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Abstract

Multidimensional images of Al2O3 pellets, cordierite monolith, glass tube, polycrystalline V2O5 and other materials have been
detected by 27Al, 51V, and 23Na NMR imaging using techniques and instrumentation conventionally employed for imaging of liq-
uids. These results demonstrate that, contrary to the widely accepted opinion, imaging of ‘‘rigid’’ solids does not necessarily require
utilization of solid state NMR imaging approaches, pulse sequences and hardware even for quadrupolar nuclei which exhibit line
widths in excess of 100 kHz, such as 51V in polycrystalline V2O5. It is further demonstrated that both 27Al NMR signal intensity and
spin-lattice relaxation time decrease with increasing temperature and thus can potentially serve as temperature sensitive parameters
for spatially resolved NMR thermometry.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The last decade has witnessed an increasing interest in
applying NMR imaging (MRI) to solve problems in
chemical and process engineering and related disciplines
[1–4]. The driving force behind this is the realization and
appreciation of the versatility of the MRI toolkit with its
ever growing power to characterize the properties of
materials and reactors (structure, morphology, bed
packing, porosity, permeability, tortuosity of porous
media, etc.) and various mass transport processes within
them (flow, filtration, dispersion, and diffusion). While
most of the MRI work is based on the detection of the
NMR signals of liquids, the possibility to study gas dis-
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tribution and transport has been demonstrated as well
[2]. Nevertheless, the existing MRI toolkit still lacks
some of the tools essential for studying multiphase reac-
tors. This includes the ability to image the solid phase in
multiphase reactors and processes, and to monitor heat
transport in an operating reactor by evaluating local
temperatures.

High molecular mobility of liquids and gases assures
an averaging of anisotropic interactions of nuclear spins
and often leads to the narrowing of an NMR resonance
by several orders of magnitude as compared to solids.
As a result, the decay of transverse magnetization is
slow and the observable signal lasts long enough to
avoid problems associated with receiver dead time, fast
gradient switching, and sensitivity. Furthermore, rela-
tively low magnetic field gradients are needed to over-
come the reduced line broadening. These are the
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reasons why the majority of MRI experiments including
microimaging studies utilize 1H NMR signal of liquid or
liquid-like phases and ‘‘soft’’ solid materials with mod-
erate (100 Hz–3 kHz) line widths such as polymers and
elastomers [5–7].

In contrast, MRI of rigid solids [8–10] is hampered to
a significant extent due to the fact that low molecular
mobility and anisotropic interactions lead to very broad
NMR resonances (hundreds of kilohertz and more).
This is especially true for MRI of quadrupolar (I > 1/
2) nuclei for which quadrupolar broadening effects can
easily lead to line widths in excess of 1 MHz. While
examples of MRI applications to the studies of quadru-
polar nuclei have been published in the literature (vide
infra), MRI of rigid solids has not by now become a rou-
tine technique, mostly, it appears, because such experi-
ments are usually associated with the utilization of
specialized hardware, sophisticated pulse sequences
and very large magnetic field gradients.

The development of the strategies for routine MRI
studies of solids can be very useful for chemical and pro-
cess engineering, and for catalytic applications in partic-
ular. First of all, this would allow the direct imaging of
the solid phase in multiphase systems, including the elu-
cidation of the structure of packed beds and structured
reactors, which in certain cases can be preferable to
imaging voids flooded with liquid. At the same time, im-
age contrast manipulation could provide access to a
variety of properties of the solid phase. In particular,
the characteristics of the NMR signal of a solid matrix
(e.g., catalyst support) can possibly be useful in evaluat-
ing local temperatures, a prerequisite for assessing heat
transport under reactive conditions. The results reported
below demonstrate that such applications are feasible
and can be implemented on commercially available
microimaging instruments using conventional two-pulse
spin–echo sequences.
2. Experimental

All imaging experiments were performed on a Bruker
Avance DRX 300 MHz wide bore spectrometer
equipped with imaging accessories at 78.2 MHz (27Al),
78.94 MHz (51V) and 79.39 MHz (23Na). For 27Al,
23Na, and 51V imaging experiments, we used the broad-
band rf probe supplied with the instrument for high
resolution NMR spectroscopy. The probe has a sad-
dle-shape rf coil with 6 mm inner diameter which sets
the upper limit on the diameter of samples that can be
imaged. Fortunately, this broadband probe has the right
diameter to fit into the gradient-coils set of the microi-
maging accessory (micro-2.5, Bruker). For imaging
studies, we have removed the external aluminum shield
of the rf probe to avoid large eddy currents induced
by pulsed magnetic field gradients in conducting parts
around the sample. Besides, glass inserts were also re-
moved from the top part of the rf probe to avoid acci-
dental damage. As it turned out later, another good
reason to remove glass parts is their aluminum content
(vide infra). The rf coil of the broadband probe inserted
into the gradient set had its center ca. 6 mm lower than
the isocenter of the gradient coils which presented no
major problems for image detection.

