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Abstract: Porous materials are ubiquitous systems with a large variety of applications from catalysis
to polymer science, from soil to life science, from separation to building materials. Many relevant
systems of biological or synthetic origin exhibit a hierarchy, defined as spatial organization over
several length scales. Their characterization is often elusive, since many techniques can only be
employed to probe a single length scale, like the nanometric or the micrometric levels. Moreover, some
multiscale systems lack tridimensional order, further reducing the possibilities of investigation. 129 Xe
nuclear magnetic resonance (NMR) provides a unique and comprehensive description of multiscale
porous materials by exploiting the adsorption and diffusion of xenon atoms. NMR parameters like
chemical shift, relaxation times, and diffusion coefficient allow the probing of structures from a
few angstroms to microns at the same time. Xenon can evaluate the size and shape of a variety of
accessible volumes such as pores, layers, and tunnels, and the chemical nature of their surface. The
dynamic nature of the probe provides a simultaneous exploration of different scales, informing on
complex features such as the relative accessibility of different populations of pores. In this review, the
basic principles of this technique will be presented along with some selected applications, focusing
on its ability to characterize multiscale materials.
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1. Introduction
The element xenon was first discovered by Ramsay and Travers in 1898 through the
study of liquefied air, shortly after the discovery of krypton and neon. Ramsay proposed to
call this new element xenon after the Greek word ξένoν, meaning foreign, strange. Like all
the other noble gases, xenon is odorless, colorless, and dense. For a very long time, it was
considered completely unable to form chemical compounds, but, in 1962, Bartlett managed
to produce the first known xenon compound, xenon hexafluoroplatinate, by mixing Xe
with PtF6 , a powerful oxidizing agent. Since then, many other xenon compounds were
discovered, such as fluorides, oxides, oxyfluorides, and complexes with carbon, nitrogen,
and metal ions, making this element interesting for inorganic chemistry. Nowadays, xenon
is obtained commercially in the distillation of liquid air. It is used in specialized light
sources, in ion propulsion systems in spacecrafts, and as a general anesthetic.
Natural xenon consists of seven different stable isotopes. Among them, 129 Xe is
particularly interesting thanks to its relatively high natural abundance (26.4%) and its
nuclear spin, I, which is equal to 1/2. In addition to that, with 54 electrons, xenon has a
very large electron cloud that makes it a highly polarizable atom, extremely sensitive to the
surrounding environment. Thanks to these combined features, this nucleus is very suitable
for nuclear magnetic resonance (NMR) spectroscopy: any change in its electron cloud
is reflected in its chemical shift value which covers a range of approximately 7500 ppm.
Another interesting isotope is 131 Xe since it also has a high natural abundance, around
21.2%. However, this nucleus has a nuclear spin of 3/2 and, thus, a nonzero quadrupolar
moment which leads to complex spectra even for the simplest materials. Consequently,
129 Xe is by far the most used isotope for xenon NMR spectroscopy.
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In the 1980s, Ito and Fraissard found that the chemical shift of xenon adsorbed in zeolites was highly influenced both by the size of the cavities and the presence of cations [1,2].
Since these pioneering works, 129 Xe NMR spectroscopy has become a very important technique for studying porous species such as zeolites [3–7], mesoporous silica [8,9], organic
porous materials [10,11], polymers [12–16], metal organic frameworks [17,18], and, more
recently, ionic liquids [19–23]. Several different models for determining the size of the pores
via the 129 Xe chemical shift have been developed. In addition to that, this technique has
proven capable of studying pore connectivity, pore blocking, and hierarchical materials,
and to distinguish between different nanosegregated domains and to determine their sizes.
Even though many reviews have been published on this technique [24–29], especially
in recent years [30,31], to the best of our knowledge there are no reviews focused on
the characterization of materials between the nano and the micro scale. These materials,
often constituted by a hierarchical arrangement of nanostructures, have proven to be very
interesting both in practical applications and in providing deep insight into transport
phenomena. The characterization of these materials is particularly challenging: microscopy
needs to be specifically tuned to explore these dimensions and the use of techniques such
as conventional NMR and XRD has proven difficult due to the high sensitivity needed
to properly characterize the structure and the organization of these materials. In this
context, 129 Xe NMR spectroscopy, exploiting the high sensitivity of the xenon nucleus to
the surrounding environment as well as its inherent mobility, has established itself as a
very useful technique, capable of giving detailed information regarding porous structure,
morphology, hierarchy, presence and size of different domains, and phase separation.
The first part of this review aims to provide the reader with a general overview of this
powerful technique, covering the basic principles, the models proposed to determine the
pore sizes of different materials, and some technical details. In the second part, several
examples of applications are highlighted, demonstrating how this technique can be used to
characterize a wide variety of materials.
2. Basic Principles and Models
2.1. Chemical Shift
In the most established description of the chemical shift of 129 Xe adsorbed in a porous
material, it is expressed as the sum of different contributions:
δ = δ0 + δXe-Xe ρXe + δS + δSAS + δE + δM

(1)

δ0 is the chemical shift of xenon gas at zero pressure, which is conventionally set to 0 ppm
and used as reference. This value can be determined by measuring the dependence of the
chemical shift of free xenon gas on pressure and extrapolating to zero. The dependence
of δ0 on temperature can be neglected in the standard temperature operating range [32].
The second term corresponds to the chemical shift increase arising from xenon–xenon
interactions. This term is directly proportional to xenon density, ρXe , and, as such, it can be
neglected if the density is sufficiently small. In microporous materials, such as zeolites, this
term is particularly significant: by definition, micropores have diameters below 2 nm, and,
since the Xe atom has a van der Waals diameter of 0.44 nm, xenon–xenon interactions inside
these pores are very relevant. Instead, in mesoporous materials, which have pore diameters
between 2 nm and 50 nm, this term can generally be neglected, unless experiments are
performed at very high xenon pressures. This second term is generally strongly dependent
on temperature [32].
δS derives from the interaction of xenon atoms with the surface and it is fundamental
in studying porous materials and their free volume. The numerous proposed models for
determining pore sizes and their distributions via 129 Xe chemical shift mainly focus on this
term. δS is temperature dependent as well: the mobility of xenon atoms is increased with
increasing temperature and their residence time on the surfaces reduced. Thus, generally
speaking, this term decreases with increasing temperature.

Appl. Sci. 2022, 12, 3152

3 of 34

δSAS depends on the interaction of xenon with strong adsorption sites (SAS) such as
highly charged or paramagnetic cations. The interaction of xenon with SAS can easily be
recognized by analyzing the dependence of the chemical shift on xenon concentration. At
very low xenon concentrations, in the presence of strong adsorption sites, the chemical shift
increases significantly with decreasing xenon concentration, giving rise to a characteristic
hyperbolic dependence [33]. This chemical shift increase is due to the predominance of the
δSAS term: at very low concentrations, most of the xenon atoms interact with this type of
site. In the absence of SAS, this term can be neglected, and the chemical shift generally
decreases with decreasing xenon concentration, even at low concentration values. δE and
δM are contributions induced by the local electrical fields generated by charged species
and by paramagnetic nuclei, respectively. These terms can be omitted in the absence of the
corresponding species, greatly simplifying the equation.
Equation (1) gives a quantitative relationship between the various contributions given
by the surrounding environment and the xenon chemical shift. However, the xenon atoms
can exchange quickly between different adsorption sites and the gas phase in the NMR
time scale. The resulting chemical shift is an average of the chemical shifts of xenon atoms
in different environments, weighted by the respective molar fractions. Several methods
for distinguishing between different sites and obtaining the corresponding chemical shift
values have been developed, as will be discussed below. Since every material has its own
peculiarities and morphological characteristics, there is no general theory for this approach,
and appropriate models have to be determined depending on the material under study.
Alternatively, Jokisaari et al. proposed to immerse the porous material under study in a
liquid or solid medium [34,35]. This slows down the diffusion of xenon atoms, allowing
signals characteristic of a single type of pore to be obtained. This technique has been called
“xenon porometry” [36,37].
In most cases, in 129 Xe NMR spectra, isotropic signals are observed since the various
terms are averaged to their isotropic values. In the case of strongly confined systems or
single-file diffusion, anisotropic signals might be observed, and the symmetry of the pores
can be derived by analyzing the shape of the signals.
2.2. Proposed Models
2.2.1. Zeolites
As stated previously, zeolites are among the first materials studied employing 129 Xe
NMR, with the pioneering works about this technique mainly focused on this type of porous
structures. In 1987, Demarquay and Fraissard proposed the first model for determining the
pore sizes of these materials using the xenon chemical shift. The model was determined by
combining experimental and computational approaches on Y, A, L, and Z type zeolites and
ferrierite [38]. The relationship between the chemical shift of xenon interacting with the
surface, δS , and its mean free path, l, was written as:


a
δS = δa
(2)
a+l
where δa is the chemical shift of the adsorbed xenon and a is a coefficient that depends on
the material. It can immediately be seen that δS = δa for l = 0, and δS = 0 for l → ∞ , which
represents a situation analogous to that of free gas. By fitting the experimental data to this
equation, Demarquay and Fraissard determined both δa and a:


2.054
δS = 243
ppm
(3)
2.054 + l
where both a and l are in Å. Since the studied materials were decationized zeolites or
zeolites containing only alkali-metal cations, the terms δSAS , δE and δM from Equation (1)
can be neglected. Moreover, at sufficiently low xenon pressures, the terms arising from
Xe-Xe collisions can also be neglected, making it straightforward to obtain δS . Neverthe-
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less, by analyzing variable pressure data, it is possible to obtain the pore geometry and,
consequently, the pore diameter. In spherical cavities, the distribution of Xe-Xe collisions is
isotropic and, thus, the relationship between δ and pressure is linear. On the other hand,
in cylindrical pores, the distribution is anisotropic, and δ shows a nonlinear dependence
with pressure, with a concavity at high chemical shift values. Knowing the shape of the
pores, it is possible to determine their diameter by using the mean free path obtained from
Equation (3). For cylindrical pores:
Dc = l + DXe

(4)

Ds = 2l + DXe

(5)

while, for spherical pores:
where DXe = 4.4 Å.
2.2.2. Mesoporous Silica
In 1993, a model for determining the parameters of the porous structure of mesoporous
silica gels was proposed by Mastikhin, Mudrakovski and Terskikh [8]. Their objective was
to explain unexpectedly high 129 Xe chemical shift values obtained by analyzing various
mesoporous silicas (again, in the absence of strong adsorption sites and paramagnetic
species). Indeed, from a series of experiments, they obtained values similar to those
obtained by Fraissard on zeolites, i.e., around 100 ppm, while working in roughly the same
pressure range. Since both nitrogen adsorption and mercury porosimetry did not reveal the
presence of micropores, the authors concluded that the model proposed for zeolites was
not applicable for this type of material, having average pore sizes in the range 20–400 Å.
They proposed that such scale is wide enough that xenon in the center of the pore
behaves as free gas. The actual chemical shift is the result of a dynamic equilibrium between
that population and the population adsorbed on the pore surface. Assuming the validity of
the ideal gas law inside the pores and assuming that xenon gas is adsorbed according to
Henry’s law, the xenon chemical shift follows the relationship:
δ=

δS
V

g
1+ KSRT

(6)

where R is the gas constant, T is the temperature, K is Henry’s constant and V g /S is the
volume-to-surface ratio of the pores occupied by xenon atoms. This equation shows that
the xenon chemical shift depends on the parameters of the porous structure and allows
their determination, provided that the Henry’s constant is known. Equation (6) can also be
expressed in terms of the mean pore size, D, with:
D=

ηV g
S

(7)

where η is a parameter depending on pore geometry: for cylindrical pores, η = 4, for
randomly packed spheres of equal sizes, η = 2.8, and, for slit-like pores, η = 2. These values
assume a model with non-intersecting pores, and, formally, lower values must be used in
the case of intersecting pores.
By combining Equations (6) and (7), one obtains:
δ=

δS
D
1+ KηRT

(8)

It must be remembered that the Henry’s constant, K, is in fact temperature dependent.
Thus, Equations (6) and (8) are valid only in isothermal conditions. Nonetheless, the
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energetic parameters of xenon adsorption can be determined by analyzing the temperature
dependence of 129 Xe chemical shifts. The Henry’s constant can be expressed as:
K0 ∆ads H
K = √ e RT
T

(9)

where K0 is a temperature-independent pre-exponent and ∆ads H is the heat of adsorption
of the pores under study. Note that, in some papers, the similarity of notation between
K and K0 created a certain confusion. By combining Equations (6) and (9), the following
correct relationship is obtained:
δ=

δS
∆ads H
Vg
√ e− RT
1+
K0 SR T

(10)

This equation can be fit to variable temperature data to obtain the enthalpy of
xenon adsorption.
2.2.3. Porous Carbon Materials
Porous carbon materials are generally characterized by disordered structures, heterogeneous surfaces, conductivity, and presence of paramagnetic impurities. These factors
strongly influence the interaction of xenon with this type of material and, consequently, its
chemical shift.
In 2006, Fraissard and co-workers proposed a model specifically tailored for microporous carbons [39]. By analyzing the chemical shift values of xenon adsorbed into activated
carbons with different pore sizes, they found a linear relationship between δXe-Xe and the
mean pore size, D:
δXe-Xe = η + κD
(11)
where δXe-Xe is expressed in ppm cm3 mmol−1 , η = 5.1 ppm cm3 mmol−1 , and
κ = 7 ppm cm3 mmol −1 nm−1 . It is important to notice that the authors used δXe-Xe
as the experimental parameter for their model. Indeed, no correlation was found between
the chemical shift extrapolated at zero pressure (δS ) and the mean pore size, contrary to the
models described above.
In a later work, a similar approach was followed for mesoporous carbons [40]. Assuming that all the xenon was located on the surface of the materials, it was observed that the
chemical shift followed the relationship:
δ(γ)= δS +δSurf.
Xe-Xe γ

(12)

where γ is the surface density, and the second term describes the binary xenon–xenon
Surf. was derived by the slope of δ(γ), and the variation
collisions on the material surface. δXe-Xe
of this term with the mean pore size was found to roughly follow the relationship:
Surf.
δXe-Xe
=

ϑ
1 + ξD

(13)

