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The 1,4-cyclohexanedione-bromate-acid oscillating system was investigated using nuclear magnetic resonance
(NMR) techniques. A range of NMR experiments were used which imaged pattern formation during the
oscillations, probed the organic chemistry, and observed the presence of convection. Measurements of the
change in concentration of key organic species, 1,4-cyclohexanedione, 2-bromo-1,4-cyclohexanedione, and
1,4-benzoquinone, with concurrent imaging of patterns, allowed partial validation of proposed reaction
mechanisms. An investigation of the presence of convection, arising through density differences produced by
the reaction, was made. It was found that convection was present in reaction solutions contained within 10
mm NMR tubes, but not 5 mm tubes. Pulsed gradient spoho (PGSE) experiments measuring the
displacement of the solvent molecules found the dispersion (mobility) coefficients for the solvent increased,
on average, by a factor of 3, from 18310 °m? s 1t0 3.9 x 10° m? s (£0.02 x 10°° m? s%), in the

vertical direction where convection was present.

Introduction width, and chemical shift of water oscillated during the BZ
reaction in batch conditions. Also NMR studies of the meth-
fylmalonic acid BZ reaction were made by Hansen and co-
workers, who investigated the main organic products and

oscillations and pattern formation in chemical systems. This . . A . ;
reaction is based on the catalyzed oxidation of malonic acid by intermediates, formed in this reaction. This paper explores the
pplication of a wider range and combination of NMR tech-

bromate, and the concentrations of certain intermediates, suck! ) — . -
as bromide ions and bromous acid, are found to oscillate. The Mdu€s to studying oscillations and pattern formation in a
catalyst used is a transition metal such as cerium, iron, or chemical system.
manganese, and concentrations of the oxidized and reduced A valuable alternative to the classic BZ reaction is the 1,4-
states of these ions also oscillate. It is the oscillations of the cyclohexanedione (CHD)-bromate-a€i¢f uncatalyzed bromate
catalyst which produce color changes of the solution during the 0scillator (UBO). While they share some similar chemistry and
reaction. In the case of the ferroin-catalyzed reaction, where both display rich oscillatory and pattern-forming behaié#,'*
the reaction is stirred, color oscillations between red and blue the CHD system has some key differences. Unlike the BZ
are observed. Where the solution is left unstirred, waves and'€action, this system does not produce carbon dioxide bubbles.
patterns form. The reason for this is based on the different chemistry of the
Current techniques used to study pattern formation in the Bz, Organic species in these systems. In the BZ reaction oxidation
and similar reactions, rely on the color changes produced by Of the bromomalonic _aC|d results in its cleavage and prpductlon
the catalyst, and patterns are recorded using photographicof COz gas!* Production of CQ gas leads to the formation of
methods. Magnetic resonance imaging (MRI) applied to the BZ bubbleg, which disrupt the patterns and can also affect nuclear
reaction, by the group of Armstrorig? has been shown to be ~Magnetic resonance (NMR) experiments. In the CHD system
successful. While conventional visualization of pattern formation the oxidation of the brominated organic species does not result
is through the color changes of indicators, MRI relies on in the cleavage of the aliphatic rings, but rather in an aroma-
relaxation time differences between water surrounding the tization; thus the production of CQis prevented. Another
oxidized metal ions, which are associated with the waves, andadvantage with this system is that it displays long-lasting
water surrounding the reduced metal ions, which are located oscillations. This is due to one of the main reducing agents,
predominantly outside the waves. Previous MRI studies of the 1.4-dihydroxybenzene (hydroquinone), being generated slowly,
BZ reaction have focused on the improvement of image cobtrast @nd continuously, during the reaction and only small portions
and, by using MRI as a purely imaging technique, have studied (<107 M) of reactants being consumed during a single
kinematic wave dynamiésand the effect of convection insta- ~ Oscillatory phase. However even though this system has clear
bilities on waved. While MRI has some advantages over more adVantageS, there remain some uncertainties concerning its
conventional imaging methods, the potential for NMR to unravel chemistry, and this has limited its more widespread Tiseate
many of the complexities of these systems can go much further N0 spectroscopic studies have been performed in conjunction
than imaging pattern formation. Work by Sétduand Weis® with MRI imaging experiments, and no NMR spectroscopic

and Hansen and Rudfshowed how the relaxation time, line measurements of the organic chemistry of the CHD oscillator
have been made. This paper presents the first MRI images of