The rf pulses for 27Al NMR experiments were cali-
brated using an aqueous solution of AlCl3. For the re-
duced rf power level used (10 db attenuation), the
duration of the 180�-pulse was found to be equal to
60 ls. All imaging experiments were performed using
the two-pulse spin–echo sequence.

a–s–2a–s–echo ð1Þ
with s ca. 300 ls. For 27Al experiments, the two pulses
had the same amplitude and were 10 and 20 ls long,
respectively, corresponding to the nominal flip angle
a = 30�. For other nuclei, the rf power was readjusted
for maximum signal intensity (a = 45� for 23Na,
a = 22.5� for 51V, vide infra).

In 2D imaging experiments, 64 complex data points
of the echo signal were detected in the absence of a gra-
dient, thus preserving in principle the spectroscopic
information. The two spatial coordinates (x and y,
transverse to the sample axis) were phase encoded by
an independent stepwise variation of two pulsed trans-
verse gradients GX and GY (32 steps in the range �78
to 78 G/cm). The gradient pulses were 200 ls long and
were applied during the first s interval of Eq. (1). Before
Fourier transformation, the two spatial dimensions were
zero-filled to 256 data points each. A field of view FOV-

XY = (9.2 mm)2 was imaged with a true spatial resolu-
tion of (288 lm)2 and a digital resolution of (36 lm)2

obtained after zero filling. No slice selection was used.
In the 3D imaging experiments, the echo signal was

frequency encoded along the Z axis (FOVZ = 24.5 mm,
GZ = 64 G/cm) in addition to phase encoding in the XY
plane (GX = GY, 32 steps in the range �49 to 49 G/cm,
FOVXY = (14.7 mm)2). The spatial resolution was
460 · 460 · 380 lm3 (digital resolution after zero filling
to 2563 data matrix was 56 · 56 · 96 lm3).

All 27Al variable temperature and relaxation experi-
ments were performed on a Bruker Avance DPX
200 MHz spectrometer at 52.1 MHz. The standard Bru-
ker variable temperature accessory was used to set and
maintain the required temperature with a flow of warm
air. At each temperature setting, the equilibration delay
of 20–30 min was used. In 27Al saturation-recovery
experiments, the following train of rf pulses was used
for saturation:

ðD� aX � D� aY � D� a�X � D� a�Y ÞN ; ð2Þ

with the nominal flip angle a = 30�, interpulse delay
D = 2 ms and the number of repetitions N = 16. After
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a variable recovery delay, the spin–echo sequence of Eq.
(1) with s = 45 ls was applied and a single complex data
point was detected at the echo maximum. Magnitude
calculation was then performed on the time domain data
points detected.

Alumina samples (c-Al2O3) were from various
batches and had different shapes (3.5 mm beads, cylin-
ders 3.5 mm in diameter and ca. 1 cm long, powder).
Cordierite monolith (400 cells per square inch) wash-
coated with alumina was received from Prof. D.O. Uner
(Middle East Technical University, Ankara, Turkey).
The channels have 1 · 1 mm2 square cross-section and
are separated by 0.3 mm walls. Small fragments which
fit into the 6 mm i.d. saddle-shape rf coil were cut from
the bigger original monolith along its channels. Baking
soda, sodium chloride (both purchased at a local gro-
cery store) and V2O5 powder were packed in the chan-
nels of such monolith fragments. In several
experiments, Wilmad NMR tube (507-PP, borosilicate
glass) with 5 mm outside diameter and wall thickness
of 0.38 mm was used. In some experiments, alumina cyl-
inders were degassed with a mechanical pump and
flame-sealed in 5 mm Wilmad sample tubes.
3. The approach