where ϑ = 70 ppm m2 µmol−1 and ξ = 0.5 nm−1 .
2.2.4. Xenon Dissolved in Polymers
In 1993, Miller et al. proposed a model for the chemical shift of xenon dissolved
in polymers above the glass transition temperature [41]. They assumed that, in these
particular materials, xenon experiences a liquid-like environment and, consequently, that
its chemical shift can be attributed to solute–solvent interactions. Thus, they described the
chemical shift in terms of van der Waals interactions, not considering the bulk susceptibility
of the polymers, their magnetic anisotropy, and their permanent electric dipole moment.
In their model, xenon is treated as a large diffusant molecule inside a polymer matrix,
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which is not only able to occupy the intrinsic free volume of the polymer but also to carve
its own pockets thanks to the fluid-like behavior of the rubbery chains. By considering
that, in these materials, free volume fluctuates rapidly and, generally, xenon has a high
diffusion coefficient, the average free volume environment experienced by xenon atoms in
the NMR time scale was modeled, and its van der Waals interaction with the neighboring
polymer chains was described using a Lennard-Jones 6–12 potential. Taking into account
the diameter of the polymer chains, their equilibrium spacing and the spacing induced by
the presence of a diffusant molecule, they were able to calculate the theoretical chemical
shifts of xenon in a series of polymers. The applicability of the model was confirmed
by experimental data on various samples such as polyethylene (PE), poly(vinyl ethylene)
(PVE), polydimethylsiloxane (PDMS), and many other polymers.
The importance of this model lies in the representation of the environment experienced
by xenon in the NMR time scale: in polymers, it is extremely different from rigid materials,
such as silica and zeolites, widely studied at the time, in which the porosity is static and
stable over time. In addition to that, this model shows that each polymer has its own
characteristic 129 Xe chemical shift, which can be used to characterize polymers and polymer
blends as well as to monitor phase separation in these materials, as will be shown in
Section 5.2.
3. Hyperpolarization of 129 Xe
Thermally polarized 129 Xe has been employed as the conventional probe since the
first works in the 1980’s. Samples with high surface area and/or high xenon adsorption
capacities were analyzed with good signal-to-noise ratios without the need of excessively
long acquisition times. Variable pressure studies were also conducted to extract the chemical
shift of xenon interacting with the surface, δS , often reaching low xenon pressures. In these
conditions, the 129 Xe NMR analysis of materials with low surface area or weak xenon
adsorption was strongly limited by the low sensitivity of the technique.
In 1991, Pines et al. reported the successful use of optical pumping of gaseous Rb
atoms to strongly enhance the polarization of 129 Xe nuclei [42]. This is one of the first and
most important examples of hyperpolarized 129 Xe NMR. Nowadays, hyperpolarization
allows the sensitivity of 129 Xe NMR to be enhanced up to 104 times compared to the use
of thermally polarized xenon. In addition to that, the longitudinal relaxation times can be
greatly reduced. These two combined features allow to study a wide variety of materials
with low acquisition times and high sensitivity.
Hyperpolarized 129 Xe can also transfer its spin polarization to other nuclei, such as 1 H
13
and C [43,44]. This phenomenon can be exploited to characterize functionalized surfaces
and in magnetic resonance imaging (MRI).
There are several methods to obtain hyperpolarized (HP) 129 Xe. A brief description of the different possibilities is given below. Further details can be found in the
literature [30,31,45].
3.1. Spin Exchange Optical Pumping
The most common method for the creation of HP 129 Xe is spin exchange optical
pumping (SEOP) [46,47]. In this approach, gaseous Rb, obtained at 100–150 ◦ C in a glass cell,
is placed in a magnetic field and irradiated with circularly polarized light at a wavelength
of 794.4 nm, corresponding to the D1 line of Rb. This creates a polarized non-Boltzmann
population of Rb atoms. Then, a mixture containing xenon, nitrogen, and helium is brought
into contact with the rubidium gas. The electronic polarization of Rb atoms is transferred
to the xenon nuclei via the formation of van der Waals Rb-Xe pairs. Nitrogen is added to
the gas mixture to quench the fluorescence of the alkaline gas atoms, preventing the loss of
polarization. The production of HP 129 Xe via SEOP can be carried out both in batch and in
continuous modes.
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3.2. Dynamic Nuclear Polarization
The hyperpolarization of xenon nuclei can be achieved via dynamic nuclear polarization (DNP), as demonstrated in 2015 by Comment and co-workers [48]. In this technique,
at a temperature around 1.2 K, the electron spin polarization of stable organic radicals is
transferred to xenon nuclei by irradiating the system with microwaves close to or at the
EPR frequency of the free radicals [49]. Xenon is then brought to room temperature and
used for the analysis. The enhancement in sensitivity given by this technique is comparable
to that of SEOP.
3.3. Brute Force Method
As an alternative to SEOP and DNP, the hyperpolarization of xenon nuclei can also be
achieved by the so-called brute force method, using high magnetic fields and temperatures
on the order of millikelvins. As a first example, Krujkov et al. reported the production of
hyperpolarized xenon at a temperature of 25 mK and in a 14.7 T magnetic field [50]. The
main problem of this method is the long T1 of solid xenon in this temperature range.
4. Experimental Details
Even though 129 Xe NMR is a somewhat exotic technique, its implementation is straightforward. The preparation of the samples is quite simple, and spectra can be acquired using
conventional NMR instruments. However, as stated previously, this is not the case for HP
129 Xe NMR, which requires a complex apparatus (see Section 3 and references therein). This
small section provides the reader with some technical details regarding sample preparation
and data acquisition.
4.1. Sample Preparation
For conventional 129 Xe NMR measurements, samples are in the form of sealed NMR
glass tubes (usually 5 mm or 10 mm outer diameter) with gaseous xenon inside. It is
important to select tubes with increased wall size, depending on the required final pressure.
Prior to the preparation, samples must be degassed under vacuum, at a high temperature
if necessary, to remove air and other adsorbed species. This can be done directly inside
the NMR tube. Then, xenon gas is inserted inside the tube with a proper apparatus, for
example a Schlenk line, and kept inside by freezing with liquid nitrogen. Lastly, the tube
containing xenon and the sample is hermetically sealed, either with a flame or with a valve.
In HP 129 Xe NMR, instead, the sample is directly placed into the NMR tube and
inserted into the instrument. In this case, Magic Angle Spinning (MAS) probes and rotors
can also be used, because the hyperpolarized xenon gas is produced and delivered directly
into the sample, eliminating the need of using sealed tubes. No further preparation
is required.
4.2. Data Acquisition
129 Xe

