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Quenching Analysis of the Permanganate Hydroxylamine Oscillator
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We present the experimental part of a study of the permangahgtiEoxylamine system at a supercritical

Hopf bifurcation aiming at deriving a mechanism for the reaction. We report quenching data for the addition

of a number of essential species and for substances supposed to remove essential species, as well as for
dilution. In particular, we report successful quenchings with colloid manganese dioxide and with Arabic
gum, which is supposed to inactivate the surface of the colloid.

1. Introduction elementary steps included in the oscillatory system is practically

Permanganate ions react in an autocatalytic way with a Unrealizable. It is possible to study some of the component
number of organic and inorganic substrates. A well-known Processes under conditions which are the same or similar to
example, often mentioned in textbooks of chemical kinetics as those of the oscillatory system. This kind of experimental work
an archetype of autocatalytic redox reactions, is the reduction is helpful for the selection of reactions that should be included
of permanganate by oxalic acid. The search for nonlinear in a model and also for the estimation of corresponding rate
phenomena in systems containing permanganate ions wasonstants. To get some adequate set of experimental data for
initiated by the study of the KMng-H,C,0,—H,SO, system the modeling of a permanganate oscillator, stress must be laid
in a continuous-flow stirred tank reactor (CSTR), in which upon the methods studying the state of the complete system in
kinetic bistability between two steady states was fobhdlhe a simple oscillatory state. As the method of investigation, we
first permanganate oscillatdrwith phosphoric acid as the have used the recently developed perturbation method, the
reaction medium and hydrogen peroxide as the reducing agentguenching methog? 31
stimulated further investigations of manganese chemistry as a This method is based on perturbations of an oscillating system
source of new chemical oscillators. close to a supercritical Hopf bifurcation, where a small limit

In the last decade, two subgroups of new manganesecycle is centered on a saddle focus. This stationary point is
oscillators were described. The first subgroup consists of ynstable in the plane of oscillations and stable in certain other
permanganate and a reductdri and the second one consists  girections that are tangent to the so-called stable manifold.
of manganese(ll) ions and an oxidafit'” A link betweenthese  pyring the oscillations, the point representing the state of the
two subgroups is the so-called “minimal permanganate oscil- system in concentration space moves around the limit cycle.
lator”,** based on the Guyard reacti8f manganese(ll) ions  5yenching is a perturbation that instantaneously shifts the state
with permanganate. It is interesting that t_hls reaction was fom point on a limit cycle to some point on the stable
described more than 130 years ago and, until now, no realistic o to|d of the saddle focus. On the stable manifold, the system

medeI for thlz rle?cn%n féas b%en pupllshta,ld. The ll‘.’j‘Ck of an does not oscillate, but it moves back toward the plane, in which
adequate model for the Guyard reaction also complicates t0 &, jjmjs cycle is located. At the same time, it may start to

great extent the design of models for other permanganatespiral out toward the limit cycle. The state of the system in

oscillators. : : . . g .
g . . . perturbation experiments is monitored by concentration oscil-
MQSt of .the permanganate syst cillate in a reaction lations of some species. A successful quenching is recognized
medium with a pH value around 3, and only a few of them I o
. as a temporary stop of oscillations, followed by oscillations of
work at pH around 7. At these values of pH, stable species of : : . . . -
gradually increasing amplitude. The resulting amplitude is

manganese are formed in the oxidation states VII, IV, and II. : . . Co S
Probably the most important oxidation state for oscillations to increasing until the original limit cycle oscillations are recovered.
If a successful quenching is made by addition of a single

occur is the oxidation state IV. The species of manganese in ° >STU :
this oxidation state can be present in different forms ranging SPecies, which is already present in the system, the amount
from soluble specié8 through colloidal particléd=24 to a added must be precisely the one required, and the addition must
precipitate of solid Mn@ The actual form depends on the be made in precisely the right phase of an oscillation (to reach
concentration of the manganese species, on the concentratiofthe stable manifold). The quenching amount and the quenching
and the type of compound stabilizing the colloidal particles in phase are a pair of data that can be obtained for each species
the solution, and on the reactivity of the reducing substrate. for which quenching is possible. Another possibility of stopping
Manganese in oxidation states VI and V is stable only in very the oscillations is a quenching by removal of a species. This
strong basic solution®,26and manganese in oxidation state Il can be achieved by a shift in concentration space opposite to
is stable in a very strong acidic solutiéf?® At medium pH, that of quenching by addition. The quenching in this case is
the unstable species undergo fast disproportionation processesperformed by addition of a species which is usually not part of