T E-mail: melanie_britton@cheng.cam.ac.uk. pattern formation in the CHD uncatalyzed bromate oscillator.
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For many years the BelouseZhabotinsky (BZ}-2 reaction
has been the pre-eminent reaction used in the study o
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TABLE 1: Reaction Steps Involving Organic Molecules In addition to the study of the chemistry of this system, the
from the Reaction Mechanism of Szalai and Kegs' hydrodynamics have also be probed directly using NMR
R1 CHD+ H* = CHDE+ H* methods. Convection can play a major role in the BZ and CHD
R2 CHDE+ Br, — BrCHD + H* Br~ reactions, as there are density differences between solution inside
R3 CHDE+ HOBr — BrCHD + H;0 and outside the waves, arising, predominantly, from the differ-
Sg EESDD: HiHE%:QH+ LBr ences in the chemicall compositi%Conve(_:tion is frequently
R6 HQ + Br,— Q + 2Br~ + 2H* considered a problem in the study of traveling waves and pattern
R7 HQ + H* +BrOs~ — Q + HBrO, + H,0 formation, so steps are often taken to remove it. In aqueous
R8 HQ + HOBr— Q + Br~ + H* + H,0O solution the fluid is often confined to a narrow tube or a thin
R9 CHD+ H* + BrOs™ — H2Q + HBrO, + H0 layer in a Petri dish. Another method is to increase the viscosity
R10 HQ + Broy — HQ" + Bro, of the solution by the addition of a polymer. However this
R11 HQ + BrO; — Q + HBrO, . .
R12 2 HO = H,Q + O !ntroduc_es an extra level of c_omplexny to the system, as
o ] interactions between the reacting molecules and the solvent
“ Abbreviations used for the organic molecules are CHDL,4- medium cannot be ruled ot Apart from its often-considered

cyclohexanedione, CHDE enol form of CHD, BrCHD= 2-bromo-
1,4-cyclohexanedione, # = 1,4-hydroquinone, and Q= 1,4-
benzoquinone.

inconvenience, the presence of convection is of interest, in its
own right, in such chemical systems. Reactidliffusion
mechanisms account for a range of wave- and pattern-forming
behavior in the BZ and similar reactions; however they do not
take convection into account. The study of combined reagtion
diffusion and convection models is a rich area of research, not
least for its applicability to biological systems, where convection

NMR spectra, taken during oscillations, are also presented for
the first time for the CHD reaction. For imaging purposes, a

manganese indicator is used in order to visualize the waves,
even though this is an uncatalyzed oscillator. Manganese is! ¢ -
foundf to be more stable than ferroin and produces, in dilute 'S Mot SO conveniently removed. A clear understanding of the
concentrations, good relaxation time contrast between the two©NSet and development of convection is required for such
oxidative states, Mit and Mr#+. models.

In this reaction the main organic species formed have been Corra/7ect|on ha_ls bﬁenffobserved previously in thel C.HD
identified™® as the intermediates 2-bromo-1,4-cyclohexanedione, system' by studying the effect on wave structure and velocity,
BrCHD, and hydroquinone (1,4-dihydroxybenzene)QHand a corpmonly used me;g‘;‘;' for probing coqvecﬂ&ﬁ? E’apers
the product quinone (1,4-benzoquinone), Q. The formation and %c'\:lclytceoar;d\?igngirrﬁz i’n p::iﬁmeﬁleex% egmzntscg;:/ngcaozr;l)in
reaction of hydroquinone are keys to the oscillatory nature of P ging que, y

) . . . chemical waves in the BZ reaction, where the velocity of
th_e system, and this ma_kes this system very interesting to SIUdydispersed particles was measured. While they were able to image
with NMR. Namely, with organic species involved in key .

