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Multinuclear magnetic resonance imaging as a multifunctional tool
for the investigation of the properties of materials, transport processes

and catalytic reactions
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Abstract. New physicochemical applications of multinuclear
magnetic resonance imaging that will determine the develop-
ment of the method in the near future are considered. These
include studies of solids, investigations of mass transfer
processes in multiphase systems, studies on in situ reactors,
heterogeneous hydrogenation with para-hydrogen and spec-
troscopy of long-lived singlet states. It is noted that in addition
to an extension of the range of objects and processes of interest,
the magnetic resonance imaging technique itself undergoes
considerable changes. The bibliography includes 204 referen-
ces.

1. Introduction

Magnetic resonance imaging (MRI) formerly referred to as
nuclear magnetic resonance (NMR) tomography is known
primarily as a method of medical diagnostics. This method is
also widely used in biological studies. At the same time, MRI
has found increasing and fruitful application in studies of non-
living objects, including investigations in chemistry, chemical
engineering, materials science, efc.!~* Both the fundamentals
of MRI and its physicochemical applications were considered
in the reviews.>~7 In the last five years, this method has gained
new applications due to its extensive development, resulting in
a considerable expansion of the range of objects and processes
studied by MRI. This range includes catalytic reactors and
biofilm reactors, fuel cells, microreactors, polymers, drug
delivery systems, gas hydrates, rock cores, building materials,
film coatings, cultural heritage objects, plants, food products,
etc. This, in turn, stimulates the further development of MRI
technique itself. Efforts of researches in this field of science led
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to fundamentally new applications, including those, which
have been considered to be impossible or impracticable. In
particular, these are MRI of gas transport, single-spin mag-
netic resonance, NMR spectroscopy and MRI in highly
inhomogeneous or very low magnetic fields, MRI of solids
and high-temperature processes, the diffusion coefficient and
flow rate measurements at time intervals that are substantially
longer than the spin relaxation times, and many other.

Unfortunately, these investigations have received little
attention in Russia. The present review summarises recent
achievements and trends in the development of MRI, including
results obtained in recent years at the International Tomo-
graphy Centre of the Siberian Branch of the Russian Academy
of Sciences. In the present review, we do not try to cover the
results of all investigations. This is practically impossible
taking into account the progress achieved in this field in the
last 5—10 years. Our aim is to attract the attention of
researchers to this field of science by presenting the most
remarkable applications, which apparently will determine the
progress in MRI in the nearest future.

I1. Multinuclear magnetic resonance imaging
of solids

In biomedical applications, the MRI technique is mainly used
for investigations of soft tissues and fluid transport (blood and
lymph fluid) in living organisms. Until recently, scientific and
technical applications of MRI have been limited mainly to
investigations of objects containing considerable amounts of
liquids. The progress in MRI of gases is hampered mainly by a
low density of gases (i.e., a low concentration of nuclear spins)
and, as a consequence, low sensitivity and low spatial resolu-
tion. As a result, MRI of gases has found limited use although
methods for the preparation of hyperpolarised gases with a
considerable degree of nuclear spin polarisation have been
extensively developed in recent years to overcome limitations
associated with low sensitivity. At the same time, in spite of a
relatively high density of solid materials, their investigations by
MRI also present difficulties due mainly to the characteristic
features of magnetic resonance of solids. However, it is evident
that the use of MRI for investigations of solid materials would
substantially extend the scope of this method.

In the solid phase (unlike in liquids), anisotropic interac-
tions involving nuclear spins are not averaged to zero because
of low molecular mobility. This is responsible for a large
linewidths in NMR spectra of solids. For example, the line-
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widths for quadrupolar nuclei are often >1 MHz. An excep-
tion are soft solids, such as polymers and elastomers, which can
often be studied by conventional MRI techniques.®° For rigid
solids, a large linewidths lead to a very fast NMR signal decay,
resulting in a substantial decrease in the sensitivity of the
technique. Moreover, the NMR signals cannot be detected at
all in some cases. In addition, magnetic field gradients, which
are far beyond the possibilities of commonly used ‘liquid-
phase’ instruments, may be required to achieve a satisfactory
spatial resolution. For example, separate two-dimensional
images of powdered alumina and zeolite 1% 1! and one-dimen-
sional projections of ceramic samples !> were obtained fro-
m2’Al NMR signals with the use of magnetic field gradients
amplitude of 225-350 G cm—!. However, even such values
are beyond the possibilities of modern NMR tomographs.

Several research teams are currently developing
approaches to MRI of solids based on solid-state NMR
techniques,’ such as magic-angle sample spinning,'? the use
of multiple-pulse sequences,!* large magnetic field gra-
dients,’>~!® single point imaging (SPI), single point ramped
imaging with 7 enhancement (SPRITE),!°-2! continuous
wave NMR,?2 etc. However, the wide application of MRI of
solids is substantially hampered by the necessity (actual or
implied) of the use of specialised instruments and complex
techniques;?? the vast majority of commercial or homebuilt
instruments are oriented towards procedures conventionally
used in NMR and MRI of liquids.

Itis known that a line broadening in NMR spectra of solids
is inhomogeneous, i.e., broadened signals are virtually sets of
overlapping signals with a substantially smaller own width.
This fact can be used in different ways. For example, the use of
long frequency-selective pulses can allow excitation of only a
part of the inhomogeneously broadened resonances. In this
case, the time of transverse magnetisation decay 75 is sub-
stantially increased and it becomes possible to use liquid-phase
techniques in MRI of solids.?# 2> The obvious drawback of this
approach is that only a small part of nuclear magnetisation is
used in experiments, resulting in low sensitivity.

In our studies, 2° 39 we used another approach. Originally,
the choice of a solid material (y-Al,O3) and, consequently, the
magnetic nucleus (2’Al) was determined by our MRI studies of
heterogeneous hydrogenation of unsaturated compounds on
Pt/y-Al,O3 or Pd/y-Al,Os catalysts and by the fact that
alumina is a commonly used support for catalysts. However,
we found that this approach is also applicable to many
magnetic nuclei involved in rigid solid materials. Our inves-
tigations were based on a number of concepts well-known in
the field of NMR. First, a large difference between homo-
geneous and inhomogeneous widths of the signals is essentially
a large difference between the characteristic decay time of the
observed signal T'5 (the time of transverse magnetisation decay
or free induction decay) and the true transverse magnetisation
relaxation time 7>. After the application of the first non-
selective radio frequency (RF) pulse, a rapid signal decay with
the characteristic time 7’5 is observed. However, the applica-
tion of the second RF pulse can substantially reverse the decay
and refocus magnetisation.!?> Second, the central transition
(1/2= —1/2) in the spectrum of half-integer quadrupolar
nuclei 7 = (2n+1)/2, n =1, 2..., including *’Al (I = 5/2), is
much narrower than the satellite transitions.!®-3! Therefore,
the detection of the central band in the spectra of quadrupolar
nuclei in many cases poses no big problems,3? 33 in particular if
combined with the phase encoding of the spatial information.

The above approach was used with advantage for two-
dimensional imaging of cylindrical alumina pellets and alu-
mina or cordierite monolithic honeycomb supports with 27Al
NMR signal detection.?®27-2° The images were acquired
within ~ 15 min. To demonstrate the potential of this method,
a series of composite samples of complex composition con-

taining various materials (Al,O3, V20s, KMnO4, NaHCO3,
glass, etc.) were prepared. Images of the corresponding parts of
the composite samples at a spatial resolution of 150—300 um
were obtained by detecting signals of different nuclei (?’Al,
23Na, SIV’ SSMn)_28—30

The observation of a signal from a glass tube in images
obtained from the ?Al NMR signal is evidence that multi-
nuclear MRI shows promise for investigation of glass samples.
The studies were dased on the detection of NMP signals of
27A1, ''B, 23Na, and 2°Si NMR nuclei.2¢-2%-30 This can be used,
for example, in studies of the macrostructures of catalysts and
supports, glass and ceramic materials and the structures of
granular layers and containers in which they are located. In
particular, the structure of a reactor can be visualised in studies
of catalytic processes occurring in the reactor. This, along with
studies of transport processes, will allow investigation of the
correlation between the structure of the reactor and the
processes that take place in it. For this purpose, the MRI
technique was used for three-dimensional imaging of model
granular layers composed of glass beads (>*Na MRI, Fig. 1) or
spherical alumina grains (*?Al MRI).

Figure 1. Three-dimensional image of
the packing of glass beads with a diame-
ter of 3.5 mm in a glass tube with an inner
diameter of 4.2 mm.

The image was acquired within 9 h by
detecting the 2*Na NMR signal. The
image of the tube has been removed.

The merit of the MRI method is that it not only provides
structural information but, which is more important, also gives
spatially resolved maps of properties of the objects of interest
(velocity, temperature, chemical composition, ezc.). Hence, the
further progress in MRI of solids will be directed towards the
use of this method with different image contrast mechanisms.
An evident field of application involves studies of the motion of
solids and granulated materials.

The development of spatially resolved NMR thermometry
is another promising area of investigation. Heat transport
processes are of primary importance in the design and use of
catalytic reactors. Nuclear magnetic resonance tomography is
rather widely applied in thermometry of liquids.”-3*~37 How-
ever, none of the available approaches based on the signal
detection of a liquid phase can be used for thermometry of
heterogeneous catalytic processes. This is associated with the
fact that all parameters used in NMR thermometry (signal
intensity, chemical shifts, relaxation times, diffusion coeffi-
cients) substantially depend on other factors, for example, on
the amount of a liquid in pores. Therefore, it is impossible to
relate unambiguously the changes in these parameters to the
changes in temperature.