A number of imaging strategies are employed to over-
come substantial broadening of NMR resonances in sol-
ids. One of the approaches relies on an active line
narrowing using sample rotation (e.g., magic angle spin-
ning (MAS) with synchronized sample and magnetic
field gradient rotation), multi-pulse line-narrowing se-
quences, and combination thereof [11–16]. Another gen-
eral strategy to overcome substantial line broadening is
based on the utilization of large static (e.g., in stray field
imaging (STRAFI) [17–20]), pulsed [21,22] or oscillating
[23,24] magnetic field gradients. Another possible course
of action is the utilization of very short delays between
the creation of the transverse magnetization and signal
detection, sometimes in combination with rapidly oscil-
lating gradients, or switching on the gradient before the
excitation rf pulse and keeping it on while signal is de-
tected, which forms the basis of most projection-recon-
struction MRI studies [25,26]. Very short delays
between excitation and detection are also used in con-
stant time (CTI) and/or single point imaging (SPI) tech-
niques [27–29] successfully employed for MRI of
samples with short T2 times. Other possibilities include
continuous wave (in contrast to pulsed Fourier trans-
form) MRI [30], the utilization of multiple quantum
coherences [31,32] and the rotating frame imaging
experiments which use gradients of the radiofrequency
field [33,34].

While several research groups successfully develop
the solids imaging strategies listed above, at present
none of these applications can be considered a routine
procedure since all these approaches require specialized
(and often home-built) hardware. The ability to image
rigid solids on a conventional imaging instrument might
lead to a much broader interest and substantial progress
in the imaging of solid materials. As a benchmark, we
consider a commercial Bruker Avance DRX-300 WB
system with imaging accessories (no sample rotation or
translation, gradient amplitudes 640 or 6100 G/cm,
200 kHz digitizer bandwidth, 100 W rf amplifier). Our
choice of the solid matrix, c-Al2O3 (and thus of the mag-
netic nucleus, 27Al), was governed by our recent in situ
MRI studies of the heterogeneous catalytic hydrogena-
tion reaction of a-methylstyrene on Pt/c-Al2O3 or Pd/
c-Al2O3 catalysts [35–37] as well as the fact that alumina
is often used for supported catalysts preparation. Other
nuclei that we consider here are 51V of V2O5 and

23Na of
NaCl and NaHCO3.

Our results rely on a number of well-established con-
cepts. First, while the decay of transverse magnetization
in solids is very rapid because of large line widths in-
volved, in many cases this decay can be reversed to a sig-
nificant degree using echo-type pulse sequences. In
particular, the solid echo ð90�

x–s–90
�

y–s–echoÞ, Hahn
echo (90�–s–180�–s-echo) and other echo-based se-
quences [38–41] are often used to partially reverse the ra-
pid decay of transverse magnetization in solids. This
reversal is possible because the large broadening of
NMR spectra in solids is inhomogeneous in nature.
Next, for quadrupolar nuclei with half-integer spin
including 23Na (I = 3/2), 27Al (I = 5/2), and 51V
(I = 7/2), central transition (1/2M �1/2) is broadened
only to second order in perturbation theory [22,42]. This
implies that relatively long rf pulses and limited digitizer
bandwidth should be enough to excite and detect the
central transition of these nuclei. The satellite transitions
in the NMR spectra of quadrupolar nuclei are often too
broad to be excited by the rf pulses a few microseconds
long, thus only the central transition is excited and ob-
served. In such a case, the optimum flip angle a in Eq.
(1) is known to scale as 90�/(I + 1/2) because of the
higher nutation frequency of the magnetization associ-
ated with the central transition when the latter is excited
selectively [43].