. . . . the waves and measure velocities at a local level, they were
reaction steps, there is an opportunity to study directly the Y

chemistry. which undernins the oscillatory and pattern formin unable to measure the velocity of the solution simultaneously
y, W P : y pat MNG 35 a whole. Also this technique is more suited to the observation
nature of this system. The organic chemistry of this reaction is

not fully understood. and direct measurements using NMR can of surface motion, in a thin layer, and not three-dimensional
Ie?ad toyfﬂrth?ersvgtl)id’azon of e(;o oesesd r?eacetioi n?ec?lani%”m(s: volumes. The NMR techniques presented in this paper do not

T | O propo: . -_>*rely on the interpretation of effects on the wave or use tracer
Such a validation is of significant importance as it is believed

; o . particles, but directly probe the motion of the molecules. This
that a drawback, with the application of this system to the stud.y is the first application of MRI measurements of mass transport

of nonlinear chemical behavior, is its less understood organic in these systems and has several advantages over methods

15 ) . :
chem|sttr ' (iom;)art(;d ?Hg]e B.ﬁ treagthn. Tht'ts pafper V;’.'" previously used to study convection. Direct measurement of
present spectra, for the oscillator during pattern formation, hydrodynamic motion is possible and, with the use of fast

Wh'Ch follpw the reaction of 1,4-cyclohexanedione and the major imaging, the opportunity to visualize directly convective motion
intermediates and products. becomes possible. Bulk diffusion coefficients and local convec-
A detailed reaction mechanism for this system has been tjye velocities were measured.
devised*~16 through analysis of isolated reaction steps and by . _
analysis of the complete reaction from samples removed at Experimental Section
regular intervals during oscillations. The steps involving organic ~ Materials. The reaction was carried out in batch conditions,
molecules, which are of most interest in this study, are shown and the reactant concentrations were chosen to produce the
in Table 1. Direct verification of several key reaction steps, maximum number of oscillations possifein the reactions
particularly those involving the formation of hydroquinone, have presented in this paper, Mng@as used instead of ferroin, at
not previously been possible. Oscillations within this system a concentration that was considered to be below that which
have been monitored by measuring the redox potential of the affects the rate of reaction or promotes additional reaction
solution using a platinum and reference electrode. These stepst® The reacting solution was 2.5 M,80; (Aldrich), 0.1
oscillations have been assumed to originate from the hydro- M 1,4-cyclohexanedione (Aldrich), 0.1 M NaBs@luka), and
quinone and quinone redox pair, and the periodic change in2.5 x 1074 M MnSQOy (BDH). All reactants were used with no
redox potential is believed to mimic the oscillating changes in further purification. This concentration of Mng@as identified
concentration of KQ. Simulations of this system can mimic to give the best relaxation time contfsif the water molecules,
this behavior successfully and have found that the relative between oxidative and reductive states of the metal ion, allowing
concentration of hydroquinone does oscillate in a similar way the waves to be clearly resolved.
to the redox oscillation! However, previous studies were not NMR Methods. The NMR spectrometer used was a Bruker
able to directly measure the changes in concentration of any of DMX-300, which comprises a 7.0-T superconducting magnet,
the organic molecules. By application of NMR, a unique and operating at a proton resonance frequency of 300 MHz, and
valuable window into the chemistry of the system is possible equipped with shielded gradient coils, which provide a maxi-
along with independent verification of the reaction mechanism. mum gradient strengthfd T m~1. All NMR experiments were
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done at a temperature of 20 0.2 °C. Experiments using a5 case in two dimensions, which is distorted, through coherent
mm NMR tube were put into a 15 mm radio frequency (rf) motion during a waiting time between the DANTE sequence
resonator, which had a 9@ulse of~12 us, and experiments  and image acquisition. The grid spacing was 2 mm, and the
using a 10 mm NMR tube were performed in a 25 mm rf coil, waiting time ranged from 6.4 to 400 ms. The upper limit on
which had a 90pulse length ok30—60us. The ionic strengths  the waiting time is determined by blurring of the grids, due to
of the reaction solutions were sufficiently high that it was not T; relaxation and molecular diffusion. Each experiment took
possible to tune the coils with greater filling factors. Pulse on the order of 5 s.
lengths were sensitive to the ionic strength of the reaction  For the spectroscopy experiments water signal suppression
mixture. All NMR data were analyzed with the software package sequences were necessary as the molecules of interest were in
PROSPA2* PROSPA was used to analyze the reconstructed dijute (<0.1 M) agueous solution. For solvent suppression, two
images produced by the spectrometer software. Analysis of thepulse sequences were used: WATERGATEnd P131.30
NMR spectra, by fitting the data using a multicomponent \WATERGATE is a spir-echo technique using two gradient
Lorentzian fit, provided peak amplitudes and integrals. pulses, one on each side of the 180pulse, which respectively
Experiment®® were performed to measure the splattice, dephase and refocus the magnetization. The solvent suppression
T, and spir-spin, T,, relaxation times of solutions containing  characteristics are derived from the nature of the°l@@se,
oxidized or reduced states metal ions at a range of concentra-which is frequency selective, with a null in the frequency
tions. T, relaxation measurements were obtained using a CPMG spectrum. If this null is positioned at the resonant frequency of
sequence using a tau of 0.5 ms and collecting up to 250 echoesthe solvent (water) peak, then these spins will not experience
T, measurements used a saturation recovery experiment consistthe 180 flip pulse, and so the second gradient pulse will further
ing of a presaturation train of 90f pulses and crusher gradients, dephase, rather than refocus, thus suppressing this peak. The
with a recovery delay before signal acquisition. A series of 25 sequence PR is based on a simple “jump and return”
experiments were collected, varying the recovery delay expo- sequence. Here two 9@ulses of opposite phase are separated