At the same time, the detection of a signal from a solid
matrix, which is much less subjected to changes during
operation of a reactor, allows the use of MRI for thermometry
of reactors. This possibility was documented almost exclu-
sively for soft solids. For example, the pronounced temper-
ature dependence of the longitudinal (spin—Ilattice) and
transverse (spin—spin) nuclear relaxation times (77 and 7%,
respectively) was used to construct three-dimensional temper-
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ature maps for a cis-polybutadiene block, through which cold
and hot water was pumped using two pipes,>® and for vulcan-
isates of butadiene —styrene rubber under dynamic mechanical
load.? %3 Two-dimensional MRI of a KBr crystal,*® for which
the time 7 of the 8'Br NMR signal shows a pronounced
temperature dependence, is an example of thermometry of
rigid solids. As mentioned above, alumina is widely used for
the preparation of catalysts and supports. Investigations
demonstrated that both the time 7' and the amplitude of the
27Al signal of alumina are characterised by a pronounced
temperature dependence.?® In the future, it can be used for
the development of procedures for spatially resolved NMR
thermometry of solids.

III. Multinuclear magnetic resonance imaging
of transport processes

Magnetic resonance imaging has long been advantageously
used in investigations of transport processes.® In particular,
liquid flow, filtration, dispersion and diffusion in various
geometries, including transport in model granular layers,*! —44
plants,*>-4° electroosmotic flow,*”-*® turbulent flows,*® etc.,
were considered in a vast number of publications.

Nowadays, MRI is being increasingly used in studies of
structures of bioreactors and transport processes in them. The
development of new technologies based on the use of various
bioreactors is of importance, for example, in such fields as
waste water treatment, food industry, construction of artificial
tissues, etc. The MRI technique allows the non-invasive
determination of the amount and spatial distribution of a
biomass in a reactor and location of inhomogeneities in biofilm
structures. For example, studies of the growth of biopolymers
based on Staphylococcus epidermidis in a capillary bioreactor
showed the presence of clusters of biomass, in which channels
and cavities were distinguished.®® The use of relaxation time
contrast made it possible to obtain separate three-dimensional
MRI images of water and biopolymers.>!

Another approach to the separate visualisation of water
and biofilms was used in the study,>> where the differences in
the diffusion coefficients were employed. The MRI method
was applied also to investigate the structures of methanogenic
aggregates from an anaerobic purification system of waste
water.>3 The contrast of MRI images is substantially enhanced
upon absorption of paramagnetic compounds by a bio-
film.>*~5¢ In model studies, the removal of metal ions (La3*
and/or Cu?*) from aqueous solutions with biopolymers based
on the bacterium Citrobacter sp. was investigated.>> ¢ Con-
siderable attention was focussed on the flow and diffusive
transport in bioreactors.%-54.57-58 The flow in a new coaxial
bioreactor based on hollow fibre permeable membranes was
studied.>® The relationship between the structure and transport
properties of biopolymers was considered in several publica-
tions.>% %8 Mammalian cell-based bioreactors have found
increasing use for the production of antibodies, hormones
and proteins for therapeutic and clinical application, the tissue
growth for transplantation and the design of artificial tissues
and organs. The distribution and transport of paramagnetic
gadolinium complexes in such reactors were investigated.®0-6!
Aspects of application of MRI in studies of transport and
biological activity in biofilms and bioreactors were considered
in several reviews (see, for example, Refs 62 and 63).

In recent years, considerable attention has been given to
application of MRI in studies of two-phase (liquid — gas) flows
in various geometries,®* in particular, of gas and liquid trickle
flow in model granular beds. In this case, MRI experiments
provide information on the residual and dynamic liquid
holdup in a reactor, the presence of liquid streamlets in the
bed and wetting of the catalyst surface. For example, it was

demonstrated 6 that the flow pattern can remain unchanged
for many hours for a co-current trickle flow of water and air in
a model granular bed at constant gas and liquid flow rates. An
analysis of the results of investigation was used for the
determination of the above-mentioned parameters and their
dependence on the liquid flow rate. Changes in the gas flow rate
do not lead to substantial changes in the liquid distribution in
the layer. However, the initial state of the granular bed was
found to have a substantial effect on the gas and liquid
distribution in the bed.®%% A study of the dependence of the
liquid holdup in the reactor and wetting of the surface of
cylindrical alumina pellets in a granular bed on the liquid flow
rate ®7 showed that smaller grains are characterised by higher
values of these parameters. After the flow is turned on as well as
after the temporary interruption of the liquid feed, a few
minutes %% %8 to several hours ® are required for the establish-
ment of the stationary liquid and gas distribution in the bed.

Investigations of fast dynamic processes under two-phase
flow conditions require fast MR imaging. The imaging at a rate
of 10 images per second revealed liquid slugs passing through
the imaged slice at a high liquid flow rate.®*%% Ultrafast
imaging (20 ms for two-dimensional images and 0.3 s for
three-dimensional images) allows MRI studies of gas—liquid
two-phase flows in the trickle, pulsing and transient flow
regimes.’% 71 Most likely, the pulsing regime begins with the
appearance of local fluctuations and is characterised by the co-
existence of regions with constant and fluctuating contents of a
liquid. The sizes of the regions with an unstable flow increase
with the liquid flow rate and finally the regions coalesce. In the
transient flow regime, the instability regions in the bed are
shifted, which is apparently responsible for a hysteresis in the
plot of the pressure drop vs. the liquid flow rate. In the pulsing
flow regime, changes in the intensity of most of elements of an
MR image are observed. To characterise the periodicity of
changes in the local liquid content in the bed, the time
autocorrelation function was calculated from these data. A
preliminary study of the periodic mode with a modulated
liquid feed to the bed was documented.”® In spite of changes
in the liquid distribution in the bed after the liquid flow rate
returns to the starting value, no changes in the wetting of the
catalyst and the liquid holdup in the bed were observed.

It should be noted that the character of transport and its
quantitative characteristics can be radically changed if the
mass transfer is coupled with heat transfer and/or a chemical
reaction (see Section IV.2). A comparative study of a two-
phase flow of a diesel oil and N> in a bed of glass beads or
alumina trilobes was carried out under normal conditions and
at high temperature and pressure (398 K, 10 atm).” The liquid
holdup in the bed was determined from MR images. The
results obtained in the trickle flow mode showed a considerable
influence of the temperature on the dynamic liquid holdup in
the bed, which decreases with temperature.

To study a two-phase flow in channels of honeycomb
monolithic supports, for example, in a bubble-train flow with
alternating liquid slugs and gas bubbles, it is also necessary to
use fast magnetic resonance imaging because, unlike a steady-
state pattern in the trickle flow mode, the gas and liquid
distribution pattern is continuously changed. The possibility
of acquiring 4 — 8 successive two-dimensional images in ~0.6's
was demonstrated in studies of air—water two-phase bubble-
train flow in a thin pipe7? and a cordierite monolithic honey-
comb support.’* 7> These experiments allow one to determine
the size of gas bubbles and liquid slugs and to follow their
motion in time. A fast NMR signal decay provides indirect
evidence for liquid recirculation in the case of two-phase
bubble-train flow.”?> The same approach was used in studies
of ascending gas bubbles in channels of a monolith placed in a
static liquid.6* 66.67.76
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Studies of the filtration of liquid —liquid two-phase systems
in porous media, for example, of water and silicon oil
embedded in glass beads, are presently underway.””-78

The possibility of investigating gas flow and filtration by
the MRI technique has been demonstrated earlier.”?$2
The results of these studies gave impetus to further progress
in MRI techniques as applied to investigations of gas trans-
port. For example, a methane flow and accumulation of solid
particles in soot filters of diesel engines was considered.3
A relatively high spatial resolution (100—250 pm) was
achieved by increasing the gas pressure to 10 MPa.
The measured maps of gas flow velocity showed that the flow
distribution through a porous filter wall is relatively uniform
along the channel length. The next series of experiments was
concerned with the accumulation of small carbon particles,
which were introduced into a gas flow, in a filter.

Until recently, it has been believed that the turbulent gas
flow in an inhomogeneous magnetic field should lead to fast
NMR signal decay and, consequently, this flow cannot be
studied by MRI. However, recently it has been demonstrated
that this is not true. The maps of flow velocity and turbulent
diffusivity for SFs flowing at velocities > 10 m s—! (Re > 10°)
above a step or about a wing model were reported.®*
The experimental results are in rather good agreement with
calculations by computational fluid dynamics methods.

