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Abstract

This paper presents a comprehensive review ofetbent advances in xenon -129
nuclear magnetic resonance (NMR) measurements.

In the past thirty year$?®Xe NMR has proved to be an efficient techniquent@stigate
the structure of porous solids and several extengviews on the subject are available
in the literature. The main advantage"oXe NMR is the high sensitivity of the xenon
atom to its local environment. Using optical pungptechniques for the production of
hyper- polarized (HP) xenon has led to an increassensitivity of several orders of
magnitude. This development has opened the wayplme the internal structure and
the porosity of a wide range of new advanced neal&eri

This review which covers the period, 2005 up to nstarts with a description of the

basic theory of xenon- NMR. It presents a basiaaew of thermally and polarized



xenon NMR technique followed by the recent NMR depments on various classes of

porous materials.
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1. Introduction

The xenon element, named aftévov, a Greek word meaning « foreign », was
discovered by Ramsay and Travers on July 12, 1888gltheir experiments of
fractionating liquid air. Xenon is more reactivedanuch rarer than the other noble gas.
It is colourless, odourless and non-flammable.

In 1916 and 1932, Kossel and Pauling, respectipeddicted that xenon can react with
strong oxidants. This was confirmed in 1962, wheil Rartlett observed that xenon
reacted with vapours of platinum hexafluoride gpPté form a yellow—orange solid
compound. This discovery was recognized as onleeofrtost significant inorganic
chemistry advances of the twentieth century.

Xenon can form various fluorides, oxides and peates (Xe@" salts), bonds to
carbon and nitrogen, and can also coordinate nueta) as shown by the recent
synthesis of a compound with gold (AuX® [1]. Xenon now finds uses in fields as
various as lasers and incandescent lamps, plagpkaygpanels, silicon etching in
semiconductor manufacturing and medicine. In 2008lve million liters of xenon
were extracted from the atmosphere and the pramuiigrowing to meet
technological needs. One of the most exciting neplieations is the xenon-ion
propulsion of spacecraft engines for space trdniially deemed unreactive, xenon is
now finding ways to come out of its shell [2].

The first'**Xe NMR experiments were realized in 1951 when Rroahd Yu reported
the magnetic moment of the isotope [3]. In theye@fls,*>Xe NMR spectroscopy of
adsorbed xenon was proposed as an approach toteuggre structure of zeolites and
clathrates [4,5]. The main concept of this techaiguthat the chemical shift of the Xe

atom is extremely sensitive to the local environtreamd to chemical factors such as the



composition of the material, the nature and corre¢ioh of co-adsorbed molecules, and
the shape and size of host void spaces.
The historical development &>Xe NMR, in particular the first contributions onrpas

materials, is summarized in Figure 1.

During the last 35 year¥?Xe NMR spectroscopy has been applied on varioussys
such as porous materials, systems with supporteéalsrié—11], polymers [12—-18],
biomolecules [19-23], liquid crystals [24—28] dtaportant theoretical developments
have been performed for a better understandinigeoNIMR chemical shift and line
shapes of**xe [28-34].
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Figure 1 : Historical timeline df®Xe NMR with important dates and events.

Unlike conventionat?®Xe NMR in which the nuclear spin polarization isrgmed by
Boltzmann equilibrium [35,36], laser-polarized salled hyperpolarized (HPf*Xe
NMR became feasible thanks to a polarization temfsbm alkali-metal electronic
spins ta'**Xe nucleus by the spin-exchange optical-pumpinghoe{SEOP), thus
capable of enhancing signal sensitivity by a facfat*~1C folds even at dilute Xe
loading. This enhancement has allowed an exterditre xenon NMR experiments to
novel applications of NMR and MRI in chemistry, m@ls science and biomedicine.

2D exchange spectroscopy (EXSY) of CF (continudms)fHP 1**Xe NMR were also
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used in order to obtain a better understanding@pbre structure, the distribution of
the adsorption sites and the pore network intereoctivity between different adsorption
regions [37-39].

The use of?*Xe NMR spectroscopy to study porous materials i8 aavell-established
method that has been reviewed several times [40+4#&)is comprehensive review
which covers essentially more recent literaturefivee describe the theory and the
basic idea behind xenon NMR in porous materiaksn tthe pathways used to produce
hyperpolarized xenon and, finally, highlight theplgations of xenon adsorbed in
different types of innovative porous materials.

2. Basic principle of **Xe NMR spectroscopy of xenon adsorbed on porous
materials

Xenon is a monoatomic inert gas with a van der Wedilmeter of 4.4 A. It has more
than 50 isotopes, including nine stable ones. NMpeaments can exploit two isotopes
of xenon,'**Xe (1=1/2) and"**Xe (1=3/2) with a natural abundance of 26.4% and
26.2%, respectively. However, for most NMR experitsé®*Xe is more frequently
used mainly because of the complexity of spectetduhe high quadrupolar moment
of the'*!Xe isotope. Any distortion of the large highly-patable electron cloud of the
xenon atom is directly transmitted to the nuclaffgcting the chemical shift. This high
polarizability is reflected in a wide chemical shidinge (about 7,000 ppm). The range
goes from -40 ppm for Xe adsorbed in AgX to alnmd¥0 ppm in CoY zeolites or is
much wider if chemical compounds of xenon are aersid (from -740 ppm for the
Re(iPrCp)(CO)(PF3)Xe complex to 6200 ppm for th€O¥€ cation [47-50].

2.1. Experimental observations



In their first pioneering NMR studies of xenon adisal on different kinds of zeolites,
Fraissard and coworkers have shown that the chéstidaof adsorbed xenon is highly
influenced by the size of the cavities [51,52] #me&l nature of metal ions into the zeolite
framework [53]. Furthermore, they have shown thatdhemical shift of xenon

strongly depends on the surface heterogeneitysttheture defects, and the distribution
of coadsorbed phases. Actually, the meastfiié@ NMR shifts reflect the lifetime of
the xenon atoms on each adsorption site.

In the absence of strong adsorption sites, the iatshift,d, of a xenon atom
adsorbed in a pore can be presented as the swamtf torresponding to the different
perturbations to which the atom is subjected:

0 =10 + Os+ Oxe Equationl

wheredy is the chemical shift of xenon gas at zero presg@ference))s is the
contribution due to interaction with the pore sagaThis term can reflect the geometry
of the xenon environment on the surface. The doumiion dxe is due to xenon — xenon
collisions inside the pordhis term is proportional to xenon density andsthncreases
with the xenon concentration.

This increase in chemical shift with the xenon pues is typical for microporous

solids. For zeolites, the chemical shift incredsssause of important Xe—Xe
interactions due to confinement inside the micrepdpore size below 20 A). In the
usual pressure range studied, the influence gbtbesure ol is however negligible for
purely mesoporous solids (pore size above 20 Addmthe Xe-Xe interactions inside
the mesopores are similar to that in the gas phagms phase, the increase in chemical
shift with pressure is rather weak: 0.55 ppm/amébaimagat being the concentration

of Xe under standard conditions) [54].



2.2. Fast exchange model

Under fast exchange conditions between Xe adsarbede surface and xenon gas

inside the pore, and assuming that the adsorpdmhérms of xenon on mesoporous
materials obey Henry’s law (at least when the xepr@ssure is not too high), tfiéXe

chemical shift of xenon adsorbed on mesoporousrabtés expressed as [55]:

o= 7 Equation 2

1+KSRT

whered; is the chemical shift of xenon in the adsorbedsph¥ is the mesoporous
volume, S the mesopore surface area, T the tenyperaind K the Henry constant. This
relationship shows that the observed chemical dbis not depend upon the
equilibrium pressure. Knowing K ardy, it is possible to obtain the volume-to-surface
ratio, V/S. This relation betweeénand the local volume-to-surface ratio can also be

written as a function of pore size:

6= f“D Equation 3

where the pore diameter Drpv/S, b =nKRT andn depends on the geometry model
adopted for the pores. In this case the dimensbtise pore can then be deduced.

The Henry constant K, which is temperature dependan be written as:

AH

K, —— .
K= \/—%e rT  Equation 4

where K is the pre-exponent factor which does not depenthe temperature.

Equation 2 becomes [55]:

s _AH .

6= S—e rT Equation 5
+—
NnKoRVT

Measuring the chemical shift as a function of terapee allows obtaining the effective

heat of adsorptio)H, or enthalpy of xenon adsorption for the solidgler



consideration. However, the temperature shouldadbo low in order that the
adsorption of xenon and hence, xenon-xenon inieretn the adsorbed layer remain
negligible.

2.3. Impact of xenon diffusion and the presence strong adsorption sites on*’xe
NMR chemical shift

The intra- and intercrystallite diffusion of xenoray also play a role and must be taken
into account. If, on the NMR time scale (typicalliythe order of ms), Xe diffuses

within several crystallites, it does not only refpam its sampling of the inside
environment of a single crystal but also of that@iny crystallites as well as that of the
interparticle space. The chemical shift is therraged and may be not truly
characteristic of the porosity of the solid studi€de influence of intercrystallite
diffusion depends on the size and morphology ottiystallites, the pore size, the
crystallite packing, the Xe gas pressure and thipézature [56,57].

Porous catalysts containing additional phases feetal particles [58]), highly charged
cations [59], may present strong adsorption sitetheir surface. These latter can
specifically interact with Xe. The presence of sspkcies is revealed in the chemical
shift variations with Xe concentration. At low xenlmadings, the corresponding curves
show a typical hyperbolic shape. As the concemtnadiecreases, the chemical shift
increases since, at low concentration, the Xe atoaisly interact with these species.
Then, one should write an additional ted¥ys, in Equation 1which becomes:

0 =09y + &s+ Oxe + Dsas Equation 6

Generally speaking, the equation contains as namystas there are different kinds of

interaction between the Xe atoms and the material.
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If all interactions of the Xe atoms with the matdsiare essentially anisotropic, the
NMR signals are nevertheless isotropic most otithe due to rapid exchange of the
Xe atoms between different sites. In small pores@mting anisotropic environments
(small channels or oblate cavities), in which teaon atoms undergo anisotropic
interactions, the shape of the signals reflectsymemetry of the pores. For example, it
is the case for the alumino-phosphate AIPO-11 whigsents unidimensional channels
with elliptical cross section (4.0x6.5 A) [60,6t]athrate cages [5], or even tri-
dimensional channel system in ZSM-5 macro-cryg&is2].

3. Hyperpolarization of Xenon nuclei

At the beginning of the use &¥Xe NMR to study porous solids in the late 70s and
then, during the 80s, the experiments were perfdiwith conventional NMR (that is
with thermally-polarized spin nuclei). As long agroporous solids (such as zeolites or
clathrates) with high adsorbtion capacity of xemare studied, the low sensitivity of
NMR was not a huge handicap. Nevertheless, thensixie of this technique to other
materials was limited due to the low spin polaiabf the'**Xe nuclei.

Successful attempt of Pines and coworkers to @aafiXe nuclei via optical pumping
of gaseous Rb atoms [63] revolutionized the areeenbn spectroscopy and imaging,
greatly extending the use BXe NMR to study materials with low surface areago
relaxation time or in very small quantity (film3)he rather long-living van der Waals
Xe-Rb pairs formed in gas phase allow the transfféihe Rb electronic polarisation to
the'?*Xe nuclei. The magnetization & Xe in such experiments can easily reach
several percent (even tens of percent with highemvices) versus ca. $0alues,

typical for experiments with thermally polarizedasbient temperature.
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3.1. Spin Exchange optical Pumping (SEOP)

The two most common approaches to Hixe via Spin-Exchange Optical Pumping
(SEOP) are named continuous flow and batch modkes[g. The first polarizing
systems were operating in batch mode, when a neataount of polarized gas was
admitted to a sample tube containing the absorlBeampt implementation of
continuous flow systems greatly improved the comgre and productivity of HP
experiments regardless the fact that polarizageels in batch systems were much
higher than those obtained under flow conditiort®e Tirst paper reporting continuous-
flow SEOP in aerosil surface was published by Halaé [67] In such systems a Xe-
He mixture is passed first through the pressurjadrizing cell containing Rb vapor
and then through the sample. The mixture contaioand.% of xenon can be
conveniently released into atmosphere or can lmedbto circulate in the system, which
is more rational in experiments with higher parKel pressure in the mixture. A
schematic representation of continuous flow sesugivien in Figure 2.

The glass cell containing a small amount of Rbegtéd to 100-150 °C and placed in a
fringe field of NMR magnet or in Helmholtz coilsh@& cell is irradiated by a circularly-
polarized light from laser diode arrays with a wéemgth of 794.7 nm corresponding to
the Dy transition of Rb. A water refrigerant is connectedhe cell to prevent Rb vapor
to be dragged along the PFA tubing connecting éllensth the sample tube. A near-IR
spectro-photometer is placed behind the Rb ceH vaspect to the laser source in order

to check the polarization process by analysis efttansmitted light.
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Figure 2. Schematic representation of continuoms 8ystem for production of

hyperpolarized®*Xe. From reference [37] with permission.

