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Refractive index measurement using an interferometric imaging system and observation of chemical wave
shapes were carried out during chemical wave propagation of a cerium-catalyzed Beldhabwtinsky

(BZ) reaction. Densities increased as chemical waves propagated in samples without NaBr, and decreased in
samples with NaBr. Concentration changes of malonic acid, bromomalonic acid, agd \Beg estimated

from Raman spectral measurements in a stirred batch BZ reaction, and these also exhibited differences between
samples with and without NaBr. It is proposed that a reaction subset yielding low molecular weight carboxylic
acids is predominant in samples with NaBr, whereas a pathway leading to dibromoacetic acid or tribromoacetic
acid production is the major process in samples without NaBr.

1. Introduction conditions? Under the normal gravity conditions, the accelera-
hemical . | f i tion of descending and deceleration of ascending waves in the
. Chemical waves are Impor_tant examples of reactioiffu- . ferroin-catalyzed BZ reaction was found; however, no distortion
sion self-organized concentration structures because they provide ascending waves was observed. Because these changes in
good models to simulate the formation of space and time o speed of propagation did not occur in a micro-gravity

patterns in Iiving systems.* It has bgen found that chgmical environment, it was concluded that there is the density gradient
wave propagation can be accompanied by hydrodynamic effects;,meq during the wave propagation invoking hydrodynamic
probably derived from density changes occurring in the go.<in the normal gravity environment.

solution>~11 In general, density changes can result from either The propagation of ferroin-catalyzed BZ waves was studied
temperaturé!! and/or concentration change¥! occurring dur- in a horizontal capillary tube by Seava and Miler, both
ing these chemical reactions. o with and without the influence of d.c. electric fieldlthough
Experimental studiés® and theoretical discussidhson no distortions of the wave were observed without the electric
ferroin-catalyzed BelousevZhabotinsky (BZ) waves propagat-  fie|q, S-shape deformations of the waves were observed when
ing in closed vessels have demonstrated that gravity effects on, sufficiently large electric field was switched on with the
the density difference generated in solution can change bOthnegative electrode facing the approaching wave. Because the
the wave shape and the propagation speed. Pojman and Epsteing\ver part of the wave preceded the upper part, it has been
have shown that the contribution of the temperature change 10 cjyded that the oxidized region with ferriin is heavier than
the density change in a BZ reaction is negligible in comparison ¢ reqyced solution in front of the wave. This conclusion is in

with density changes resulting from the changes in Species 4ccorq with the predictions made by Pojman and Epstein.
concentrations. They presume that the main contribution to the Large distortions of waves propagating upward in the

flens:‘ty chz:nge fgcrtoss th? prqpaga(tjlnfg waveorestﬁltsbfrom tr]:ecylindrical tube were observed by Menzinger et al. in the
tabulated data, they calculated the diferences of partial molar 2Nganese-catalyzed BZ reactifrBecause the downward

y ropagating waves were stable, their observation seems to prove
volumes of Fe(ll)/Fe(lll) and Fe(CNy/Fe(CN}* redox propagafing P

I dinferred that the ch fth tial mol | Pojman and Epstein’s assumption that there is an increase in
couples and inferred that the change or the partial molar volumes, o gq1tjon density when the reduced form of the catalyst
during the oxidation of ferroin to ferriin is negative. As a

. s becomes the oxidized form. On the other hand, measurements
consequence, the narrow region of the wave containing the

oxidized form of the catalyst is denser than the reduced regionsmc the density changes in a stirred batch system of bubble-free
of the wave both in front of and behind the oxidized region. manganese-catalyzed BZ reaction have shown that the density

This densit dient should give rise to d 4 hvdrod decreases in a stepwise manner with each oscillation. Despite
IS densily gradient should give Tise to downward Nyarody- y,q t40t that all of these reports have implied density changes
namical flows that would distort the shape of ascending waves

. . . during BZ reactions, no one has yet directly measured in-situ
and would accelerate descending waves keeping their shapedensity changes accompanying wave propagation
stable. .