Even at high pressure, the sensitivity in experiments on
MRI of gases remains substantially lower than that of MRI of
water. Hence, velocity maps can be obtained only in channels
of a rather large diameter and, in contrast to MRI of liquids,
cannot be obtained in granular beds. However, studies of gas
filtration in porous media are of considerable interest in many
fields of science and technology. The use of pulsed field
gradient NMR (PFG NMR) for measuring an average propa-
gator (the velocity distribution of molecules) holds promise as
an approach to studying gas flow and filtration.”®-8!-85 This
method was used to obtain average propagators for axial and
transverse directions of propane or butane flows in different
granular beds.8%87 If the time between gradient pulses (A),
during which the molecular motion is determined, is short, the
Gaussian distribution with a maximum for the zero displace-
ment is observed. A relatively large width of this distribution is
associated with a large gas diffusion coefficient. As A increases,
an extended wing on the side of larger displacements appears in
the axial displacement distribution. Then a Gaussian distribu-
tion is formed again but with a maximum near the average
displacement due to gas flow. The widths of the axial and
transverse distributions for large A are determined by the
corresponding dispersion coefficients, which are substantially
larger than the gas diffusion coefficient. In experiments, the
dependence of the axial and transverse dispersion coefficients
on A, the gas flow rate and the grain size in the bed was studied.
The Gaussian distribution at large A for the axial transport
indicates that dead zones are absent in the layer. In the case of
gas filtration through a bed of porous particles [for example, of
poly(vinyl chloride)],%” the axial distribution shows the second
peak at zero displacements in the limit of large A. This peak
corresponds to the gas present in grain pores, which is rather
slowly exchanged with the free flowing gas. In addition, the
characteristic autocorrelation times of the velocity of gas
molecules were experimentally studied for filtration through
model granular bed.%8

In spite of the progress in application of MRI in studies of
gas transport, low sensitivity is still the main obstacle to such
investigations. Hence, considerable recent attention has been
focussed on the production of hyperpolarised gases with a
considerable increase (by several orders of magnitude) in
nuclear spin polarisation compared to thermal equilibrium
polarisation in a spectrometer or tomograph magnet field.®®
Laser procedures were developed for the continuous genera-

tion of hyperpolarised noble gases (1>°Xe, 3He, 83Kr).20-22 It is
convenient to use these procedures to study gas flow and
filtration by MRI.80:93

The use of hyperpolarised gases, particularly combined
with highly sensitive methods for the signal detection (for
example, with a superconducting quantum interferometer)
allows the detection of NMR signals and MR imaging at very
low magnetic fields using extremely small field gradients. For
example, experiments ** were carried out at a magnetic field of
2.3 mT, which is approximately 3 orders of magnitude lower
than those used in most of MRI studies of non-living objects.
In the cited study, the filtration of hyperpolarised 2°Xe*
through an aerogel and a bed of powdered polypropylene was
considered. In the latter case, due to a large chemical shift
difference (200 ppm or 5 Hz), bulk xenon and adsorbed xenon
were distinguished in spite of a very low magnetic field. Ultra-
low frequency magnetic fields allow investigation of samples
inside a metal container.®®> In strong magnetic fields, these
investigations are in principle impossible because high-fre-
quency electromagnetic radiation does not penetrate into
conducting screens (skin-effect).

In recent years, methods of the so-called remote-detection
NMR and MRI have been developed based on the use of
continuous generation systems of hyperpolarised gases and
their delivery.?®~%° The remote detection is a new method, in
which spatial information is encoded into an NMR signal with
the use of radiofrequency pulses and field gradients at the
moment when molecules (information carriers) are present in
the object of interest, while the signal is detected at a different
site. This provides delay for the time of molecule transport
from the object to the site of detection. The distance between
the object of interest and the site of detection can vary from
several millimetres to several metres if the transport time is no
longer than the spin relaxation time, which determines the
lifetime of the encoded information. An obvious advantage of
this approach is that conditions of signal detection can be
optimised regardless of the properties and size of the object of
interest. Preliminary studies using remote-detection NMR
have demonstrated an enhancement of sensitivity and spatial
resolution for hyperpolarised '>*Xe* in model objects and real
porous materials.?® %7 The remote signal detection was applied
in MRI of transport in model microreactors.®-%° This made it
possible to perform detailed studies on the role of flow,
diffusion and mixing processes and reveal dead zones.”®

The transport of solid granulated materials is used in many
industrial processes, including fluidised granular beds,
granulation, drying, pneumatic transport, etc. Magnetic reso-
nance imaging is widely used for investigating such processes.
However, all MRI studies of the transport of solids are based
on the detection of the NMR signal of a liquid phase. Hence,
liquid-containing solid particles are required. Plant seeds
(poppy or mustard) with high oil and moisture content,
pharmaceutical pellets with a liquid core, and liquid-saturated
porous grains are often used for this purpose.* ¢ 100,101

Three-dimensional images of a granular bed fluidised with
an air stream '°2 clearly show low-density regions (as vertical
columns) of the particle distribution above each orifice of the
gas-distribution plate. Interestingly, these regions were
observed at a gas velocity lower than the minimum fluidisation
velocity (U < Upy). At U > Upyr, these regions coalesce into a
single low-density region in the upper part of the bed. The
images also clearly show dead zones between adjacent orifices.
Mixing of particles in a fluidised bed was studied using two
types of particles, which give and do not give NMR signals. 03
Different modes of fluidisation were examined by recording
axial profiles of the particle density distribution, the particle
velocity distribution and the effective dispersion coefficient.!04
In somewhat more complex MRI experiments, the contribu-
tions of coherent (differences in particle velocity) and incoher-
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ent (velocity modulation due to collisions) particle motion to
the dispersion coefficients can be distinguished.!?’
In particular, the dispersion coefficients for the transverse
transport with and without considering the coherent contribu-
tion differ by a factor of 3—4; for the axial transport, this
difference is substantially smaller. Local information on the
particle velocity averaged over the time and an element of an
MR image can be obtained by combining MRI sequences and
velocity encoding methods.!0% 105 Velocity distribution maps
reflect the upward particle motion in the central part of the bed
and downward motion in the near-wall region at a much lower
velocity. The transport of a gas used for fluidisation of a
granular bed can be studied by MRI. The gas exchange
between different phases (gas bubbles and emulsions) was
studied and gas velocity distributions at different gas flow
rates were obtained with the wuse of hyperpolarised
xenon, 106. 107

Magnetic resonance imaging is applied also to study fluid-
isation of a granular bed in vibrating containers.!08-111
In addition, the particle transport in Couette flow 112113 and
in horizontal rotating cylinders was investigated "4~ 117 and
filtration of mineral oil-containing Al,O3 particles through a
bead pack, which serves as a model of a catalytic reactor, was
studied 85-118.119

The drawback of the above-considered applications of
MRI in studies of the transport of solids is that it is necessary
to detect the signal of a liquid phase. This largely limits the
range of materials and processes, which can be studied by this
method. Until recently, the possibility of detecting the NMR
signal of a solid phase in such studies has not been considered.
The successful use of multinuclear MRI allowed us to study for
the first time the motion of solids by the direct detection of the
NMR signal of a solid phase. We used *° the MRI method for
visualising the rotation of a cylinder filled with an alumina
powder. Three-dimensional velocity maps of the two velocity
components perpendicular to the cylinder axis were con-
structed by detecting the 2’Al1 NMR signal. These data are in
good agreement with the results of calculations based on the
known parameters, viz., the rotation velocity and the diameter
of the sample. Propagators for motion of finely grained
alumina under the force of gravity were also obtained (Fig. 2).

The further progress in applications of MRI is greatly
hampered by the sensitivity of the method. This is also true for
the MRI of solids, especially when the signals of nuclei with a
low natural abundance of a magnetic isotope or a low
magnetogyric ratio are detected. Hence, we made considerable
efforts to enhancing the sensitivity of detection of the 27Al
NMR signal and signals of other nuclei. One of approaches in
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Figure 2. Particle velocity distribution of finely grained Al,Osz in a
vertical pipe obtained by detecting the 27Al NMR signal.

NMR of half-integer quadrupolar nuclei is based on an
increase in the level population difference of the central
transition as a result of a inversion of satellite transitions by
means of adiabatic sweep of the radiofrequency field.!?? This
made it possible to double the intensity of the 2’ Al NMR signal
in MR imaging of a glass tube with a wall thickness of
1.5 mm.3° The use of a narrower spectral band in the signal
detection 19121 led to a further increase in the signal-to-noise
ratio by a factor of 3.5. Nowadays, we use another approach
based on the development and construction of higher-sensitiv-
ity resonator-type radio frequency detectors.

Multinuclear MRI can be useful not only in studying the
transport of solids but also in investigating the transport of
different dissolved compounds. From a methodological view-
point, this obviates problems associated with the detection of
signals of a solid phase because a fast molecular motion in
solutions averages anisotropic nuclear spin interactions, result-
ing in a narrowing of NMR lines by several orders of
magnitude. Due to this, all liquid-phase MRI techniques are
fully applicable for multinuclear MRI of solutes.

Transport processes of dissolved substances have attracted
interest of researchers in different fields of science and tech-
nology. For example, the transport of salts in porous building
materials is of primary importance. In recent years, multi-
nuclear MRI has found application in studies of such proc-
esses.!?2-123 The design of functional porous materials is often
based on impregnation of a porous matrix with various
substances. For example, efficient sorbents were prepared by
introducing different salts into pores of alumina, silica gel or
another porous matrix.'?* It will be possible in future to
characterise both transport processes of dissolved substances
in impregnation and drying steps and the final distribution of a
solid-phase component introduced into a porous matrix after
complete removal of the solvent by combining MRI of
dissolved compounds and MRI of solids.2%- 125,126

The transport of dissolved substances is of great impor-
tance also in the preparation of supported catalysts by impreg-
nation of a porous support with the corresponding solutions.
The diffusive transport rate of substances into a porous
support substantially depends on the character of interactions
between these substances and the support, the presence of
modifying additives in solution, pH of the medium and other
factors. In some case, this rate can be very low, but in this case
uniform distribution of an active component over a support
cannot be achieved. In some cases, a non-uniform distribution
of egg-shell, egg-white, etc. types are required. In earlier
studies, we have found that platinum hexachloride (PtCIZ™)
deposited onto an extended surface of alumina can increase the
proton spin relaxation times of liquids filling the pore space of
supports.'?7-128 Ag a result, MRI images reflecting the macro-
distribution of platinum in grains was obtained by detecting
signals of a liquid (cyclohexane or water) in grain pores.
Analogous experiments were performed for palladium tetra-
chloride (PdCI37). Moreover, the non-destructive character of
MRI allowed, for the first time, the observation of the
dynamics of redistribution of adsorbed platinum hexachloride
in real time in one grain in the course of competitive adsorption
from a solution together with oxalic acid.!?7-128 Unlike PtClg ™~
and PACI2~, paramagnetic adsorbates lead to a decrease in the
spin relaxation times of contacting liquids. This allows the use
of MRI in studies of simultaneous adsorption of two active
components of different nature (for example, PtCI2~ and
Cu?*) upon simultaneous deposition onto an alumina
grain.!18.129

