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Magnetic resonance imaging was used for two-dimensional temperature visualization of chemical waves
propagation in the autocatalytic exothermal reaction of thiosulfate oxidation by chlorite. The technique presented
is based on the temperature dependence of the water chemical shift. Temperature maps were acquired by
employing the TurboFLASH imaging method. The results obtained allow one to judge about directions of
buoyancy flows. Two types of convection critical modes in a vertical tube during the wave propagation were
detected.

Introduction

Since Luther’s discovery1 of chemical waves in autocatalytic
reactions, experimental detection of wave propagation has been
based on the variation of physical properties of reactants,
products, or intermediates of a chemical reaction and often
required the addition of various indicators. Meanwhile, in several
autocatalytic reaction systems, considerable temperature changes
take place.2 One such system is based on the oxidation of
thiosulfate by chlorite ions (chlorite-thiosulfate system), pro-
ceeding in accord with the following equation:

The reaction is catalyzed by the product hydrogen ion and
manifests propagating acidity fronts. Its distinctive feature is a
very strong exothermicity, so the temperature change can come
to 10 °C, even if concentrations of reagents do not exceed 0.1
M.2 Such temperature change a priori is large enough to be
detected by various techniques, but to the best of our knowledge
temperature variation was never used for visualizing the
propagation of chemical waves.

Magnetic resonance imaging (MRI) is often used to visualize
chemical waves propagation,3 but MRI thermometry was never
employed for this purpose. At the same time, MRI temperature
mapping is broadly applied in medicine for noninvasive
measurements during ultrasound and thermal surgery.4 There
are two main possibilities often utilized to visualize the
temperature of aqueous solutions by nuclear magnetic resonance
(NMR). The first one is based on the dependence of relaxation
times on temperature.5 This technique is well established,
possibly because of the simple methodology and performance
but suffers from poor sensitivity to small temperature changes
and the absence of universality in comparison to another one,
which is based on the fact that the water proton chemical shift
value also depends on temperature.6 The chemical shift varies
linearly with temperature.7 Generally, a chemical shift change
is evaluated by measuring the phase of an NMR signal as a

more sensitive parameter that is accessible in MRI. The latter
technique was employed in the present work.

In this Letter, the first application of NMR thermometry to
measure temperature changes during the chemical wave propa-
gation is presented. Two-dimensional temperature maps were
produced for the moving heat front formed in the colorless
chlorite-thiosulfate system. Because the relaxation times do
not change considerably during this reaction, NMR thermometry
appears to be the only MRI technique capable of producing
contrast images in this case.

Experimental Section

Chlorite-Thiosulfate System.The highest grades of com-
mercially available NaClO2 (Fluka, 80%), Na2S2O3 (Fluka,
99%), and NaOH (Fluka,>98%) were used in the experiments.
Because recrystallization of sodium chlorite (NaClO2) to better
than 99% purity was reported to have no effect on the kinetics
of the chlorite-thiosulfate reaction,8 all chemicals were used
as received. The concentration of sodium chlorite in solution
was established iodometrically. The reacting solutions containing
0.025 M Na2S2O3, 0.055 M NaClO2, and 0.010 M NaOH were
prepared in distilled water. Experiments were performed in a
vertically positioned cylindrical glass tube of internal diameter
9.1 mm. The chemical wave was initiated by adding a drop of
0.1 M H2SO4 at the top of the tube.

Thermocouple Experiment. A calibrated chromel-copel
thermocouple was placed in the center inside the tube with
reacting solution. The experiment was performed at ambient
temperature (20°C) outside the superconducting magnet of the
NMR instrument. The data were acquired by means of a digital
analyzer.

Water Proton Chemical Shift Method. Water proton
resonance frequency depends on temperature as a consequence
of changes in electronic surroundings of water molecules caused
by stretching or bending of hydrogen bonds.6 Consequently, the
chemical shift varies linearly with temperature, with the
sensitivity coefficient (R) of about-0.01 ppm/°C over a broad
temperature range.7 Usually, the spatial distribution of water
chemical shifts for temperature measurements is not measured* Corresponding author. E-mail: koptyug@tomo.nsc.ru.
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directly as a map of resonance frequencies. Instead, the phase
of the NMR signal is mapped because its variation can be
quantified much more accurately. For the gradient echo sequence
often used in such measurements, the temperature dependence
of the signal phase is given by the following equation:

whereγ is the magnetogyric ratio, TE is the echo time,Bo is
the macroscopic magnetic induction, andR is the proportionality
coefficient that describes the temperature dependence of the
water chemical shift. Therefore, temperature variations (∆T) can
be calculated by subtracting the phase distribution (Φ(To)) at a
reference temperature from the phase distribution after a change
in temperature (Φ(T)).9 To produce temperature maps, as a first
approximation it is not necessary to make a new calibration
when switching from one solution to another, because the
sensitivity coefficientR depends only weakly on the properties
of a medium.9

Imaging Experiments.MRI experiments were performed on
a Bruker DRX-300 spectrometer equipped with a 7.05 T
superconducting magnet, operating at a proton resonance
frequency of 300 MHz. The tube was imaged using a 25 mm
radio frequency coil, which had a maximum vertical observa-
tional region of 40 mm. All MRI experiments were carried out
at the temperature inside the magnet bore of 18°C.

