves downfield and broadens
{(figure 20), reporting the presence of avi-

H
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Figure 19 - The original xenon bicsensor consists of a xenon-binding cryptophane-A
supramolecutar cage (black), a solubilizing peptide {blue), a linker (green), and a biotin

ligand (red).

(‘iw'protein cavity's xenon shift or binding affinity can be
detacted by monitoring the xenon solution chemical shifi. The
maltose binding protein (MBP) was the first example of a
protein whose conformational state couid be monitored with
12%%s NMR [85-86]. Since then, 122Xe NIVR has been used o
detect more subtie protein conformational changes In the
E. coff chemotaxis Y protein [84]. This method has been greatly
extended by demonsirating the ability to engineer a confor-
mation-sensitive xenon-bincling cavity irto a protsin that does
not naturally posses one, the ribose-binding protein [87].

Greater sensitivity and experimental flexibilty are possi-
ble by separating the xenon analyte psak from the xenon
sohition pesk. To accomplish this, a « funciionalized » xenon
biosensor has been developed [88]). The xenon blosensor
cansists of a xenon-binding supramolecular cryptophane-A
cage (figure 12) (K, > 1000 M~ 1)tethenad to a water-solubiliz-
ing peptide and biotin iigand (figure 79). Unlike for protein
cavities, xenon is in the limit of slow exchange between tha
cryptophane-A cage and bulk solution, resulting In a single
resonance for the encapsulated xenon that is well resolved
from the xenon solution peak (figure 20). This allows changes
in the biosensor-bound xenon to be directly observed, lead-

din. Likely causes of the shift and broaden-
ing of xenon biosensor{ upon binding
include structural deformation of the

~A™
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Figure 20 - 29Xe NMR spacira monitoring the presance of avidin,

The main figura shows the spectnmm ot xenor biosensor in the absance of avidin, The
peak al ~124 ppm corresponds to encapsulated xenon referenced fo the chemical shift
of xenok in water. The inset shows the xenon biosensor resonance before (a) and after
{b} the additlon of one half equivalent of avidin. In the presence of avidin a new, broad
resonance eppeaars ~2 ppm downfield [90].

Yaciualité chimique - juin 2005 - n® 287




cage, changes in the cage's vibrational and rotational move-
ments, and increased biosensor correlation time [88]. The
extraordinary sensitivity of encapsulated xenon to small
changes is also exhibited when the molecular structure of the
crytpophane cage or attached chemical moiety is altered.
For example, lengthening the bridges between the caps by
one methylene group changes the chemical shift of cryp-
tophang-encapsulated xenon by ~30 ppm, and altering the
number of attached chiral centers changes both the chemi-
cal shift and number of xenon biosensor resonances [89].
The strong dependence of encapsulated xenon on biosensor
structure indicates that the chemical shift of xenon biosen-
sors can be tuned to create many unicue xenon biosensors
with different chemical shifts, Each unlgue xenon hiosensor
could then be functionalized to target a different analyte,
allowing for parallel detection of several analytes simultane-
ously [B8].

Myperpolarized 12%Xe;
a potential kiciogical tracer for in vivo
NMR spectroscopy

ars either sources or consequences of brain tissue damage.
Although of importance, quantifying CBF (necessarily in vivo)
fs quite difficult, and especially iraging CBF which reflects
regional variations (rCBF} is still a.challenging task. A wide
range of methods, using nearly all physical properties invol-
ved in medical imaging, has already been proposed. No one
is, at this time, completely satisfactory due io drawbacks
ranging from theoretical to practical considerations. Howaver,
among all these metheods, those using xenon remain the best,
stating that the rate of uptake and clearance of an inert diffu-
sible gas by a Hissue is proportional to biood flow (figure 27).
In particular, scintigraphic measuwrement based on 13%(e, a
gamma emitter, is still nowadays regarded as a gold stan-
dard despite its limited resolution and low availabifity. Stable
xencn-enhanced X-ray computer tomography (Xenon-CT) is
another method clinically used. With the advent of HP 129,
allowing NMR detection of xenon in living beings, it has bagn
proposed to use 12%e to measure CBF using MR techni-
ques. We report here an example.