More recently, studies of practical importance were carried
out. The corresponding procedures were developed using
alumia-supported (Ni/Co)Mo catalysts for hydrodesulfurisa-
tion. These catalysts are often prepared with the addition of
other components, viz., co-promoters and modifying agents
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(for example, phosphates and citrates). The transport of
phosphate in an alumina grain upon impregnation of the latter
in an aqueous H3;POy4 solution was studied in the first step.
Magnetic resonance imaging with 3'P NMR signal detection
provided dynamic visualisation of the phosphate transportin a
grain in the course of impregnation.!?%-12¢ To confirm the
reliability of this method, maps of the spatial distribution of
phosphate in the solid phase were recorded after termination of
impregnation at various stages of impregnation and the sub-
sequent drying of the granules. This became possible due to the
development of the above-considered (see Section IT) multi-
nuclear MRI of solids. The distribution of phosphate in a dry
grain was demonstrated to correlate with the distribution of
phosphate in the liquid phase during impregnation. In addi-
tion, an investigation with the use of the initially dry grain
combined with an alternating detection of 3'P (phosphate) and
'H (water) images demonstrated fast capillary ingress of water
from a solution, the penetration of phosphate inside the grain
being much slower due to a strong interaction between the
phosphate and the surface of alumina pores.

In the next step, the cobalt transport during impregnation
of an alumina pellet with an aqueous solution of a cobalt salt
was investigated. The dynamics of the process was studied by
MR imaging by detecting 'H NMR signal of water because
paramagnetic cobalt ions (Co?™) have a substantial effect on
the intensity of the NMR signal of water. The addition of citric
acid to an impregnation solution was demonstrated to have a
substantial effect on the impregnation process: the cobalt
concentration at the periphery of the grain decreases due to a
stronger interaction between citric acid and the pore surface
and the displacement of cobalt further into the granule (Fig. 3).
The influence of the impregnation conditions on the character
of cobalt transport and the final distribution of cobalt over the
grain of the support was studied in detail. For example, the
redistribution of cobalt in the course of impregnation at high
and low pH (8 and 1, respectively) of an impregnation solution
for a grain with a diameter of 3.5 mm is completed in ~2 h. At
pH 1, the final distribution has an egg-yolk type. At pH 8,
cobalt is uniformly distributed over a granule in spite of the
presence of citrate. At intermediate pH (for example, 5), the

5 min 15 min 35 min
60 min 90 min 115 min

Figure 3. Two-dimensional '"H MRI images reflecting the dynamics of
transport of Co?* ions into a y-AlOs grain in the course of its
impregnation with a solution of 0.2M Co(NOs3), and 0.4 M citric acid at
pH 1.

The images were acquired by detecting the '"H NMR signal; the dark ring
corresponds to the part of the grain with the highest concentration of
Co?" ions; the spatial resolution was (139 x 231) pm?2.

impregnation time exceeds 15 h. Images obtained by MRI in
studies of the transport of Co?™ ions were converted into
concentration profiles with the use of calibration curves, i.e., it
was demonstrated that quantitative information on transport
processes in the course of supported catalysts preparation can
be obtained.

In the next step, the transport of molybdenum (Mo-;057)
was studied. Granules were impregnated with an aqueous
solution of ammonium heptamolybdate. Diamagnetic molyb-
denum ions (Mo®") were found to lead to a substantial
increase in the spin relaxation times of water in the pores.
This effect is analogous to the effect used earlier in studies of
impregnation of support grains with an aqueous solution of
H,PtCls or H,PdCly (see above). Based on the results of these
investigations, approaches were developed for selective visual-
isation of the regions of grains containing (or not containing)
Mo® ", and a procedure was devised for observing the dynam-
ics of molybdenum transport in grains during impregnation.
However, it is necessary to use MRI in combination with other
physicochemical methods for complete characterisation of
such multicomponent systems. For example, spatially resolved
optical spectroscopy can be used for determining the nature of
ionic metal complexes. 26 130

In the above-described investigations, the transport of a
diamagnetic precursor of an active component in grains of a
support in the course of the preparation of supported catalysts
by impregnation was for the first time monitored by detecting
directly the NMR signal of the metal atom. This was exempli-
fied 12> by the preparation of a Pt/y-Al,O5 catalyst with the
observation the dynamics of the process by detecting the
195pt NMR signal. The approaches developed in the latter
study were used for investigating the preparation of catalysts
on other supports, for example, for studying the distribution of
an active component in different samples of monolithic honey-
comb supports both after calcination and in freshly prepared
samples.'3! To visualise the spatial distribution of an active
component, Tj-weighted images were generated. Therefore,
approaches were devised for the first time to using MRI for the
non-destructive control of the preparation of supported cata-
lysts by dynamic visualisation of the distribution of active
components and compounds promoting catalytic activity.

IV. Magnetic resonance imaging
of chemical reactions

1. Homogeneous reactions

Under homogeneous conditions, a liquid-phase reaction or
related mass-transfer processes can give rise to non-uniform
spatial distributions of reactants, products, intermediates and
other important parameters. In these cases, MRI can provide
useful information on processes occurring in systems.
An example is MRI studies of the Belousov—Zhabotinsky
(BZ) reaction, metal ion-catalysed oxidation of organic sub-
strates by bromate anions.!3?> A series of interesting MRI
investigations were carried out in this field 133134 (see the
review 7). In the last three to four years, after a hiatus, interest
in this problem was rekindled. For example, the reaction
alternative to the classical BZ reaction, viz., the non-catalytic
cyclohexane-1,4-dione + bromate + acid reaction, was
studied.'?> However, since the MR image contrast in all
previous studies of the BZ reaction has been based on the
periodic change in the oxidation state of metal ions (catalyst),
the latter investigation was performed with the addition of
manganese ions as a passive indicator of the processes occur-
ring in the system. This allowed investigation of the appearance
and evolution of wave structures in this system. The concen-
trations of the reactants, products and intermediates at dif-
ferent instants of time were determined by NMR monitoring
of the reaction, which partially confirmed the reaction mech-
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anism proposed earlier. Later,!3° spatial maps of the concen-
trations of Mn(1I) and Mn(III) ions were obtained directly in
the course of the BZ reaction.

The BZ reaction is homogeneous. However, its behaviour
can be substantially changed by performing this reaction in
thin capillaries or in an inert porous medium. The behaviour of
the BZ system in glass bead or quartz sand packs was inves-
tigated.®8- 137.138 [n particular, the concentration wave velocity
in a glass bead pack with a bead diameter of 0.5 mm was
demonstrated to decrease by a factor of ~2.5 after passing
through the interface between the bulk liquid and the granular
layer filled with the liquid. The wave velocity is proportional to
the square root of the diffusion coefficient of an autocata-
lyst.!32 The diffusion coefficient in a porous medium decreases
by a factor of ¢/T (& is the porosity of the medium and 7 is the
tortuosity of the pore space) compared to the diffusion
coefficient in the liquid bulk.!3 Estimates demonstrated that
changes in the concentration wave front velocity after passing
through the interface between these phases are associated
primarily with this factor.

The concentration wave propagation velocity decreases as
the curvature of the front increases.!#%-141 As the critical
curvature is achieved, the formal velocity becomes negative,
resulting in the disappearance of wave activity of the medium.
The local (on the length scale of individual pores) curvature of
the wave front is determined by the pore size in a granular
layer. Hence, the propagation of the concentration front can be
influenced by varying the grain size. In particular, at fixed
concentrations of the key reactants, there is a critical pore size,
below which no wave activity is observed. In addition, the wave
propagation velocity depends on the bromate anion concen-
tration.!3? These investigations actually demonstrated that
each granular layer is characterised by a particular concen-
tration range, where the wave activity can be observed. For
porous materials with small pores, such as alumina, the wave
activity was not found at all.

Considerable attention is given to characteristic features of
coupling of a non-linear chemical reaction with transport
processes in open systems. In particular, very interesting effects
are observed in the course of filtration of a BZ reaction medium
through inert granular layers. The descending wave velocity
(i.e., the wave propagating in the direction of flow) in a porous
medium was demonstrated to be substantially larger than the
sum of the flow velocity and the wave velocity in the stationary
medium, whereas the ascending wave can remain steady-state
in a laboratory reference system in a wide range of flow
velocities.!37-142.143 Spatially resolved periodic-in-time con-
centration oscillations were studied '4* by pumping the BZ
reaction medium through a glass bead pack. To create constant
boundary conditions at the layer inlet, the reaction mixture was
introduced from a continuously stirred tank reactor. After the
initial transition period, stationary wave structures were
observed in the system over a long period of time. Evidently,
it is impossible to detect three-dimensional wave structures by
optical methods in a non-transparent system.

Since the detailed mechanism of the BZ reaction is rather
complex, this unusual behaviour of wave fronts in a granular
layer in the presence of a reactant flow remains to be explained.