nentially from 5us to 12 s. At the Mn concentration, 2:6 by a dephasing time;,. The carrier frequency is positioned on
104 M, the T, relaxation times for water surrounding the the peak to be suppressed, so after the firSt@fse spins at
reduced (MA") and oxidized (MA") states were 17.& 0.1 different frequencies will dephase, within the rotating frame,

ms and 66.0t 0.1 ms, respectively. Th&; relaxation times while this solvent peak remains “on-resonance”. The spins that
were 354+ 5 ms (Mr?+) and 660+ 6 ms (Mr#). From these dephase during the periodwill retain a component in the
measurements the parameters used for imaging were selectettansverse plane after the second rf pulse and hence will produce
to produce the best image quality. a signal during acquisition. The solvent peak, however, is fully
Images were produced using the fast imaging technique rotated to the longitudinal axis by the second #i0and so the
RARE 26 This robust imaging technique is based on a single signal from these spins is suppressed. This jump and return
excitation, multiple spirrecho sequence. An advantage with Sequence is written as lihere the overbar indicates the two
this sequence is that images are dependerTpmot T*,23 90° rf pulses are out of phase. The sequence3R18based on
and if the relaxation time of the system is longer than the echo this simple experiment; however instead of twg §alses, four
train duration, an image can be obtained in one shot. This makesPulses are used which have pulse lengths in the ratio of 1:3:3:
experiments very rapid, and typical times for experiments of 1. This sequence has improved characteriStimger the simpler
between 1 ath4 s were possible. Images were produced in both 11sequence, but still remains relatively simple. A disadvantage
5 mm and 10 mm NMR tubes. The 5 mm tube images With this sequence is that the null is periodic; therefore peaks
comprised a 256 (Vertica»( 64 (horizon[aD pixe| array with with an offset of 1/2, 1/‘[, etc. will also be nulled. Also peakS
fields of view of 60 mm and 10 mm, respectively and a slice between these nulls will have their amplitude modulated as a
thickness of 1 mm, through the center of the tube. The 10 mm function ofz.
tube images comprised a 256 (verticalp4 (horizontal) pixel In the spectra presented in this paper, the best signal
array with fields of view of 60 mm and 15 mm, respectively, suppression was produced by the Bl3equence; however
also with a slice thickness of 1 mm. The relatively shbst some baseline correction was necessary and it was not possible
relaxation times of the systems required a RARE factor of 16, to achieve adequate water suppression and observe all the
which meant four acquisitions were needed, which were organic species simultaneously. A delayof 330us was used,
separated by a repetition time of 1 s. Images were cropped towhich produced a second null 5 ppm away from the water peak.
remove regions of no signal, leaving the observable regions of This gave the best water suppression with maximum signal for
the coils, which were 36 mm, in the vertical direction, for the the CHD and neighboring peaks (23 ppm). However peaks
15 mm rf coil and 4.1 mm for the 25 mm rf coil. near this water signal were also suppressed. To observe peaks,
Measurements of bulk molecular displacement were obtained such as quinone, near the water signal, a delay of,@0®as
using a pulse gradient spiecho (PGSE) methot. Here necessary; this produced a second null at 1.85 ppm about the
diffusion coefficients were obtained through the analysis of the Water peak, which however suppressed the CHD and neighbor-
signal attenuation produced by two magnetic field gradight (  iNg peaks. To observe both the regions of the spectrum
pulses’” Typical values for PGSE parameters includegax containing both quinone (Q) and CHD, WATERGATE was
of 40 G/cm, with 64 gradient steps going froRUmaxt0 —gmax found to be better. A delay between the composite 180 pulses
an observation time\, of 100 ms, and gradient duratio, of of 660us was used. The gradient strength and duration in the
3 ms. The number of signal averages was 2, with a repetition WATERGATE experiments were 5 G/cm and 5@, respec-
time of 1 s, and experiments typically took 600 s. In the tively. As both sequences have advantages, they have both been
systems where diffusion coefficients were enhanced and con-used in the study of this reaction.
vection was believed to be present, the velocity of the fluid  Kinetic Simulations. For comparison with experimental data,
was further probed using a series of RARE MRI images where the reaction mechanism, proposed by Szalai ain&¥ was
a DANTE?® preconditioning sequence had been applied. The simulated by the prograr©hemical Kinetics Simulatc? In
DANTE sequence superimposes a grid of magnetization, in this these simulations 5.2 1 particles were used and the reaction