The brief survey of the stability of oxidation states of the system and which must react very fast with the species to
manganese indicates that a direct kinetic investigation of the be removed to form an inactive product. A necessary condition

* Present address: Department of Physical Chemistry, Comenius Uni- for considering the addltlpn of one S.p.eCIes to be equivalent to
versity, MlynsKadolina CH-I, SK-842 15 Bratislava, Slovakia. the removal of another is that addition of the remover can
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equivalent change of concentration and at precisely the opposite T y T T T
angle (180 shifted) as can the species it is supposed to remove.
The guenching method often can provide a large set of fairly
precise data of direct kinetic relevance, which can be used for
selection and optimization of models for oscillating reactions,
as we have demonstrated previou®§3 The possibility of
quenching small-amplitude oscillations in a permanganate
system was demonstrated in ref 34. The purpose of the present
paper is to undertake a detailed experimental study to get the
guenching data for the most important manganese species in 2
the oscillatory system.

a%/(1013m?)

2. Experimental Section I

For the present investigations, we have selected the KMnO
NH,OH—H3PO, system, which is the only permanganate 0 0 0650 ! 0 04052 0.0054
oscillator in which small-amplitude oscillations arising from a ' ' 4
supercritical Hopf bifurcation have been found so far. Iofs

The reaction was run in a CSTR. The reaction cell was made Figure 1. Plot of the square of the amplitude of [MaQ oscillations
of Plexiglas and was similar to the one described previotfsly. s a function of the specific flow rate. The abscissa intercept is the
The volume of the cell was 9.2 mL. The reaction mixture was blfurcatlor_w_ﬂow rate. The ||nt_aar|ty of the plot shows the occurrence of
stirred by a propeller with a stirring rate of 700 rpm. The a supercritical Hopf bifurcation.
thermostated solutions of KMn{ONH,OH, and BPO, were
fed into the reactor through three independent tubes using a
peristaltic pump (Ismatec IPN 8). The temperature of the

:ﬁ:fr:;%r;t;;étg;i;gltréiscglilb\ggs kept constant by a two-stage perturbation experiment were stored in the computer, and the
pre\/_loué‘l’y. . recorded datafile was subsequently analyzed by the method
_ The cell was mounted on an optical bench. Polychromatic yesqripeq in detail in ref 30. The accuracies of quenching
light from a halogen lamp passed the c_eII as a parallel be"?‘m'amounts and quenching phases are 10% aridr&8pectively.
The beam was focused on a photpdlode, gnd Fhe desired " reagents used for the experiments were of analytical grade
wavelength of 546 nm was selected with an optical filter placed .4 \vere used without any further purification. The stock
in front of the diode. The optical path length of the cell was 3 solution of KMnQy was prepared and standardized by the
cm. The amplified signal from the diode was applied to a chart procedure of Kolthoff et at> Hydroxylamine solutions were
recorder and to an A/D converter connected to a PC. Samp“ngprepared daily. Four times deionized water, filtered through

of data was initiated at every 0.4 s, and after five re_adingS, an Super C and Organex-Q cartridges (specific conductivity of less
average value was calculated and stored on the disk. A fewthan 0.14S/cm), was used as a solvent throughout

measurements were also made with the same cell placed in the The quenching data for MnO, Mn2*, NH,OH, H*, OH-
sample compartment of a HP 8452A diode array spectropho-H2P2072,’ F-, and Arabic gum were obtained by addition of