The concentration wave propagation is observed also in
different non-oscillating autocatalytic reactions, which often
have a much simpler mechanism than the BZ reaction. In this
connection, we performed a series of investigations of such
reactions to reveal the common features of coupling of trans-
port processes with a non-linear reaction. For experiments in a
reactor containing a stationary granular layer, we chose two
autocatalytic systems suitable for MRI studies: oxidation of
the Co?" ethylenediaminetetraacetate (EDTA) complex by
hydrogen peroxide 45 (OH ~ ions act as the autocatalyst)

2CoEDTA2~ + H,0, = 2CoEDTA~ + 2HO -, pH 4 M

and oxidation of Fe?* with nitric acid (NO3 ions act as the
autocatalyst)

2Fe?" + HNO; + 2H™" = 2Fe** + HNO: + H>O0. 2)

In addition to the above-mentioned advantages, an advant-
age of these systems over the BZ system is that the initiation of
chemical waves can easily be controlled. Owing to changes in
paramagnetic properties of metal ions in the course of the
above transformations, it is easy to acquire MR images with 7T}
contrast. For reaction (1), a qualitative pattern for the chemical
wave front propagation was obtained. In experiments with
reaction (2), the quantitative dependence of the wave prop-
agation velocity on the flow velocity of the reactants through a
stationary granular layer was measured. These experiments
demonstrated that the wave velocity linearly depends on the
flow velocity of reactants, but the slope of the plot differs from
unity, i.e., the wave velocity in the moving medium is not a
simple sum of the wave velocity in a stationary medium and the
flow velocity. For comparison, reaction (2) was performed in a
thin capillary. The latter process is characterised by a liquid
flow velocity distribution, but the dependence of the wave
propagation velocity on the average reactant flow velocity is
analogous to that observed for reaction (2) in a reactor with a
stationary granular layer. The experiments demonstrated that
the wave front propagation can be accompanied by a sponta-
neous change in velocity from slow to fast and back. This
unusual behaviour is apparently attributed to the exothermic
character of the chemical reaction and, consequently, to
changes in the density of the reaction solution.

In these experiments, considerable efforts were made to
develop MRI techniques for studying the chemical wave
propagation under different conditions. For example, the
chemical wave propagation in polymeric media is of interest
as a model, which can be used to study living biological tissues,
where different specific transformations can proceed. To
perform experiments in polymeric media, we chose oxidation
of thiosulfate with chlorite ions

$:03” +2ClO; + H,0 =280} +2CI- +2H". )

This reaction shows a wave activity at low
(<0.1 mol litre ") concentrations of the reactants (auto-
catalysis by H™ ions). Isopropylacrylamide gel was used as a
polymer matrix. We found that the nuclear spin relaxation
times of water vary with pH. For example, the chemical wave
propagation in the gel impregnated with the chlorite—thio-
sulfate reaction solution led to a change in pH by 7 units,
resulting in an increase in the relaxation time 7 by ~200 ms.
This allowed us to acquire MR images with pH contrast of the
propagating wave front at different instants of time.

The spatially resolved NMR thermometry for visualisation
of the chemical wave propagation is another area of methodo-
logical development. Since reaction (3) is exothermic, the
concentration front propagation can in principle be observed
from changes in the local temperature of the medium. Mag-
netic resonance imaging is rather widely used for measuring the
local temperature in different samples.” For systems containing
large amounts of water, including living objects, the tem-
perature determination is often based on an almost linear
temperature dependence of the chemical shift of a water
molecule in a wide temperature range. For the first time, we
used MRI thermometry for measuring the local temperature in
the course of concentration wave propagation.!#® The reaction
was performed in a vertical glass cell with an inner diameter of
9 mm, and two-dimensional images of a 2-mm thick slice were
acquired at three-second intervals for central longitudinal or
transverse sections. As a result, temperature profiles for this
colourless reaction were obtained (Fig. 4). According to the
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Figure 4. Temperature profiles obtained in the course of chemical wave
propagation in a chlorite — thiosulfate system.

Longitudinal sections of the cell are shown; the images were acquired at
25-s intervals; the convective flow is indicated by an arrow.

MRI data, an increase in the temperature of the solution in the
course of reaction front propagation was ~8 °C, which is in
good agreement with the results of thermocouple measure-
ments performed separately. The accuracy of MRI measure-
ments of the temperature in these experiments was estimated at
1 °C. After the front propagation, the temperature of the
solution gradually decreases to the initial level, which is
reflected in the temperature profiles. These profiles also
demonstrate the presence of convective flows in the cell,
resulting from heating of the medium in the vicinity of the
reaction front. Therefore, the above-described procedures are
applicable to studies of the influence of reactant transport in
polymeric media and the temperature on the chemical wave
propagation.

2. Heterogeneous reactions

The application of MRI in the in situ studies of operating
reactors is a relatively new field that made its appearance in the
21th century.'¥” Nevertheless, numerous data were obtained
during this short period of time. Investigations carried out in
the course of a reaction are of great importance because
coupling of transport processes with reactions and attendant
processes (heat transfer and phase transformation) can funda-
mentally change the situation.

First in situ MRI investigations of heterogeneous catalytic
reactions proceeding at high temperature were carried out at
the International Tomography Centre of the Siberian Branch
of the Russian Academy of Sciences in collaboration with the
Institute of Catalysis of the Siberian Branch of the Russian
Academy of Sciences. Heterogeneous hydrogenation of unsa-
turated compounds (a-methylstyrene, heptene, and octene) on
supported metal catalysts (Pt/y-Al,O3; and Pd/y-Al,O3) were
chosen as model reactions

R!'—CR?’=CH, + H, —> R!—CHR?CH3, 4)
Rl = C6H5 N R2 = CH3; R2 = H: R] = 1’1-C5H11 N 1’1-C6H13 .

To perform reactions inside an NMR magnet, a NMR-
compatible reactor was designed, which allowed an increase in
the temperature of the reaction zone to ~100 °C due to
external heating by a hot air stream. The reaction zone and
the hot-air jacket were placed in an evacuated glass Dewar to
prevent overheating of gradient coils of the instrument.
The catalyst is placed in the reaction zone; both the liquid
reagent which is fed through a capillary and the preheated

hydrogen gas which can be additionally saturated with the
reagent vapour are supplied from above.

Early studies 28- 88 148150 3 ddressed the spatial distribution
of a liquid phase in a single cylindrical pellet of the
15% Pt/y-Al,O3 catalyst in the course of hydrogenation of
a-methylstyrene (AMS). At that time, one two-dimensional
image was acquired during ~260 s. Nevertheless, this first
experiment, where the operation of a model three-phase
reactor was directly observed, revealed the presence of con-
siderable concentration gradients of the liquid phase in the
catalyst grain under conditions of the simultaneous endother-
mic evaporation of the liquid reactant and exothermic hydro-
genation of its vapour.38- 149150 Presumably, fast evaporation
of the reactant occurs at the interface between the filled and dry
parts of the catalyst grain, whereas its vapour is efficiently
hydrogenated in the dry part of the grain.

Evidently, to study dynamic processes in a reactor, it was
necessary to decrease the MR acquisition time for each image,
which is determined primarily by the spin relaxation time of the
liquid phase. Hence, subsequent experiments were carried out
with grains of the 1 mass % Pd/y-Al,Os catalyst containing
0.1 mass % Mn.?7-28.85 151,152 Thjs made it possible to acquire
two-dimensional images in 34 s. As a result, a number of
interesting dynamic processes, such as redistribution of the
liquid phase in the granule upon ‘ignition’ of the catalyst grain,
were observed. It is worthy of note that in some experiments,
‘ignition’ started when the pellet was virtually completely
wetted and it led to drying of the grain by more than a half.
Most likely, the optimal conditions for the beginning of the
process are provided in the near-surface region of the grain,
because the temperature directly on the surface is lower due to
continuous heat removal by a gaseous reactant flow, while the
diffusive transport to inner parts of the grain through pores
filled with the liquid is hindered. As a result, ‘ignition’ begins in
the grain at a particular distance from the surface, whereas the
near-surface and inner regions of the grain remain filled with
the liquid during a much longer period of time. As the liquid
reagent is evaporated, the inner wetted region of the grain
shrinks, resulting in a decrease in the rate of hydrogen trans-
port to the evaporation —reaction zone. At a particular instant
of time, inhibition becomes the main process, the temperature
of the grain decreases, and a new cycle of filling of the grain
with the liquid begins. Based on these results, a hypothesis can
be made that hydrogenation efficiently proceeds in the region
under the grain surface, where the optimal balance between the
temperature of the grain and the diffusive supply of hydrogen
through the pore space is provided.

In longer experiments, numerous grain ‘ignitions’ giving
rise to quasiperiodic oscillations of the liquid that was present
in the grain and the back-and-forth motion of the liquid front
were observed. These oscillations were observed when the
grain was filled with the liquid by more than a half and were
accompanied by changes in the amount of the liquid in the
grain and its temperature, large gradients of the liquid phase in
the grain in the radial direction and the liquid front propaga-
tion in a radial direction. The nature of these oscillation is
associated with the mutual influence of several processes, such
as heat transfer, mass transfer, phase transitions and the
chemical reaction itself. This is confirmed by the results of
mathematical simulation.!>3

Another type of behaviour is observed when a grain is
initially filled with a liquid by less than a half. In this case, the
concentration wave propagation along the axis of a cylindrical
grain occurs in a plug-like fashion. The largest amount of
liquid was detected in the upper part of the grain, where the
liquid reactant was delivered. The size of this region and its
boundaries continuously oscillated. The remaining part of the
grain was filled with a vapour — gas mixture and did not contain
the liquid. Evaporation of AMS and the gas-phase reaction led
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to temperature oscillations, which were detected in the lower
dry part of the grain by a thermocouple located in this region.
In the course of oscillations, the instant of time when the largest
(smallest) amount of the liquid in the grain was observed did
not coincide with the instant of time when the lowest (highest)
temperature was detected. In addition, the amounts of the
liquid in the upper and lower parts of the grain change out of
phase. These observations provide evidence for the delayed
feedback between the temperature of the grain and the amount
of the liquid in pores.