Poi d Epstein’ dicti " firmed b In the current research, we constructed an instrument to
ojman and Epstein's predictions were partly confirmed by o551 refractive index changes using an interferometric

experiments performed both in normal and in micro-gravity j2qing system to investigate density changes during chemical
wave propagation. The employed method allows us to obtain a

fuk*u%‘fjrrr;g’;”diﬁgsi‘r‘]tehr?]r-migﬁﬂzca.”d fak:81 22-217-6567. E-mail:  Kigh precision estimate of the density in the sample solution,
T Tohoku U%R,eyrs'ity_ ' acdp. supposiqg, reasona_bly, that refractive index changes are ac-
*Prague Institute of Chemical Technology. companied by density changes. We have chosen the cerium-
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Figure 1. Experimental setup for observation of chemical wave shape: (a) the dimensions of the cell; and (b) the imaging system for simultaneous
interferometry and absorbance measurements.

catalyzed system because cerium(IV) and (lll) absorb light in reagent grade and used without any purification. Bromomalonic
the UV region only. On the contrary, ferroin and ferriin both acid (BrMA) was prepared as described in the literatdrall
have light absorption bands in the UV and visible regions, which solutions were prepared with distilled water.
would affect the measurements of refractive index changes when The aqueous sample solutions for chemical wave observation
using visible light. There are reports on chemical waves in the and interferometric imaging were made as follows. NaBr, H
cerium-catalyzed BZ reactiof¥:**however, no report has been  SQ,, and NaBrQ aqueous solutions were mixed in a volumetric
given on hydrodynamic effects during chemical wave propaga- flask and became brown colored due to bromine generation.
tion for this system. We also studied the effect of NaBr on Malonic acid solution was added to this mixture, and the brown
density changes as well as chemical wave profiles propagatingsolution color faded within about 2 min due to bromination of
upward and downward in the cerium-catalyzed BZ reaction. This malonic acid. Ce(Sg). solution and water were added to a final
is because many studies on BZ reactions have been performedolume of 5 mL for the mixture. Two sample compositions were
with different initial concentrations of bromide ion. It has been used, both having [MA]= 50 mM, [H,SOQ)] = 150 mM,
reported that the initial bromide concentration plays an important [BrO3;"] = 300 mM, [C&T] = 6 mM; however, in one
role in controlling the ferroin-catalyzed BZ reacti¢hinterest- composition, [Br] = 10 mM, and in the other, [B] = 0 mM.
ingly, we have found that density changes during chemical wave 2.2, Observation of the Chemical Wave Shapérofiles of
propagation depended on the initial bromide concentration.  chemical waves propagating downward and upward were
Raman spectral measurements were also performed to monitolobserved with a conventional method as repotfddght from
changes in concentrations of some reaction species. Ramara Xe lamp centered at 367 nm selected by color filters (UVD-
spectroscopy is a useful method for the direct observation of 36A, Toshiba) passed through the sample solution in a quartz
concentration changes of specific molecular species in anglass cell of 2 mmx 10 mm x 35 mm dimensions as shown
aqueous solutiof? The presence of many kinds of carboxylic in Figure 1a. The profiles of chemical waves induced by a silver
acids in the BZ reaction have been reported and their concentrawire were imaged using a charge-coupled device (CCD) at 1

tions have been measured, in one report uddNMR,6 in min intervals.
another using high performance liquid chromatography (HPLC), 2.3. Interferometry. The refractive index change resulting
and in one using both techniqu€sUnfortunately,*H NMR from chemical wave propagation was measured with a Mich-