The system described above can be easily accometbfiatflow NMR spectroscopy
(including magic angle spinning, MAS, experimeras)well as for cryo collecting of
polarized gas for purposes of xenon MRI. The fuygplication of HP xenon under MAS
experiments was described by Brunateal. [68]. However, to perform MAS
experiments with hyperpolarizéPXe under continuous flow, MAS probes can be
adapted. One example is the following. Startingifistandard Bruker 7 mm MAS
probe, a PFA capillary tube is accommodated inidgorobe to ensure the injection of
the gas mixture [69]. It is connected to a glake twhich delivers the gas mixture to the
sample, carefully packed inside a 7 mm rotor, tghoa hole drilled in the rotor cap.

The gas mixture is not collected after passingughothe powder and, under this lost-

flow condition, the rotors can spin at speeds up.fokHz.
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3.2. Other ***Xe polarizer designs

One of the first design for a spin-exchange opfeathping system to produce large
amount of HP xenon was reported by Reset. [70]. Working at low pressure in
batch [70] or in continuous flow [71] modes, thaetgyns allow having a large spin-
exchange rate between Rb dfitke resulting in short residence times for the Xegab
mixture and large HP xenon production. Then, otfi¥te polarizer designs have been
developed [72,73] over the past decades, includimgpen-source clinical-scale
prototype [72,74] and the 3D-printed hyperpolarizér, 76]. These systems can deliver
near-unity***Xe polarization levels. However, the polarizatiofsained via spin-
exchange are limited at high xenon concentratichénpumping cell. Volume
holographic grating, VHGs, have been intensiveliestigated and developed for
applications in spectroscopy. By narrowing the spéoutput of high-power laser-
diode arrays (LDA), it was possible to reach al8fmprovement if?*Xe nuclear
polarization even at high in-cell xenon densitiég,78]. In addition to the utility of
VHG narrowed lasers, it was reported that theemigverse relationship between the
xenon partial pressure and the optimal cell tentpezaof the Rb/Xe SEOP. This
interdependence was exploited to obtain a very Hidte polarization in high in-cell
xenon densities [77].

An automated hyperpolarizer has been designed kyl&tiuet al. to be readily
implementable in a lab for MRI measurements. Tk runs with a 20 W laser at
the Rb D line and up to 1800 Torr of Xe in 50 &in batch or continuous flow modes
[72]. A temperature-ramped SEOP in batch mode \&asperformed in order to have
quick increase in spin polarization, high leveXa polarization and low Rb gas content

[79].
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In 2013, Korchalet al. developed &2°Xe polarizer housed in a mobile frame [80]. This
polarizer can be used in batch or flow modes fecspscopic or small animal

applications.

3.3. Alternative methods to produce HP-Xenon
(a) DNP method

In addition to the spin exchange optical pumping@®) technique, an alternative
method to produce hyperpolarized xenon gas usemntigmuclear polarization (DNP)
[81]. This technique, performed at very low tempam, allows enhancing the
polarization of nuclei in samples containing pargnedic centers. The large electron
spin polarization is transferred to the nucleangyistem by irradiation with
microwaves at or near the electron Larmor frequency

Recently, Capozat al. [82] has proposed a DNP method to hyperpolarizeuaei, at
very low temperature, using different organic satéeand TEMPO radical (Figure 3).
The polarization is maintained after the sublimad the medium and can be
subsequently used for MRI applications. The intdslvantage of DNP over SEOP is
that the volume of xenon which can be producedsimgle experiment is potentially

much larger due to higher density of solid xenoo@sapared to the xenon gas phase.
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Figure 3. Schematic representation of polarizatiansfer from TEMPO radical to Xe

nuclei. From reference [82] with permission.

b) Cryogenic or brute force method

Cryogenic or brute force method proposed by Krjuktoal. can also be used for
producing hyperpolarized xenon [83]. Accordinghstmethod, xenon was held at very
low temperature (below 25 mK) in a high magnewtdi(14.7 T). The main barrier for
the brute force method is the very long spin lattielaxation time for xenon solid at
very low temperature. To overcome this obstaclajigiet al. have used oxygen as a
relaxant molecule which leads to an effective ratem of xenon at low temperatures
[84,85]. Helium {He) was also used a relaxant agent [86]. The adyaraf’He is that

it could be easily removed from the sample withouth loss of xenon polarization. In
their experiments on silica gel, O’'Nedi al. have succeeded to distinguish the NMR
signal arising from xenon atoms in the upper moyesiafrom that of Xe atoms in the

lower monolayer on the silica gel surface [87].
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4. Xenon as a probe of micropourous solids

Crystalline microporous solids, as zeolites, aregngportant class of inorganic materials
with uses in different areas impacting our everylilas, namely as catalysts,
adsorbent, and ion exchangers. These materialsiegrewidely studied in terms of
relations among structure, properties and catafgiwity. Pillared clays are an
interesting class of 2-dimensional microporous mi@te Due to their high surface area
and permanent porosity they are very attractivelsdbr adsorption and catalysis
purposes.

4.1. Xenon NMR applied on zeolites

In the 80s and 90%?°Xe NMR has been extensively used to study zeotite p
structures. The various values of the chemicat shiserved for many different
structures allowed some of us to establish a prlaliip between the chemical siaft
(obtained by extrapolating, at zero Xe loading,¢hemical shift measured as a
function of Xe pressure) and the pore dimensioa tlve mean free path of a Xe atom
diffusing in the pores [88]. Analogous relationshgs been obtained later for
mesoporous silica and silica-alumina materials.[89]

In more recent years, the progress in computeulzion has made the determination
of solid structures from X-ray diffraction experinte much easier arfd>Xe NMR has
been less applied to study the pore structuresdaites. However, the technique has
still been used in the zeolite domain, for examplevestigate the nucleation or the
structure collapse under severe treatments oottaibn of extraframework species
such as metal clusters or oxides. In the caseadtiteg obtained in the form of
nanocrystals or nanosheets, XRD diffraction cameotsed anif*xe NMR still

remains very useful to give information on the pstreictures.
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4.2. Pore size and connectivity
Knaggeet al. analyzed the porosity of porous silicon using gptarized‘**xe NMR
[39]. The spectra exhibit two signals of adsorbedon attributed to two types of pores.
Using the relationship between the chemical shidt #ne pore size related to silicas
[89], they could determine the mean pore size efibres, namely 9.5 and 18.5 nm. 2D
MAS EXSY experiments were performed to investighteexchange of Xe between the
two types of pores. To get rid of the HP xenonvarg in the rotor after the first pulse
of the sequence that would affect the peak intgikiting the whole sequence, they
implemented a specific phase cycling and additia88F pulse in the usual pulse
sequence. Rate constants for exchange betweeiffédrert pores themselves and with
the gas phase have been evaluated.

4.3. Monitoring zeolite nucleation / collapse
The crystallisation of zeolites takes place in &mds of systems: hydrogel systems
containing bulk solid and liquid parts or "cleatwgmns" containing discrete, well-
defined gel particles. The number of these pagiddimited in clear solution and such
systems have been chosen by nhumerous groups tozsalite crystallisation.
However, all industrially-synthesized zeolites abgained from hydrogel systems. In
this respect, the understanding of processes tghaug in zeolite-yielding gel-rich
systems is much less known than their highly-dduteunterparts. The events
preceding zeolite nucleation in sodium-rich alunsificate hydrogel precursors are
even less known.
To study such complex systems, many charactenmstdithniques are necessary. For
example Valtchev's group has used a combinatidrypérpolarized (HPY*’Xe NMR

with N, adsorption, high resolution transmission spectpgcenergy-dispersive
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spectrometry, X-ray diffraction, infrared spectrogg, scanning electron microscopy
and chemical analyses to study the changes in caitiggoand structure of sodium
hydroxide rich aluminosilicate gel during the syagls of zeolite A [90]. Many years
ago, it has been shown that xenon adsorbs in Naliteenly under high pressure
(several atmospheres) and at high temperaturiidrzéolite the Na cations are located
near the windows (4.1 A wide) preventing Xe atonesi diffusing through the-

cavities at room temperature and low pressures [91g resulting feature is that, after
Xe is adsorbed under proper conditions, the spectacorded at room temperature
shows several lines corresponding to the diffek@npopulations in the cavities, since
the chemical shift depends on the number of Xe ationthe cavities. This interesting
case gave rise to a great number of experimentbthaoretical studies on Xe NMR
shift [30,92-97].

In the study of Valtchev's group, the samples undat a cationic exchange to obtain
the calcium form before characterization. In proheithe Xe atoms diffuse easily
between the cavities since one half of the windaresfree from cation and the
spectrum contains only a single line due to theayiag of chemical shifts
corresponding to the different populations insiue ¢avities. Even at 144 K, a single
line is observed for a mean Xe loading of 8 atoersgavity [98]. Nevertheless, the
spectra of pure CaA sample obtained after 300 rihaymthesis show several lines that
were attributed to different populations in theitias. The presence of these lines in the
spectra of samples obtained at intermediate syisthie®es is used as a signature of the
presence of crystals of A zeolite. One may remiaak, the observation of these multiple

lines for CaA may be due to a partial exchangeajfddtions by C& ones, allowing
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Xe atoms to adsorb in the zeolite but not to défusry rapidly between the cavities at
low temperatures.

Snearst al. have reported interesting H¥Xe NMR results concerning the formation
of porous aluminophosphates frameworks during ynéhesis of AIPO-18 [99]. The
spectra clearly show the formation of AIPO-5 netyvar intermediate stages of
synthesis (Figure 4). Moreover, to provide insiigiid the pore connectivity, the
dynamics of Xe atoms have been investigated by ZBYENMR on the solid
containing the two structures (Figure 5). The pneseof cross-peaks indicates an
exchange occurring at the smallest mixing timg & 1 ms) between the two structures.
The Xe atoms also exchange between AIPO-5 anddkeghs atix = 5 ms but not
between AIPO-18 and the gas whereas an exchaopsesved fordix =5 ms in a pure
AIPO-18 solid. This suggests that the AIPO-18 phasermed in the core of AIPO-5
particles.

12%e NMR has been used not only to monitor the zesljinthesis but also to follow

the zeolite collapse under severe conditions [100].
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Figure 4.2°Xe NMR spectra of hyperpolarized xenon in calciakaninophosphate
samples after various heating times. The inset(after heating for 2 hrs) is an
expansion (x10 vertical magnification) of the peaktered adis, = 63 ppm. From

reference [99vith permission.
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Figure 5. Left columnt?®Xe 2D-EXSY spectra of the sample heated for 24thrae
different mixing times: (alix = 1 ms, (b)mix =5 ms, and (chnix = 10 ms. The
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corresponding 1D spectrum collected at the same &isnthe 2D-EXSY spectra were
acquired (32 scans) is shown at the top. Rightron|ithe'®?Xe 2D-EXSY spectra of
xenon adsorbed in pure AIPO4-18 at two differenting times: (d)tmix =1 ms and (e)

tmix = 5 ms. From reference [98]th permission.

The synthesis of zeolite, like high silica ZSM-FER), may be facilitated by adding
non-calcined MCM-49 (MWW) seeds to the initial gethout the presence of organic
structure-directing agents [101]. The authors psepoan interface-induced growth
mechanism based on Xe NMR results.

4.4. Delamination of zeolites

To expand the use of zeolites as catalysts fotioacinvolving large molecules, the
group of Corma has developed a new approach [1t0&}nsists in the synthesis of
layered zeolite precursors which are subsequewtylen (by exchange with bulky
cations) and finally exfoliated using ultra-soumi®rder to make the potentially active
sites accessible at the external surface. For la@eants, delaminated zeolites show
higher activity than conventional large-pore a@dlzes, AIMCM-41 mesoporous
solids or amorphous silica-alumina [103].