The oscillating liquid front propagation in a catalyst grain
suggests that, under particular conditions, a steady-state
reaction can become unstable because of its exothermic char-
acter. Subsequent experiments demonstrated considerable
sensitivity of the oscillating mode to external conditions.
In particular, the existence of oscillations and their periodicity
and regularity were found to depend on the activity of the
catalyst, the flow rate of liquid AMS and the temperature of
the supplied gas.

Experiments with single grains provide information on
dynamic processes at a characteristic single-grain size scale.
To study processes at larger scales and to investigate inter-
actions and the collective behaviour of grains, experiments
were performed with clusters consisting of a small number of
spherical catalyst grains with a diameter of 4.2 mm, which
form an approximately regular packing containing 3 —4 grains
in each horizontal layer. Two-dimensional MR images of
horizontal sections of the grain packing were obtained. These
experiments showed the possibility of ‘ignition’ of individual
grains in a layer. These grains can act as microreactors
remaining dry after ‘ignition’ due to the efficiency of the
reaction in spite of the fact that these grains contact with grains
filled with a liquid. In addition, the mutual influence of
adjacent grains in the layer was revealed. In particular, it was
demonstrated that dry grains can be replenished with the liquid
from adjacent wet grains.

In the practice, beds consisting of a huge number of catalyst
grains are used. The operation efficiency of a catalytic reactors
substantially depends on the liquid phase distribution in a
granular bed It is highly probable that the appearance of hot
spots in a bed is also associated with the character of the liquid
phase distribution. Hence, it is very important to map the
liquid phase distrubution in a catalytic reactor for different
operation modes. Finally, these investigations will allow estab-
lishment of the mechanisms responsible for the development of
critical phenomena both at the micro- and macroscale. We
carried out a series of investigations of the liquid phase
distribution in a granular bed of spherical catalyst grains with
a diameter of either 1 or 2—3 mm directly in the course of
hydrogenation. In particular, it was found that the liquid phase
distribution in a catalyst layer substantially depends on the
conditions of reactor start-up. For example, essentially differ-
ent liquid phase distributions are observed when a liquid
reactant is supplied to a dry layer or a layer initially saturated
with a liquid.

In subsequent studies, we succeeded in obviating the need
for impregnation of catalyst grains with paramagnetic ions to
reduce the image acquisition time. Procedures were developed
for three-dimensional imaging of the whole catalyst bed with a
submillimetre spatial resolution in 20 — 30 s and for acquiring a
set of five two-dimensional sections in 2—3 s each. This, in
turn, enabled us to perform the detailed study of the dynamics
of the liquid phase redistribution in regular layers of spherical
catalyst grains. The results of these investigations confirmed
the existence of partially wet catalyst grains over long periods
of time, replenishment of dry or partially wet grains with a
liquid from adjacent grains and the fluctuating liquid front
propagation in partially wet grain (Fig. 5). Evidently, the
observation of such effects, which are impossible in a ‘cold’

Figure 5. Liquid phase distribution in a regular bed of a catalyst
(1% Pd/y-AlyO3, catalyst bed diameter is 4.2 mm) directly in the course
of octene hydrogenation.

Each image was acquired for 3 sat0.5—3.5-min intervals; the images show
a non-steady-state operation of the reactor; lighter shades of gray
correspond to a higher local concentration of the liquid phase.

reactor (in the absence of reaction), is a manifestation of the
non-linear coupling of heat and mass transfer processes, phase
transformations and a chemical reaction proceeding in the
reactor. In the absence of the reaction, the liquid is approx-
imately uniformly distributed as a result of capillary imbibition
of the liquid in porous grains. The above-described approaches
allow individual imaging of both a liquid phase in porous
grains and a liquid filling the space between grains. Experi-
ments demonstrated that the liquid phase transport occurs
primarily through film flow over the surface of catalyst grains
and showed the possible disturbance of the local phase
equilibrium in an exothermic reaction, which creates condi-
tions for the reactor to deviate from a stable operation
mode.54

Images obtained in the above-described experiments reflect
the total liquid (both the reactant and the product) distribu-
tion. However, NMR is primarily a powerful spectroscopic
method. Many available applications are based on a combina-
tion of NMR spectroscopy and imaging, which give either
spatially localised NMR spectra, i.e., spectra reflecting the
local chemical composition, or tomographic images (the spa-
tial distribution of the substance in question). These data are
necessary for characterisation of the reactor operation because
they provide spatially resolved information on the degree of
conversion of the reactants. Undoubtedly, an improvement of
combined NMR/MRI techniques for chemical engineering will
be one of the main directions of further development in this
field.

Unlike high-resolution NMR spectra of bulk solutions, in
which the linewidth is often <1 Hz, NMR spectra of pore-
filling liquids are characterised by substantially broader lines.
Nevertheless, in room-temperature NMR spectra with a spa-
tial resolution of 2 x 0.5 x 0.12 mm? of a mixture of AMS and
cumene, which fills pores of an alumina grain, the 'H linewidth
is not so large, and at least semiquantitative analysis of the
composition of the reaction mixture can be performed.'#
Subsequent experiments were carried out for an operating
reactor with a packed bed of catalyst grains with a diameter
of 1 mm.">! In three-dimensional experiments (one spectral
and two spatial coordinates), NMR spectra were measured for
each element of a two-dimensional image. The reactant-to-
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product ratios in different regions of the granular layer were
determined directly in the course of the reaction by comparing
these spectra with the spectra for pure AMS and cumene. The
NMR spectrum detected in the upper part, where the liquid
reactant is supplied, corresponds to virtually pure AMS; the
NMR spectrum detected in the lower part, to the virtually pure
product (cumene); the spectrum detected in the middle part
corresponds to a mixture of the reactant and the product. Their
ratio gradually changes along the height of the layer. In
addition, the degree of conversion in the radial direction also
varies.

A number of other catalytic reactions (liquid—solid and
gas—liquid —solid) were studied by MRI. For example, ester-
ification of methanol and acetic acid giving rise to methyl
acetate and water in a reactor with a granular bed composed of
small grains of the acidic form of an ion-exchange resin was
documented:153

MeOH + MeCOzH e MCCOZMC + Hzo. (5)

The spatial pattern of the degree of conversion in a reactor was
obtained by combining the spectroscopic and MRI methods. It
was found that the concentration of the product along the
length of the reactor increases and the degree of conversion
decreases as the flow rate increases. The variations of the
conversion in the radial direction are as high as ~20%. All
experiments were carried out under stationary conditions,
because the signal acquisition time was long. Later, investiga-
tions aimed at revealing correlations between the degree of
conversion and the transport characteristics of the reactor with
a granular bed were performed.%® 156 For example, the plot of
the local conversion vs. the local rate showed a good correla-
tion between these two parameters in spite of the fact that the
degree of conversion is not a local characteristic. An approach
used in the studies 68135156 is based on the detection of 'H
NMR signals of the OH groups of acetic acid, methanol and
water, which coalesce into one broadened line as a result of fast
proton exchange. The position of this line in the spectrum
depends on the relative concentrations of all three compounds.
This approach is limited to a particular class of reactions.
A more common approach, which is based on the use of MRI
with a spectroscopic resolution, was successfully used 37 for
catalytic esterification of propionic acid and butan-1-ol giving
rise to butyl propionate and water with the use of an enzyme
immobilised on a single calcium alginate grain,

Bu"OH + EtCOOH —— EtCOOBu" + H,O. (6)

Experiments with the use of one spatial coordinate and one
spectroscopic coordinate made it possible to trace the increase
in the intensity of the signals of water and butyl propionate and
the decrease in the intensity of the signal of butanol in the grain
in the course of the reaction.

Multinuclear MRI produces images from not only the
'"H NMR signal but also from signals of other magnetic nuclei.
In particular, the '3C nucleus is characterised by a substantially
broader range of chemical shifts than the 'H nucleus, which, in
principle, enables one to obtain substantially more accurate
quantitative spectral information even in the case of substan-
tial line broadening in NMR spectra. However, since the
natural isotopic abundance of '3C is very low (1.1%), the
quality of images is poor and, consequently, a long time is
required for image acquisition or it is necessary to use isotope-
labelled compounds. Nevertheless, such investigations were
documented. The competitive transformation of 2-methylbut-
2-ene into tert-amyl methyl ether and zert-amyl alcohol at
40 °C catalysed by ion-exchange resin grains (600 —850 pm) in
a reactor with a diameter of 15 mm was studied.!>8

MeCH=CMe, —> N
——> EtCMe,OMe + EtCMe,OH.

Two-dimensional integrated images of a reactor were acquired,
and a '3C NMR spectrum was measured for each element.
The conversion of 2-methylbut-2-ene into ether and alcohol
was found to be gradually increased in the axial direction, the
selectivity to ether being retained at ~75% —80%. Both the
selectivity and the conversion fluctuate in the transverse
direction, the variation of the conversion for a fixed axial
coordinate being ~15%. The equilibrium magnetisation
transfer from 'H to '3C nuclei was used to compensate, in
part, for the loss of sensitivity in experiments with a natural
isotopic abundance of '3C. However, even in this case, a
moderate spatial resolution (2.5x3.75 mm, without slice
selection) was achieved at the acquisition time of one image
of 16 h. The '3C NMR signal detection was used also
in investigations of hydrogenation and isomerisation of
oct-1-ene.'® To record spectra with a spatial resolution of
2.8 mm along one coordinate integrated over two other
coordinates, more than a quarter of an hour was required.