5036 J. Phys. Chem. A, Vol. 107, No. 25, 2003 Britton

Figure 1. MRI images of initial pattern formation in the 1,4-cyclohexanedione oscillata 5 mmtube. Image (a) was taken 2100 s after the
reagents were mixed, with subsequent images acquired at an interval of 18 s. Each image is 842pikel array with a vertical field of view

of 60 mm and a horizontal field of view of 10 mm. The images have a slice thickness of 1 mm and are taken from the center of the tube. Images
have been cropped to remove regions of no signal and leave only the observable region of the rf coils.
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Figure 2. MRI images of trigger wave formation in the 1,4-cyclohexanedione oscillata,5 mmtube, obtained toward the end of oscillations.
Image (a) was taken 3280 s after the reagents were mixed, with subsequent imagjeadfuired at an interval of 18 s. Imaging parameters are
the same as Figure 1. The width of the waves was measured &t @.3 mm.

conditions were 1 atm and Z&. The starting concentrations images were acquired at the start of pattern formation. Typically
used in the simulations were identical to the concentrations usedthese early patterns show several excitation centers, from which

experimentally. waves propagate outward and interact with other waves and
the walls of the vessel. After several minutes the number of
Results excitation points decreases and one or two main ones remain.

A series of images were taken for the reaction during pattern Trigger wave¥ are frequently observed toward the end of the
formation. Figure 1 shows patterns formed in 5 mm tubes; thesereaction oscillatory period; typical images are shown in Figure
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Figure 3. (a) Image of trigger waves taken at 3280 s (Figure 2a) after
mixing, indicating the peak numbering used in the peak position vs
time plot (b) and peak velocity table (Table 2). (b) Plot of distance
from excitation site vs time, following the displacement of the peaks
shown in the images in Figure 2a.
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TABLE 2: Wave Velocities for the Waves Identified in
Figure 3

wave velocity/ wave velocity/
mm s? mm s?
peak no. (#0.003 mm s?) peak no. (4+0.003 mm s?)
1 0.067 6 0.071
2 0.069 7 0.07
3 0.076 8 0.068
4 0.082 9 0.069
5 0.084

images in Figure 2. The position of the wave was measured
from signal intensity profiles taken down the horizontal center
of the wave. The wave position, vertically, was then measured
from the center of the wave, corresponding to the region of
high signal intensity, to within an accuracy #fl pixel (pixel
diameter is 234:m). A plot displaying wave position against
time for selected waves is shown in Figure 3, and the calculated
velocities are given in Table 2. It can be seen that each wave
moves at a constant velocity and that the simultaneously created
upward and downward waves move at similar velocities.
However each subsequently formed wave moves at a velocity
higher than the previously formed wave. This has also been
observed by Steinbock et &.