must be carried out in fD instead of HO, in which case the  elson interferometer as shown in Figure 1b. Light from a-He
reaction kinetics are expected to be different. Further HPLC Ne laser { = 633 nm, 7 mW) was expanded to about 1 cm in
does not give a direct measurement of the real time BZ reaction diameter and divided into two beams by a beam splitter. One
and as such is complicated by the need for off-line measurement.of the beams was reduced to 1 mm thickness by two cylindrical
Utilizing Raman spectroscopy for in-situ monitoring, we lenses and passed through the sample cell. This beam returned
observed a decrease in the concentrations of malonic acid antbn the same path and was overlapped with the other beam on
BrOs™ ion and an increase in the bromomalonic acid concentra- a CCD, creating an interferometric image. The sample cell for
tion regardless of whether NaBr was added to the reaction this measurement was the same as the one used in observation
mixtures. On the basis of experimental results and the Marburg of chemical wave shape. The cell was imaged through the 2
BudapestMissoula (MBM) mechanism! we discuss the  mm window, giving an interaction path length of 10 mm.
density change mechanism in connection with predominant An example of an interferometric image is shown in Figure

reaction pathways involved in the BZ reaction. 2a. Refractive index changes were obtained from the interfero-
) . metric images. The light intensity profilgalong the white line
2. Experimental Section drawn in Figure 2a is shown in Figure 2b. In principle, the

2.1. ReagentsH,SO; (95%, Wako Chemicals), NaBeO variation inly as a function of the positior is given by
malonic acid (MA), and C£S0y)3-8H,O (Nacalai Tesques), )
NaBr, and Ce(S@,4H,0 (Kanto Kagaku Reagents) were I, =g+ Assin(@-X + ¢) (1)
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Figure 2. Interferometric image and the cross sections: (a) interfero- 25 (;‘ 4(')0 860 12'00 0.0
metric image before the reaction; (b) profiles of the light intensity along time(s)

the white dashed line in (a)—) Before chemical wave propagation,

. oo " .
(- - - -) during the passage of a chemical wave. Figure 3. Refractive index £) and Cé" concentration changes

(- - - -) during chemical wave propagation: (a) in the sample without

whereA and¢ represent amplitude and phase, respectively. The NaBr: and (b) in the sample with NaBr.

parametetr depends on qptical path Iength gﬁfferences b_etvyeen the following equation:
the reference and sampling beams, which is not essential in the
measurement of refractive index changes in the sample solution. _ —4 0

Differential phaseA¢ is the difference betweep from an Nethana = 6:59x 1077 x wt %%(ethanol)t- 1.33320  (3)
image during chemical wave propagation agwhich is the
phase of the image taken before the reaction starts. The
differential phase can be converted into the refractive index
changeAn using eq 2:

— —5
An = A-A¢l27+d ) An=2378x 10 >-Ad 4

The relationship betweehd and refractive indices was linear,
and the measurefld can be transformed to a refractive index
change An, by the empirically derived equation:

where d and 1 are, respectively, the path length and the The detection limit of the refractive index change using this
1 1 6
wavelength of the probe lightl= 20 mm andl = 633 nm).  SyStem was 2< 10°.

2.4. Absorbance MeasurementAn absorbance measurement 2.6. Rama_n Spectral Measurer_nentRaman spectra of the
at 367 nm enabled us to monitor the*Ck£ et concentration, §ample solution were measurerda 1 cmpath length conven- .
and this was performed at the same time as interferometry usingtional quartz cell W'th_a magnetic stirrer. The second harmonic
the Xe lamp with color filters (15 nm bandwidth) and a cCD ©f @ Nd:YAG laser { = 532 nm, Quantel, Brilliant) was used

camera. The molar absorption coefficient of cerium(Rés), as the light source. The s_cattered light was coIIectgd at®0 .
at 367 nmis 1.07x 10° L mol-! cmL. the laser beam propagation andlwas Qpalyzed using a multi-
2.5. Density and Refractive Index MeasurementMeasure- channel analyzer with an image intensifier (Hamamatsu Pho-

ments of densities and refractive indices of water solutions of ©ONicS PMA-50). The reaction was initiated by injecting a
various reaction components were performed to estimate theC€(SQ)2 solution into an agueous mixture of MA, 280,
relationship between refractive index change and the solution N@BrOs and NaBr. The initial concentrations were the same
density change. Densities were measured using a pycnometefS for the chemical wave observation experiment. Raman spectra