In spite of considerable difficulties in performing MRI of
gases and problems associated with the use of high temper-
atures in a probe of a microimaging instrument, some research
teams designed special apparatus and proceeded to studies of
high-temperature gas-phase reactions. For example, to per-
form MRI studies of combustion processes, a probe with water
cooling and a system for removing combustion products was
designed.!®0 In the experiments, the behaviour of gas streams
before and after methane ignition was compared. A stream of
the unignited gas was visualised a flow rate of up to 2 m s—!
from an orifice with a diameter of 1 mm. In the presence of
flame, an NMR signal gradually disappears at a distance of
~3 mm from the orifice. The acquisition time of each image
was several hours.

One possible way of enhancing the sensitivity in gas-phase
MRI experiments is based on the use of hyperpolarised gases
(see Section III). In particular, this approach was applied in
studies of non-catalytic methane combustion over the surface
of a granular layer of partially dehydrated zeolite NaX.!0! A
mixture of hyperpolarised 1?°Xe* and methane was supplied to
the layer together with air from the bottom, and the process
was studied by recording '?Xe NMR spectra without spatial
resolution. Due to very high sensitivity of the '>Xe chemical
shift to the environment, the authors succeeded in visualising
different regions in the cell, which differ in the concentration of
xenon, the composition of the mixture and the temperature.
The exchange between these regions in the course of combus-
tion was studied by two-dimensional exchange NMR spectro-
scopy.

3. Hydrogenation with parahydrogen

Hyperpolarised gases and liquids can be prepared by hydro-
genation. Molecular hydrogen (H») is a mixture of two spin
isomers, viz., orthohydrogen (o-H», the total nuclear spin
I = 1) and parahydrogen (p-H>, 7 = 0). Only orthohydrogen
gives an observable NMR signal due to RF-induced transitions
between three spin sublevels. The spin relaxation times of the
'H NMR signal under normal conditions are rather short
(T)y =3 ms, T>=0.4 ms). However, states with different
multiplicities are not mixed in relaxation process, and the
time of the ortho — para conversion for hydrogen under normal
conditions can be as long as one year. Hence ortho- and
parahydrogen can be considered as two different gases, one of
which (p-H») is generally not involved in NMR experiments
because it has the zero nuclear spin.

At room temperature, the o-H» : p-H» equilibrium ratio is
close to a random value (3:1). At lower temperatures, the
equilibrium is shifted to p-H> . At the liquid hydrogen temper-
ature, the equilibrium mixture consists virtually exclusively of
p-H>. At 77 K, the equilibrium ratio is approximately 1:1.
Taking into account the low rate of spontaneous ortho—para
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conversion, normal hydrogen is cooled over a catalyst for
ortho —para conversion to achieve the equilibrium. Paramag-
netic compounds [FeO(OH), activated carbon, efc.] are com-
monly used as catalysts for this process. An advantage of a low
rate of spontaneous conversion is that, after the establishment
of the equilibrium at low temperature, hydrogen can be stored
at room temperature over a long period of time, no substantial
changes in the o-H» : p-H» ratio being observed.

Non-equilibrium mixtures of ortho- and parahydrogen are
characterised by the presence of an overall correlation of
nuclear spins in an ensemble of molecules. For this correlation
to be observed in NMR spectra, it is necessary to break the
magnetic equivalence of nuclear spins of two hydrogen atoms.
Evidently, this can be achieved by using parahydrogen in
hydrogenation, as a result of which two hydrogen atoms in
the reaction product are in non-equivalent positions. It is
important that two atoms of one hydrogen molecule be added
to one substrate molecule, which retains the initial correlation
of nuclear spins. In this case, the intensity of the NMR signal of
the reaction product increases by a factor of 4 x 10* for a
spectrometer with a magnetic field of 7 T and this signal is even
more enhanced in weak fields. The spectral manifestation of
parahydrogen-induced polarisation depends on the experi-
mental scheme. If hydrogenation is performed directly in an
NMR probe, the spectrum shows two antiphase multiplets (the
PASADENA effect, parahydrogen and synthesis allow dra-
matically enhanced nuclear alignment). If the reaction is
performed in magnetic field of the Earth followed by the
transfer of a sample to a probe of a spectrometer, a net
enhancement of two multiplets having opposite signs is
observed (ALTADENA, adiabatic longitudinal transport
and dissociation engender net alignment).!62- 163

During 15 years, hydrogenation with parahydrogen was
used primarily in studies of the reaction mechanisms of
homogeneous hydrogenation with transition metal complexes
(for example, with the Wilkinson and Vaska catalysts). The
reaction mechanism implies the formation of a metal dihydride
complex as a short-lived intermediate. The use of parahydro-
gen in hydrogenation allows an increase in the intensity of the
NMR signal by several orders of magnitude and, consequently,
it is possible to detect 'H NMR spectra of intermediate
dihydride complexes.!®* Parahydrogen-induced polarisation
was observed in homogeneous processes involving different
Rh, Ir, Ru, Pt and Os complexes. Detailed studies of the
kinetics and mechanism of homogeneous hydrogenation reac-
tions involving such complexes were carried out with the use of
parahydrogen as a spin label, and in some cases the new
intermediate species were detected.!®> 198 Ag a result of polar-
isation transfer from protons to other nuclei (1*C, 3'P, °N,
19F), a much more detailed spectroscopic information can be
obtained.!®®~172

Interest in the use of parahydrogen for enhancement of the
NMR signal was rekindled after the publication of the
study,!”® where hydrogenation with parahydrogen was used
for the first time to enhance the signal in MRI. In this study,
hydrogenation was followed by polarisation transfer to '3C
nuclei by varying the external magnetic field. Then the solution
was injected into a blood vessel of a laboratory animal and an
MR image was recorded. The use of this procedure and its
subsequent modifications 19%-174 allowed the authors to
acquire two-dimensional images of a blood vessels (angio-
grams) from the '3C NMR signal of the reaction product in less
than 1 s with a natural isotopic abundance of 13C.

The presence of a catalyst in solution is a drawback of the
approach used in the studies,!6%173:174 which substantially
limits its application in studies of living organisms and makes
it impossible to perform these investigations in medical pur-
poses. In addition, this fact hampers the development of
technical applications of MRI. For example, the construction

of systems with a continuous polarised fluid (liquid or gas) flow
for MRI of different objects with the use of homogeneous
hydrogenation requires large amounts of an expensive catalyst.
In principle, the catalyst can be removed from solution with an
appropriate adsorbent.!”> However, the polarisation relaxa-
tion time is equal to a few seconds and is additionally decreased
in the case of a contact between the product and a porous
material.

Up to 2007, data on parahydrogen-induced polarisation in
heterogeneous reactions were lacking. It should be noted that
polarisation was observed !7¢ when performing hydrogenation
on colloidal (Pd),[N(n-CsH7)4Cl], particles in a liquid. How-
ever, it cannot be ruled out that the solution simultaneously
contained the dissolved metal complex, which was responsible
for the observed polarisation. In addition, the authors of this
study mentioned the commonly accepted view that polarisa-
tion of the product is impossible in heterogeneous catalytic
hydrogenation with parahydrogen. Actually, many industrial
hydrogenation catalysts are highly dispersed metal (Pt or Pd)
particles deposited on a porous support (for example, Al,O3).
It is commonly accepted that hydrogenation on these catalysts
involves dissociative chemisorption of hydrogen on metal
particles, hydrogen migration over the particle surface and
spillover onto the support. Under these conditions, the
probability that the correlation of nuclear spins of the starting
parahydrogen molecule will be retained and that two hydrogen
atoms of one H, molecule will be present in one product
molecule is negligibly small. Hence, until recently, it was
believed that parahydrogen-induced polarisation can be
observed only in homogeneous catalytic processes with all
attendant problems and drawbacks.

In recent years, experts in catalysis have made great efforts
to establish bridges between homogeneous and heterogeneous
catalytic processes.!”” In many cases, homogeneous catalysts
exhibit much higher activity and selectivity; however, the
unbeatable advantage of heterogeneous catalysts is that the
latter can easily be removed from the reaction mixture.
Presently, the latter fact is of key importance not only in view
of strengthening of environmental requirements for industrial
processes, but also because the catalysts become considerably
more expensive as their structure gets progressively more
complex. In this connection, a combination of the advantages
of homogeneous and heterogeneous catalysis by immobilisa-
tion of homogeneous catalysts on an appropriate porous
support is one of increasing trends in modern catalysis.!78- 179
Nowadays, several procedures are available for immobilisa-
tion based on formation of hydrogen bonds, ion pairs, covalent
attachment to organic or inorganic supports, etc. Many of
these procedures were used also in the design of new hydro-
genation catalysts 180185 characterised by high stability, effi-
ciency and selectivity in heterogeneous hydrogenation under
mild conditions. It is important that, in many cases, the
chemical structure of metal complexes does not undergo
substantial changes upon their immobilisation. Consequently,
the reaction mechanism presumably remains unchanged upon
immobilisation. However, it is difficult to obtain direct evi-
dence for this fact.

Polarisation in heterogeneous hydrogenation with para-
hydrogen was observed for the first time in the study by
Koptyug et al.'® (Fig. 6). For this purpose the following
three catalysts were used: the Wilkinson catalyst (1) immobi-
lised on a styrene —divinylbenzene copolymer (1/polymer), the
same catalyst immobilised on modified silica gel
RhCI(PPh3)>,PPh,(CH>)> — SiO» (1/Si0O») and the immobilised
tridentate complex Rh(cod)(sulfos) —SiO> (2/SiO,; cod is
cycloocta-1,5-diene; sulfos is ~03S(C¢H4)CH>C(CH,PPh>)3).
In one series of experiments, hydrogenation was carried out in
magnetic field of an NMR spectrometer. For this purpose, a
tube with a solution of the substrate (styrene) and the catalyst
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Figure 6. Parahydrogen-induced polarisation of nuclear spins in hetero-
geneous hydrogenation of unsaturated compounds.