tometer. _ _ _ _ aqueous solutions of KMnO MnSQrH;0, (NHsOH),SOy,
The operating point of the perturbation experiments was pcio, NaOH, NaP,O7-10H,0, KF, and Arabic gum, respec-
chosen on the basis of dynamical phase diagrams of ref 8. Thetively. The 0.001 M colloidal solution of Mngin 0.01 M KHs-
experimental conditions were selected in accordance with the po, sed for perturbations was prepared by the reactionsof 4
requirement of working close to a supercritical Hopf bifurcation  145-4 \ KMnO, with 6 x 1074 M MnSQ;, and is stable for
and to have oscillations with a reasonable low period at an geyeral days. The green 1.6510°5 M solution of MNQ2" in

acceptable flow rate and without any precipitation of M 0.02 M KOH was prepared by a slightly modified procedure of
the walls of the cell. The mixed flow concentrations were g tier et a6 A drop (4uL) of 0.0412 M KMnQ; was mixed
[KMnO4Jo = 4.5 x 10°° M, [NH;OH]o = 4.1 x 10° M, and with 48 uL of 1 M NaOH. The solution was heated on a

[HsPQiJo = 2.5 x 10°° M. The temperature was 35 0.1 hotplate to dryness. The manganate was formed according to
°C. At this temperature, a supercritical Hopf bifurcation was hea reaction

found at a specific flow rate ofy = 4.96 x 103 s71. The

bifurcation point was determined by linear extrapolation of a
plot of the square of the amplitude of the limit cycle oscillations
vs the specific flow rate (see Figure 1). By definition, the ) ) )
amplitude is half the peak-to-peak difference for sinusoidal and was dissolved in 0.02 M KOH. Because the solution of

i 1

adjustable volume. The concentrations of the solutions used
for the perturbations were chosen to correspond to addition of
volumes between 5 and 24.. The data sampled during a

4MnO,” + 40H —4MnO> + 0, +2H,0 (1)

oscillations. manganate in this medium undergoes slow decomposition, a
The perturbation experiments were carried out at the specific ésh solution was made immediately before each quenching.
flow ratejo = (5.3 + 0.15) x 103 s™L. The amplitude of the Reagents. KMnOs, (NH3OH),SQs, HsPQy, CH204-2H;0,

permanganate oscillations at the operating point was¥36) H,SQy, NaOH, KOH, and N&P,07-10H,0 were from Merck;
x 1077 M, and the frequency of the oscillation was (%£3.7) MnSQ;-H,0 was from Ferak; HCI@was from Riedel-deHae
x 103571 The reaction system close to the bifurcation point KF was from Fluka; and gum Arabic was from Sigma.
is very sensitive to small changes of experimental constraints.
Therefore, it was most practical to control the amplitude rather
than the flow rate. Before each series of perturbations, the flow A. Description of the Oscillatory State. Under the condi-
rate was therefore adjusted so that the amplitude was withintions described in the Experimental Section, the system can
the interval specified above. persist in two stable steady states (SS) and in one oscillatory
The additions of species were made manually through a holestate. The stable state at relatively high flow rates is the so-
in the top of the conical part of the cell by using a pipet with called oxidized SS in which manganese is mostly present as

3. Results and Discussion
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Figure 2. Spectra of the oscillatory reaction mixture in the minimum y A ) ‘. 1
and maximum of an oscillation at a specific flow ratejof 12.76 x 004 -t Y \ ': AR ARE ': e ': ] :‘, -
103 571 (solid lines), 1x 10" M KMnO, (dashed line 1), 5¢ 10°° L::l::::::“““:na:::h::::d |
M colloid MnO, (dashed line 2), and of an intermediate, probably ¥ AR RERERER R EERER AR 11(0)
colloid MnO, (dotted line). The optical path length is 3 cm. 002 |- 1! '.: H \ \ ‘: \! l': " ‘.: t.: 'n: 1! l‘: -
: . (TR USRI H E R A
permanganate ion. The stable state at relatively low flow rates r
is the reduced SS in which permanganate ions are mostly 1 . 1 . A . 1 .
reduced to species in oxidation states IV and II. If the system 0 2000 4000 6000
is in the reduced SS and the flow rate is increased stepwise, time/s

the SS loses its stability at a specific flow rate of 4.96.0°3 Figure 3. Oscillations of absorbance measured simultaneously at two
s~1 at which a transition to an oscillatory state through a Hopf different wavelengths (420 nm, dashed lines; 546 nm, solid lines) at
bifurcation occurs. We have studied the transition between the increasing specific flow rates: (= 6.13x 10°s™%, (b) jo = 9.44
oscillatory state and the reduced steady state carefully without X 10 °S . (€)jo = 12.76x 10°® s . The dotted line in a represents

finding any chemical hysteresis. The linear relationship of the the absorbance of MnOions calculated according to eq 2. The time