In the case of ITQ-2, obtained from the delamimabb MCM-22 zeolite, NMR spectra
exhibit additional lines, compared to the singtelobtained for MCM-22, at high
pressures or at low temperatures (Figure 6) [104)-2 consists of nanosheets, ca.
2.5 nm thick. A 10-membered-ring channel systens inside the elementary layer
between "cups" (0.7 nm deep) which open to theasarbn both sides [102]. Within
these nanoscale particles, there is a fast exchaetgeen free and adsorbed xenon and

the observed chemical shift is a weighted averagieeorespective chemical shifts.
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Figure 6.22°Xe NMR spectra of MCM-22 (A) and in ITQ-2 (B) at2% for various

xenon pressures. From reference [104] with peromissi

The additional lines, at lower chemical shift, héveen attributed to nanosheets
consisting of different numbers of elementary |ayamd, therefore, whose patrticle size
varies in a discrete way. At room temperature drldvapressure, Xe atoms sample
particles of different sizes within the NMR timekrand spectra exhibit a single line.
As the mobility of Xe atoms decreases, the exchéef)@een gaseous Xe and Xe
adsorbed in particles becomes dependent on the Siece the size of particles is a low
multiple of the layer size, the time spent by X@articles varies in a discrete way. As a
consequence, the chemical shift depends on thelpasize. Thus, it becomes possible
to distinguish the particles according to theiesizThis interpretation has been clearly
demonstrated by compressing the loose powder ier dodreduce the interparticle space
and consequently the exchange with the interparjaseous Xe. Then, the spectra

show only one line whose chemical shift variatiathvpressure is practically identical
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to that of MCM-22 proving that ITQ-2 and MCM-22 hihe same pore structure. The
two materials only differ from the particle size.

In the case of ITQ-6 which originates from the dalzation of ferrierite zeolite, the
spectra also show, in addition to the two linesesponding to the FER pores, low-
shifted lines which were attributed to mesopor&EXSY MAS NMR spectra to

study the exchange of the FER lines with the messpwere recorded at various
mixing times. The presence of some off-diagonakpedlowed the authors to propose
that the delamination of ferrierite is not complatel occurs at the edge of the patrticles,

with the FER structure being maintained in the adrine material (Figure 7).

b gas

Figure 7. 2D EXSY MAS NMR spectrum of HF?Xe adsorbed on ITQ-6 (mixing time
50 ms). Sample was rotated at 3 kHz. P(X&)06<10° Pa. Sketch of partially

delaminated ITQ-6 particles. From reference [104h\wermission.
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4.5. Location of extraframework species

Many products are obtained by bifunctional catalysi petrochemistry, bifunctional
catalysts essentially consist in metal supportedemtites. The high acidity of zeolite is
responsible of cracking and isomerisation reacteonsthe metallic phase is responsible
of hydrogenation/dehydrogenation reactions. Thé igdaien to introduce particular
chemical species, such as cations, metal particlegides inside the zeolite pores.
Various techniques have been developed to incomptina desired species inside the
pores as vapour deposition, impregnation etc.thiesefore of interest to check if the
species have suitably been deposited within thespdks it was reported in the past,
12%e NMR appears to be an appropriate techniqueviesiigate the location of the
species in the zeolite [7,105-116].

In the last years, a few papers deal with thisestibOne concerns cerium-modified
mordenite catalyst in the tert-butylation of toledi17]. The cerium-modified
mordenites have lower catalytic activity than tbiparent mordenite but enhanced
selectivity for para tert-butyltoluene. These mmlfcatalysts show the same spectra as
that of the parent mordenite whatever the ceriunterd (0 to 6% in mass) proving that
cerium is essentially located on the external sagrfahere it deactivates the external
acid sites for the alkylation of toluene.

Heterogeneous catalysts for olefin metathesis i@acare based on supported Re, W or
Mo. Li et al. obtained high catalytic performance of Mo suppbda HBeta-AJOs
composites for the metathesis of ethane and bitdagropene. Variable-temperature
HP %*Xe NMR experiments show that the Mo species artembly located on ADs;
rather than in the H-beta zeolite. It was conclutthed this particular location is

responsible of the high performance of the catdlysa].
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Another example is found in References [119,12d]@ncerns Fe-modified ZSM-5
catalysts extensively used in the selective rednatf nitrogen oxides which contribute
to the ozone clouds and acid rain formation. Thb@s compared the catalytic
performances of Fe-ZSM-5 catalysts obtained by @gpation in organic media (OMI)
using iron acetyl acetonate with that of referecetalysts prepared by chemical vapour
deposition (CVD) or impregnation in aqueous metd). The chemical shift and the
linewidth are both affected by the presence of &gigles, but not too severely
compared to what can be expected due to the fegoetiam of Fe. The chemical shift
deviation, compared to H-ZSM5, of the OMI and CV@datysts is larger than that of
WMI catalyst. This observation is in agreement wiité results of small angle X-ray
scattering experiments which show that the Fe @astihave dendritic shapes for OMI
and CVD catalysts. This suggests that the Fe festare formed in the ZSM-5
channels and the geometry of Fe particles is aetprence of pore shape. The particles
are then located, at least partly, in the poraaitg can interact with Xe. Due to the
ZSM-5 pore dimensions (5¢8.6 and 5.£5.5 A), the Xe atoms cannot adsorb in
channels containing Fe particles. Therefore theustnof adsorbed Xe is reduced,
particularly in OMI and CVD catalysts as seen i@ #usorption isotherms of Xe.
Moreover, the interaction between Xe and Fe istéchand may explain the small effect
of Fe on the chemical shift.

4.6. Xenon capture on silver-Loaded zeolites

Due to the several uses of xenon including comraklighting, medical applications as
imaging, anesthesia, and neuro-protection, cagiuXe has been widely investigated.
In the early 1970s, Xe was found to exhibit strortigraction with silver-exchanged

zeolites. In the frame of The Comprehensive Nucleamt Ban Treaty (CTBT), nuclear

26



tests which produce a large amount of radioactigeabe monitored. In order to develop
more efficient detectors, the quantification of thember and strength of silver
adsorption sites, for Xe atoms, in silver-exchangealites, NaX, NaY, BEA and ZSM-
5 have been investigated by Xe isotherms’ahe NMR experiments [121].

4.7. Pillared Clays

Pillared structure of TEA-hectorite consists ofrgmnic pockets of two tetrahedral
silicate layers (yellow) condensed to a central meagim oxide octahedral layer (blue)
intercalated by tetraethylammonium cations (seear€i@). Interlayer nanoporosity of
pillared hectorite was explored by hyperpolarizedon NMR demonstrating the open
pore accessibility of the structure to gases [122].

Continuous-flow hyperpolarized®Xe NMR spectra of xenon diffusing in the interpilla
structure of TEA-hectorite at variable temperatne shown in Figure 8. At room
temperature the signal at 105 ppm, is indicativihefgas confined to the restricted
spaces. Lowering the temperature causes the Xaaese to shift linearly downfield,
up to 144 ppm, indicating increasing condensatioreaon on the micropore surface.
Below 205 K an extra resonance appears, due tawemudensation on the particles’
external surface that competes with sorption witheamicropores. Below 205 K the
chemical shift of the confined xenon remains viltiuanchanged. The easy
accessibility of the galleries created by the aminnorpillars was demonstrated by the
fact that the signal of the confined xenon was méed in less than 200 ms after the
flow of hyperpolarized Xe was put into contact witle sample. In addition, the
lipophilic nature of xenon allows favourable intetians with organic TEA even in the

extreme dilution of 1.25% of the gas mixture.
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The famous pre-Columbian Maya Blue (MB) pigment basn the subject of several
publications [123-125]. Most research focused giagring the extreme stability of
this hybrid organic/inorganic pigment, which is ggat in mural paintings in Mayan
ceremonial sites in the Yucatan, as well as in n@amgmic pieces. The MB pigment
consists of fibrous palygorskite clay hosted indigolecules. Palygorskite is a
phyllosilicate whose pore structure can be seamabimensional channels with
3.7x6.4 A cross-section. Indigo is an organic dyeHzN»O, (4.8 to 12.3 A in size)
with a quasi planar structure. Nowadays, the Maly@ B prepared from synthetic
indigo whereas the traditional method used a glantaining the indigo pigments. It

appears that the synthetic Maya blue has not time stability as the traditional one. In
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order to elucidate the reason of such differentltur, Maya Blues prepared
according to the two methods and subsequently amimgt, acid treated or not, have
been investigated by*Xe NMR, among other techniques [126]. When plotting
chemical shift of**Xe adsorbed in the different samples versus the@ig content
(Figure 9), it appears clearly that the syntheti8 gl similar to the palygorskite clay
itself while the traditional MB shows higher chealishift and a curvature at low
loading typical of the presence of strong adsorpsites. This observation proves that
indigo pigments are located in the palygorskiteogay for the traditional MB while
they remain on the external surface in the synthB. The authors explain this result
involving the presence in the plant of indoxyl,raqursor of indigo, which is a smaller
molecule and can diffuse inside the clay and isegbently oxidized and transformed

to indigo during aging.
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Figure 9.22%e chemical shift as a function of concentratioxefion in samples after

acid treatment. &) palygorskite, ) traditional MB and ¢) synthetic MB. From

reference [126] with permission.
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4.8. Other microporous solids

The group of Ripmeester has used and develoffiéd NMR extensively since the
80s. In particular, they studied thoroughly thesslaf hydrate (or more generally
clathrate) materials and published numerous infiegepapers. Owing to the formation
of hydrogen bonds between the molecules, clatihtésates form host materials that
do not exist without guest molecules. Xe atomsaate to form hydrates or clathrates
which can accommodate one or several Xe atoms [12W}e last years, they could
perform double quantum NMR experiments in ordatistinguish single from
multiply-occupied cavities of solid-state inclusioompounds based on dianins [128].
To detect the occupancy of cavities presentingreé{esually two) adsorptions sites,
they take advantage of the homonucfédte-"**xe dipole-dipole coupling that may
exist between two Xe atoms in close spatial proimindeed, it is possible to exploit
this coupling to create a "Double Quantum (DP) cehee" that can be detected by
NMR spectroscopy using an appropriate DQ dipoleoueling pulse sequence under
MAS conditions. Thé**Xe nuclei are previously decoupled fréhh nuclei of the
surrounding organic environment. Then, the sigimatee DQ filter'?**Xe CP MAS
spectra arise frortff®Xe nuclei which undergo dipole-dipole coupling thesithe cavities

(Figure 10).
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Figure 101**Xe CP MAS (upper) and DQ filtered (lower) specwaBianin’s
compound prepared under (a) 1 atm of Xe gas entith®9% in*?Xe and (b) 3 atm of
Xe gas with natural abundance (26%)Xe. The peaks are assigned to xenon atoms
located in cavities containing either one or twaom atoms based on tiéXe DQ

filtered spectra. From reference [128] with permaiss

Recently, in the aim of modifying structure andpedies of clathrates, Shanhal.
prepared clathrates hydrates by replacing wateecotgs with by NEF [129]. Xe

NMR has revealed subtle structural modificationslathrate cages upon the
substitution of water molecules by MWH The data analysis was supported by density
functional theory calculations of the chemical shif

In the aim of designing microporous materials tteat facilitate the fabrication of
monoliths which present better mechanical propefte industrial processes, the
synthesis of a new type of microporous nanocomeesiith catalytically active nickel
nanoparticles has been reported by Zabkeal. [130].

These authors synthesized a microporous compasited commercially-available
polysilazane chemically modified using a N-ligatabdlized nickel complex. The latter
catalyzes the cross-linking of the polymer via loglylation at room temperature.
Upon pyrolysis at 600 °C under nitrogen, the geti@naof porosity and nickel
nanoparticles is achieved. The surface area, trevmume and the size of metal
particles can be tuned by adjusting the amountatdeh complex. Monoliths, thermally
stable up to 500 °C in an oxidative environment lsarfiabricated. The authors used HP
12%e NMR to probe the influence of specific therntaetment and the quantity of Ni
complex on the formation of microporous nanocomjessiith catalytically active Ni
particles. At moderate Ni contents, the paramagmetif Ni particles induces a signal

broadening but at higher Ni loading no signal ired&ble due to HP Xe depolarization
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and broadening. Thermodynamics of xenon adsorptesevaluated using the amount
of the adsorbed and gas phase versus temperatareexbfrom the intensities of the
respective signals in variable-temperature HP Xeep. Three regions are
distinguishable (Figure 11). Only the linear segtdrthe Ln (hadlgag = f(1/T) curve in
the region of high temperature is used to extradiment thermodynamic parameters.
The turning point at 255 K reflects a slower difarsthat limits the replacement of
adsorbed Xe with freshly HP Xe.

The fast depolarization observed with Ni-100 conmeas likely due to the high Ni
content. Besides, for this compound, there is atamtial line broadening when
temperature decreases due to paramagnetic effedigarticles more effective at low
temperature.

In case of Ni-133 containing less Ni, the chandesape in Ln (hadlgag = f(1/T) is
attributed to changes in the internal structuredragement. Interestingly, an additional
contribution to the single line observed at roomperature appears at each transition

and is associated to some change within Xe exchamgpesses.
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5. Mesoporous solids: towards spectroscopic correlatin“xenon-pore size”

It was observed that the relationship between tieentcal shift §) and the pore size
(D), established for zeolites at first, cannot bkzed for mesoporous silicas. Indeed,
for similar pore sizes, the chemical shift is higfee xenon adsorbed in mesoporous
silicas than in zeolites. Later, a new relationdtag been proposed for mesoporous
silicas by Terskikret al. [55,89]. As for zeolites, the new hyperbolic redathas been

also rationalized using a two-site fast exchangdeh(see section 2.2.).
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5.1. Xenon adsorbed on mesoporous silica

Since 1991, great interest has been drawn to acltess of mesoporous silica materials,
namely M41S. Most studies concerned the represemtaiembers of the family, i.e.
MCM-41 [131] and SBA-15 [132] in powder or in thiftms silica [133] and non-
silicate oxide [134].