(a) ALTADENA for propylene hydrogenation (R = Me) in weak field at
130 °C, (b) PASADENA for styrene hydrogenation (R = Ph) in strong
field at 60 °C. In both cases, equilibrium NMR signals of the reaction
product are negligibly small.

(1/SiO3 or 1/polymer) was placed in a probe of the spectro-
meter and heated to 65-80 °C. Both catalysts efficiently
hydrogenate styrene to ethylbenzene. In reactions with the
use of enriched parahydrogen, both catalysts lead to substan-
tial polarisation of nuclear spins in the reaction product and
give rise to the characteristic antiphase structure of multiplets
in the NMR spectrum (PASADENA, see Fig. 6 ). The NMR
spectra of the product, which was prepared by hydrogenation
outside a magnet followed by the transfer of the sample to a
probe of an NMR spectrometer, show multiplets with net
polarisation of opposite signs (ALTADENA). It was also
found that after removal of the catalyst from the solution,
bubbling with hydrogen did not lead to either the formation of
the product or polarisation. These results confirm that polar-
isation upon hydrogenation with parahydrogen was observed
in a heterogeneous process for the first time.

Besides, hydrogenation with parahydrogen was applied for
the first time '8¢ to generate nuclear spin polarisation in gases.
For this purpose, catalysts immobilised on a porous support
(1/Si0z or 2/Si03) were used. To observe the PASADENA
effect, the tube with a dry catalyst was placed in an NMR probe
and heated to 80 °C. A mixture of propylene and enriched
parahydrogen was continuously introduced into a tube
through thin capillaries. The nuclear spin polarisation of the
reaction product, viz., propane, was determined from NMR
spectra. To observe the ALTADENA effect, the reaction was
carried out outside a magnet. For this purpose, a mixture of
propylene and enriched parahydrogen was continuously
purged through a copper tube packed with a catalyst heated
to 130 °C and then passed to an NMR probe (see Fig. 6 a). The
observation of polarisation upon hydrogenation of a gas is

unambiguous evidence for the fact that nuclear spin polar-
isation can be produced not only in homogeneous but also in
heterogeneous processes. Later, polarisation in hydrogenation
of propylene with parahydrogen was achieved with the use of
the silica gel-immobilised RhClI(POMes)s; complex.

In further investigations,'8” the possibility of the prepara-
tion of a hyperpolarised gas in heterogeneous hydrogenation
was used for MR imaging of model objects; NMR tubes with
cross-shaped partitions or capillary bundles mounted inside
the tubes were used as such objects. As in the earlier experi-
ments, 3¢ hydrogenation of propylene was performed using a
continuous flow of a gas mixture through a heated catalyst.
Then the polarised product (propane) was delivered through a
system of tubes to the model object, and the MR image was
obtained by detecting the NMR signal of the polarised gas.
Until recently, the preparation of hyperpolarised gases was
limited primarily by laser polarisation of noble gases (see
Section III). Therefore, the results of the studies 86187 sub-
stantially extended the range of gases, for which the signal-to-
noise ratio in MRI experiments can be substantially improved
by producing nuclear spin polarisation.

The above-described results are of importance for several
reasons. First, the observation of polarisation of the product
with the use of parahydrogen is direct evidence for the pair-
wise addition of two hydrogen atoms of an H, molecule to one
substrate molecule. Therefore, these results confirm that the
reaction mechanism of hydrogenation by metal complexes
remains unchanged upon their immobilisation onto a support.
Second, the pair-wise addition is a necessary but not sufficient
condition for observation of polarisation. After the formation
of the dihydride complex, two hydrogen atoms become non-
equivalent and their spin correlation decays due to spin
relaxation.'®® Immobilisation of the complex leads to a sub-
stantial decrease in molecular mobility, and the spin relaxation
times can be substantially shorter than the spin relaxation
times of complexes in solution. The observation of polarisation
indicates that the lifetime of intermediate dihydride cannot be
substantially longer than its spin relaxation time.

The preparation of pure fluids with polarised nuclear spins
opens a broad spectrum of new possible applications, partic-
ularly, those associated with the NMR signal detection in low
and ultra-low magnetic fields,!3%1°0 where the equilibrium
differences in the populations of spin energy sublevels are
very small. The possibility of creating continuous flows of
polarised fluids is particularly attractive. This possibility was
exemplified by heterogenecous hydrogenation of propylene.
Efficiency of biomedical experiments with parahydrogen-
induced polarisation can be increased using solid catalysts. In
addition, many studies based on homogeneous hydrogenation
with parahydrogen are characterised by an uncertain duration
of this process because the termination of bubbling of a
solution with parahydrogen does not lead to the immediate
termination of the reaction. This substantially complicates the
interpretation of the results.!7%-1°! It is important to obtain
pure quantum states in experiments with the use of para-
hydrogen-induced polarisation aimed at designing quantum
computers.!92- 193

In view of the results of recent investigations, hydrogena-
tion with parahydrogen has yet another important potential
application in NMR. Many modern NMR and MRI experi-
ments are based on the creation of particular perturbation of a
spin system, which then undergoes evolution over a particular
period of time. The evolution is followed by the ‘read-out’ of
the new state of the spin system. This principle provides the
basis for the diffusion coefficient and flow rate measure-
ments,!3%- 194 different two-dimensional NMR spectroscopic
experiments,!?> etc. If the evolution period is substantially
longer than the spin relaxation times, the detection of the final
state of the spin system does not give useful information on the
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processes in question. Hence, until recently, researchers have
believed that the maximum evolution time is comparable with
the spin—Ilattice relaxation time (77) of the spin system.
However, recently it has been demonstrated '°%-197 that this
limitation can be overcome by using the unique properties of
singlet spin states. Actually, for pairs of equivalent nuclei with
spin 1/2, the states with a certain total spin of the pair are the
eigenstates of the Hamiltonian: singlet (/ = 0) and triplet
(I =1). This is also the case with a hydrogen molecule (see
above). The spinless singlet state is not involved in relaxation
processes which affect the NMR spectra, and the interconver-
sion time between states with different total spins can be longer
that the spin relaxation times by an order of magnitude or
larger.'96-197 Ag in the above-considered NMR of parahydro-
gen, the singlet state of a pair of nuclei is not directly involved
in NMR experiments. Hence, to use the unique properties of
singlet states, it is necessary to construct a molecular system in
which the magnetic equivalence of a pair of nuclei could be
‘switched on’ and ‘switched off” under the external action on
the spin system. So far, the two different ways of performing
this switching have been suggested: the physical transfer of a
sample from a weak magnetic field to a strong field and
back '°7 or prolonged RF irradiation of the spin system in a
strong field of a spectrometer.'®® For example, the measured
lifetime of the singlet state (75) of 2,3-dibromothiophene
in DMSO-ds in weak field was 104 s (77 = 17 5).1°7 For
2-chloroacrylonitrile in DMSO-de, Ts = 141 s (T1 = 7.8 s) in
the case of continuous RF irradiation.!%®

Practical outputs of these investigations hold considerable
promise. A substantial increase in the lifetime of spin coherence
can be useful in studies of slow transport processes. For
example, the use of long-lived singlet states in experiments on
measurements of molecular diffusion coefficients (D) by PFG
NMR at 75 = 10 T, allows a decrease of the lower detection
limit of D by an order of magnitude, all other factors being the
same. An example of the application of this approach was
described in the study,!”® where the diffusion coefficients of
2-chloroacrylonitrile in a DMSO-dg — D>O mixture were meas-
ured in the temperature range from —46 to +25 °C. Long-
lived spin states hold promise also in investigations of very slow
dynamic processes, such as chemical exchange, conformational
transformations, protein and RNA refolding, ezc. Two-dimen-
sional exchange spectroscopy with the use of long-lived singlet
states was proposed in the study.'®® This study dealt with
conformational transformations of monosaccharide, in which
all hydrogen atoms, except for two atoms, were replaced by
deuterium. The lifetime of the singlet state for this pair of
protons was demonstrated to be 37 times longer than 7. In an
exchange experiment, the mixing time allotted for a conforma-
tional change of the molecules was 12 s (77 = 0.7 s).

The extensive development of the theory of long-lived spin
states is presently underway.200~204 Evidently, the use of states
with lifetimes substantially longer than 7 also shows promise
for imaging applications, particularly, for liquid and gas flows,
for example in the remote imaging (see Section III).
A combination of the properties of long-lived singlet states
and nuclear polarisation produced by hydrogenation with
parahydrogen is also promising.!7%-1°1 The initially produced
state of a pair of nuclear spins in the reaction product is singlet,
and an additional advantage is that an excess of these states in
an ensemble of molecules increases by several orders of
magnitude.

V. Conclusion

In recent years, the number of studies in the area of physico-
chemical applications of the MRI technique has rapidly
increased. In addition to a substantial extension of the range
of objects and processes, the MRI technique itself underwent

considerable changes. This stage of investigations is charac-
terised by the development of new applications, which have
been considered to be impossible to implement in practice until
recently. These are studies of solids without the use of solid-
state NMR techniques, investigations of gas transport, studies
of high-temperature reactions, efc. In addition, the develop-
ment of methods of nuclear spin hyperpolarisation and spec-
troscopy of singlet spin states opens new prospects for the
further progress in MRI.
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