‘ N, e traces demonstrate that MgOions and MnQ oscillate in almost
square of the amplitude of oscillations on the specific flow rate gpposite phases. (The difference-i462°.)

(Figure 1) and the absence of the hysteresis demonstrate that

the Hopf bifurcation is supercritical. high and it is decreasing with the decreasing specific flow rate.

In the initial experiments, the spectra of the oscillating For the quenching experiments, however, it is important to know
reaction mixture were taken at regular time intervals in the the exact value of the amplitude of the permanganate oscilla-
wavelength range from 350 to 740 nm. The spectra at the ions, because the amount of a species to be added to quench
maximum and at the minimum of an oscillation together with the oscillations is scaled by the amplitude of permanganate
the spectra of permanganate, manganese dioxide, and amscillations. If we assume that the absorbance of iymions
intermediate are presented in Figure 2. The qualitative analysiscompared to the absorbance of Mn& 420 nm is negligible,

of the spectra indicates that it is possible to monitor spectro- then the absorbance of permanganate at 546 nm can be
photometrically the oscillations of the two different species. The cajculated using the formula

decrease of the absorbance in the range of-%3D nm while
the absorbance in the range of 3%P0 nm is increased and
the characteristic structure of the permanganate spectrum show
that one of the oscillating species is permanganate. The
spectrum of the second species can be obtained by subtracting
the spectrum of permanganate, multiplied by a constant, from ] ]
the spectrum of the reaction mixture. The constant is varied IN Which A># and A% are the absorbances of the reaction
until the characteristic spectral structure of permanganate is notMixture andey,s, and ey, are the molar extinction coef-
observable in the resulting spectrum after the subtraction. Theficients of MnG at 546 and 420 nm, respectively. The time
comparison of the spectra of the intermediate and manganesdrace at the specific flow rafg = 6.13 x 103 s™, correspond-
dioxide supports the assumption that the second oscillating ing exclusively to the absorbance of MgOons, is shown in
species very probably is a soluble form of manganese dioxide. Figure 3a together with the uncorrected absorbance at 546 nm.
If we denote the ratio of molar extinction coefficients of The ratio between the amplitudes determined from the calculated
MnO, and MnQ~ ions byr, thenr has a maximal value at 420 and measured time traces gives the factor by which the measured
nm (420 = 82) and a minimal value at 546 nmb{6 = 0.55). amplitude has to be multiplied in order to get the correct
These wavelengths were therefore selected for monitoring of amplitude of the permanganate oscillations. The correction
the concentration oscillations of Ma@nd MnQ -, respectively. factor for the specific flow rate at which the perturbation
The value ofr#2° is significantly greater then unity, so the experiments were performed is 1.20.
recorded absorbance at 420 nm (Figure 3, lower curves) is not B. Quenching Results. The oscillations of the permanga-
affected by oscillations of the MnQ ions. The value of546 nate ions in the quenching experiments were measured spec-
is lower but comparable to unity, so the oscillations at 546 nm trophotometrically. The experimental setup was arranged in
correspond to the oscillations of the MgQOions, but they are such a way that the voltage of the diode was increasing for
influenced by the oscillations of MnO This effect is quali- increasing concentration of MnO. The zero phase is defined,
tatively observable mainly at higher flow rates, when the average by our convention, as the maximum of the first harmonic of
concentration of Mn@in the oscillatory system is relatively  the voltage, on the assumption that it corresponds to a maximum