HP xenon NMR spectroscopy has been widely useddenstand the structure of these
mesoporous materials. It has been also confirmée @ powerful tool to obtain fast
and reliable information concerning the distribataf metal particles inside the
porosity [135] or the internal structure of orgaaiig-modified mesoporous materials
[136]. Valuable information regarding the preseatstrong adsorption centres
associated with modification of the chemical conifp@s of the mesoporous materials
and the presence of an interaction between xendth&norganic phase can be
obtained. Structural properties as well as heatglsbrption are obtained by combining
variable-pressure continuous-flow HXe NMR measurements and the evolution of
the'*Xe NMR chemical shift.

For example, Zhang al. studied the distribution of gallium nanocrystais i
mesoporous MCM-41 using continuous-flow EHfXe NMR spectroscopy [137]. They
have shown that, in contrast to TEM, the laserimda ***Xe probe can detect the
whole region of the sample and provide the oveliatribution of gallium in the MCM-
41 host. With increasing gallium loadings, more amate gallium is introduced into the
mesochannels of MCM-41 but a portion of gallium aéms in the interparticle voids.
There are still empty mesochannels left even dt gajlium loading of 65.1 wt %,
which indicates that the distribution of galliumniearystals in MCM-41 is

heterogeneous. The adsorption heat evaluated fremariations of>>xe chemical
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shift with the temperature reveals a physical gotsmm of xenon in the Ga/MCM-41
meso-composites. This approach opens a sensitiyéonaobe the distribution of high
content species in porous host materials.

Extensive use of variable pressure ¥¥Xe NMR allowed Galarneaet al. to better
understand the processes of dissolution/redistabutf silica in MCM-41 and SBA-15
materials (synthesized at 60, 100 and 130 °C) uwdéezr treatment [138]. In general,
the pressure dependence of xenon chemical shifesoporous materials contains
information about the homogeneity of the pore sigfstructure. The deviations from
pressure-independent behaviour of the chemical @hifich is typical for uniform
mesoporous structure without surface defects) is\ika presence of sites of
preferential adsorption of xenon associated wighptesence of micropores, whereas
the sign of such deviation contains informationwhmnnectivity of micro- and
mesopores. The results of the analysis of BET &b NMR data allowed the authors
to propose a schematic representation of the pei®@BA-15 materials, synthesized at
different temperatures (Figure 12). Materials sgsthed at 60 °C and 100 °C reveal the
presence of microporous coronas around mesopoheseas the synthesis temperature
of 130 °C results in interconnected systems of messs without microporosity. These
differences in structure lead to remarkably differeehaviour under water treatment.
Water treatment of MCM-41 even at very mild coraht leads to the formation of
constrictions at the pore entrances evidenceddyghhnge of the xenon chemical shift
versus pressure dependence pattern. SBA-15 havargpures were shown to be
surprisingly unstable in water although the matdré&s much thicker walls than MCM-
41. Only materials synthesized at temperatureseshieg 100 °C avoid heavy

restructuration upon water treatment.
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Figure 12. Schematic representation of three SB&sihthesized at (A) 60, (B) 100
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and interconnections between main channels. Fréemerece [138] with permission.

5.2. Porosity measurement of alumina catalysts

Recently, we explored the complex porosity of tigms aluminas with>*e NMR
[139]. In these aluminas the porosity is generatethe aggregation of non-porous
crystalline platelets (about 2-20 nm in size). @ggregates themselves (30-500 nm)
form agglomerates (Bm-10um). Finally, the alumina powder is compressed to
produce extrudates (mm size) for industrial catalgpplications. Then, the porosity is
the sum of the inter-particle spaces at varioukesda40].

It was shown that the relationsiD is not suitable for aluminas, the chemical sbift
xenon adsorbed in aluminas being higher than tiedréed in silica for the same pore
size. A new relationship was derived for alumink39]. The chemical shift has been
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expressed as a function of volume-to-surface (Y489, determined by nitrogen
adsorption measurements, rather than of pore giaedid any hypothesis on the pore
geometry. Indeed, due to the origin of the porgsitg pore shape cannot be described
by a simple geometric figure. On the other handiais necessary to determine optimal
experimental conditions in order that the chemstedt depends on the pore size only.
In particular, the temperature of the thermal treait for outgassing samples has a
great influence on the nature of the crystallitdese, i.e. the type and number of Lewis
sites formed when the surface is dehydrated/delytated. These sites constitute
strong adsorption sites for xenon leading to arease in the chemical shift at low
pressure. To minimize the influence of these sitethe chemical shift, the samples
were evacuated at rather low temperature (300 A@}l@e NMR measurements were
performed at pressures about one atmosphere.

Figure 13 compares the relationship recently estadd for aluminas to that of silica

gels and mesostructured silicas (MCM-41, SBA-15).
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Figure 131**Xe NMR chemical shift versus V/S ratio for aluminagica gels and
MCM-41. The lines are the nonlinear least-squate®f the data with equation 2

(section 2.2). From reference [139] with permission
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The fits of the chemical shift variations versu§With equation 2 (see section 2.2),
give similar values od, (characterizing the Xe-surface interaction, setice 2.2)
showing that the Xe-surface interaction does nié¢idmuch for all these oxides. The
difference between the curves is then reflectdtiénvalues of the adsorption constants,
Kags Obtained from the fits. It has been observedttieede values are substantially
smaller than the }gsvalues determined from xenon adsorption isothelhgas then
proposed that the difference originates from th® Vdlues chosen as abscissae. The
NMR experiments being performed at high pressusentbasured chemical shift comes
from Xe atoms diffusing in a restricted mesoporkinee. The very small voids formed
at contact between platelets are filled with Xenepresponsible of the higher chemical
shift observed at low pressure but negligible ghlpressure (Figure 14). Therefore, the
VIS ratio corresponding to the pore volume samplethe Xe atoms should be greater

than the V/S ratio calculated from nitrogen adsorpt

Figure 14. Schematic representation of the appatefdce (dotted blue line) accessible

to Xe atoms diffusing in the mesopores. From refeeq 139] with permission.
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y-alumina is the usual support of the catalysts disethe hydrodesulfurization of
petroleum fractions as diesel and kerosene. Theialuextrudates are impregnated by
molybdenum containing solutions to deposit Mo presntually promoted by cobalt
or nickel. During the catalytic process the Mo ghisms Mo$ crystallites [141]. The
group of Hagiwara studied sulfided Mok [142] and Co-Mo/AIO; [143,144]
catalysts by?*Xe NMR. The metallic phase acts as strong adsorsiies for xenon
adsorption and the chemical shift variations vethesxenon loading (N) show the
typical deviation at low NJ increases with the Mo content (by more than 50 fgym
20% Mo) as well as, for a given Mo content, witk gulfurization temperature (by
about 35 ppm between 373 to 773 K). The authon®late the increase ito the
coordinatively unsaturated sites on the edge of Mostallites that are increasingly
formed with the sulfurization temperature [142].

For Co-doped Mo/AlO; catalysts, before sulfidation, the signals aredes and shifted
with respect to non-doped catalysts due to thenpagaetic effect of cobalt oxides such
as CoA}O, and CoO. The paramagnetic effect is reduced siftiidation owing to the
transformation of these oxides into antiferromagn&ilfides (Co-Mo-S phase).
Nevertheless the magnetic effect increases witlCthi®o ratio but it reaches a
maximum for Co/Ma> 0.7 mol/mol. It slightly decreases for higher @mtent because
of the formation of diamagnetic g at the expense of the Co-Mo-S phase [144].
5.3. Xenon porometry

a) Typical xenon porometry spectra

Generally, due to the fast diffusion of the adsdrkenon, thé*’Xe NMR signall

reflects an average of large amount of pores satrpleéhe atoms during the time scale

of the NMR measurement. To overcome this diffictifty group of Jokisaari proposed
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a novel method, named “xenon porometry”, for tharahterization of porous solids
[145-149]. In this method, the porous materialsimu@ersed in a medium which can
be liquid or solid at temperatures of measuremientsder to ensure a slow diffusion of
the xenon gas. It has been observed that, in sartiitons, the chemical shift of the
signal arising from the Xe atoms trapped insidelkca&ities formed in the pores when
the medium freezes is highly sensitive to the |pcak size [147].

Xenon porometry has been applied to probe the rpesnsize and pore size
distribution of different types of controlled pagasses (CPG). A nice example has
been given by Telkkét al. for CPG-81 (with average pore diameter of 81 A)niensed
in naphthalene [149]. Figure 15 shows that the rRespctra which contain several

peaks can be divided into three classes accorditfgetmelting temperaturey;, of the

medium.
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Figure 15. Typical xenon porometry spectra obsefeePG-81, containing Xe and
naphthalene, in the different temperature rangesdned by the melting points of the

medium. From reference [149] with permission.
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For T>Tmp (uiky Naphtalene is liquid. One can observe two clageats B and C arising
from xenon dissolved in naphtalene between thegbest(bulk liquid) and inside the
pores, respectively. For Tmf wuiky the bulk medium becomes solid leading to the
disappearance of signal B. At lower temperatures i pore) Naphtalene situated
inside the pores becomes solid. Then, a new signhalppears during the freezing
process. This peak has been attributed to xenonsaitovery small cavities or pockets
formed inside the pores during the freezing ofdbefined naphtalene [145]. The
chemical shift value of signal D can directly bated to the pore size of the material.
b) Poresizedistribution

Xenon porometry is suitable for the determinatibpare size distributions of porous
materials since the NMR signals of all the xenanret confined in the different parts of
the sample represent the pore size distribution.

For CPG-81, Telkket al. have shown, by 2D EXSY, that the xenon exchamgeden
the pores corresponding to C and D signals is@afftly slow so that the chemical shift
of a xenon atom is characteristic to one pore [4i48].

In conclusion, information about pore size and mze distribution can be obtained by
performing a series df%e NMR spectra for a wide domain of temperaturgufé 16
illustrates the different aspects of “xenon poragieib determine the pore size. By
converting the chemical shift scale of the spectimtim a pore radius scale, the pore size

distribution can be obtained.
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Figure 16. Determination of pore size distributipnxenon porometry using a solid
medium. The porous material is immersed in a liqon&tlium, and xenon gas is added
to the sample (a). Dissolved xenon atoms (dot&)sbfinside the pores (b). During
freezing, empty pockets build up in the pores @ueontraction of the medium and
xenon squeezes out from the solidifying medium thpockets (c). The chemical
shift of xenon inside the pocket depends on the pae, and the distribution of the
signals observed from the different pores reprasia pore size distribution (d). Using
the determined correlation (e), the pore sizeibigion can be obtained by converting

the chemical shifts to pore radii (f). From referef150] with permission.

6. Hierarchical solids

Due to their well-defined micropores sizes for nealar shape selectivity, large specific
areas, intrinsic acidity, zeolite-type materialsdaghown a great number of applications
in many modern industrial processes related tdysasa adsorption and separation.
However, the limited diffusion of relatively largeolecules in zeolite micropores often
results in a poor access of reactants to the asitiee, a blocking of the diffusion path

and finally a fast deactivation of the zeolites.
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To solve the diffusion difficulty of large guestexpies and to combine the advantages of
microporous zeolites having high catalytic actiatyd stability with mesoporous
materials presenting large pore sizes, a clasgeddrchical materials has emerged at the
beginning of the 2000s. Different strategies hasenbinvestigated: creating mesopores
within zeolite crystals, coating the walls of mesaus materials with zeolite
nanocrystals, synthesizing zeolite crystals ardentplates organized in micelles with
the goal of obtaining interconnected micro and meses. The characterization of the
porosity is usually performed by,Mdsorption or high resolution transmission
microscopy. The first technique implies models #rat not always realistic and the
second is not easy due to the sensitivity of zeslib the electron beam. In this context,
12%e NMR appears to be useful to obtain informatiartite pore structures of the
composite materials and many papers have beerspatlon this subject.