The limited amplitude of available gradients can
make frequency encoding of spatial information prob-
lematic or impossible. Indeed, to be ‘‘resolved,’’ two
neighboring pixels of an image should differ in their res-
onance frequencies by an amount not less than the width
of the detected NMR signal. Therefore, frequency
encoding of the signal is of limited use for nuclei charac-
terized by a large width of the central transition. The
23Na resonances that we observe are ca. 4 kHz wide,
which implies that a 100 G/cm gradient will allow one
to obtain spatial resolution slightly better than
400 lm. For 12–14 kHz wide 27Al resonances of
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c-Al2O3, the same gradient will limit the attainable res-
olution by 1.2 mm, which could still be acceptable in
some applications. Larger broadening (e.g., 51V, see be-
low) will make frequency encoding useless. Fortunately,
phase encoding is much more tolerant to large widths of
NMR resonances. When MRI is performed in high
magnetic fields, it is usually assumed that application
of magnetic field gradients does not affect the orienta-
tion of the magnetic field B = B0+Grr and only makes
its amplitude to depend on the spatial coordinate. In
many cases, this assumption is justified and implies that
unlike frequency encoding, the phase encoding of the
signal is not sensitive to the broadening of the NMR res-
onances. Indeed, as demonstrated below, phase encod-
ing allowed us to obtain true spatial resolution well
below 1 mm for 27Al MRI of c-Al2O3. It should be
noted, however, that for very large line broadening, even
phase encoding approach can fail. For large quadrupo-
lar coupling constants, the quantization axis of the nu-
clear spin is tilted away from the B0 direction. This
means that gradients creating fields perpendicular to
B0 (dBx/dz = dBz/dx) become important, and the reso-
nance frequency becomes a complex function of both
orientation and coordinate of the molecule. For broad
resonances, rf pulses excite only certain molecular orien-
tations. Correction terms broaden the resonance, with
the extent of broadening depending of the sample size,
which has been demonstrated for 63Cu imaging of pow-
dered Cu2O [22].

It has been already pointed out in the literature that a
12 kHz wide central transition of 27Al nucleus in alu-
mina can be easily refocused using traditional spin echo
methods, and that it should be possible to use 27Al res-
onance of most ceramics to generate high-resolution
spatial images [44]. A 1D image (projection) of a 6 mm
ceramic cube or two such cubes separated with a spacer
have been presented, albeit with a gradient (350 G/cm)
larger than those available with routine systems, and
an easy extension to multidimensional imaging has been
noted [44]. There have been reports of one study where
separate images of powdered alumina and zeolite sam-
ples were obtained [45,46], which seems to exhaust the
examples of the multidimensional 27Al imaging of solid
materials. We believe that the progress in MRI tech-
niques and applications during the last decade make fur-
ther substantial advance in this field quite feasible.

The true power of MRI is its ability to provide
parameter images, i.e., the ability to detect spatial distri-
butions of a variety of object properties. In particular,
NMR signal is sensitive to local temperature in the sam-
ple, which can be used for local temperature evaluation.
In NMR spectroscopy, a number of chemicals (e.g.,
methanol, ethylene glycol) with known chemical shift
temperature dependencies are used as temperature sen-
sors. In biomedical MRI, temperature maps are ob-
tained on the basis of the temperature dependence of
the signal intensity, chemical shift, relaxation times
and/or diffusivity of water and/or fat molecules in living
organisms or phantom samples [2,47]. In all these cases,
the NMR signal of a liquid or solute is detected. There-
fore, none of these approaches is immediately and di-
rectly applicable to catalytic systems because all of the
temperature sensitive parameters depend crucially on
the degree of catalyst saturation with the liquid phase
which can vary drastically during reactor operation.

It thus appears that NMR signal of the solid phase
might be a better temperature sensor, equally applicable
to gas–liquid–solid and gas–solid processes at elevated
temperatures. However, the known applications of spa-
tially resolved NMR thermometry to solid samples are
predominantly limited to MRI of ‘‘soft’’ solids. A pro-
nounced temperature dependence of the relaxation times
(T1, T2) of such materials was used, for instance, to map
temperature distributions within a block of cis-polybu-
tadiene with imbedded hot and cold water pipes [48]
and in SBR vulcanizates under dynamic mechanical
load [5,6,49]. An example of NMR thermometry appli-
cation to rigid solids is a 2D MRI study of KBr crystal
[50]. The spin-lattice relaxation time T1 of the 81Br
NMR signal was used as a temperature sensitive param-
eter, since in the absence of motional averaging T2

exhibits no temperature dependence. A qualitative tem-
perature map was detected while the sample was heated
to about 313 K with a point heat source. For larger tem-
perature ranges, signal intensity is another potential
temperature sensor. These possibilities for 27Al NMR
thermometry are explored below.
4. Results and discussion