(25 mL) and a precise balance-@.0005 g). These measure- Were integrated over 300 s, which means that we monitored
ments were performed at 29047 0.2 K. the long-term changes rather than the oscillatory changes of

The refractive index of a solution was measured with a "€action components. Simultaneously in the same quartz cell,
conventional methdd by using a prismatic cell. A light beam the cerium(lV) concentration was monitored as described in
emitted from a He-Ne laser passed through the cell filled with section 2.4. The temporal response of the_absorban(_:e measure-
a sample solution and was guided to the screen of a CCD ment was quick enough to monitor the oscillatory cerium redox
camera. The displacementd) of the light beam was obtained ~ réaction in the cell.
from a shift of the maximum light intensity pixel of the CCD
camera. This refractometer was calibrated in the following way.
Values of Ad were measured using various concentrations of  3.1. Refractive Index Changes during Chemical Wave
ethanol/water mixtures. Composition and refractive indices in Propagation. Refractive index changes during the wave propa-
the literaturé! were found to have a linear relation in the region gation measured by interferometric imaging techniques are
less than 15 wt %. We can calculate a refractive index using shown in Figure 3. The time scale in the figure only relates to

3. Results and Discussions
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Figure 4. Refractive index{ andO) and density- - - andO) versus
concentration for MA.

the start of the measurement; the time 0 is the moment when
the first wave appeared in the monitored region. This is because
the actual time between stimulation by the silver wire and
observation of the first propagating wave in the monitored region
varied with the concentration of NaBr. The refractive index
increased in a stepwise manner in the sample without NaBr by
+3.2 x 1076 per wave during the propagation of six waves
from 350 to 1410 s as can be seen in Figure 3a. On the other
hand, the refractive index decreased in the sample with NaBr
by —2.5 x 10 per wave during the propagation of six waves
from 120 to 1390 s as shown in Figure 3b. Assuming that it
was a density change that was responsible for the refractive
index change, the density increased in the sample without NaBr
and decreased in the sample with NaBr.

3.2. Light Absorption Changes during Chemical Wave
Propagation. Concurrent measurements of light absorption
indicated that the cerium(lV) concentration oscillated during
wave propagation with almost the same period as was observed
for the period of the stepwise change in refractive index.
Notably, the overall refractive index changes in the sample with : : -
and without NaBr were opposite to each other. Because the 0 min Mmin § 135min § 17min § 21 min
amount of NaBr is critical in the formation of various bro-
mocarboxylic acid$? we consider that these compounds may
play an important role in the refractive index change.

3.3. Partial Molar Refractive Indices and Densities of BZ
Reaction Components.The relationship between the MA
concentration and either density or refractive index was linear
in aqueous solution as shown in Figure 4. The dependence of
the refractive indices and densities of solutions of NaBr, BrMA,
NaBro;, Ce(SQ),, and Ce(SQy)3 in 0.15 M H,SO, upon the
components’ concentrations also followed linear relationships.
Thus, partial molar refractive index, and partial molar density,
pi, could be obtained from the slopes of these graphs, and these 0 min 3 min 11 min 15 min 21 min
are listed in Table 1. Figure 5. Chemical wave shape changes during cerium-catalyzed BZ

The refractive index and density ratig/n;, obtained from re_actions: (a) upward and (b) downward propagation us_ing thg sample
the data in Table 1, were used for the conversion of refractive Vithout NaBr; (c) upward and (d) downward propagation using the
index to density. The maximum value pfn; was 7.05 g cm?® sample with NaBr.

for NaBrQ;, and the minimum value was 3.51 g chfor MA. TABLE 1: Partial Molar Refractive Indices and Densities of
On the basis of the range pfin; in Table 1, we assume, in the  BZ Reaction Components
following discussion, that a value 5.3 g chcan be used as a component n o o
typical average value of the refractive index and density ratio. H.S0s 0.01469 0.06840 166
The refractive index changes were converted to density changes NaBr 0.01784 0.08268 4.64
i i i MA 0.005129 0.01802 351
using thg averaged ratio value. In the _sample W|_thout N_aBr, BIMA 0.03708 02115 =7
the density change per wave propagating at a given point is NaBrO; 0.009851 0.06946 7.05
+1.7 x 10°% g cm 3 (£0.6 g cn13), while the change in the g;‘: 8.8342118 g.g%%. g.g;
X . s s : . .
sample with NaBr is—1.3 x 1075 g cnT2 (£0.5 g cntd). NawSOs 0001828 0.1001 597