Due to the great interest of ZSM-5 zeolite, sevstadlies concern ZSM-5-based
hierarchical materials. When the starting matesishe mesoporous silica solid and the
zeolite is subsequently formed in the mesopordegcting the presence of the zeolite
nanocrystals is of great interest. Usually, X-réfrakction cannot be used due to the
small size of crystals and the sensitivity'5&Xe NMR, especially with HP Xe, is
therefore very useful. Examples are given here.afte

Habibet al. have chosen to partially transform the amorphoaitsvef mesoporous Al-
SBA-15 silica into ZSM-5 zeolite under hydrothermahditions [151]. They
investigated the influence of different parametstgh as the quantities of ammonium
chloride and ZSM-5 template (TPABTr) with the assste [152] or not of microwaves

[151,153]. When XRD patterns do not show diffractmeaks, the presence of ZSM-5
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zeolite can be detected by a corresponding sigrtaile'**Xe spectra as shown in

Figure 17.

Al-SBA-15
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Figure 17. HP**Xe NMR spectrum of ZSM-5/Al-SBA-15 composite ob&inby
partial conversion of the walls of AI-SBA-15 int&KI-5 zeolite. From reference [151]

with permission.

Depending on the synthesis conditions of these ositggmaterials, one can obtain
only one line at low xenon pressure. The signatsspito two lines as pressure
increases. This is the sign of a close proximitthef micro and mesopores since the Xe
atoms can exchange rapidly, at low xenon loadiegyéen the two environments
giving rise to a coalescence signal. As pressuneases, the amount adsorbed in the
zeolite crystals increases, reducing the diffugioit Xe atoms and therefore the
exchange. Then, the two environments become digsthgble, the chemical shift of the
two signals tending to that of pure ZSM-5 and @BIBA-15 as pressure increases

(Figure 18).
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Figure 18. Chemical shift versus Xe pressure oadsorbed in ZSM-5/SBA-15.
Adapted from reference [153] with permission.

At low Xe pressure, the "decoalescence" of thelsilige can also be obtained when
decreasing the temperature as shown byetal. in mesopore-modified ZSM-5 zeolites
synthetized in presence of starch [154].

Generally, the presence of two signals correspagnidirthe micropores (zeolite) and the
mesopores (SBA-15) does not give any informatiothenconnectivity of the two types
of pores. In this case, one can use 2D EXSY exm@rignto explore the pore
connectivity. The comparison of the 2D spectréhefcomposite materials with those of
a mechanical mixture of ZSM-5 and silica is helgtutonclude to the interconnectivity
the pores.

When the walls of the starting mesoporous mateai@scompletely transformed into
zeolite structure, it appears to be impossiblebgeove two lines, even at low
temperature (down to 143 K). It is the case of imdtlal Zr-silicalite-1 nanocrystals
aggregates obtained from a meso-macroporous zisdmabe with amorphous structure
which are transformed into MFI structure using Tiefplate in the presence of

glycerine, the latter maintaining the porous hiengr[155].
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An interesting study is that of a mesoporous LTAlize. Choet al. synthesized
mesoporous NaA zeolites by adding organosilanestaiiits and eventually triblock
copolymers as pore expanding agents [156]. Thegirndd mesoporous NaA zeolite
presenting mesopores from 6 to 10 nm (up to 24 itnexpanding agents). The NMR
spectra of xenon adsorbed in these mesoporousezeate characteristic of NaA, as
mentioned above. They show several lines correspgnd the different Xe
populations inside the-cavities, since the Xe atoms do not exchange kapetween
the cavities [91]. There is an additional line @t 80 ppm due to Xe atoms adsorbed in
the mesopores (Figure 19). The creation of messposide the zeolite crystallites
drastically increases the zeolitic external surfa®a allowing Xe atoms enter into the
cavities situated near the surface. In mesopora@ss bhe fraction of such cavities is
very large compared to that in parent NaA zeolitsenting cubic 2-Bm crystals and

enhances the amount of Xe adsorbed in the chosslitioms.

A H

NaA-8

NaA-0

250 200 150 100 50 0
Chemical shift / ppm
Figure 191%Xe NMR spectra of hierarchical LTA zeolite (NaA-@)d conventional

LTA zeolite (NaA-0). Each spectrum was accumuldted. d, after xenon contact for

12 h under 1.0410° Pa at 297 K. From reference [156] with permission.
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Analysing the kinetics of Xe adsorption on paramd enesoporous NaA zeolites using
the Fick's law, the authors determined diffusioafticients of Xe in these solids and
were able to correlate the diffusion rate to thiemal surface area. The Xe atoms
diffuse 200 times faster in mesoporous NaA thaourely microporous NaA. The
effect of mesoporosity on the catalytic performaotthese catalysts has been
investigated in the conversion of methanol.

One can also start from a zeolite and destroyttiietsire partially to create mesopores
within the crystals. This strategy was used by Méatenburget al. to obtain
mesoporous MCM-22 zeolite [157]. Previous Xe NMBd#s of MCM-22 zeolite
(MWW) showed that the spectra consist of only one While the structure presents
two types of non-interconnected pores, oblate Esvitonnected to each other through
six 10-ring windows forming layers and 2-dimensiasiausoidal interconnected 10-
ring channels running within layers in betweendheity layers [104,158]. Some
authors have attributed this line to the cavit@ely [158]. But, examining the internal
dimensions of the voids, some of us have deducddile mean free path of a Xe atom
Is similar in the two types of pores and therettwechemical shifts have close values
[104]. At high Xe loading, Xe-Xe interactions inege differently within the two types
of pores leading to different chemical shift ana times can be detected.

In the study of van Miltenbure al., the parent MCM-22 zeolite is subjected to alkalin
treatment at 323 K during 45 min using NaOH solut various concentrations. The
spectra of the different mesoporous MCM-22 preseetor two lines and their
interpretation is however not yet fully understood

The case of zeolite intergrowths is also intergstirhe synthesis of certain zeolites

presenting close structures, such as FER, EMT, EtELleads to the formation of
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intergrowths. It appears that the combination &edent structures may have better
catalytic performances for certain reactions.

In the late 80s:**Xe NMR has been revealed to be useful to deterth@eomposition
of mordenite/ferrierite intergrowths which is n@isg to obtain by XRD when the
monocrystalline domains are small [159]. More rélgehiu et al. have synthesised
cocrystallized MCM-49/ZSM-35 materials [160,161]CMI-49 and ZSM-35 have
MCM-22 (MWW) and ferrierite (FER) structures, resfpeely. Variable-temperature
HP *Xe NMR experiments performed on the intergrowttc(gstallized MCM-
49/ZSM-35) and on a mechanical mixture of MCM-44 &TM-35 reveal that the Xe
exchange between the two structures is fastericdorystallized sample because, at
room temperature, the spectra of the two structsiesv signals at very close chemical
shifts and only one line is observed. As tempeeatiecreases, the signal broadens then
splits into two lines at higher temperature for thechanical mixture than for the

cocrystallized MCM-49/ZSM-35 materials (Figure 20).
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Figure 20. Hyperpolarizetf®>e NMR spectra of Xe adsorbed in MCM-49, in
mechanically mixed MCM-49/ZSM-35, in cocrystallizBtCM-49/ZSM-35, and ZSM-
35 zeolites at 153 and 143 K. From reference [W60] permission.
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This conclusion was confirmed by 2D EXSY experinsgueerformed on the
cocrystallized and the mechanically mixed matesalswing that Xe exchange between

the different structures occurs at smaller mixingetfor the cocrystallized sample.

7. Organic porous materials

7.1. Porous molecular crystals (PMC): permanent porousnaterials

PMC is a family of materials in which non-coval&@ainds maintain robust architecture
with a permanent porosity. In 1999 it was showrCloynottiet al. that crystals formed
by van der Waals interactions between organic nesiean generate permanent porous
materials [162]. Trisd-phenylenedioxy) cyclotriphosphate (TPP) is recegdito be a
the “zeolitic” organic material [163]. TPP absothgest atoms or molecules and when
these latter are evacuated, the porous structuegamed. Continuous flow HB?Xe
NMR was applied for the first time to investigat® open channel structure. Due to the
Xe polarization enhancement by optical pumpingas possible to follow the diffusion
process of xenon in the TPP channels [164]. Thetspexhibit an anisotropic powder
pattern signal because the Xe atom diameter i ¢tothat of channels. Then, the
chemical shift tensor reflects the Xe-wall interaict Xe-Xe interactions being
negligible at low pressure. These latter are ngtigible at high pressure as shown by
Kobayashiet al. using thermally-polarizetf*xe.

Microporous dipeptides, also known as organic re®lbr biozeolites, are examples of
small-pore peptide nanotubes [165]. These peptidestitute an interesting materials
family to get thermodynamic and molecular scalerimfation following the pore filling
as a function of temperature based@Xe NMR spectroscopy.

Direct observation of atoms entering and exitinffagsembled L-alanyl-L-valine (AV)

nanotubes has been facilitated by continuous-flgpetpolarized?’Xe 2D-EXSY
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NMR at 263 K [166]. The mixing-time dependenceha tiagonal- and cross-peak
intensities was fitted to an analytical expresgissuming a slow exchange between the
gas phase and a surface exhibiting Langmuir adsorpit each pressure, the rate of
desorption from the channels was determined. Xéhdsed Field Gradient (PFG)
NMR and hyperpolarized xenon spin tracer exchangd&Mxperiments were also
applied on AV nanochannels. They pointed out thstemce of single file diffusion
dynamics [167].

7.2. Xenon adsorbed on single crystal structure

A nice example about o p-tert-butylcalix[4]-aremege crystals has been studied by
Brouweret al. [168]. The authors showed that such van der Waals solftbuti
channels, can take up small guests such as xerbouviosing long-range ordeér>xe
NMR spectra clearly indicate that significant stawal changes occur in local order
even at low levels of loading.

When xenon is adsorbed in pores presenting angotemvironment, with dimension
of the order of the Xe atom (4.4 A) and less thwitéd the xenon diameter, the resulting
NMR shift is governed by the orientation of the g@with respect to the direction of
the magnetic field. In the presence of a powderndanit gives rise to well-known
shapes of the signal related to the symmetry oalisence of symmetry of the
environment [169-171]. When a single crystal ixpthinside the NMR magnet, a
single symmetric line is observed and its positiepends on the orientation of the
crystal as it has been shown in case of MFI morstaly [62].

More recently, it has been illustrated by Cometttl. in the example of nanoporous
van der Waals single-crystal of tris-orthophenytiarycyclo-triphosphazenhich

can be grown to the size of a few millimetres [172]e spectra of one single crystal,
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recorded for different orientations of the ¢ axishe crystal exhibits a single line
whose position varies by 31 ppm when the crystedtisted from a 90° angle (Figure
21).

This technigue opens up the possibility of desnghihe orientation of the cavities in

confining systems.
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Figure 21. Continuous-flow hyperpolariz€dXe NMR spectra of the porous,
molecular single-crystal inclined at different arti@tionsd from 0 to 90° with respect to

the magnetic field B From reference [172] with permission.

The coating of nanosize ZnO particles by orgaransis has been investigated by

Kotechaet al. [173]. A'**Xe NMR signal at high chemical shift (190 ppm) bagn
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attributed to Xe atoms entrapped in organic domfainkigh coverage rate. UV
irradiation leads to the disappearance of the kighifted line indicating a partial
destruction of the organic phase accompanied bfotingation of large pores.

7.3. Probing polymers by'**Xe NMR

12%e NMR has been applied very early to polymersarticular to study crosslinking,
miscibility or porosity of polymers.

In the first papers, published in the 80s, it hasrbshown that xenon can adsorb in the
amorphous part of polymers at temperatures belevglss transition @) and it is also
relatively soluble in rubber polymers.

As for microporous inorganic crystalline materiadenon is used as a probe to evaluate
the size of the microvoids existing in polymers.b#est al. analysed the porosity of
several polymers (specific surface area, poreaizepore volume) by adsorption
experiments of different gas §NAr, CO,) using various models and compared the
results to that obtained with®Xe NMR [174]. The latter give average pore sizes in
good agreement with those obtained by gas adsarptio

A direct application is found in the study of halipoly(phenylacethylene) which
presents two helix forms: a stretched (cis-transail a contracted (cis-cisoid) helix
[175]. Depending on the helix form, three distipotymers of different colours, noted
Y (yellow), R (red) and B (black), obtained by éifént hexagonal arrangements of the
chains present voids from 4.6 to 12.1 A (Figure ZHe form of polymers can be
converted to another when being in contact withyd@eetone solvent or exposed to
CHCI; vapor. The”®Xe NMR spectra of Xe adsorbed in the different formf

polymers show lines whose chemical shifts corredgorsizes consistent with those

obtained by WAXS patterns and by simulation.
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Figure 22. Top views of polymer columnars (Ieft)jéﬁ)Xe NMR spectra (right) of (a)
Poly(Y), (b) PolyR), and (c) PolyB) at room temperature. From reference [175] with

permission.

Another interesting application is found in the wepublished by Demcet al. who

found a correlation between the chemical shift #xedine width of the signal of
adsorbed Xe with the Young modulus of drawn gelrspltrahigh-molecular weight
polyethylene fibers. In particular, these authtvsveed that the average void diameter is
an increasing function of the modulus [176].