NMR data can be acquired with conventional NMR instruments. Both 5 mm
and 10 mm broadband probes can be used, provided that they can be tuned on the 129 Xe
Larmor frequency, which is close to that of 13 C. For example, in a 11.7 T magnet, where 1 H
resonates at 500 MHz, the Larmor frequencies of 13 C and 129 Xe are 125.8 and 139.1 MHz,
respectively. Spectra are normally acquired without spinning, even with solid samples and
MAS probes.
Many different NMR techniques can be applied, such as one pulse experiments,
measurement of relaxation times, 2D exchange spectroscopy (EXSY) and pulsed field
gradient (PFG) NMR. The application of these techniques to 129 Xe NMR experiments will
be illustrated in the next sections.
5. Applications
As stated previously, materials between the nano and the microscale often show unique
properties not directly dictated by their chemical composition but by their structure, which
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represents a higher level in the complex organization of these materials. Thus, it is often
necessary to create materials with precise shape, orientation, and arrangement, making the
desired properties emerge from their structure. Moreover, many materials are constituted
by the multiscale arrangement of nanostructures or building blocks, which is an even higher
level in the structural hierarchy. This complexity makes it difficult to properly characterize
these materials, since the characterization techniques need to be sensitive to different levels
of their organization. Among the different possible techniques, 129 Xe NMR is especially
suitable for this purpose thanks to its high sensitivity to the local environment, which
allows probing of the matter on different levels, providing highly detailed information
about morphology and dynamics. Below, some selected applications of this technique are
presented, starting from the basic information that can be extracted from different kinds of
systems and, then, focusing on its ability to give structural information both on the nano
and on the microscale.
5.1. Liquids, Mixtures, and Solutions
The highly polarizable electron cloud of xenon is strongly altered when this species is
dissolved in liquid phases. Naturally, this is reflected in its NMR signal, which, analogously
to solid materials, can be used to obtain in-depth structural and morphological information
along with knowledge about phase separation, dynamics, and presence and size of different
domains. Owing to these important features, 129 Xe NMR has been used to study a variety
of pure liquids, mixtures, solutions, and host–guest complexes in the liquid phase [51–57].
Ionic liquids (ILs) can be defined as salts whose melting point is below 100 ◦ C [58]. In
the last two decades, they have attracted much attention thanks to their unique physical
properties, such as thermal stability [59], outstanding solvent properties [60], and the
possibility to tailor their properties by carefully choosing their constituents [61,62]. Even
though they are often treated as simple solvents, they are complex structured materials
whose properties are frequently associated to their organization on the nano and on the
micro scales [63]. A thorough structural and morphological characterization of ionic
liquids is mandatory to obtain important structure–property relationships, useful both in
understanding the characteristics of these materials and in designing task-specific ionic
liquids. The structure of a series of 1-alklyl-3-methylimidazolium-based ionic liquids
has been studied in 2013 with 129 Xe NMR [19]. Xenon dissolved in ionic liquids gave
chemical shifts in the broad range between 150 and 250 ppm (Figure 1), with a very
strong dependence on the nature of the anion, a weak temperature dependence in the
range 305–340 K, and a negligible xenon pressure dependence. Chemical shift data were
correlated to the average size of the cages probed by xenon in the NMR time scale, using
the calculated average cage size for xenon in benzene as a reference (5.3 Å, chemical shift
δ = 188.1 ppm). The average cage size increased when going from halide anions to bulky,
noncoordinating anions, such as [TfN2 ]− . Good agreement was also found between these
results and the crystal structure data found in literature.
In another recent work, the dynamics of xenon in 1-alkyl-3-methylimidazolium chloride and hexafluorophosphate ionic liquids were studied combining NMR and molecular
dynamics [64]. Pulsed gradient spin echo experiments allowed the diffusion coefficients
of 129 Xe, 19 F, and 1 H to be measured. The calculated 129 Xe diffusion coefficient was about
an order of magnitude smaller than that of 129 Xe in water (2.2 × 10−9 m2 s−1 ) and in
alkanes, and it increased with increasing the alkyl chain length, while the diffusion coefficients of 19 F and 1 H followed an opposite trend. This indicated that the influence
of the structural organization of ILs on the dynamics of these species was significantly
different. The increase in viscosity with the alkyl chain length caused a decrease in the
mobility of the anion–cation components. On the other hand, the extension of the nonpolar
components favored xenon diffusion, with a much more significant increase in the Cl−
ILs. These results pointed to the existence of segregated polar and nonpolar domains,
the size and interconnectivity of the latter increasing with the alkyl chain length, creating
more free volume easily accessible by xenon and, consequently, enhancing its diffusion.
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permission from reference [19]. Copyright 2013 American Chemical Society.
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the general
formula
F(CF2F(CF
)n (CH
2 )m H [67]. A theoretical chemical
ical
shift
of
dissolved
xenon
was
calculated
assuming
a
coordination
representa‐
shift of dissolved xenon was calculated assuming a coordination spheresphere
representative
of
tive
of the composition
of or,
theinbulk,
in other
words,acontaining
func‐
the
composition
of the bulk,
otheror,
words,
containing
proportionaofproportion
functional of
groups
tional groups
with
xenon
equal
to their bulkExperimental
concentration.
Experimental
data
interacting
withinteracting
xenon equal
to their
bulk
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were interpreted
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the aid of molecular dynamics simulations. For n-alkanes, the Xe chemical shift depended
on the number and proportion of -CH3 /-CH2 groups, with the former showing the greatest
influence. For the branched counterparts, δ also depended on the position of these groups.
Lastly, for cycloalkanes, it was determined that the various -CH2 groups did not interact
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the
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Another
Anotherstudy
studyon
onthe
thecomplexation
complexationofofxenon
xenonwas
wasconducted
conductedby
byBerthault
Berthaultand
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129Xe NMR spectrum of the cryptophane sensor in the presence of Pb2+, Zn2+, and Cd2+
Figure2.2.129
Figure
Xe NMR spectrum of the cryptophane sensor in the presence of Pb2+ , Zn2+ , and Cd2+
cations, each with a 48.5 μM concentration. Reprinted with permission from reference [71]. Copy‐
cations, each with a 48.5 µM concentration. Reprinted with permission from reference [71]. Copyright
right 2014 American Chemical Society.
2014 American Chemical Society.
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ofxenon
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withcryptophanes
cryptophanes have
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Complexes
proposed as
as pH
pH sensors.
sensors. In
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recent
work,
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but
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and
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difference
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to
be
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ionic strength,
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strength,
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effects.effects.
5.2. Polymers
In the late 1980s, researchers began applying 129 Xe NMR to polymeric materials by
analyzing the spectra of xenon dissolved in the amorphous region of polymers above the
glass transition temperature [12]. Since then, this technique has been applied to study several homopolymers [15,41,73], copolymers [13], polymer blends [16,74–77], and crosslinked

5.2. Polymers
Appl. Sci. 2022, 12, 3152

In the late 1980s, researchers began applying 129Xe NMR to polymeric materials by
11 of the
34
analyzing the spectra of xenon dissolved in the amorphous region of polymers above
glass transition temperature [12]. Since then, this technique has been applied to study sev‐
eral homopolymers [15,41,73], copolymers [13], polymer blends [16,74–77], and cross‐
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to the
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di‐
dimensions
wereestimated
estimated to
to be
be larger
larger than
than 200
200 nm
mensions were
nm on
on average,
average, considering
consideringthe
thedifference
difference
between
respective
xenon
chemical
shifts
and assuming
a diffusion
coefficient
of xenonof
betweenthe
the
respective
xenon
chemical
shifts
and assuming
a diffusion
coefficient
−9 m2 s−1 . Two different glass transition temperatures were
inxenon
the material
around
10
−9
2
−1
in the material around 10 m s . Two different glass transition temperatures were
obtained
thethe
relative
intensities
of the
versus
the temperature,
and their
obtainedbybyanalyzing
analyzing
relative
intensities
of peaks
the peaks
versus
the temperature,
and
values
were
very
similar
to
those
obtained
by
differential
scanning
calorimetry
(DSC).
2D
their values were very similar to those obtained by differential scanning calorimetry
EXSY
spectra
acquired
at different
timesmixing
revealed
that revealed
xenon gasthat
firstxenon
explored
(DSC).
2D EXSY
spectra
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129Xe NMR spectra of polypropylene (PP) particles. At
Figure3.3.Continuous
Continuousflow
flowhyperpolarized
hyperpolarized129
Figure
Xe NMR spectra of polypropylene (PP) particles. At
the
top,
the
relative
intensity
of
the
dissolved
xenonsignal
signalisisreported
reportedas
asaafunction
functionof
oftemperature.
temperature.
the top, the relative intensity of the dissolved xenon
Reprinted with permission from reference [81]. Copyright 2006 American Chemical Society.
Reprinted with permission from reference [81]. Copyright 2006 American Chemical Society.

An application of xenon NMR has been proposed for the characterization of ultrahigh molecular weight polyethylene (UHMWPE) fibers prepared by gel spinning [82].
Equations (3) and (5) were used to estimate the average void size of a series of samples,
and this value was found to increase with the tensile modulus of the fibers. Thus, a direct
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Equations (3) and (5) were used to estimate the average void size of a series of samples,
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Figure
of the
the mixing
mixinglength
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scalesofof(a)
(a)the
thePIB/PEB-23
PIB/PEB‐23blend
blendand
and
Figure4.
4. Schematic
Schematic representation
representation of
(b)(b)
or
or
PIB/PEB‐66
blend.
For
the
latter,
both
representations
possible
since
length
scale
is
(c)(c)
thethe
PIB/PEB-66
blend.
For
the
latter,
both
representations
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possible
since
the the
length
scale
is less
less
70 nm
in both
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Reprinted
with
permission
from
reference
[83].
Copyright
2004
Amer‐
thanthan
70 nm
in both
cases.
Reprinted
with
permission
from
reference
[83].
Copyright
2004
American
ican Chemical Society.
Chemical Society.