Other patterns have been observed in this reaction. Figure 4
shows a set of images, which were taken toward the end of
pattern formation, where a crossing wave pattern is observed.
This pattern is set up toward the top of the image and moves
down through the solution, as shown in subsequent images. The
formation of these patterns is most likely through the presence
of two excitation centers, near the walls of the tube, which
simultaneously produce waves that move through the reaction
medium and interfere with each other as they meet in the center
of the tube.

The presence of convection was investigated, as it was
considered possible that the 5 mm NMR tube was potentially
wide enough for convection to occtirHowever as the images
of the CHD reaction in the 5 mm tubes were undistorted and
the velocity of waves moving upward and downward were
comparable, there was a strong indication of the absence of
convective motion. This was further corroborated by a diffusion
measurement of the fluid using PGSE measurements. It was
found that the diffusion coefficient, at 20C, for water was

2. The excitation point is in the center of the image, and the (1.3 £ 0.002) x 107° m? s™1, which is consistent with the
waves are seen to propagate upward and downward in the tubediffusion coefficient expected for water, in fast exchange with
Chemical wave velocities can be measured from the series ofsulfuric acid. Diffusion coefficients, also at 2T, for the

Figure 4. MRI images of crossing waves) a 5 mmtube, obtained toward the end of oscillations. The interval between image3 (es 20 s.

Imaging parameters are the same as Figure 1.
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Figure 5. MRI images of pattern formation in the 1,4-cyclohexanedione oscillator, in a 10 mm NMR tube, where convection is present. Image (a)
was taken 2220 s after the reagents were mixed, with subsequent images acquired at an interval of 22 s. Each image64 pig&iGarray with

a field vertical of view of 60 mm and a horizontal field of view of 15 mm. Images have a slice thickness of 1 mm and are taken from the center
of the tube.

organic molecules 1,4-cyclohexanedione, 2-bromo-1,4-cyclo-
hexanedione (BrCHD), and quinone (Q) were measured at (1.2
4+ 0.02) x 10°m2sL, (1.24+ 0.02) x 10°m2s7L, (1.26+
0.02) x 107° m? s7%, respectively. It should be noted that as
this reaction is very slow on the time scale of the NMR
experiment, the effect of changing concentrations during reaction
is negligible.

Diffusion measurements taken for water molecules, taken 27
min after mixing and 7 min after patterns appeared in a 10 mm
tube, give a transport coefficient, measured in the vertical
direction, of (3.94 0.2) x 107° m? s71, which is three times
larger than normal. As this is an indication of the presence of
convection, these transport coefficients should be considered
as dispersion, rather than diffusion, coefficients. The dispersion
coefficients for CHD and BrCHD were similarly elevated at a
value of (3.84 0.3) x 10~°m?s™*. This indicator of convection  Figyre 6. (a) DANTE tagged MRI image, where a waiting time of
is borne out in the images, shown in Figure 5. Here a series of 6.4 ms was used between tagging and image acquisition. (b) DANTE
images were obtained at intervals of 22 s. The heterogeneity oftagged MRI image, where a waiting time of 400 ms was used. The
the signal intensity is produced by chemical waves; however centrally tagged region has been highlighted where the magnetic field
they propagte in a random manner and are dependent off S IS T o U o el e S )
unde_rlying fluid motion. Dif_fUSi.on measurements during the and (b). fhe black a);ld wFr)ﬂte scale represents velocities FrcDgTQ
reaction show that convection is present and starts before theym 51 (plack) to+0.9 mm s (white)
formation of waves and persists throughout the reaction.