3.4. Chemical Wave Shape during Ascending and De-
scending Propagation.Typical profiles of chemical waves in  in Figure 5. In the sample without NaBr, ascending waves
the BZ reaction both ascending and descending are illustrated(Figure 5a) propagated concentrically and slowly became flatter
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and flatter, while descending waves propagated inverse para- -£ =6
bolically, later becoming parabolic in shape (Figure 5b). Inverse ~ $ -8
behavior to this was observed in the sample with 10 mM NaBr. % -10 1
Ascending waves (Figure 5c) propagated parabolically becoming = -12 1
inverse parabolic, while descending waves propagated concen- —14x10_3—[

trically becoming flatter (Figure 5d). The fact that ascending 0 1000 2000 3000 4000 5000

waves were stable and descending ones unstable in the sample time(s)
without NaBr suggests that the density of the solution behind ©)
the wave is higher than the density of the solution in front of 0.007
the wave. An opposite density change was considered to occur % 0054
in the sample with 10 mM NaBr, because the descending waves §
were stable and ascending ones were unstable. The proposed € ~0.104
density changes here are in agreement with the experimental ¢
results obtained by the refractive index measurements in section £ _g 154
3.1. Therefore, we can conclude that the density change would @
be responsible for the stability of wave propagation in the -0.20 1
vertical cell.
It should be noted that tiny bubbles measuring around a few 0 1000 2000 ti;‘g’("s) 4000 5000
hundred micrometers were sometimes observed at the surface g
of the vertical cell during the observation of wave propagation. (@) 164
These bubbles appeared at the late stage and were more S 1.4+
conspicuous in the sample with NaBr than the one without NaBr £ )
(for example, small dots in Figure 5d). The bubbles may consist < 121 '
of CO,, because it is reported that the oxidation of MA and -g 104!
BrMA by Ce** leads to CQ generatiorf? This suggests that g 084
CO, generation was greater in the sample with NaBr than in S o IR | | ‘
the sample without NaBr. We will return to this point in section 2067 ! [ARIRE AIEIFIRIE : il
3.6. 3 04d i i i
3.5. Long-Term Concentration Changes Monitored with ~ ' AL
Raman SpectroscopyFigure 6 displays the Raman spectra of é 027 iy : ! :
MA, BrMA, and NaBrQ; aqueous solutions and that of water 8 00— Y { ;,5 NN S AR : v ,
in the 306-2000 cnt! region. Water's Raman spectrum has a 0 1000 2000 3000 4000 5000 6000

peak at 1635 cmt and some peaks in the 36000 cnr?! time(s)

region?3 NaBrO; solution has Raman peaks at 365, 421, and Figure 7. Integrated Raman spectral intensity and‘Geoncentration

805 cntl, which can be assigned to the -BD bond?* The changes in the sample with NaBr-(- -) andwithout NaBr ): (a)
780-830 cnt! region containing the strongest peak is the best BrMA, (b) MA, (c) BrOs™, and (d) Cé".

one to monitor the concentration of BsO MA and BrMA had

several peaks between the 3000 and the 11661800 cnr?! account for small spectra to spectra intensity variation. This
regions. It is expected that the intensity of the Raman signal region is the best one for normalization because it contains no
from water is highly pH sensitive because of structural changes peaks except for that of $&, which should have a constant

in water clusters. Therefore, the 40800 and 15561700 cnt? concentration during the reaction.