and imaging

HP 12%xa NMR
characteristics
relevant to in vivo use

Due to the non-renewable HP
magnetization, the '22Xe NMAR sig-
nal aiways decreases. The system

tends to recover its thermal equilih- [TBRAIN TISSUE
rium through different processes fﬁiﬁiﬁ_ﬁgz{zﬁzl!z‘;&
following the longitudinal relaxation MvEING

rate T,. For example, T, decreasss
in the presence of paramagnetic
molecules (.¢. O in vivo) or when
xenon flows across magnetic field
gradients, in particular, it decreases
markedly in blood and tissues in a
few seconds. Due io this shorten-
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.
administration i

ing of T4 after administration in vivo,
the use of HF gas is more problem-
atic in living beings. Two routes of
administration are suitable: injection,
after dissolving in an appropriate
liquid carrfer agent, or inhalation. in
this respect, brain tlesue perfusion
and lung ventitation [89] are the principal targsts that were
studied essentially in animals in the former case.

Brain perfusion
and corresponding in vivo imaging

Blood supplies biological tissues with nutrients, oxy-
gen... necessary for their normal working. It is also part of
many regulaiory processes and removes wastes as well as
carbon dioxide. Blood fiow is usually expressed as a flow per
unit of mass of the tissue of interest (Ml/min/100 g of tissus),
The cerebral blood flow (CBF) is of particular importance as
brain has low storage capability but rapld and large requirs-
ments due to its metabolic activity. Mareover, the CBF is
altered refative to normal values in many pathological conditions:
head injury, epilepsy, stroke, neuvredsgenerative diseases...
[on a global (gCBF) or regional fCBF) scale]. These variations
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Figure 21 - Principle of GBF measurement.

[X€lhwam is the concentration of Xa in brain fissue, gCBF the globat cerebral blood flaw, t the tima and 2 the
partition coefficient of Xe between biood and tissue,

Cerebral blood flow imaging
and measurements in rat brain using HP Xe

After its preparation according to {80], the HP Xe is mixed
with a lipid emuision ieading to a so-called magnetic tracer.
For administration, the Injection route, at first glance mars
invasive, combines two advaniages: an appropriate carrier
agent allows high dissolution of xencn whiie preserving s
HP state; an intracarotid injection gets you as close as
possible to the target organ.

For example, a 0.3-mm-id. indwelling catheter is
inserted under general anaesthesia Into the internal carotid
artery after ligation of the external and common carotid
arterles of Sprague-Dawley rats weighing 250-350 g. About
1-1.5 mL of the magnetic tracet, at room temperaiure, are

manually injected at a rate of approximately 2-8 mL per
minute.
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measurad in  concordance with
physiology: a lower value of PaCOy
than standard causes a reduction in
CBF and vioe versa (figure 24).

An ideal method for CBF measu-
rament should have several proper-
ies: glving quantliative results, with
high spatial resolution, allowing
contintous measuremants, without
modifying normal brain function,
with minimali risk to patient, cost~
effectiveness and clinical applicabi-
lity. HP 2%Xe is far from satisfying
all the desiderata, like any other
technigque currently in use. gCBF
can be assessed validating the
choice of the intracarotid route. Ima-
ges obiasined are of high spatial
resolution, thanks to MRl capabili-

Figure 22 - Typicat time-courses of the spectra of "#*Xe In the brain of a living rat. Only 5 of

"200 phase spectra are shown (ime between 2 spectra 4.2 s).

Figure 22 shows a typical spectrum obtained in the brain
in vivo 4.2 s after magnetic tracer administration: fwo pealss
are observed at about 200 ppm from the gas peal<. The peak
at 199.0 ppin is assigned to the xenon in brain tissue and
that at 194.5 ppm to #®Xe in lipid, in the blood vessels.
Temporal evolution of the peaks can be followed as long as
a signal is detectable. Raw data (area of the 199 ppm paak)
are corrected for T relaxation (taking a mean T4 value from
literature data) and AF putse {taking the flip angle value)
effects. The fit of the corrected data allows for global GBF
calculation (mean value 160 +30mbL 100 g.min, in the
range of the standard value accepted for rats). Furthermora,
a projection-reconstruction imaging sequence leads fo
images of the distribution of 12%Xe inside the brain (figure 23).
Signal hyperintensity Is observed in the hemisphere
cotresponding to the side of injection, due to the injection
conditions.