The
Thestudy
studyof
ofthe
thefree
freevolume
volumeof
ofpolymers
polymerscan
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In another
another
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proposed.AA
129Xe
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chemicalshift
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[84].This
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whichwas
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obtainedby
bymixing
mixingPB
PBwith
with styrene
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and
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Indeed,the
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starting
phase in HIPS made it impossible to determine the crosslink density of PB via direct
swelling measurements, while, in 129 Xe NMR spectra, signals characteristics of both phases
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In a very recent work, the 129 Xe NMR analysis of a series of polymeric membranes for
CO2 separation has been reported [85]. Membranes were prepared by photopolymerization
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of the
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was dependent on the nature of the anion,
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Figure 5. 129Xe NMR spectra obtained at 30 °C of ionic liquid‐polyacrylate copolymer membranes:

Figure
5. 129 Xe NMR spectra obtained at 30 ◦ C of ionic liquid-polyacrylate copolymer membranes:
(a) poly[P222VB][BF4]+acrylates, (b) poly[P444VB][BF4]+acrylates, (c) poly[P888VB][BF4]+acrylates, (d)
(a)
poly[P
(b)dashed
poly[P
VB][BF
]+acrylates,
poly[P
poly[P
888VB][Tf
2N]+acrylates.
The vertical
line
marks
the 4chemical
shift of(c)
xenon
in water.
222 VB][BF
4 ]+acrylates,
444
888 VB][BF4 ]+acrylates,
Reprinted
permission from reference [85]. Copyright 2021 Journal of Membrane Science.
(d)
poly[Pwith
888 VB][Tf2 N]+acrylates. The vertical dashed line marks the chemical shift of xenon in water.
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Xenon NMR spectroscopy has also been used to characterize polymers below the glass
transition temperature. For example, this technique coupled with positron annihilation
lifetime spectroscopy (PALS) has been used to study the free volume of a series of glassy
perfluorinated polymers [86]. Free volumes were obtained by employing Equations (3)–(5),
and the chemical shift values extrapolated at zero xenon pressure. Even though the
equations are formally valid only for microporous zeolites, reasonable agreement was found
between xenon NMR and PALS data. A comparison between PALS and 129 Xe NMR data
was also made by Whittaker et al. on poly(2-hydroxyethyl methacrylate) hydrogels [87]. In
these samples, the absence of peaks due to xenon in water led to the conclusion that xenon
was located in weakly or non-hydrated hydrophobic domains. Moreover, the analysis
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of samples prepared with different water contents revealed that the 129 Xe chemical shift
decreased with increasing water content. This was attributed to an increase in free volume
due to the materials progressively passing from a glassy to a rubbery state with increasing
water content.
Suzuki et al. studied several other glassy polymeric systems, including poly(2,6dimethyl-1,4-phenylene oxide) (PPO) [88], PPO/PS blends [89], and tetramethyl bisphenol
A polycarbonate (TMPC)/PS blends [90], using 129 Xe NMR and Xe sorption measurements.
For these studies, the sorption behavior of xenon in glassy polymers was described using a
dual-mode adsorption model. The assumption is that xenon dissolves in the polymer matrix
via a Henry’s mechanism and is adsorbed in the nanovoids via a Langmuir mechanism.
This generates two different contributions to the xenon chemical shift: δD (dissolved
xenon, Henry’s mechanism) and δH (adsorbed xenon, Langmuir mechanism). The fitting
of the xenon adsorption isotherms at various temperatures, along with the analysis of
variable temperature and pressure 129 Xe NMR spectra, allowed determination of the
relative concentrations of xenon atoms in the two different sites, and the corresponding
chemical shift values. Lastly, these values were used along with Equation (3) to determine
the effective size of the nanovoids.
A widely diffused method for obtaining polymers is emulsion polymerization. This
technique allows latexes constituted by homo or copolymer particles to be obtained. The
careful selection of the synthetic conditions allows the dimensions and the morphology of
the latex particles to be tailored, allowing many different architectures to be obtained [91].
129 Xe NMR has been used as a technique to evaluate the structure and the morphology
of various homo- and copolymer particles synthesized by emulsion polymerization [92].
When polymers were analyzed below their glass transition temperature, the slow exchange
between xenon inside and outside the particles caused different peaks to appear in the
spectra (Figure 6). On the other hand, when temperature was increased above the Tg , as in
the case of poly(butyl acrylate-co-methyl methacrylate) (Tg ≈ 32 ◦ C) at 60 ◦ C, a single peak
was observed, indicating fast exchange between different environments on the NMR time
scale. The analysis of chemical shift and line width data allowed determination of the rate
constant of the xenon penetration in the particles, which was observed to be independent on
the xenon gas pressure and on the nature of the latex. Thus, it was shown that information
Appl. Sci. 2022, 12, x FOR PEER REVIEW
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regarding the core of the particles and the exchange of xenon between polymer and bulk
could be obtained.
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Polymers of intrinsic microporosity (PIMs) are polymers which possess permanent
pore sizes below 2 nm due to their rigid and complex structures that do not fill the space
efficiently. They can be used for gas storage, gas and liquid separation, preparation of
membranes, and sensing [94]. Thorough characterization of their porous structure is cru‐
cial in determining their properties and their performances in various applications. In
2010, 129Xe NMR was used to study two spirobifluorene‐based PIMs with different linkers
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In another work, hyperpolarized 129 Xe NMR was used to monitor the mini-emulsion
polymerization of styrene [93]. The polymerization was carried out directly in the NMR
instrument, and spectra were acquired at different reaction times. By analyzing the dependence of the chemical shift on the time of acquisition, the authors found that this parameter
correlated with the monomer/polymer ratio, allowing the direct monitoring of the polymerization. Moreover, this approach allowed the two different kinetic profiles given by two
different initiators to be distinguished between. To validate the results, calorimetric data
were acquired, and good agreement was observed between these and chemical shift data.
Polymers of intrinsic microporosity (PIMs) are polymers which possess permanent
pore sizes below 2 nm due to their rigid and complex structures that do not fill the space
efficiently. They can be used for gas storage, gas and liquid separation, preparation of
membranes, and sensing [94]. Thorough characterization of their porous structure is crucial
in determining their properties and their performances in various applications. In 2010,
129 Xe NMR was used to study two spirobifluorene-based PIMs with different linkers [95].
δS was extrapolated from variable pressure data and used to determine the average pore
diameters, which were <0.8 nm in both cases, showing that the linkers did not have a
significant influence on this value. Since the size of the pores created by the structural
units of these polymers was predicted to be around 1.2–1.4 nm, the authors concluded
that their porous structures were created by interdigitated structural units and deformed
pores, possibly generated due to incomplete condensation reactions during the synthesis.
Direct comparison between PALS and 129 Xe NMR on an ethanoanthracene-based PIM
synthesized by Tröger’s base formation (PIM-EA-TB) further confirmed the applicability of
this technique in the characterization of porosity in this class of materials [96].
5.3. Mesoporous Silica
The extensive study of mesoporous silica by means of 129 Xe NMR began in 1993
with the work published by Mastikhin et al., in which Equation (10) was proposed [8].
Afterwards, many other papers on this type of materials were published.
For example, in 2002, a thorough NMR study on ordered mesoporous silica (OMS)
materials and their counterparts functionalized with alkyl silanes (referred to as PNNL
materials) was conducted by Ripmeester, Exarhos, and co-workers [9]. Nitrogen adsorption
measurements and TEM indicated the presence of regular porous channels with different
sizes. By performing variable temperature and variable pressure continuous flow hyperpolarized 129 Xe NMR, instead, the authors were able to identify the presence of a nonregular
and nonuniform porous structure, spacing from micro to mesopores (room temperature
spectra are shown in Figure 7). More specifically, xenon was revealed to be in fast exchange
between two different nonuniform regions of porosity in the NMR time scale. This provided
a much more in-depth level of detail regarding the porous structure of the materials compared to N2 adsorption and TEM data. Moreover, by analyzing the functionalized materials,
they determined that the hydrocarbon chains had two main effects: first, the accessibility
of the silica surface was partially blocked; second, xenon dissolved in the hydrocarbon
chains, generating broad resonances at around 200 ppm in some spectra. This paper clearly
demonstrated the applicability of 129 Xe NMR in detecting surface effects and different pore
size distributions in silica-based materials. Similar results were obtained in a work on mesoporous silicas functionalized with various ratios of 3-[2-(2-aminoethylamino)ethylamino]
propyltrimethoxysilane (AEPTMS) and 3-cyanopropyltriethoxysilane (CPTES) [97]. In
addition to distinguishing the effects of functionalization on the mesoporous structure, 2D
EXSY spectra of AEPTMS-functionalized silica were analyzed to gain a deeper insight into
the interconnectivity of different domains. It was observed that xenon exchanged rapidly
between the mesopores and the free gas signal at around 0 ppm, while a longer mixing
time was required to observe the exchange between the organic surface phase and the
mesopores and between the free gas and the organic phase.
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Figure 7. Room temperature continuous flow hyperpolarized 129 Xe NMR spectra of ordered mesoporous silica (OMS) materials and their functionalized counterparts (referred to as PNNL) with
different pore sizes: 5 nm, 9.3 nm, and 30 nm. (A) OMS-5, (B) OMS-9.3, (C) OMS-30, (D) PNNL-5,
(E) PNNL-9.3, (F) PNNL-30. Reprinted with permission from reference [9]. Copyright 2002 American
Chemical Society.