Generally, the chemical shift is specific of a giyalymer. Therefore, it can be used to
follow phase separation as well as to measure dosizes in multiphase blends. An
example is given in a study of polypropylene (PiR) athylene-propylene copolymer
(EPR) particles of millimetre size with H®Xe [177]. The PP and EPR domains give

rise to signals characteristic of each polymer/tgper and the intensities have been
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measured as a function of temperature. Becaus&™M@ was used, the intensities
decrease with temperature and vanish at temperedaresponding to gl because the
freshly hyperpolarized Xe cannot diffuse appregiabio the amorphous polymers.
Since there is no coalescence of the signals vitbi@ge domain size has been evaluated
at more than 200 nm taking into account diffusionsideration. 2D EXSY experiments
were performed to better understand diffusion phesa. In particular, it was
concluded that the Xe atoms can enter the EPR @makthen diffuses in the PP one,
but the reverse path is much less probable.

Due to the great sensitivity of HE>Xe NMR, the technique was successfully used to
monitor mini-emulsion of styrene with high time o&gion [178]. The chemical shift
has shown to be linearly dependent on the molatiéra of monomer/polymer mixtures
and allows determining the conversion rate as atiom of time during the

polymerization. The results are in good agreemattt thhose obtained by calorimetry

(Figure 23).
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Figure 23. Comparison betwe&iXe NMR data (black solid line, the points show the
chemical shifts) and calorimetry data (red dotted)l From reference [178] with
permission.
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Owing to the simplicity of the spectra and the diemelationship of**xe chemical

shift on the composition of reaction mixture, EfXe NMR is an excellent alternative
to 'H and*C-NMR (which exhibits complicated spectra) for istigating
polymerization. In addition, the application of Kf¥Xe NMR spectroscopy for online
monitoring of copolymerization reactions allowedldwing the conversion of each
monomer independently as well as thermoneutratirecwhich cannot be done by
calorimetry.

Temperature-responsive hydrogels are a sub clagesd-linked polymers whose
solubility behaviour as a function of temperatwgoverned by competing hydrophobic
and hydrophilic properties. Above a critical tengiare of the solution, the polymers
become insoluble, the polymer matrices collapsetaadolvent is expelled [179]. This
interesting behaviour can be exploited for drugveey. Poly(N-isopropylacrylamide)
crosslinked with N,N'-methylenebis (acrylamide)sidhis property and the degree of
swelling, depending on the amount of crosslinkas been followed by HB?Xe NMR
[180]. The chemical shift is correlated to the degof swelling via a bi-exponential
relationship. It was possible to differentiate rogkls, crosslinker concentrations and to
define an optimal swelling for which all the solt@nolecules are confined in the pores
of the gel. This information is important for thead of transporting the desired amount
of drug to its target in an organism. Moreovehas been shown that it is possible to
monitor solvent uptake in real time due to excelignal-to-noise ratio.

As for zeolites, the chemical shift increases \Mehpressure due to Xe-Xe interactions
inside the microvoids of polymers and it is uséfuineasure the chemical shift versus
pressure in order to determine the chemical shifeeo coverage, only due to the

interaction between Xe and the polymer, which dates with the pore size
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[174,181,182]. One should be aware that the obdeslremical shift may be the result
of an exchange between dissolved and adsorbedodesaas in the case of
polyphenyleneoxide (PPO) [182] and the chemicdt sihithe purely adsorbed Xe has
to be determined (Figure 24). The adsorption isotkecan be used because they
present typical shape (Figure 25) which is analyzitd a dual-mode sorption model
involving dissolved Xe (following a Henry law) aadsorbed Xe (following a

Langmuir law).
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Figure 241?°Xe NMR chemical shifts a*Xe in PPO plotted against the Xe pressure

at 25 °C. The symbolse,m and A are the observedl calculatedd and thedp

(dissolved) andy (adsorbed) components, respectively. From refer§®2] with

permission.
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The fit of the isotherms allows the determinatidnh@ adsorption constants and the
respective concentrations of dissolved and adsoxieeahd, therefore, the two
componentsdp (dissolved) an@dy (adsorbed) of the chemical shift to finally obttie
true chemical shift of Xe adsorbed in the microgadd the glassy polymer. A study as a
function of temperature gives the variation of $iee of the microvoids as temperature
decreases belowyT

A common method of synthesizing polymers is thelsion polymerization. The
determination of morphological characteristicsaték particles in dispersion is a key
issue. To get a better picture of the particlecstnme in some polymer colloids, Locgi
al. used***Xe NMR at 25 °C in combination with photon corr@atspectroscopy
which gives the hydrodynamic particle size [188][4 is much greater than 25 °C, as

for polystyrene (§= 107 °C), spectra exhibit two lines, one correésjiog to Xe atoms
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out of the particle (i.e. in the solvent) and thieen to Xe atoms in the particles, having
a higher chemical shift and larger width. On thetcary, if Ty is much lower than

25 °C, as for poly(n-buthyl acrylate){¥ - 46°C), a single narrow line is only observed
corresponding to an exchange between sorbed am&é&eA thorough analysis of the
chemical shifts, the linewidths and the intensitiessus pressure gives information on
the particle core, the partition between sorbedfee® Xe atoms as well as the rate
constant characterizing the kinetics of the petietraof Xe into the particles. The latter
IS sensitive to the nature of the latex.

Polymers can be associated to silica to form hyfménbranes for gas separation or
fuel cell applications. One example is found in ¢benparison of hyperbranched and
linear polyimide- silica membranes for gas pernoeafil84]. The authors studied the
effect of the amount of silica and the form of ther tri-amine monomers on some gas
(CO,, Oy, Ny, CH,) permeability coefficients. For the hyperbrancped/imide they
observed a remarkable increase in the/C8, selectivity with increasing silica
content. However, th&?Xe NMR spectra do not show difference between thre p
polymer and the hybrid (polymer/silica) membranestiary to the case of linear-type
polyimides. It was suggested that the cavitieatecreated in porous silica domains
but around polymer-silica interface and the paléicaharacteristic size, distribution,
and interconnectivity of the cavities for the hyp@nched polyimide- silica hybrids
lead to the remarkable GI@H, separation ability.

In the case of poly(perfluorosulfonic acid)/silicamposite used as proton exchange
membrane for fuel cell applications, the free voduimas been investigated by Ugial.

[185]. These authors showed that the average §izeeovolume increases with the
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silica content and reaches a maximum value at 28tio&. This observation could be
correlated to the performance of composite prot@mhange membranes.

8. Hybrid porous materials

8.1. Multifunctional mesoporous silica materials

Among various mesostructures, organic/inorganiaidysilica materials are especially
exciting and promising for a wide range of appimas in the fields of adsorption,
chemical sensing, biology, and catalysis. For mesmnys silica, the relaxation times are
particularly long and the signal of thermally pitad*2*Xe is generally very weak. The
laser-polarizezd**Xe NMR has turned to be very useful to probe the structure and
surface heterogeneity of materials with differeoitgsities and chemical composition.
In 2002, Moudrakovskét al. reported the first application of continuous flell 1*°Xe
NMR to study the structure of functionalized ordkmeesoporous silica [186].

Huanget al. performed an extensive variable-temperaturé#e NMR study of a
series of multifunctional mesoporous silica materiprepared by introducing two
different organoalkoxysilanes, during the baselgaéal condensation of
tetraethoxysilane (TEOS) [187]. Xenon NMR chemagtaft was found to be sensitive
to both the nature of functionalizing material ahd degree of functionalization. It was
observed, that the silanes anchored with shorgamic chains tend to interact with the
surface silanol groups causing backbone bendindhande formation of secondary
pores in the organic matter, as indicated by amttili shoulder peak at lower field in the
room-temperatur&?Xe NMR spectrum. It was also found that subseqrembval of
functional moieties by calcination treatment tetalgesult in a more severe surface

roughness of the pore walls in bifunctional samptaspared to monofunctional ones.
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Another series of silylated MCM-41 materials studiy Huanggt al. revealed a good
correlation of the observéd®Xe NMR chemical shifts with both the surface cogera
and the chain length of the grafted alkylsilaneg @,),.1SiCls, n =1, 4, 8, and 12)
[188]. The authors proposed a simple empiricaltieian terms of the surface
coveragep, and the length of alkyl chain, nd= 105.4 +p (2.35 + 2.98).

The ratio of the deshielding medium contributiohsnethylene and methyl groups
(2.96/2.35=1.26) determined by the authors deviates this found for xenon
dissolved in linear silanes (1.79). This differemees rationalized in terms of
deshielding of the Si-CiHgroups and/or the bulk magnetic susceptibilityetff

Gédeon and coworkers studied SBA-15 materials fomalized with different
arenesulfonic organic contents [136]. Variable-pues data allowed the authors to
better understand the distribution of organic gsoupthe pores of SBA-15. The
introduction of organic groups onto the pore waflshe mesoporous silica leads to an
increase in the chemical shift due to the smaileedsions of the pores. At high
organic content xenon atoms contact exclusiveli wrganic moieties, and the
modified mesoporous surface appears to be homogsrilemm the NMR point of view,
whereas for the highest grafting ratio the orgghase could completely block the
entry of the Xe atoms in the mesopores. Nonlineasttsquares fitting of the chemical
shift variation with temperature allowed the authtr determine the optimized values
of the heat of adsorption, the adsorption constadtthe characteristic chemical shift of
xenon adsorbed on the surfadg,The adsorption enthalpy is not noticeably affédig
the functionalization of the surface, in contrasdtvalues which were found to

increase with the organic content. From the lineairation ofd, with the surface

coverage, a value of the intrinsic shielding due to internwollar Xe-organic group
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van der Waals interactionggg, of 8.65 ppm nrhwas obtained for arenesulfonic
functionalized samples.

The authors also performed polarization transfét)(€periments from HE*Xe to the
protons of organic surface groups. The results®E&periments show that only the
alkyl protons are affected by the xenon polarizatransfer. Indeed at 200 K, the
residence time of xenon on the surface is quitg komd the transfer originates mainly
from these adsorbed atoms. Since the alkyl grotgslaser to the surface, their signal
is preferentially enhanced in the CP experiments.

8.2. Metal Organic Framework Materials

Metal- organic frameworks (MOFs) represent a cléas$g/brid materials built from
organic and inorganic building blocks. The bondsvieen organic and inorganic
constituents are relatively strong, resulting intwr three-dimensional network
structures. In most cases, these networks exhibroror mesopores. As example,
Figure 26 shows the structure of different MOF matse. The very high surface areas
of MOFs materials sometimes up to 6008igntheir tunable pore sizes (ranging from
0.5 to 3 nm) and the extraordinary degree of vdilior both the organic and
inorganic components of their structures, makegmeaterials suitable for a variety of
applications including gas storage, molecular sigvheterogeneous catalysis,
membranes, thin-film devices and biomedical imaging recent review paper,
Sutrisnoet al. have shown that solid state NMR is a powerful témpe to characterize
metal—organic frameworks [189]. This techniqueamplementary to diffraction
methods and can be used to study local structyrandics of organic linkers and to

monitor the behaviour of guest species.
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MOF-123 MOF-246 MiL-47

Figure 26. The framework structures of (A) MOF-1@), MIL-246 and (C) MOF-47.

From references. [190,191] with permission.

The first application of*>Xe NMR spectroscopy to MOFs was reported in 2006 by
Boehlmanret al. [192]. In this study the porosity and the properté the metal-

organic framework GBTC),(H.0)s (BTC=benzene 1,3,5-tricarboxylate) were
investigated. The results demonstrate that, depgrat the synthesis pathway, either
one or two signals are observed which can be at&ibto xenon atoms adsorbed in two
different pores. Co-adsorption experiments showrti@ecules such as ethylene and
water totally block the smaller pores of the;{BTC), and therefore prevent the xenon
atoms from penetrating these cavities.

The favorable properties of xenon adsorption & NMR have been later used in
order to study the local structure of a [M{(hza)(pyz)]n (bza and pyz = benzoate and
pyrazine, M= Rh and Cu ) metal-organic framewo®JJL In this study, a 2D gas

model (Fowler-Guggenheim equation) was used toyaadhe isotherms, evaluating the
xenon-xenon interaction and the isosteric heatlebgption. The relatively large heat of

adsorption (48 kJ/mol) is attributed to the strofegrtinteraction. In case of Rh
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complex, xenon adsorbed in nanochannels givesaiar anisotropic and very de-
shielded"?®Xe NMR resonance line. This phenomenon suggestxéman atoms
occupy sites with extremely small free volume. &ngyystal X-ray diffraction analysis
revealed that rare gas atoms were accommodatedria-dimensional (1D)
nanochannel as a dimer X&ructure. Furthermore, the temperature dependsribe
129%e chemical shift supports the results of X-rayrdiftion and suggests that the,Xe
dimer is the dominant local structure.