We begin with the discussion of multidimensional
imaging of alumina catalyst supports using 27Al NMR
signal detection. Fig. 1 shows a 2D image of the cylindri-
cal alumina pellet which appears in the image as a green
inner circle. It is surrounded with a dark annulus with
much lower signal intensity (walls of the sample tube,
vide infra). The image took less than 18 min to acquire
despite the fact that pure phase encoding was used for
both spatial dimensions. The 1D cross-section through
the center of the image shown above it demonstrates
that the signal-to-noise ratio is reasonably high. No slice
selection was performed in this experiment, therefore the
projection of the entire pellet along its axis onto the im-
age plane is observed. The pellets used in the experi-
ments were not perfectly cylindrical and had visible
surface defects. This reduces the steepness of the pellet
image, as can be seen around the 2 O� clock position
and at the right hand side of the 1D profile. Further-
more, an eight-fold zero-filling of the data set before
Fourier transformation also adds some smoothness to
the sharp boundaries. Despite that, the rest of the pellet



Fig. 1. Transverse two-dimensional 27Al NMR image of a cylindrical
c-Al2O3 pellet in a 5 mm Wilmad NMR sample tube. Color bar shows
signal intensity scale. 1D profile shown above the image represents its
central horizontal cross-section. Image acquisition time was
TA = 17.5 min, number of acquisitions NA = 2, pulse sequence
repetition delay TR = 0.5 s.
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boundary displays a steep signal change indicating that
phase encoding for this sample is working quite well.

To demonstrate the feasibility of 3D imaging, we
used several alumina beads placed in a 5 mm NMR tube
in a single file. In this case, frequency encoding was used
to encode the coordinate along the tube (Z), while phase
encoding was employed for the other two dimensions. A
2D subset of the entire 3D image is shown in Fig. 2
along with its central 1D cross-section. The centers of
the beads are not located on a straight line because the
diameter of the beads (3.5 mm) is slightly smaller than
the inner diameter of the sample tube (4.24 mm). The
length of the sensitive region of the rf coil can be esti-
Fig. 2. One of the 2D cross-sections of a three-dimensional 27Al NMR
image obtained for c-Al2O3 beads placed in 5 mm Wilmad NMR
sample tube in a single file. Lighter shades of gray correspond to higher
signal intensities. 1D profile shown above the image represents its
central horizontal cross-section. TA = 11 h, NA = 64, TR = 0.6 s.
mated from the extent of the visible area along the Z

axis as ca. 12 mm. This leads to the observation of only
four beads out of the entire much longer file used in the
experiment. The 1D cross-section indicates that if fre-
quency encoding is used, larger gradient strengths are
likely to be needed in order to overcome the substantial
line width for alumina samples, otherwise the features of
an object under study are smeared out in the frequency
encoding direction. The available gradient strength
(100 G/cm) limits the spatial resolution in the frequency
encoding direction to about 1.2 mm for alumina
samples.

The results shown in Figs. 1 and 2 demonstrate that
27Al MRI can be employed for the structural studies
of packed beds and catalytic reactors which use alumina
as a catalyst or catalyst support. In fact, the range of
materials and processes that can be studied by 27Al
MRI is likely to be much broader than that. In particu-
lar, materials with much lower aluminum content,
including various types of glasses and ceramics, can be
successfully imaged with conventional imaging hard-
ware. For instance, the low intensity annulus observed
in the image of Fig. 1 has an external diameter of
5 mm, which suggests that it belongs to the Wilmad
sample tube. The image shown in Fig. 3 which was ob-
tained after removing the pellet from the sample tube
leaves no doubt about it.

The v-shaped feature observed in the image of Fig. 3
as well as the signal present ‘‘inside’’ the tube originates
from the rf probe itself. This was confirmed by running
another experiment after removing the sample tube from
the rf coil. We believe that the source of the 27Al signal
in the empty probe is a ceramic part located below
the saddle-shape rf coil. While the upper edge of this
ig. 3. Transverse two-dimensional 27Al NMR image of a 5 mm o.d.
ilmad NMR sample tube which appears in the image as an annulus.
he rest of the signal was shown to originate from the rf probe used in
he imaging experiments. Lighter shades of gray correspond to higher
ignal intensities. In white areas, signal intensity is below the noise
vel. TA = 12.5 h, NA = 44, TR = 1 s.
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ceramic part is located ca. 6 mm below the lower edge of
the coil, the ceramic piece is large enough to produce a
measurable signal despite a low rf field amplitude pro-
duced by the coil at its location.