Molecular transport measurements taken in the horizontal the velocity of the fluid was calculated. Figure 6¢c shows a
direction give a diffusion coefficient of (1.3 0.003) x 10~° velocity map for the fluid in the central section of the tube during
m? s~1, which indicates convection operates predominantly in oscillations and was taken 38 min after the reactants were mixed.
the vertical plane and is consistent with convective flow The image shows positive and negative velocities in the vertical
produced through density changes. Measurements taken subdirection, up to a maximum af0.9 mm s. As can be seen
sequently found that the dispersion coefficients became smallerfrom image 5b, the grid is only distorted vertically and not
as the reaction progressed. horizontally. This shows that for this 1 mm central slice there

To get a more complete picture of the convective flow field, is little transport normal to the direction of gravity and is in
an NMR image visualizing the flow was taken. A set of images agreement with the PGSE diffusion measurements. It was
were acquired during the reaction undergoing convective motion, observed that the convection was not stable in this geometry,
which had been preconditioned with a DANTE magnetization and so only rapid velocity imaging techniques were possible.
grid. The image in Figure 6a had a delay of 6.4 ms between While this velocity image clearly shows the presence of
DANTE preconditioning and image acquisition. During this time convection, it does not show the full structure of this convective
the motion of fluid was negligible, and so the grid remains flow. The image shows regions of highest flow velocities at
essentially undistorted. The image shown in Figure 6b had athe top corners, which are in opposite directions. It is unlikely
delay of 400 ms, and during this time there was significant that this represents a single circulatory flow pattern, which is
motion, which resulted in an observable distortion of the grid. in the plane of the image, as there is no corresponding horizontal
By use of the two images and measurement of the grid motion underneath. It is possible that this image shows a portion
displacement between the two images, over the time difference,of two, or more, circulating flow fields which are counter-
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Figure 7. Spectra using the P33 sequence. Spectrum (a) was igure 8. Spectra using the WATERGATE sequence. Spectrum (a)
obtained 540 s after the reagents were first mixed and spectrum (b) atWas obtained 600 s after the reagents were mixed and spectrum (b) at
4155 s. Spectra were acquired with eight signal averages, a repetition170 S- Spectra were acquired with eight signal averages, a repetition
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ppm, and 6.83 ppm have been identified as CHD, BrCHEOM- ha_ve been identified as CHD, BrCHD B/H,SQs, and Q, respectively.
SQ,, and Q, respectively. Minor peaks at 3.04, 2.62, 2.17, and 2.0 ppm Minor peaks at 4.98 ppm, 4.43, 2.62, 2.17, and 2.0 ppm are also
are also observed; further work is required to assign these. observed; further work is required to assign these.
rotating in a plane normal to the image. To understand these 1.4 [
convective patterns, more detailed experim&ndse required, . L patterns emerge
which follow the flow patterns over a period of time and, with %12
the ability to obtain multislice images rapidly, probe the three- —~ =
dimensional flow field. This work is currently in progress. 3 1.0 "o

Finally the chemistry of the system was studied using NMR LI «Boattdrns sfo
spectroscopy. Spectra for the CHD reaction are show in Figure % 0.8 p_ P
7 both preoscillations (a), 10 min after mixing, and during 2 . =
oscillations (b), 70 min after mixing. These spectra were o .
obtained using the PB3 sequence and show the chemical shift E 0.6 . 8
range 1.8-7.0 ppm. The peaks at 2.7 and 2.9 ppm have been o x
assigned to CHD and BrCHD, respectively. It can be seen that 8 0.4 s |
excellent water suppression has been achieved, which isonthe & 1 Bl
order of a factor of 18 There is a small peak at 6.83 ppm, 0.2 a * ® A = v
which has been assigned to quinone; however its amplitude is
reduced as it has been suppressed due to its proximity to the 0
water signal at 5.94 ppm. This quinone peak can be seen better 1000 2000 3000 4000
in the WATERGATE spectrum in Figure 8. Here the reduction time (s)

in amplitude of this peak, associated with suppression of the . .
water signal, is significantly less than that in the B13  Figure 9. Plot of peak amplitude vs time for CH®j, BrCHD (M),

; ot : , and an unidentified molecule at 1.44 ppr?)( The peak
experiment. From the excitation profile for the WATERGATE Q (X). an 5
experiment, using a of 660 us, this peak, which is 270 Hz amplitudes were measured from a series of WATERGATE spectra

. collected during the CHD reaction. Each spectrum had eight signal
away from the water peak, is reduced by a factor of 0.83 from gyerages, a regetition time of 1 s, and af 66pO‘1,£5. ot =9

its original amplitude.