Porosity in solids composed of organic and metghoic macrocycles has been
investigated using HP Xenon NMR [194-196]. It whewn that the channel structure
remains intact even upon removal of cocrystalligedst molecules. The first paper on
organic macrocycle materials studied by xenon NMR Iheen published by J. Oosls
al. [195]. The'**Xe NMR data provide information about the porousureof the
compounds for which X-ray crystallographic analys&s not possible. Data obtained
from 2D EXSY experiments, variable-temperattf®Xe NMR and molecular dynamics
simulations suggest a mechanism whereby the xeaimis gccess to the highly
confined sites via the channels.

The adsorption of xenon in a series of zinc metganic frameworks, IRMOFs, has
been studied by xenon NMR spectroscopy [197,198thHramework has a cubic cage
whose size depends on the organic linker mole€idenpared with X-ray
crystallography, the NMR results show that thetreteship between the cage size and
the'?®Xe chemical shift is not totally obvious. The ohaet discrepancies may be due
to the differences in the chemical composition emwtphology of the surfaces of the
IRMOFs compared to the silicate materials (MCM-Zdglites) from which the

chemical shift-pore size correlation is derived.riodify the pore environment,
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functional groups were added to the phenylene riigsexample, IRMOF-2 has been
brominated at position 2.

Figure 27 shows the variable-temperature'f{Re spectra of IRMOF-2. At room
temperature, two intense partially-resolved sigaas2 and 70 ppm along with the
weak free gas peak at 0 ppm are observed. Whesathple is cooled to -100 °C, the
chemical shifts increase and become completelywedpcentered at 85 and 165 ppm.
The abrupt chemical shift change of the downfieddlpat the lowest temperatures may
imply the presence of a new adsorption site. Thig adsorption site is likely to have a
slightly longer retention time for xenon at low teenature and therefore slower
exchange between the adsorption sites. The slowbaage prevents the xenon atoms
from sampling all available void space during tfdRlacquisition time and results in

separate peaks with shifts not averaged over alliple adsorption sites.
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Figure 27. Variable-temperature H¥Xe NMR spectra for IRMOF-2. Adapted from

reference [198] with permission.

64



Comottiet al. [199] demonstrate the open pore structure andabg accessibility of
the nanochannels of aluminum naphthalenedicarbtexpf{OH)(1,4-NDC) 2HO
compound. From theoretical and experimental stunfié€Xe NMR on zeolites the
authors deduce that a chemical shift value of #8,pmrresponds to a pore size of 9 A
which is consistent with square-shaped channels7of7.7 X cross section and a
diagonal size of 10.5 A. 2D EXSY, showed that tkehange time between gas and
adsorbed phase is as short as 15 ms proving #aiatihopores are open and easily
accessible by the gas phase. Through variable-teriype HP*?*Xe NMR experiments
the authors were able to achieve a fine descrimtidhe large nanochannel space and
surface area. From the fitting of the chemicaltgita as a function of temperature, the
enthalpy of adsorption of 10 kJ/mol has been evatla

Cadmium and zinc hexacyanocobaltates(lIl) wereistuldy Limaet al. [200]. The
crystal structures of these two compounds are septative of porous
hexacyanometallates, cublent-3m) for cadmium and rhombohedr&-Bc) for zinc. In
the cubic structure, the porosity is related tdesysitic vacancies created from the
elemental building block leading to a network ofjpores (ca. 8.5 A) connected by
relatively small windows (ca. 4.2 A) (interstitiaée spaces). The rhombohedRI3c)
structure is free of vacant sites but has tetrati@dordination for the zinc atom, which
leads to relatively large ellipsoidal cavities (5alx12.7x8.3 A) communicating
through elliptical windows (ca. 3.9x5.2 A).

For the cadmium compound, up to 2 Xe atoms petyave adsorbed, which is
ascribed to a relatively strong adsorption fieldXe within the pores. This is probably
related to the existence of an electric field geatlat the pore surface. A significantly

weaker guest-host interaction was observed forltbmbohedral zinc structure, in
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which the pore surface has practically nonpolarattar. The pore diameter estimated
from the chemical shift is in close agreement \ilitd pore volume estimated from the
crystal structure and the degree of hydrationhénrhombohedral phase, the anisotropy
of the signals shows a marked dependence on thberurh Xe atoms within the porous
framework, ascribed to Xe-Xe interactions.

It has been observed that the framework of hybadenals may be highly flexible with
a change of the cell volume by more than 300% siomest[201]. The pore structure
may expand or contract under stimuli like temperatr gas adsorption. The (Al or Cr)
MIL-53 metal-organic framework material has atteaca lot of attention on account of
its important flexibility and the occurrence of ascillation (or “breathing”) during
adsorption between two distinct conformations chilee large-pore phase (Ip) and the
narrow-pore phase (np), which have a remarkabferdiice in cell volume of up to
40% [202-205].

The two conformations are easily distinguished4e NMR and the transition
between the two stable states has been thoroutyldied by Springuel-Huet al.

[206]. At room temperature, the dehydrated solidpasl thep form. It corresponds to
the narrow line observed at low Xe pressures (Ei@®). As Xe pressure increases, a
broad anisotropic line appears at higher chemiutl due to the transformation of
somelp channels intep ones. In the pressure range studied, the two tioesxist
revealing that the transformation is not complét@am temperaturddetermining the
local Xe loading idp channels from the chemical shift variation ver¥aedoading
obtained at low Xe pressure before lipf@p transition, the measurement of the signal
intensities makes it possible to estimate theshteansformation as a function of Xe

pressure. It rapidly reaches a limited value ofudd@%.
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Figure 281?°Xe NMR spectra versus xenon pressure (thermallgrzad **Xe)

recorded at adsorption (A) and desorption (B). Frefarence [206] with permission.

More interestingly, the chemical shift variationtbélp line versus Xe pressure exhibits
a hysteresis (Figure 29). Actually, at desorpttbe,chemical shift first remains roughly
constant. Then, it recovers its initial value agrsas thep line disappears. This proves
that the Xe concentration remains constampichannels as long ap channels exist.
This observation led us to propose the followinghamism of transformation: when
the Xe loading reaches a critical value (2 Xe atpersu. c.), the interaction between
Xe and the pore surface is strong enough to intheelosing of the channels, the
process starting from their extremities towarddaeter. In the present conditions
(temperature and Xe pressure), the middle patie@thannels remains lip form so

that the adsorbed Xe atoms are no longer in equifibwith the outer gas phase.
Low-temperature HP experiments show that the toansdtion can be complete even at
low pressure (at 221 K and 1.33 kPa). At the ogppat 343 K, the structure remains

open (p form) even at high Xe pressure.
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Figure 29. Chemical shift variations Ipf (blue) andhp (red) lines as a function of
pressure. Adsorption: full symbols; desorption: gngymbols. Adapted from reference

[206] with permission.

Besides the "breathing" effect fully demonstratgdhe MIL-53 solids, the framework
flexibility of MOFs can lead to another phenomenaamely the "gate pressure” effect.
Some hybrid materials present no permanent porbaitynay adsorb molecules above
a threshold pressure of the adsorptive. The sedaafjate-pressure” effect of a novel
MOF denoted as DUT-8(Ni) has been studied by Kéead. [207]. This MOF showed
reversible structural transformation without lo$gnrystallinity upon solvent removal
and gas adsorption.

In another paper, Hoffmaret al. have used high-pressure in sittXe NMR
spectroscopy in order to study this novel MOF [2@&)e major observation was the
appearance, at high pressure (14 bar) of a naignalsat ca. 220-230 ppm due to
xenon adsorbed inside the pore system of DUT-8(Nips open state (Figure 30). The
high *°Xe chemical shift is due to the great amount obauisd xenon as measured by
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adsorption experiments. A paramagnetic shift ofdttker of 20 ppm, determined by
magnetization measurements, may also contributeetbigh chemical shift value
observed for DUT-8(Ni) [207].

More recently xenon adsorption studies combinet ¥%#Xe NMR spectroscopy were
used to study the flexibility of a series of DUTM3( (M = Ni, Co, Cu, Zn) compounds
[209,210].Depending on the metal atom, the compounds shoarsiale (DUT-8(Ni),
DUT-8(Co)), non-reversible (DUT-8(Zn)) or no (DUTE)) structural transformation

upon solvent removal and/or physisorption of sdvgaiaes.

T=23TK

k! —fp\- 16.0 bar
" 14.0 bar

l 12.1 bar

—A— 10.6 bar

’L 7.7 bar

A_ 5.3 bar

(=1

400 300 200 100 ppm

Figure 301?°Xe NMR spectra measured at 237 K and various pressn DUT-8(Ni)
with initially “closed” pore system. The pore systepens at a gate pressure of ca.

12 bar. Adapted from reference [208] with permissio

8.3. Periodic Mesoporous Organosilicas

Periodic mesoporous organosilica materials (PM®)d#stinguished from other ordered
mesoporous materials by the chemical compositiats gfore wall, which is made of
organosilica in which each individual organic grasigovalently bonded to two or
more silicon atom$?MOs are widely used as functional materials, dusus and

catalysts [211,212].
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Periodic mesoporous hybrid p-phenylenesilica priésgierystalline order in the walls
have been studied by Comadtial. [213]. The open pore structure and the easy
accessibility of the nanochannels to the gas phage been demonstrated by (HP)
xenon NMR, under extreme xenon dilution. A predsscription of PMO

nanochannels has been obtained using variable-tatnpe HP***Xe NMR

experiments. A physisorption energy of 13.9 kJ htws been extracted from the above
experiments.

9. Miscellaneous: carbon, soils and stones

a) Carbon

Porous carbon materials with high specific surfasas and superhydrophobicity have
attracted much research interest due to their pateapplication in various fields
including adsorption/separation of gaf&k4], energy storage [215] and catalysis [216].
Mesoporous carbon materials can be synthesized ns#thods based on soft-
templating [217]or hard-templating (denoted also nano-casting) [248has been
shown by Romanenkei al., the chemical shift is very sensitive to the pnegeof
oxygen-containing functional groups on the surfaicenesoporous carbon materials
[219].

One of the most widely known class of materialdpieed by nano-casting are the so-
called CMKs [220].

They are produced by infiltration of carbon sour@esg., sucrose) into ordered
mesoporous silica (followed by carbonization amdgkate removal). The resulting

carbon materials offer ordered systems with unifpores.
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In the literature!?*Xe NMR spectra recorded on activated carbon [22dhon
filaments [222], as well as carbon nanotubes [228,present only one signal for
adsorbed Xe.

In 2009, Onfroyet al. have shown that, in addition to the peak corredpanto the
mesopores, another line is detected for CMK-3 dueshon adsorbed in micropores
[225]. In order to study the connectivity betwebage two types of pores, 2D EXSY

experiments were carried out (Figure 31).
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Figure 311%Xe 2D-EXSY map of xenon adsorbed in CMK-3 at 298P = 53 kPa,
mixing time = 50 ms). From reference [225] withpession.

The 2D-exchange map reveals the presence of ceads jpetween the gas phase (G)
and the mesopores (A) and between the mesoporasiarapores (B), which indicates
the presence of microporosity inside the carbos.r&milar results have been obtained
by Oschatzt al. [226]. However, the xenon experiments performeligh pressure on
hierarchical ordered mesoporous carbide-deriveldocer (OM-CDC) exhibit one peak

due to the well-connected pore systems allowingeashange of adsorbed xenon. The
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CMK-3 hierarchical sample containing micropores armesopores was characterized
after n-nonane loading using’Xe NMR [226]. Actually, the adsorption of n-nonage
used to block the micropores making them inaccks#ip xenon or other molecules.
Figure 32 shows the disappearance of the sigriZ8@ppm due to the presence of
micropores in CMK-3. However, the increase of themical shift of xenon in the
mesopores after n-nonane indicates that the hythooaan penetrate into the
mesopores which become smaller. The strong interabetween xenon and nonane
molecules may also contribute to this chemicalt shdrease.