(546

_ p546_ M2 420
420
€Mno,

Ao, )
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TABLE 1. Basic Quenching Data. Scaled Quenching T T T T T T T T T T
Amounts (gi/a)® and Phases ¢;) for Addition of Speciesi
species gila ¢ildeg ! f
NH,OH 2.4 19 0
MnO,~ 3.7 —146 r
MnO42~ 0.014 —103 A
MnOQ(Cm) 2.2 —-75 1 L -4 L A— 1 L . L L
Mn2* 35 8 0 5000 i 10000
Arabic gun® 2.2x 1077 101 time/s
H,P,0-2~ 0.17 -3 Figure 5. Quenching by dilution with EPO,. The instant of dilution
- 231 21 is marked by an arrow. The relative dilution is 0.048, and the phase is
H* 1156 77 140.
OH~ 113 —104

Arabic gum H*

aThe added concentration is scaled by the amplitadef the
permanganate oscillationsThe absolute quenching concentration is
given in units of g/mL.
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Figure 4. Time series showing successful quenchings by addition of oscillate, or the amplitudes of oscillations are so small that the
(8) NHOH, (b) MnQy~, (c) MnO#~, (d) MnO;, (e) Mr#*, (f) Arabic oscillations are practically not measurable. The average con-
gum, (g) BP0/, (h) F, (i) H', and (j) OH". The instants of the ~ centration of permanganate in the oscillatory state at the
additions are marked by arrows. The scaled quench[ng concentratlonsoperating point is 10%¥ 1%) of the mixed flow concentration
are shown in Table 1, and the phases are shown in Table 1 and in o .
Figure 6. and it indicates that the rate. of.the ca}talyzeq reduction of
permanganate by hydroxylamine is relatively high.
of the first harmonic of [Mn@~]. Phases are quoted as principle Quenching with Manganate. The scaled quenching amount
values in the intervat-180° < ¢ < 180°. of MnO4%~ in Table 1 shows that manganate is the most efficient
If the reaction is run under batch conditions with the same quenching species. The quenching phase for Mn@ within
initial concentrations as in the flow experiments, the perman- the experimental error the same as the one for @s. The
ganate is completely reduced to manganous ions. The batchmanganate solution was prepared in 0.02 M KOH, and the
experiment hints that in the oscillatory system, different concentration change of OHons in a successful quenching
intermediates of manganese in all oxidation states between VIl with manganate is only 19% of the quenching concentration of
and Il can be present. We tried to make quenchings with OH™ ions. To exclude the effect of OHons on the quenching
manganese species, which we were able to prepare in basic owith manganate completely, we made a “blank” perturbation
acidic solutions, in which the concentrations of Obt H* were with a solution which was prepared in the same way as the
so low that their contributions to the quenchings could be manganate solution but without any manganate. The solution
ignored. We did not attempt to use Mn(V), which can be of OH™ ions prepared in this way was then used for the
prepared only in an extremely basic solution, or Mn(lll), which perturbation with the same parameters as in a successful
is reasonably stable only in a very acidic medium with an excess quenching with managanate. The perturbation with this solution
of Mn?* ions. The results of the quenching experiments are did not show any observable effect on the oscillations. In this
presented in Table 1 and Figures@. Each of the substances way, it was possible to prove unambiguously that the quenching
in the table can stop the limit cycle oscillations when the quoted with the solution of manganate in 0.02 M KOH can be ascribed

amount is added at the quoted phase. essentially to the quenching with manganate (Figure 4c).
Quenchings with Hydroxylamine and Permanganate.In Quenching by Addition of Colloid MnO ,, Effect of Colloid
the permanganate system, the quenchings withQHH and Surface. Manganese in oxidation state 1V plays a crucial role