Another example of the structural characterization of
catalysts and catalyst supports by 27Al MRI is presented
in Fig. 4. A piece which fits into the rf coil with 6 mm
i.d. was cut out of a cordierite monolith washcoated
with alumina and imaged using phase encoding for both
spatial dimensions. The aluminum content of cordierite
is low (ca. 30% Al2O3), and the washcoat (c-Al2O3) rep-
resents only ca. 14% of the sample mass. Higher signal
intensity at the wall intersections and sample edges as
well as other signal non-uniformities are caused by par-
tial volume effects (wall thickness ca. 300 lm, spatial res-
olution 288 lm), inhomogeneity of the rf field of the
saddle-shape coil, and the 8-fold increase in the number
of points for each spatial dimension using zero-filling.
Despite all these facts, the overall geometry of the
monolith fragment as well as all its 12 square channels
are well delineated.

While structural applications of the MRI technique
are important, the main advantage of MRI is its ability
to provide a wide range of properties of an object under
study and processes which take place in it, based on the
possibility to tailor the image contrast in MRI depend-
ing on the information required. For chemical engineer-
ing and catalytic applications it is highly desirable to
characterize temperature fields in materials and operat-
ing reactors. Since the detection of 27Al NMR signal
of catalyst supports does not seem to be a problem,
the temperature dependence of such signal can be used
to evaluate local temperatures in aluminum-containing
solid materials, in particular in catalysts. Of the param-
eters that are used for NMR thermometry in liquids, for
alumina we have a priori discarded temperature depen-
dent chemical shift (line widths too large) and diffusivity
Fig. 4. Transverse two-dimensional 27Al NMR image of a 400 cpsi
cordierite monolith washcoated with alumina. Lighter shades of gray
correspond to higher signal intensities. In white areas, signal intensity
is below the noise level. TA = 2 h, NA = 64, TR = 0.1 s.
(values too low in solids). Our measurements at 4.7 T
gave T2 = 1–1.5 ms at room temperature and at 473 K.
The differences in T2 values at the two temperatures, if
any [50], were smaller than the measurement accuracy
achieved in these experiments. This leaves T1 and
NMR signal intensity as potential candidates for ther-
mometry applications.

To test the possibility of using 27Al NMR signal
intensity and spin-lattice relaxation time T1 as tempera-
ture sensitive parameters for NMR thermometry, we
used cylindrical alumina pellets from the same batch
as that imaged in Fig. 1. For these samples, satura-
tion-recovery experiments were performed both at room
temperature and at 473 K demonstrating that both the
intensity of the signal after its complete recovery and
the spin-lattice relaxation time decrease substantially
as temperature increases. An accurate measurement of
T1 values requires the detection of the entire recovery
curve, which is time consuming and thus can be imprac-
tical for measuring spatially resolved temperature maps.
Besides, the recovery traces are not single-exponential.
At room temperature, the bi-exponential fit yields
T a

1 � 16 ms and T b
1 � 1:9 s with a 3:1 intensity ratio,

while at 473 K it yields T a
1 � 10 and T b

1 � 110 ms. This
further complicates an extraction of accurate values. It
thus appears advantageous to measure NMR signal
intensities, which can be done much faster. If the inten-
sity of the signal is measured after a partial recovery, the
information on the temperature dependent T1 value will
still be preserved and can be used to evaluate local
temperatures.

We first discuss the temperature dependence of the
intensity of the 27Al NMR signal measured 2 s after its
saturation, i.e., after its almost complete recovery. Tri-
angles in Fig. 5A show the results of an automated spec-
trometer run in which sample temperature was stepped
from low to high values and then back, with no probe
tuning/matching except at room temperature. The ratio
of signal intensities at two temperature values, I (300 K)/
I (470 K), is 2.76, which by far exceeds the ratio of Boltz-
mann factors (1.577). Part of the difference is caused by
the progressive probe mismatch as the temperature in-
creases, leading to a more rapid apparent signal loss
with increasing temperature. Therefore, in another
experimental run, the probe tuning/matching was read-
justed at each measurement temperature (Fig. 5A, cir-
cles and squares). In this case, the scatter of data for
each temperature value increases reflecting the degree
of readjustment reproducibility. The signal decrease
with temperature becomes smaller, and the ratio
I(299 K)/I(473 K) decreases to 2.08, which is still larger
than expected for Boltzmann factor alone. One of the
possible explanations is that since the echo with
TE � 120 ls is detected in these experiments, the signals
are T2-weighted, and thus slight temperature changes in
T2 will also contribute to temperature induced signal