HPLC columns are constituted by silica-based materials, often functionalized to enhance their capability to retain apolar compounds, making separation processes more
efficient. Some functionalized HPLC materials have been studied employing 129 Xe NMR by
the group of Ba [98]. In their study, xenon was chosen as a probe molecule representative of
a possible mobile phase, and the structure of the stationary phase along with its interaction
with xenon was analyzed. By performing a series of variable temperature experiments, the
authors were able to distinguish between four different xenon populations: xenon solvated
in the stationary phase, xenon in the pores of the silica particles, xenon in the interparticle
spaces of the material, and xenon outside the column material. In addition to that, 2D
EXSY experiments at low temperatures were performed, directly observing the diffusion of
xenon between the interparticle spaces and the pores of the silica particles. In a subsequent
work, the authors also applied 1 H-129 Xe CP NMR experiments to confirm the separation
and the distinction between xenon inside the pores and xenon in the interparticle space [99].
Overall, these studies allowed determination of the structure of the column materials, as
well as the solvation and the dynamics of xenon atoms, gaining information about the
interaction of these materials with apolar species.
Mesostructured silica-based materials containing metallic species can be prepared by
synthesizing metal nanoparticles directly inside the mesoporous structure. The resulting
metal-containing mesoporous materials can show widely different porous structures, depending not only on the silica-based constituents but also on the shape and size of the
metal particles. 129 Xe NMR was employed to study Ag-functionalized silica synthesized
by templating with octadecyltrimethylammonium bromide (C18 TAB) [100]. First, calcined
materials not containing silver were analyzed. Contrary to the results obtained by N2
adsorption, which showed a bimodal distribution of pores, the Xe NMR spectrum showed
three distinct resonances at 74, 44 and 10 ppm, along with the typical peak at 0 ppm assigned to free gas. The resonance at 10 ppm was attributed to xenon weakly confined in the
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Given that 129 Xe NMR provides a high level of detail regarding the structure of the
analyzed materials, it can also be used to monitor chemically-induced variations in the morphology of the materials and gain insight into the mechanism and the dynamics involved.
For example, starting from silica-based materials with a disordered pore structure, it is
possible to obtain ordered mesoporous materials such as MCM-41 and MCM-48, with the
aid of a surfactant and a structure-directing agent [103]. The degree of transformation can
be controlled by the synthetic conditions, allowing the creation of materials with both the
original and the newly formed porous structures, and the creation of complex hierarchical
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greatest possible extent. The porous structure of silica aerogels is generally characterized
with conventional N2 adsorption measurements. However, the possibility to alter the
porous structure of these materials along with the typical broad pore size distributions
represent serious limitations in this type of approach. HP 129 Xe NMR can provide indepth information with minimal or no sample disruption and with high sensitivity. In a
very recent work, different hydrophobic silica aerogels were synthesized, and their porous
structure was characterized using hyperpolarized xenon NMR [108]. Two series of materials
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were prepared with different aging times, employing acid (series A) and basic catalysis
(series B), respectively. All the materials showed asymmetric broad peaks in the range
100–150 ppm, indicative of inhomogeneous pore size distributions originated by different
pore species (Figure 10). The somewhat high chemical shift values were attributed to the
high hydrophobicity of the modified silica gels, which strongly enhances the interaction
with xenon, affecting its NMR signal. Consequently, quantitative determination of pore
sizes was not conducted. Nonetheless, the spectra clearly showed that the porous structure
of the A series was different from that of the B series. This was due to the different reaction
mechanisms: acid-catalyzed synthesis created linear chains with overall low degree of
Appl. Sci. 2022, 12, x FOR PEER REVIEW
of 35
crosslinking, whereas basic catalysis increased the degree of crosslinking and created20
highly
branched networks.
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Xe NMR spectra of hydrophobic silica gels synthesized with (a) acid catalysis and
(b) basic catalysis. The numbers indicate the different aging times. Reprinted with permission from
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reference [108]. Copyright 2021 Journal of Sol‐Gel Science and Technology.
reference [108]. Copyright 2021 Journal of Sol-Gel Science and Technology.
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The porous structure of the mesoporous CMK‐3 carbon material has been character‐
ized by variable pressure and 2D EXSY hyperpolarized xenon NMR experiments [114].
Excluding the free gas signal, two different peaks were detected in the spectra, and, owing
to their chemical shift values and their pressure dependence, they were attributed to two
populations of pores of different sizes: micropores and mesopores. The presence of both
micropores and mesopores in CMK‐3 could be explained by two reasons: (1) presence of
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measurements, the authors concluded that DFNS particles were characterized by a twolevel bicontinuous structure.
5.4. Porous Carbon Materials
Compared to zeolites and mesoporous silica, the xenon NMR analysis of porous
carbonaceous solids is challenging due to their structural features. Nonetheless, this
technique has proven extremely useful even in the characterization of this type of materials.
Many different carbonaceous solids have been studied [110–113], and a quantitative model
has also been proposed, as outlined before [39,40].
The porous structure of the mesoporous CMK-3 carbon material has been characterized by variable pressure and 2D EXSY hyperpolarized xenon NMR experiments [114].
Excluding the free gas signal, two different peaks were detected in the spectra, and, owing
to their chemical shift values and their pressure dependence, they were attributed to two
populations of pores of different sizes: micropores and mesopores. The presence of both
micropores and mesopores in CMK-3 could be explained by two reasons: (1) presence
of two types of carbon particles due to inhomogeneity in the synthetical process, and
(2) presence of microporosity in the mesoporous structure or, in other words, presence of a
hierarchical structure. 2D EXSY confirmed the second hypothesis: only mesopore-gas and
mesopore-micropore cross-peaks were detected at a small mixing time (50 ms), indicating
that the gas had to go through the mesoporous structure to reach the smaller micropores
Appl. Sci. 2022, 12, x FOR PEER REVIEW
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(Figure 11). Thus, the presence of a hierarchical structure in CMK-3 was demonstrated
for35
the first time.