MnO4~ are possible (Figure 4a,b), unlike the Belousov in all manganese-based oscillators. As can be seen in Figure 2
Zhabotinsky (BZ) and the BriggsRauscher (BR) reactions in  (dotted line), its prevailing form in the oscillatory system is
which the perturbations with feed species were successful only colloid manganese dioxide. In order to prevent the precipitation
for MnZ™ in BR.2%37 The oscillations of permanganate in the of solid MnQ;, in the reaction mixture, the colloidal particles
present system can be easily recorded (Figure 3). In contrast,are stabilized by phosphate ions. Under the conditions of the
in the classical oscillatory systems the feed species do notexperiments, the reaction has been run continuously for up to 2
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weeks without any noticeable precipitation. The quenching with The quenching with pyrophosphate seems to be more selective,
colloidal solution of MnQ (Figure 4d) was successful. Presum- and it allows an estimation of quenching data for the hypotheti-
ably the addition of colloidal manganese dioxide increases the cal addition of Mi" ions. If we regard the quenching with
area available for the surface reactions in the system. To supporpyrophosphate as a quenching by removal of manganic ions,
the idea that a surface effect is involved, we tried to find a then the quenching phase for the addition offMions should
compound that can decrease the surface area in the system. Thiee 177. If we assume that the formation of the complex ion
inhibitory effect of Arabic gum on the autocatalytic oxidation Mn(H.P,O7)33~ is quantitative, then the estimate of the upper
of Mn?" by permanganate was described by TompRins. limit for the addition of manganic ions is one-third of that of
Arabic gum is a macromolecular compound, which can cover pyrophosphate.

the surface of colloid particles and decrease their activity. The  Quenching with Manganous lons. The manganous ion is
quenching with Arabic gum was successful (Figure 4f) and the the most stable species of manganese, so the quenching could
quenching phase for the addition of this compound is opposite pe performed by direct addition of Mh ions (Figure 4e).
to the one for colloid manganese dioxide. The quenching results Among all manganese species, Mnis the least effective

for MnO, and Arabic gum together support our interpretation quenching species, because it has the highest quenching
that the addition of manganese dioxide and Arabic gum, concentration (see Table 1).

respectively, could be regarded as an increase and a decrease Quenchings with H* and OH

of the ;urface of colloid Mng which is often assumed to be was carried out because hydrogen ions are expected to be
catalytic. important to the manganese reactions in acid solution. Quench-
In the minimal permanganate oscillafomanganese(IV) is  jng with OH~ was made because the chemistry of manganese
supposed to form a supersaturated solution of soluble Mn(lV) s strongly dependent on pH and the stability of the various
which then generates a Ma@recipitate autocatalytically as a  species are very different in acidic and basic media. We find
result of nucleation and surface effects. The autocatalytic that it is possible to quench the oscillations witt Bis well as
species in the Mn(Ih)y-periodate oscillatéf was identified as  with OH~ and that the quenching phases are opposite (differ

soluble MnO(OHYJ, and the surface of Mnfprecipitate acts  py 18@), but the amount required for quenching witf i$ 10
as an inhibitor, because the autocatalyst is removed from thetimes that required for OH

solution by adsorption on the surface. Another possibility of
explaining the effect of the surface was demonstrated in an
autocatalytic system of permanganate and methylafine.

~ lons. Quenching with H

The quenching concentrations of ldind OH" are 6.5x 107
M and 7.1x 1075 M, respectively, in the experiments. Thus,
in a perturbation with Fi, the change of concentration oftH

thishsystem, Lhe C%HOid I'er.'fs ﬂert fo.rmed Iln al nor;catalytic (before any reaction has taken place) is smaller than but not
pathway. When the colioid surface 1S aval able, the substrate small compared to the average value of THwhich is 2.5 x
is adsorbed on the colloid and is oxidized by permanganate faster1(T3 M). So the perturbation with H may perhaps be

than the substrate in the solution. approximately described by linearized thedrywhich is
The rich variety of possible sources of instability illustrates important to the use of the quenching results for quantitative
the complications involved in designing a proper model for the comparisons with models). But the quenching concentration
manganese-based oscillators. Unfortunately, the quenchingof OH- is many orders of magnitude larger than the average
experiments do not allow us to make a direct conclusion about yajue of OH (which must be close to its equilibrium value in
the actual effect of the surface in the permanganhyerox- the phosphoric acid solution, 4 10-1% M).
ylamine system. The quenching results, however, represent a Consequently, perturbation with OHcertainly cannot be
set of reference data for the selection of the most probable . ibed by Iinéarized theory. But from a chemical point of

mechanism. view, one might account for the addition of OHs the removal

Quenching by Decreasing the Concentration of Manganic  of the same amount of Hprovided the recombination reaction
lons. Quenching by addition of Mit ions could not be carried