Spectra in Figure 8 also clearly show peaks for CHD and CHD, CHDE, or 2-cyclohexene-1,4-dione (CHED). However
BrCHD. In addition to these peaks another peak at 2.2 ppm CHED does not have protons that resofatear this chemical
can be clearly seen and is also observable in th&P4gectra, shift. The alcoholic proton on CHDE, the enol form of CHD,
Figure 7. The identity of this species is as yet unknown. It is has a predicted chemical shift closer, at 1.3 ppm, but may not
possible that it is another of the organic species found in the be observable using NMR. However simulations suggest that
reaction mechanism of Szalai et al., such as the enol form of the concentration of this species is negligibie10~% mol/L).
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Figure 10. (a) Plot of concentration vs time from the simulated data. The scale on the left-hand side corresponds to the concentratio®f CHD (
BrCHD (W), Q (x), and CHDE f+). The scale on the right-hand side corresponds to the concentration of-H2Qle initial reaction conditions

used in the simulation were [CHDB¥ 0.1 mol/L, [BrG;"] = 0.1 mol/L, and [H] = 3.31 mol/L, at a temperature of 293 K. (b) Plot of relative
concentration vs time, for CHD®) and Q (x) from experimental data. Lines of best fit are provided to guide the eye.

Further investigation is required to identify this species. A is approximately 4x 10°® s, while in the simulations it is
diffusion coefficient of 1.11x 10-° m? s~! has been measured approximately 2x 10* s. This requires further analysis.

for this molecule. Further experiments, including two-dimen- Conclusions
sional correlation and carbon-13 NMR spectroscopy experi- i .

ments, are needed to identify this molecule. This paper demonstrates the power, and potential, of nuclear

The rate of change of CHD, BrCHD, and quinone was magnetlc resonance FO th.e study of ospﬂlatory and pgttern
X . forming reactions. Insight into the chemistry and behavior of
followed through measurement of peak amplitudes over time . . .
. o ! . . .~ the 1,4-cyclohexanedione oscillator was achieved through the
and is shown in Figure 9. The reaction was left unstirred inside

the spectrometer, and images of the patterns were also takenapplication of a wide range of NMR techniques. Using MR
P ’ 9 P xperiments, pattern formation was observed in this system.

The points at which patterns emerged and ﬁT“Shed were detemecﬁ’ulsed gradient spirecho experiments and flow visualization

anpl have beerr: marked otn tge plotj._l'_l'r?e .|nterm;eﬁll|(at|e, dhydio'methods clearly showed the presence of convection for reacting
glﬂn_one, was to_wever gol ? serve .t t'IS 'Sorl?s II :y Sue O solutions in 10 mm NMR tubes. Spectroscopy experiments have
It being present In very dilute concentra lan] 07> mo m = followed the reaction of 1,4-cyclohexanedione and the main
according to simulations of the reaction mechant$wiso its reaction intermediates and products. Analysis of the time-

two peaks may be concealed, with the ring protons resonating yependent concentrations of key organic molecules, CHD and
close to the solvent peak (6.6 ppm) and the alcohol protons ¢ jingne have in part validated previously proposed reaction
exchanging with protons from the solvent. Work is underway achanisms.

to verify the presence of hydroquinone.

Simulations using the reaction mechanism of Szalai and
Koros* showed that oscillations in the concentration of hyd-
roquinone (HQ) ceased just after a point, when the relative
concentrations of CHD and quinone became equal. A plot of
the simulated concentrations for CHD, BrCHD, quinone, and References and Notes
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