Fig. 5. (A) Temperature dependence of the 27Al NMR signal of a
cylindrical c-Al2O3 pellet. The signal intensity was measured 2 s after
the saturation cycle. The results of an automated variable temperature
run ($) which was performed from low to high temperatures and then
back, with no readjustment of the rf probe tuning/matching. In two
other sets of experiments, the rf probe tuning/matching was manually
readjusted for each temperature value, with temperatures changing in a
descending (s) or ascending (n order. An asterisk shows signal
intensity estimated from the signal intensity at room temperature and
Boltzmann factor change from RT to 473 K. (B) Temperature
dependence of the ratio of the 27Al NMR signals measured for c-
Al2O3 pellet at a relatively long delay D after saturation and at 100 ms.
The results of the measurements for D = 2 s for ascending (n, m) and
descending temperatures (s, *) and with (m, *) and without
readjustment of probe tuning/matching (n, s) fall more or less on
the same curve, while the results of the experiment with D = 10 s
performed without probe tuning/matching readjustment for both
ascending and descending temperatures (·) give larger values of the
measured ratio. NA = 256.
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variation. We believe, however, that the explanation
should be sought in the changing number of 27Al spins
which contribute to the NMR signal (vide infra). In
any case, the fact that the decrease of the signal with
temperature is faster than expected from Boltzmann fac-
tor alone is advantageous since it provides higher tem-
perature sensitivity, and can be accounted for by
performing an appropriate calibration of signal intensity
as a function of temperature (Fig. 5A).

At the same time, in certain cases signal intensity
measurements for temperature evaluation purposes can
be unreliable, e.g., due to the drift in hardware sensitiv-
ity (cf. Fig. 5A). In spatially resolved thermometry,
small sample displacements can cause extra pixel in-
tensity variations. Other possible sources of signal
variations are plenty. Therefore, using two temperature
dependent parameters for temperature evaluation can be
more reliable than measuring signal intensity alone. In-
stead of using the T1 value for reasons mentioned above,
we use the ratio of signal intensities at long and short
recovery delays, 2 s and 100 ms, respectively (Fig. 5B).
As can be seen, this ratio exhibits a pronounced decrease
with temperature above 340–360 K, i.e., in the region of
interest for catalytic applications [35–37]. In the low
temperature range (300–340 K) an opposite trend is
observed, which at least partly is caused by the fact that
recovery of the NMR signal for 2 s recovery delay is
incomplete. When a longer recovery delay is used
(10 s, crosses in Fig. 5B), the ratio becomes almost tem-
perature independent in the range 300–340 K and de-
creases at higher temperatures.

Temperatures higher than 473 K were not accessible
in experiments reported here. It is obvious, however,
that the ratio of the completely recovered signal to the
incompletely recovered one cannot be lower than unity.
Therefore, somewhere at higher temperatures this ratio
will once again become temperature independent. In
that case, signal intensity at a delay shorter than
100 ms used here can be utilized. If a broad temperature
range is of interest, several recovery delays with overlap-
ping temperature sensitive regions can be useful.