out, because Mt in a solution of appreciable concentration is
only stable if the solution contains Mhand H" in so high
concentrations that the effect of their addition completely masks
the effect of MA™. To get at least some indirect experimental IS so fast that other reactions with Oktan be ignored in
data, we tried to use compounds which can form stable response to the perturbation. If this were the case, duld
complexes with manganic ions in solution. The concentration duench with the same amount as Hut in opposite phase.
of free Mre™ ions in the system can be decreased by addition ~ The quenching results forHand OH" show that although
of these complex-forming agents. Pyrophosphate is particularly the quenching phases are indeed opposite, the quenching
effective, and the ion Mn(l#P,07)3:3>~ has found use as an concentrations are different. There are two possible explanations
oxidant in quantitative inorganic analy$fs®® The stabilizing of this fact. Either addition of OH does correspond to the
effect of fluoride ions was described by LaurdgrHe believed removal of H but the stable manifold is curved so different
the fluoride complex to be MnF. Later studies showed, amounts are needed to reach that manifold in the positive and
however, that in solution, different complexes of a general in the negative direction of the [H axis or, alternatively, the
formula MnR3" (n = 1—6) can be formed! system involves fast reactions competing with reaction 3 under
Quenching by addition of each compound was successful the perturbation with OH
(Figure 4g,h), but they did not quench the oscillations at exactly =~ The latter alternative is not unlikely. If the added amount of
the same phase, and the quenching concentrations were sigOH~ was uniformly distributed before the reaction, the resulting
nificantly different. Under the present conditions, pyrophos- nonegquilibrium concentration of OH 7.1 x 10~ M, would
phate probably forms a more stable and a less reactive complexcorrespond to the equilibrium concentration of Ol a fairly
because its quenching amount is 1360 times smaller than thebasic solution with pH of about 10. It is obvious that the stirring
one of fluoride ions. Because of the large amount ofEded cannot completely mix the OHadded in a perturbation before
in a successful quenching, the effect of it may be due not only reactions take place. However, this only means that, locally,
to the deactivation of Mit ions, but also to other processes the nonequilibrium concentration of OHcould be higher
such as a change in pH or adsorption on the colloid particles. (before reaction with M brings it down). In a nonequilibrium

H"+OH —H,0 3)



1322 J. Phys. Chem. A, Vol. 101, No. 7, 1997 Nagy et al.

state where [H] and [OH™] are both high, one may have fast of some component reactions, kinetically relevant data for the
manganese reaction with OHhat are characteristic of basic system are scarce.
media but are unimportant in the (acidic) stationary state. In general, the results that can be obtained from a study of
Quenching by Dilution with Phosphoric Acid. Besides the complete oscillatory system can only be related to the
guenchings by addition or removal of a single species, it is also kinetics of the reactions if a reasonably correct mechanism is
possible to quench the oscillations by dilution of the reaction known. Our motivation to carry out the present investigation
mixture. Quenching by dilution is a special case of removal, was partly to see how the quenching method works for a system
when every species present is removed in an amount propor-that is completely different from the BZ family of systems and
tional to the instantaneous concentration of the species. Thepartly, indeed mainly, to provide data for a permanganate
relations between the quenching data for additions of single oscillator that can help clarify the mechanism of the reaction
species and those for dilution were derived in ref 37. If the system.
reaction mixture is diluted by solution s and the relative dilution The results of the quenching experiments are suitable for
and the phase ad andgs, respectively, then the relation takes  mechanistic studies for a number of reasons. The results

the form specifically related to each species participating in the reaction
can be obtained even if only one species can be monitored
z[exp(—i¢j)/qj]((;j — CJ.(S)) = (1— 1d) exp(=ip) (4) experimentally. The only condition is that the species is
available for perturbation by addition or a substance can be
whereg; and gare the quenching phase and amount for addition found thqt can _quickly and selectively remove the species from
of specieg and the sum is taken over all species participating € reaction mixture.
in the reaction. If we dilute with a solution containing a species ~_ The quenching results obtained are highly relevant to the
k with concentratiorcff) equal to its average concentratiog klne_tl_cs. The quenchlng_ concentration and quenching phase_ for
the corresponding term, — Cf(s) will disappear from the sum addition of a given species combine to form th(_e corr(_espondlng
on the left-hand side of eq 4. component of a left e|ger_1vector_of the Jac_obl' matrix for the
We have made dilutions with a solution of 25 10-3 M pair of eigenvalues associated with the oscillations. Thus, the