129Xe 2D exchange spectroscopy (EXSY) spectrum of CMK‐3 acquired at
Figure11.
11.Hyperpolarized
Hyperpolarized 129
Figure
Xe 2D exchange spectroscopy (EXSY) spectrum of CMK-3 acquired
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MWCNTs was also studied by Romanenko et al. [120]. Open and closed nanotubes (as
determined by TEM images) were analyzed, and this allowed signals arising from xenon
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adsorption in MWCNTs was due to the presence of defects, which acted as preferential
adsorption sites for xenon. In the same year, xenon adsorption on MWCNTs was also
studied by Romanenko et al. [120]. Open and closed nanotubes (as determined by TEM
images) were analyzed, and this allowed signals arising from xenon on the outer nanotube
surface and xenon located in the interior of the nanotubes to be distinguished between. The
weak adsorption of xenon was indicated by a weak pressure dependence of the chemical
shift values. Moreover, CNTs were also analyzed after a ball milling process. Both open
and closed CNTs displayed a single signal after ball milling, suggesting fast exchange
between external and internal xenon atoms, indicating that ball milling opened up the
interior volume of the nanotubes. Lastly, variable temperature data were fit to Equation (10)
to determine the physical parameters of adsorption.
In 2014, CMK-3 and a series of micro and mesoporous carbide-derived materials were
studied with high pressure 129 Xe NMR [121]. Using a homemade apparatus, variable
pressure spectra were acquired up to 18 bar, and the dependence of the adsorbed xenon
chemical shift on the relative pressure was studied. The shape of the resulting curves for
different materials resembled adsorption isotherms for micro and mesopores, allowing
elucidation of the different porous structures. The chemical shift value extrapolated at a
relative pressure of 1 was in good agreement with the pore sizes determined by nitrogen
adsorption data. In addition to that, the analysis of the line shapes and linewidths of
the materials provided information regarding the width of the pore size distributions
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129Xe NMR spectra of CMK‐3 and an ordered mesoporous carbide‐based material, taken
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Figure
Xe NMR spectra of CMK-3 and an ordered mesoporous carbide-based material, taken
before and after adsorption of n‐nonane. Reprinted with permission from reference [121]. Copyright
before and after adsorption of n-nonane. Reprinted with permission from reference [121]. Copyright
2014 American Chemical Society.
2014 American Chemical Society.

The conversion of biomasses into activated carbons, called biochar, is a very attrac‐
tive process which obtains specialty materials with a low environmental impact. These
materials have proven useful in wastewater treatment, soil conditioning, catalysis, and as
construction materials [122,123]. The activation of biomasses can be achieved via different
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The conversion of biomasses into activated carbons, called biochar, is a very attractive process which obtains specialty materials with a low environmental impact. These
materials have proven useful in wastewater treatment, soil conditioning, catalysis, and as
construction materials [122,123]. The activation of biomasses can be achieved via different
methods, including pyrolysis and treatment with acids, bases, steam, carbon dioxide, or
ionic liquids. These processes deeply change the structure of the starting materials, creating extended porous structures which are responsible for the emerging properties. The
porous structures of a series of pecan shell-based biochar were analyzed with 129 Xe NMR
by Simonutti and co-workers [124]. The spectrum of untreated pecan shells only showed
the free gas peak close to 0 ppm, indicating the absence of pores in which confined xenon
could be distinguished from the free gas. Biochar prepared with different airflow rates
during activation (i.e., different nominal oxygen levels) showed very broad peaks between
100–200 ppm, indicating very broad pore size distributions. A slight upfield shift in the
peak apex with increasing airflow rates indicated that higher degrees of oxidation created
pores with slightly larger average sizes. 2D EXSY experiments also demonstrated that
part of the adsorbed xenon was in exchange with the free gas in a time scale of around
100 ms. More specifically, the detected cross peaks were not centered to the adsorbed
xenon peak, but they were shifted toward the rightmost part of the broad signal, indicating
that only xenon located in the largest pores was able to exchange with the free gas. In a
subsequent work, the same authors studied the porosity of biochar derived from almond
shells [125]. Biochar was prepared by treating the almond shells in inert atmosphere at
800 ◦ C and variable times in the range 60–240 min. Some samples were washed with water
to remove the ash originated by the thermal treatment. 129 Xe NMR spectra revealed that
the porosity of the materials increased with increasing treatment duration. Moreover, the
spectra of washed materials showed larger and much more intense adsorbed xenon peaks
(relative to the free gas peaks) compared to unwashed materials with the same treatment
duration. This result revealed that the waste originated from thermal treatments partially
obstructed the porous structures of the materials, significantly altering their properties.
This was in accordance with BET studies, which showed an increase in surface area both
with increasing treatment time and with water washing. In addition to that, 2D EXSY
experiments showed that exchange between the free gas and the porous structure occurred
only for some of the water washed samples, proving that this process also had a significant
impact on pore accessibility.
5.5. Organic Porous Materials
Organic molecules can be used instead of silica to obtain aerogels. For example, it is
possible to prepare resorcinol-formaldehyde aerogels via polymerization and consequent
drying with supercritical CO2 [126]. In these materials, the [Resorcinol]/[Catalyst] (R/C)
ratio of the starting solution is the main parameter affecting the final gel properties, such
as its porous structure. Xenon NMR was used to study aerogels prepared with different
(R/C) ratios [10,127]. Room temperature spectra revealed the presence of both mesoporous
spaces and a broad distribution of micropores for all R/C ratios. The obstruction of the
micropores was also observed by inserting gaseous CHCl3 together with Xe into one of
the samples and recording NMR spectra at different times. The spectra immediately after
CHCl3 adsorption did not show the signal relative to the micropores. After about 25–30 min
following chloroform desorption, the signal reappeared and, after 3 h, the spectra returned
to the original state. This confirmed the assignment of the signal to the broad micropore
distribution: the small CHCl3 molecules were able to fill the tiny micropores and block
xenon atoms. In addition to that, the reappearance of the signal and the return of the spectra
to the original state demonstrated that chloroform adsorption did not disrupt the porous
structure. Finally, variable temperature data fit to Equation (10) gave the V g /S ratios for
the various materials, which was observed to increase linearly with increasing R/C ratios.
HP 129 Xe NMR has also been used to demonstrate single-file diffusion of xenon in
organic porous materials, such as tris(o-phenylenedioxy)cyclotriphosphazene (TPP) [128].
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This study was conducted employing the saturation recovery pulse sequence. Hyperpolarized xenon gas was allowed inside the sample for a sufficient time to completely
fill its porous structure. Then, a train of 90◦ pulses was used to destroy the polarization
of the nuclei inside the detection cell. Since the sample was under continuous gas flow,
hyperpolarized xenon immediately began refilling the detection cell and diffusing inside
the porous structure, replacing saturated xenon. After a buildup time, τ, a final 90◦ excitation pulse was applied, followed by the actual acquisition, in which only the newly
diffused gas was detected. Experiments were performed by varying the buildup time, and
the ratio Ichannel (τ)/Igas was observed to follow the typical trend for single-file diffusion.
Moreover, peaks in single pulse spectra showed a positive anisotropy-isotropy-negative
anisotropy transition with decreasing temperature and/or increasing xenon concentration
(Figure 13). At high temperature/low concentration, xenon mostly interacted with the π
electrons of the channel walls, giving rise to a positive and axially symmetric anisotropy
with a prevailing σk component. As xenon loading increased or temperature decreased,
Xe-Xe van der Waals interactions became progressively more important, transforming the
positive anisotropy to a negative anisotropy. Similar results were obtained by Cheng and
Bowers on L-alanyl-L-valine nanotubes [129], who were also able to observe xenon atoms
Appl. Sci. 2022, 12, x FOR PEER REVIEW
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In 2017, Telkki et al. studied xenon adsorption and dynamics in the CC3‐R molecular
cage [132], which showed very good gas separation performances. The CC3‐R molecular
cage is constituted by four imino‐aromatic moieties connected with flexible cyclohexane
linkers. Two different sites for xenon adsorption are possible: a cage cavity formed by a
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In 2017, Telkki et al. studied xenon adsorption and dynamics in the CC3-R molecular
cage [132], which showed very good gas separation performances. The CC3-R molecular
cage is constituted by four imino-aromatic moieties connected with flexible cyclohexane
linkers. Two different sites for xenon adsorption are possible: a cage cavity formed by a
single molecule, and a window cavity which is the tunnel between two different, adjacent
molecules. Thus, the chemical shift of xenon was assumed to be the result of a weighted
average of the shifts relative to these two adsorption sites. A combination of variable
pressure (xenon loading) and temperature experiments with computational modeling
allowed determination of the δ values for the cage and the window cavities, the relative
xenon populations, and the rates of exchange. In addition to that, diffusion coefficients were
determined using pulsed gradient stimulated echo (PGSTE) experiments. Two different
diffusion components were observed, attributed to inter and intraparticle exchange. The
diffusion coefficient relative to intraparticle diffusion decreased rapidly with increasing
xenon loading, reflecting the increasing degree of saturation of the porous structure.
Covalent organic frameworks (COFs) have been recently discovered as a new class
of crystalline organic materials with a permanent porosity [133]. Like with metal-organic
frameworks, it is possible to synthesize stimuli-responsive COFs in which structural
changes can be induced by guest molecules, temperature, pressure, or other external
factors. Zhang et al. studied the dynamic behavior of a covalent organic framework using variable temperature 129 Xe NMR spectroscopy [134]. At high temperatures, only a
single broad peak was observed around 220 ppm. A second signal appeared at a higher
chemical shift at 248 K, and its relative intensity progressively increased with decreasing
temperature. At 193 K, the first signal disappeared and the spectrum showed a single
peak around 280 ppm. The same behavior was observed when heating the sample back to
273 K and with increasing xenon pressure. Thus, the two signals were attributed to two
different forms of the COF: expanded and contracted. These two forms were also observed
with PXRD: spectra demonstrated that solvation with THF induced the transition from the
contracted to the expanded form. Unit cell parameters indicated that the latter was able
to accommodate more than one xenon atom as opposed to the former. Thus, the signal at
high ppm values was attributed to xenon located in the expanded form of the COF, where
Xe-Xe interactions were assumed to be significant, while the other signal was assigned to
xenon in the contracted form.
In a recent work, hyperpolarized xenon NMR spectroscopy has been used to characterize the morphology of porous starch, a type of synthetically modified starch [135]. Variable
temperature and 2D EXSY spectra showed the existence of a mesoporous structure, easily
accessible by the free gas, once again giving in-depth information that cannot be obtained
via other techniques. In another work, the authors analyzed the adsorption of Pd(II) ions
into dithiocarbamate modified mesoporous starch [136]. They were able to determine that
these ions preferentially adsorbed into the porous structure of starch and not on its surface.
5.6. Other Materials
Due to the high level of detail provided by xenon NMR spectroscopy, this technique
has been used to study the porous structure and connectivity of crystalline mesoporous TiO2
prepared via a single-step synthesis [137]. Variable temperature hyperpolarized spectra
showed two distinct downfield peaks which coalesced at 233 K, indicating the existence of at
least two different environments accessible by xenon. With the aid of XRD and TEM, these
two environments were determined to be mesopores formed from aggregation of anatase
nanoparticles and mesoporous channels constituted by rutile nanorods. Furthermore,
their interconnectivity was observed with 2D EXSY experiments acquired at different
exchange times.
As an example of the application of 129 Xe NMR for the study of naturally occurring
porous systems, in 2012, this technique was employed to characterize a series of Italian
building stone materials [138]. The porous structures of several different materials were
characterized, and the differences were correlated to the mineral composition and to the
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microscale characteristics of the samples, as determined by other experimental techniques.
Moreover, the spectra of some of the samples showed negative chemical shift signals
up to −30 ppm, as can be seen in Figure 14, which were attributed to the presence of
transition metal cations, in agreement with the elemental compositions. Lastly, the effects
Appl. Sci. 2022, 12, x FOR PEER REVIEW
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of variable temperature experiments and using Equation (10), the authors determined
the physical parameters of the adsorption of xenon. The estimated pore sizes, calculated
assuming a cylindrical pore model, were much smaller than those derived by SEM, TEM,
and nitrogen adsorption. Building on this important information and on the analysis
of temperature dependent line shapes and linewidths, it was proposed that the porous
structure of the MSS was constituted by mesoporous channels containing small microporous
“pockets”. The authors performed a similar study on mesoporous silicon sponges grafted
with octadecylsilane (H3 Si-C18 ) in 2018 [144]. It was demonstrated that the grafting process
created a thin surface layer (about 2 nm) which covered the micropores embedded in the
Appl. Sci. 2022, 12, x FOR PEER REVIEW
27 of 35
mesoporous channels, resulting in very different porous structures and interconnectivity
compared to those of non-grafted materials.
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Multiple‐quantum (MQ) NMR has been established as one of the most powerful tech‐
niques for the study of materials characterized by anisotropic motions, such as crosslinked
polymers and liquid crystals [147]. This technique generally employs complex pulse se‐
quences composed of an excitation block, in which multiple‐quantum coherence, domi‐
nated by double‐quantum (DQ) coherence, is generated, and a reconversion block, with
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Multiple-quantum (MQ) NMR has been established as one of the most powerful techniques for the study of materials characterized by anisotropic motions, such as crosslinked
polymers and liquid crystals [147]. This technique generally employs complex pulse sequences composed of an excitation block, in which multiple-quantum coherence, dominated
by double-quantum (DQ) coherence, is generated, and a reconversion block, with the same
pulses but with different phases, that converts multiple-quantum into single-quantum
coherences, detectable after a final 90◦ readout pulse. Ripmeester and co-workers reported
the use of a DQ filter in the 129 Xe CP MAS NMR analysis of the xenon clathrate of Dianin’s
Appl. Sci. 2022, 12, x FOR PEER REVIEW
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compound [148]. This approach allowed the signals of singly and doubly-occupied cavities to be distinguished between, in which 129 Xe–129 Xe dipolar coupling was measurable
since the two nuclei maintained sufficient spatial proximity for the whole duration of
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Chemical Society.