© ., Alteration of GO, arterial partial pressure (PaCOsg) in five
-—inechanically ventilated rats shows a varlation of the CBF

ties, Generation of rCBF maps is not
straightforward due io Ty and flip
angle effects, but the FaCO, reac-
five test iestifies to correlation
between values measured and CBF.

General concliusion

Since the first publications on Xe NMR of adsorbed
xenon used a probe, this technigue has shown ks interest
in many applications.

It Is at present the only technigue which Is really effactive
for the characterization of microporous solids (e.g. zeolites)
and their defects. The porosily of mesoporous solids is rela-
tively well defined by means-of nitrogen adsorption-desorp-
flon techniques. Xe NMR is howsver an excellent complament,
in particular 1o demonstrate the roughness of the pore sur-
face or, more recently, to study sysitems with a zeolite mono-
layer on the surface. #t is also useful for defining the

distribution of supporied metals or phaszes adscm,rb‘ad on
porous solids.

This wide field of applications has been considerably
extended by the advent of xenon hyperpolarization which
Increases the sensitivity of NMR detection by -3 or 4 orders
of magnitude. This technique should be used increasingly

Figure 23 - ¥¥¥e (a) and corresponding *H {g) transverse images of rat brain.
Injection was perfermed through the right internal carotid artery. In (b), the 120y image was encoded to 32 false colors (with SNR threshold

sef to 3:1) and overlaid on the corresponding H image.

Factualité chimique - juin 2005 - n® 287




250
225 "

200

e

176 n "
150
125 *
100-

9CBF
[mi.(100g)-1.min-1]

75+

1 2 3 &

rals

o

B PaCO2 > gtandard

5 PaCO2 = standard

+ PaCO2 < standard

{8] Kumlser L.G.. Meersmann T., Logan JW., Pines A.,
Visualization of gas flow and diffusion fn porous media,
Proceedings of the Natlonal Academy of Sciences of the

value Unlfed Slates of America, 2000, 87(6), p. 2414.

[10] Rabe J., Zeolite chemistry and catalysis, ACS Manograph,

vatue 1978, 171,

[t1] &) Fraissard i, ito T., "Xe-NMA sludy of adsorbed

value xehar: a new method for studying zeolites and metal-
zaolites, Zaolites, 1988, p. 350 and references tharein ;
b% Springuel-Huet M.A., Bomnardet J.L., Fraissard J.,
128y a-NMR of physisorbed xenon used as a probe for the
study of microporous solids, Appl. Magn. Reson., 1995, 8,
p. 427.

[12] Demarquay J., Fraizsard J., 129e NMR of xenon adsorbad
an zeolltes: relationship between the chemizal shift and
the vold space, Chem. Phys. Leti, 1987, 136, p. 314,

[13] Sgringuel-Huet M.A., Demarquay J., lto T., Fralssard J.,
129%e-NMR of xerion adsorbad on zeolites: determination
of the vold spage from the chemical shitt, Stud, Swrf. Scl.
Catal., 1988, 37, p. 183.

{14] Derouane E.G,, Andrs J.M., Luces A.A,, A simple van der
Waals madel for molecule-curved surface Interactions In
molecutar-sized microporous sclids, Chern, Fhys. Leff,
1987, 137, p. 336.

[15] Ripmeester J.A., Ratcliffe C.1., Application of xenon-128

Figure 24 - Value of gCBF In five animals with different PaGO, values.

for the study of;

~ carbon nanotubes (whose industrial importance is
growing);

- solid polymers, particularly to characterize the amorphous
zones and to check the homogeneity of composites;

- liquid crystals (for example: phase structures and phase
transition, order parameters, etc.);

- liquid media, to define the interactions betwsen various
species, for example between proteins and thair media.

Finally, although there are not yat many applications, cne
can be optimisiic about the use of Xe NMR in the study of
gas exchanges in flames.

The spectroscopic properties of 12%Xe represent a rich
source of information i vivo: the wide chemical shift range
end the preciss relationship between a peak and the
microscopic location of '2®Xe provide a potential tool for
studying interaction at a molecular level. HP 12%Xe has not
vet revealed all Its poteniialities in studying living tissues
and requires further investigation.
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