regions were not considered suitable for monitoring small  The changes in the Raman integrated intensity for 8rO
spectral changes within these groups of small peaks. The RamarMA, and BrMA and the absorbance changes of Ce(IV) during
signal in the region 13301450 cnt! was used to monitor the  the course of the reaction in the stirred batch vessel are shown
BrMA concentration, because the only other peaks in this region in Figure 7. The Ce(IV) absorbance in the sample without NaBr
were weak MA bands. Because the MA peak had a strongershows that the oscillations started after the long initial period
signal than that of BrMA only in the region from 900 to 920 of the excited state from 250 to 1000 s. From Raman
cm™1, this spectral window was used for monitoring the MA  spectroscopic data for the same sample, the concentration of
concentration. The integrated intensities in these regions wereBrMA increased rapidly from the beginning of the reaction until
normalized to the integrated intensity at 16490 cnT?! to 1000 s, then more slowly until 2000 s, and finally it reached an



1410 J. Phys. Chem. A, Vol. 109, No. 7, 2005 Kasuya et al.

almost constant concentration at times longer than 3000 s. Although BLbMA was not directly detected with HPLC
Concentrations of Br@ and MA always decreased, and the analysis, dibromoacetic acid was confirmed to increase as the
rates of consumption of these species decelerated with time.end product in the Ce-catalyzed batch reactiofhe concentra-
On the other hand, in the sample with NaBr, the absorbancetion of bromoethenetricarboxilic acid was also found to increase
oscillated constantly from 250 s. The concentration of BrMA constantly during the reaction. If these processes yielding high
always increased and BgOand MA always decreased as the density components are predominant, the solution density would
consumption rates accelerated with time. The extent of con- increase, which can probably explain density increases with
sumption of BrQ~ and MA concentrations in the sample wave propagation in the experiment without NaBr.
without NaBr was twice as large as that in the sample with
NaBr from the reaction start until 6000 s.

3.6. Possible Mechanisms of Density Changedegedus et
al. suggested the Marbur@udapestMissoula (MBM) model,
which can explain the reaction of many kinds of carboxylic an

bromocarboxylic compounds based on their concentration as .
Y P NaBr. Concentration changes of BrMA, MA, and ByOwere

determined by HPLCG? This model involves many chemical . A . .
monitored in stirred sample solutions with Raman spectroscopy.

components which can be responsible for changes in solutionC ing the MBM model with : | |
density accompanying wave propagation. Because we found that omparing the model with our experimental resuits, we
propose that the formation of low molecular weight carboxylic

the BrMA concentration increased both with and without NaBr, - X . .
as shown in Figure 7a, we did not include [BrMA] changes as acids WOl_Jld b(_e prgdom_lnant in the samp_le with NaBr,_wher_eas
a possible cause of density changes. When NaBr was not addeol,he reaction y"?'d'”g high r_nolecular welgh_t carboxylic acids
the concentration of BrMA increased markedly at the beginning Would be a major process in the sample without NaBr.
of the reaction; however, the oscillation of Ce ions started just
after the marked increase as shown in Figure 7d. This also
suggests that density changes would not be due to BrMA.
The MBM model involves reactions of malonyl or bromo-
malonyl radical formed in the reaction with €elt is proposed
that these radicals react with BfQgiving rise to low molecular
weight carboxylic acids as, for example, either mesoxalic acid
(MOA) or oxalic acid (OA), finally forming CQ. For example,

BrMA- + -BrO, — BrMABrO,

4. Conclusion

Based on refractive index changes measured by the inter-
¢ ferometric imaging system, the density is considered to increase
in the sample without NaBr and decrease in the sample with
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may be the case in our experiment with NaBr because the
density of the sample decreased with wave propagation.

Actually, we found that bubble formation, which was probably
due to CQ generation during wave propagation, was more
prominent in the sample with NaBr than in the sample without
NaBr.

There may be other reactions in the MBM model that result
in increases in solution density with wave propagation. For
instance, MA is brominated to BrMA, and BrMA is further
brominated to dibromomalonic acid (BAA) as follows.

BrMA(enol) + Br,— Br,MA +Br~ +H"

BrMA(enol) + HOBr— Br,MA + H,0