Fseiiersial oo ackscrilion

T=23TK
P =11 bar

F= W

CMK-3+n-nonane

400 300 200 100 ppm

Figure 321*°Xe NMR spectra of the mesoporous sample CMK-3 O&-SDC-800
before and after loading with n-nonane measur@3a at a xenon pressure of

11 bars (p/p0=0.64). From reference [226] with pssion.

b) Soilsand stones

In the case of complex materials such as charce&lbuilding stones composed of
various minerals and-of soils also composed of raiees well as organic mattéfXe
NMR spectroscopy has been revealed to be usefuthfaracterizing the porosity and
the state of the surface [227-229]. In such compiexlia, the chemical shift cannot be
interpreted quantitatively, and then th&Xe spectra are rather fingerprints of the

materials.
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An unusual fact has been observed with charcdadsHP and TP spectra are different
[228]. This may occur with heterogeneous mateti@sause HP**Xe does not probe
the whole sample as T#Xe does. Actually, in HP experiments, the signahes from
Xe diffusing in easily accessible regions, oftea pleripheral of the particles/crystallites
and its intensity depends not only on the longitatlirelaxation time but also on the
exchange rate between depolariz€dXe (hyperpolarisation is destroyed by the
radiofrequency pulse) and freshly hyperpolariZéie. In such situation, environments
where?*Xe depolarizes rapidly or/and Xe does not diffumgidly do not give rise to a

detectable NMR signal as seen in Figure 33.

barb.char 203

HP Xe

140

TP Xe ‘/’/\‘—‘_

300 260 220 180 140 100 60
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Figure 33.2?°e NMR spectra for the barbeque charcoals recomsgectively at
Pxe=400 (TP Xe) and 7 mbar (HP Xe). The chemical sisifpressure independent.
Adapted from reference [228] with permission.

Nevertheless, one must keep in mind that the HRakignay highlight an environment
which may correspond to a small fraction of the l#hmaterials sample and therefore
correspond to weak intensity (even non detectethanTP spectrum.

Studying different Italian rocks used as buildirgjsnes in applications like urban
furniture, funeral art, Mauri and Simonutti obtadneomplex spectra presenting several

overlapping signals [229]. Among them some haveatieg chemical shift. The
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observation of negative chemical shifts is rare fasas we know, the only example is
the case of Ag-exchanged zeolite for which chemstalts as low as -50 ppm have
been observed [230]. They were attributed to sjgertiferaction (leading to Xe nuclei
shielding) between Xe atoms and*Agations having a i electronic configuration. In
the present study, they were attributed to thegoes of phyllosilicate minerals with
high surface areas such as chrysotile formed byllearof fibrils (diameter < fum),
composed themselves of microfibrils (diameter <nBf. Chrysotile is a natural
magnesium silicate containing many metals at ppralléAmong them, Cluhas also a
nd*® electronic configuration. The authors suggest €t cations are concentrated at
the fibrils' surface and provide a measurable &ffec

10. Supramolecular compounds

During the last decade, supramolecular complexes haen widely used as biosensors
for MRI applications. Xenon encapsulated into cogbtane derivative cages can be
detected and exploited by NMR spectroscopy. Thatgrensitivity of xenon to local
environment combined with the use of hyperpolarratechniques led to an important
variation of the NMR chemical shifts [231-233]. Alilchal signal amplification can be
obtained by chemical exchange saturation trankigrefCEST) [234,235].

According to this biosensing concept, encapsulaggmn has a resonance frequency
that is completely different from the frequencyfrele xenon. Moreover the chemical
shift of caged xenon varies when the host systeamtise presence of the targeted
receptor or analyte. Cryptophane encapsulated Kealsa be used as temperature
sensor due to the linear temperature dependeriteabfemical shift and even as local

pH sensors [236,237].
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Very recently, Roukalat al. showed that metallosupramolecular cages fHeas a
great affinity for xenon in solution. This studyndenstrates the potential of

metallosupramolecular cages to extract rare g&38.[

11.Conclusion

The main objective of this review was to reveahs pf the great potential 6f°Xe

NMR using the extreme sensitivity of the xenon atonts physical and chemical
environment. In this paper, the principles and i@pgibns of the Xe-NMR technique for
characterizing porous materials were reviewed. Tégew covers the most current and
advanced Xenon NMR research studies since 2005.

In the first part of this review, the basic prineipf **>e NMR spectroscopy of xenon
adsorbed on porous materials is introduced. Theefeshange model which allows the
quantitative evaluation of the pore size is devetbplhe two most common approaches
to hyperpolarized***Xe via Spin-Exchange Optical Pumping (SEOP) werso al
summarized.

The second part of this work reports applicatiohis®and HP***Xe NMR

spectroscopy to probe various types of porous maddeCharacterization of
microporous solids and especially zeolite type maewith a special focus on issues
as the evaluation of pore size and connectivity |tication of extraframework species
as well as monitoring zeolite nucleation / collapsze reported. The use of xenon
NMR on mesoporous, hierarchical, organic and hypadus materials was reported
and commented. Based on these applications, thepoigntial of-**Xe NMR

technigue to explore the surface porosity of posmlgls was exposed.
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Different reviews on xenon have already been phbtis This one focused mainly on
the understanding of the properties of new and rmch materials, as powder, films or
extrudates. However, this review clearly shows fleat studies on the dynamics of
Xxenon in porous materials were carried out. Furtherks on the dynamic NMR
parameters in porous media will contribute to advetinderstanding of the different
interactions experienced by xenon atoms. Moredhenretical studies on the nature of
these Xe-host interactions are needed. They waad to the driving forces of these
interactions.

Though the use of hyper- polarized (HP) xenon Hemvead great extension of the
possible applications in particular to solids aaalié in small quantity (films), with low
surface area or having long relaxation time),(This technique is not suitable for
materials containing paramagnetic impurities legdim short T as shown recently for
hydrotreatment alumina catalysts.

Despite the tremendous progress in the HP Xenon KiM#iRobe the porosity of a wide
range of materials, a keen interest is noticeableasensing and in MR imaging for the
early detection of biological events (cancers).

Finally, Xenon NMR sprectroscopy is not intendedréplace other characterization
techniques, but it can be a convenient complemgméahnique for exploring textural

and transport properties of porous media.
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Figure captions

Figure 1 : Historical timeline df°*Xe NMR with important dates and events.

Figure 2. Schematic representation of continuoms #ystem for production of
hyperpolarized®*Xe. From reference [37] with permission.

Figure 3. Schematic representation of polarizatiansfer from TEMPO radical to Xe
nuclei. From reference [76] with permission.

Figure 4.2%°Xe NMR spectra of hyperpolarized xenon in calcinkdninophosphate
samples after various heating times. The inset(after heating for 2 hrs) is an
expansion (x10 vertical magnification) of the peaktered abdis, = 63 ppm. From
reference [93\vith permission.

Figure 5. Left column'?®Xe 2D-EXSY spectra of the sample heated for 24thrae
different mixing times: (ahnix = 1 ms, (b)mix =5 ms, and (nix = 10 ms. The
corresponding 1D spectrum collected at the same disrthe 2D-EXSY spectra were
acquired (32 scans) is shown at the top. Rightronlithe?*Xe 2D-EXSY spectra of
xenon adsorbed in pure AIPO4-18 at two differenting times: (d)mix =1 ms and (e)
tmix = 5 ms. From reference [98]th permission.

Figure 6.22°Xe NMR spectra of MCM-22 (A) and in ITQ-2 (B) at2% for various
xenon pressures. From reference [98] with permissio

Figure 7. 2D EXSY MAS NMR spectrum of HF?Xe adsorbed on ITQ-6 (mixing time
50 ms). Sample was rotated at 3 kHz. P(X&)06<10° Pa. Sketch of partially
delaminated ITQ-6 particles. From reference [98hvpermission.

Figure 81?*e NMR spectra of xenon diffusing in the interpil&ructure of TEA-
hectorite at variable temperature. From referet@é][with permission.

Figure 9.2%%e chemical shift as a function of concentratioxefion in samples after
acid treatment. &) palygorskite, ) traditional MB and ¢) synthetic MB. From
reference [120] with permission.

Figure 101**Xe CP MAS (upper) and DQ filtered (lower) specwaDianin’s
compound prepared under (a) 1 atm of Xe gas entith89% in**Xe and (b) 3 atm of
Xe gas with natural abundance (26%)Xe. The peaks are assigned to xenon atoms
located in cavities containing either one or twaom atoms based on tiéXe DQ
filtered spectra. From reference [122] with pernaiss

Figure 11. Natural logarithm of the integrated NgiBnal intensity ratios adsorbellgas
for materials with Si/Ni = 100 (open symbols) antNb= 133 (full symbols). Region I,
I, Il correspond to temperature ranges of 333-K3238-210 K, 212-180 K
respectively. Inset: spectra of Ni-133 materiafenméng to the three regions. From
reference [124] with permission.
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Figure 12. Schematic representation of three SBasinthesized at (A) 60, (B) 100
and (C) 130 °C, revealing different pore diametesa) thicknesses, microporosities
and interconnections between main channels. Frésmerece [132] with permission.

Figure 131**Xe NMR chemical shift versus V/S ratio for aluminasica gels and
MCM-41. The lines are the nonlinear least-squate®f the data with equation 2
(section 2.2). From reference [133] with permission

Figure 14. Schematic representation of the appatefdce (dotted blue line) accessible
to Xe atoms diffusing in the mesopores. From refeeq133] with permission.

Figure 15. Typical xenon porometry spectra obsefee€PG-81, containing Xe and
naphthalene, in the different temperature rangesdned by the melting points of the
medium. From reference [143] with permission.

Figure 16. Determination of pore size distributiignxenon porometry using a solid
medium. The porous material is immersed in a liqnetium, and xenon gas is added
to the sample (a). Dissolved xenon atoms (dot&)sbfinside the pores (b). During
freezing, empty pockets build up in the pores @ueontraction of the medium and
xenon squeezes out from the solidifying medium the®pockets (c). The chemical
shift of xenon inside the pocket depends on the pae, and the distribution of the
signals observed from the different pores reprasin pore size distribution (d). Using
the determined correlation (e), the pore sizeibigion can be obtained by converting
the chemical shifts to pore radii (f). From referenl44] with permission.

Figure 17. HP**Xe NMR spectrum of ZSM-5/Al-SBA-15 composite obihby
partial conversion of the walls of AI-SBA-15 int&KI-5 zeolite. From reference [145]
with permission.

Figure 18. Chemical shift versus Xe pressure oadsorbed in ZSM-5/SBA-15.
Adapted from reference [147] with permission.

Figure 191**Xe NMR spectra of hierarchical LTA zeolite (NaA-#@)d conventional
LTA zeolite (NaA-0). Each spectrum was accumuldted. d, after xenon contact for
12 h under 1.0410° Pa at 297 K. From reference [150] with permission.

Figure 20. Hyperpolarizetf®e NMR spectra of Xe adsorbed in MCM-49, in
mechanically mixed MCM-49/ZSM-35, in cocrystallizBtCM-49/ZSM-35, and ZSM-
35 zeolites at 153 and 143 K. From reference [16#] permission.

Figure 21. Continuous-flow hyperpolarizEdXe NMR spectra of the porous,
molecular single-crystal inclined at different ariationsd from 0 to 90° with respect to
the magnetic field B From reference [166] with permission.

Figure 22. Top views of polymer columnars (leftfldftXe NMR spectra (right) of (a)
Poly(Y), (b) PolyR), and (c) PolyB) at room temperature. From reference [169] with
permission.
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Figure 23. Comparison betweiXe NMR data (black solid line, the points show the
chemical shifts) and calorimetry data (red dotted)l From reference [172] with
permission.

Figure 24°e NMR chemical shifts a*Xe in PPO plotted against the Xe pressure
at 25 °C. The symbolse,.m and A are the observed calculatedd and thedp
(dissolved) andy (adsorbed) components, respectively. From refer§hd6] with
permission.

Figure 25. Xe sorption isotherms of PPO at variensperatures. The solid lines
represent the nonlinear least-square curve fitgudia dual-mode sorption model. From
reference [176] with permission

Figure 26. The framework structures of (A) MOF-1@), MIL-246 and (C) MOF-47.
From references. [184,185] with permission.

Figure 27. Variable-temperature F8Xe NMR spectra for IRMOF-2. Adapted from
reference [192] with permission.

Figure 28?°e NMR spectra versus xenon pressure (thermallgrisd **Xe)
recorded at adsorption (A) and desorption (B). Frefarence [200] with permission.

Figure 29. Chemical shift variations lgf (blue) andhp (red) lines as a function of
pressure. Adsorption: full symbols; desorption: gngymbols. Adapted from reference
[200] with permission.

Figure 301*°Xe NMR spectra measured at 237 K and various presan DUT-8(Ni)
with initially “closed” pore system. The pore systepens at a gate pressure of ca.
12 bar. Adapted from reference [202] with permissio

Figure 311*Xe 2D-EXSY map of xenon adsorbed in CMK-3 at 298P = 53 kPa,
mixing time = 50 ms). From reference [219] withpéssion.

Figure 321**Xe NMR spectra of the mesoporous sample CMK-3 O&-SDC-800
before and after loading with n-nonane measur@3a at a xenon pressure of
11 bars (p/p0=0.64). From reference [220] with pssion.

Figure 331°Xe NMR spectra for the barbeque charcoals recoresectively at

Pxe=400 (TP Xe) and 7 mbar (HP Xe). The chemical shifiressure independent.
Adapted from reference [222] with permission.
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