Imaging experiments were carried out according to the
following methodology. The glass tube with the reaction solution
was kept overnight in the superconducting magnet bore of the
NMR instrument to get it equilibrated with the bore temperature.
After that, the sample was briefly taken out of the magnet, the
wave was initiated; then the sample was repositioned in the
NMR probe and the experiment was started.

The phase maps were acquired by means of the echo-shifted
TurboFLASH (fast low-angle shot) imaging technique.10,11An
opportunity to make the echo time (TE) longer than the
repetition time (TR) is a distinctive feature of this pulse
sequence. Therefore acquisition occurs much faster in this case
in comparison to conventional gradient echo pulse sequence.10

The images correspond to slices 2 mm thick positioned at the
center of the tube. The following echo-shifted TurboFLASH
pulse sequence parameters were used: TE) 19.3 ms, TR)
18.6 ms, flip angle 1.4°, field of view 14× 39 mm2 (vertical)
and 14× 16 mm2 (horizontal). Approximately, 3 s were required
for scanning one 64× 128 (vertical) or 64× 64 (horizontal)
image. Calculation of temperature maps was performed as
described above (eq 1).

Results and Discussion

To measure the extent of temperature changes independently,
a preliminary thermocouple experiment was performed. The
acquired data presented in Figure 1 demonstrate temperature
variations which take place during chemical wave propagation
in the chlorite-thiosulfate system at the level of reagent
concentrations stated above.

The temperature maps corresponding to the vertical and
horizontal cross-sections through the center of the tube detected
during the evolution of chlorite-thiosulfate system are shown
in Figure 2a,b, respectively. According to the data obtained,
the value of the temperature change inside the sample correlates
quantitatively with the thermocouple measurements shown in
Figure 1, if we take into account that in the latter case the
thermocouple was located in the center of the tube. Nevertheless,
there is one arguable point here. The chemical reaction

proceeding inside the sample alters the electronic surroundings
of water protons. As a consequence, it could lead to a change
in chemical shift that is not due to a temperature change. Then
MR images would resemble distributions presented in Figure
2a,b. However, it was found that when the reacted solution
returns to equilibrium, the water chemical shift returns to its
initial value within the experimental error. Therefore, the
alteration of solution composition has a negligibly small
influence on the measured quantity. The minimum experimental
temperature change that could be measured using the applied
MRI methodology is estimated from the average phase drift to
be (1 °C.

The acquired data give us an opportunity to judge about
directions of buoyancy flows, arising as a result of local heating
at the reaction front region. By repeating the same experiment
several times, we found that two different types of flow
geometries take place in the tube during propagation of the
chemical wave in the chlorite-thiosulfate system.

One is the case when warm masses ascend near the wall of
the tube (Figure 3a), and another is when warm masses ascend
in the central part of the tube (Figure 3b). It is interesting that
in some experiments we have observed transformation of these
buoyancy flow geometries from one to another, but in most
cases the first type (Figure 3a) was found. Existence of similar
convection was shown theoretically and in experiments before,
in particular by using chemical waves of the Belousov-
Zhabotinsky reaction as a passive indicator.12 According to the

∆Φ ) γ·TE‚Bo·R·∆T (2)

Figure 1. Thermocouple measurements during wave front propagation
in the chlorite-thiosulfate system (see text).

Figure 2. Temperature maps of the propagating chemical wave in the
chlorite-thiosulfate system for the vertical (a) and the horizontal (b)
cross-sections. The area of images displayed is 14× 39 mm2 (a) and
14 × 16 mm2 (b).
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paper by Su et al.,12 the cases presented in Figure 3a,b can be
described by the first two critical modes of convection for a
vertical tube, shown schematically in Figure 3c,d, respectively.
In many cases, convection has considerable influence on stability
of chemical waves.13,14The MRI technique presented provides
a unique possibility to explore these subtle effects directly.

Conclusions

The reaction-diffusionmodel of chemical waves is consid-
ered a basic one in the description of many biological,15

medical,16 and geophysical17 events. This work presents the
conceptually new detection method of propagating chemical
waves based on quantification of temperature changes by means
of NMR-thermometry imaging technique. Principally, the
technique is based on the measurements of water chemical shift
changes caused by temperature variations. A prerequisite for
applying this technique is a pronounced exothermicity of a
reaction. Temperature changes in excess of 1°C could be
detected in this work with the present implementation of the
technique, implying that a reliable visualization of wavefront
propagation can be achieved if temperature changes amount to
2-3 °C. Furthermore, it has been demonstrated in the literature18

that by refining the experimental procedures, the accuracy of
temperature evaluations with this technique can be improved
to ca. 0.2-0.3 °C.

The work can be extended to the studies of temperature
changes in the course of exothermal reactions in aqueous
solutions, in general, and thermokinetic autocatalysis,19 in

particular. In addition to temperature mapping, the technique
is able to visualize the directions of buoyancy flows. Further-
more, by combining temperature mapping with quantitative MRI
velocimetry,10 it should be possible to obtain information about
mass and heat transport during the course of a chemical process
in situ practically at the same time.
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Figure 3. (a), (b) Possible directions of buoyancy flows occurring
during the wave propagation in the chlorite-thiosulfate system. (c), (d)
Theoretical schematic representation of the first two critical modes of
convection for a vertical tube.
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