6. Conclusions
The main goal of this review was to introduce the reader to the innovative applica‐
tions of 129Xe NMR in the study of complex structures.
The great polarizability of xenon nuclei and its ability to explore different environ‐
ments can be exploited to obtain in‐depth information about morphology, porosity, pore
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6. Conclusions
The main goal of this review was to introduce the reader to the innovative applications
of 129 Xe NMR in the study of complex structures.
The great polarizability of xenon nuclei and its ability to explore different environments can be exploited to obtain in-depth information about morphology, porosity, pore
connectivity and blocking, phase separation, and dynamic behavior, for a wide variety
of materials. Selected case studies have been illustrated to show how 129 Xe NMR can be
applied to numerous classes of materials, from pure liquids to structured ionic liquids,
from mesoporous silica-based materials to carbonaceous solids, and from polymers to
various naturally occurring materials. For other classes of materials, such as zeolites and
metal-organic frameworks, the technique is already established and well-reviewed.
Here, instead, special attention has been drawn to its application to a new frontier in
complex systems: the study of multiscale and hierarchical structures. Thanks to the high
solubility of xenon in apolar environments, coupled with its capability to travel unhindered
in a variety of submicrometric volumes, 129 Xe NMR is inherently capable to probe a wide
range of length scales, from the nanoscale to the higher microscale organization. In this
context, typical one-pulse experiments can be combined with more advanced but wellestablished NMR techniques, like measurement of relaxation times, 2D EXSY or PFG NMR,
to simultaneously study different levels in the structural hierarchies and to obtain a detailed
picture of the multiscale morphological features of the materials. Moreover, the actual
implementation of this technique only requires the preparation of sealed mildly pressurized
glass tubes and standard NMR equipment.
With the undergoing development of synthetic multiscale materials, which are still
relatively primitive compared to their natural counterparts, there is an increasing need of
techniques able to properly characterize their complex structure and support the fast development of synthesis bridging the gap between top-down and bottom-up approaches. In this
context, 129 Xe NMR, possibly enhanced by hyperpolarization, can emerge among the few
innovative techniques standing up to the challenge of multiscale control and optimization.
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