While the variable temperature experiments reported
above look promising, further research is needed to con-
vert them into a practical tool for NMR thermometry. In
particular, the NMR visibility of aluminas appears to be
a non-trivial issue. It has been reported before that up to
45% of 27Al nuclei can escape detection in static 27Al
NMR experiments performed on c-alumina [51], while
a later study claims that 100% of aluminum atoms con-
tribute to the detected signal [52]. The existence of the
correlation between aluminum visibility and sample sur-
face area and the increase in line width of c-alumina sam-
ples with increasing surface area, however, are not
questioned. Therefore, the mechanism which determines
visibility of aluminas appears to involve a number of dy-
namic processes on the surface where a highly distorted
surrounding of aluminum atoms is expected to provide
efficient quadrupolar relaxation pathways for surface
Al atoms. These processes are able to affect 2–3 surface
layers of aluminum atoms and thus can be quite impor-
tant for c-alumina samples with surface areas exceeding
200 m2/g. Such dynamic processes can involve surface
hydrogens and hydroxyls, adsorbed water and can be
influenced by the presence of other adsorbates due to for-
mation of new surface species as well as by temperature
variations [51]. They can explain why signal intensity de-
crease with increasing temperature shown in Fig. 5A is
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faster than the decrease in Boltzmann factor alone. Sim-
ilar observation has been reported [51] when 27Al NMR
signals of c-alumina were compared at 90 K and room
temperature. In contrast, in another study no signal that
was presumably lost due to surface dynamics could be re-
gained by cooling the samples down to 173 K [52]. The
NMR spectra of our c-alumina samples reveal the pres-
ence of tetrahedrally and octahedrally coordinated Al
atoms and are similar to those reported in the literature
[51]. Therefore, in our studies dynamic processes on the
alumina surface can be observable. Indeed, in some of
the experiments it was noted that after the first two tem-
perature cycles the overall signal intensity decreased
noticeably, while further temperature cycles on the same
sample gave almost identical temperature dependences
of signal intensity. Condensation of water on the walls
of the sample tube which originally was present in the
alumina sample has been noticed in these experiments.
For alumina pellets briefly vacuumed with a mechanical
pump and sealed in a glass tube, no signal decrease in the
initial temperature cycles was observed.

Finally, Fig. 6 shows a 51V image of V2O5 powder
packed in the channels of a cordierite monolith fragment
identical to that shown in Fig. 4. The observed 51V
NMR spectrum of V2O5 is several times broader than
the 27Al spectrum of c-Al2O3 and spreads over most of
the 200 kHz receiver bandwidth of our NMR instru-
ments. At the same time, spin-lattice relaxation time is
relatively long, and the repetition time used (TR = 1 s)
was substantially shorter than 3T1. Despite that, phase
encoding allows one to visualize the structure of the ob-
ject under study. In particular, the channel walls are
clearly observed which demonstrates that the true spa-
tial resolution is high enough to resolve 300 lm features
of the object under study. This example can be consid-
ered as a demonstration of the possibility to study other
types of materials in general and catalysts in particular.
Fig. 6. Transverse two-dimensional 51V NMR image of the 400 cpsi
cordierite monolith with the channels packed with V2O5 powder.
Lighter shades of gray correspond to higher signal intensities.
TA = 18 h, NA = 64, TR = 1 s.
5. Conclusions and outlook

We have demonstrated that in certain cases, MRI of
rigid solids does not require specialized solid state NMR
hardware and can be performed on commercially avail-
able microimaging systems. In particular, 27Al MRI ap-
pears to be a promising area of research. Potential
applications of multidimensional 27Al MRI and NMR
thermometry in addition to catalytic applications cover
a broad range of processes and applications involving
aluminum containing ceramics. Besides, most natural
and artificial glasses are aluminosilicates and thus can
be studied using 27Al NMR [53]. The possibility to de-
tect half-integer nuclei other than 27Al further broadens
the scope of possible applications. Apart from results re-
ported in this paper, other examples of materials and
nuclei successfully imaged using the same instrument in-
clude glass (11B, 23Na, and 29Si), silica gel (29Si), NaCl
(23Na), and LiBr (7Li) dispersed in alumina, alumina
impregnated with phosphate (31P), and chicken and fish
bones (31P) [54].

Furthermore, the information that can be obtained is
not limited to structure only. Indeed, the utility of MRI
is governed by the mechanisms and parameters which
determine image contrast. In particular, this study dem-
onstrates that both 27Al NMR signal intensity and T1

times of alumina exhibit a pronounced temperature
dependence and thus can be considered as potential tem-
perature sensors for the development of NMR ther-
mometry applications. For materials science and
chemical engineering as well as for catalytic applica-
tions, NMR thermometry based on the detection of
the NMR signal of the solid phase can have distinct
advantages over the conventional NMR thermometry
approach with the detection of the signal of a liquid or
solute. The experiments which combine 27Al imaging
and thermometry are currently in progress.

We hope that the results presented above will stimu-
late further studies in MRI of ‘‘rigid’’ solids and will
lead to the development of novel applications of MRI
to solid samples in a broad area of chemistry, engineer-
ing and technology. While several important issues, such
as slice selection, 3D imaging, rapid imaging strategies
and image contrast mechanisms other than spin density
and temperature, were not addressed above, they are
well documented in the solids imaging literature. Their
implementation on a commercial microimaging instru-
ment appears to be well within the reach.
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