o . . . . components of the eigenvector are experimentally measurable
\I;|V3PO4, W?T'fh t'ﬁ tpfhm'xfld rflow ?/oTcent?tpH':l 8: th:S spﬁacrlles. for all species available for perturbation. The experimental
€ assume fthat the average value o I (ne reaction guenching results for an oscillatory system can help us in the
mixture can be approximated by this concentration. The relative

o SO development of a model for the system. For any suggested
dilution for the quenching is 0.048 at the phase 0f240 model, the quenching data for each species of the model can

The importance of the quenching by dilution can be discussed g ¢5icylated easily and compared with the experimental value
using eq 4. The equality can be tested if the left-hand side can,, that species. Any serious discrepancy is a sign that the
be calculated. To fulfill this requirement, it is necessary to ,q4el is not correct.

determine experimentally the quenching data for all species A set of experimental quenching data has the additional

included in the oscillatory system. In practice, it is a very . . . .
o . . . advantage that it applies to the system near a Hopf bifurcation.
difficult task, because some of the intermediates either are . . . . T
o . This means it applies to a state that in essence has the simplicity
unknown or are so unstable that it is not possible to use them . .
; - : of a stationary state and at the same time can reveal the
for the perturbations. In contrast, the right-hand side for the - . . - -
L L . . .~ oscillatory properties of the system. This unique property is
dilution has only one term, which is easily accessible. During ; .
extremely important to the use of quenching results for

the perturbation by dilution, the concentrations of all species o X . ?
; S - determining a mechanism for an oscillatory reaction. It means
are decreased and the quenching data for dilution contain the : . .

- . . that any suggested mechanism can be tested without knowing
encoded information about the concentration changes of all

species of the oscillatory system. Therefore, the quenching byany rate constants beforehand and without having to integrate

dilution can only be described quantitatively by a model of the the kinetic equatpns. . ) )
oscillatory system in which all significant dynamical species Thg_me;hod relies on the representation of stationary reaction
are included. In this sense, the agreement between calculateq@locities in terms of convex parameters and extreme currents,

and experimental quenching data for dilution can serve as adeveloped by Clarké This is so because essentially all
test of the completeness of a model. possible stationary states can be generated directly and the

eigenvalues and eigenvectors of the Jacobi matrix calculated.
Consequently, all possible Hopf bifurcation points can be
obtained with an efficient root-finding algorithm determining
Studies of permanganate oscillators have been oriented towardhe states where the real part of an eigenvalue vanishes. For
the design of new oscillatory systems and to the description of each supercritical Hopf bifurcation point found this way, the
their dynamical behavior. Less attention has been paid to theeigenvector can then be compared with the experimental value
development of models accounting for the observed phenomenadetermined by quenching experiments. If the agreement is
Undoubtedly, this is due to the fact that the oscillatory satisfactory, one can subsequently calculate the set of rate
permanganate systems are extraordinary complicated. Anyconstants that accounts for the stationary state selected. As a
oxidation state of manganese between Il and VII may be result, one has obtained a model that is likely to be a rather
important, and these species may react with each other or withgood one.
the substrate or derivatives of the substrate in many ways. The If one already has a reasonably good mechanism, the
presence of colloid Mn(lV) and the possibility of surface comparison with quenching data can determine a set of rate
catalysis pose additional problems. constants that fits the experimental quenching data best. This
A classic approach to establishing a mechanism of a method we have called “optimization” of models based on a
composite reaction is through quantitative kinetic studies of the given mechanism?33 Unfortunately, one rarely has a good
separate component reactions assumed to be involved. Unfor-mechanism without also having a reasonably good set of rate
tunately, several of the manganese intermediates are highlyconstants, since the mechanism is usually known to be good
unstable under the conditions relevant to the system studied.because it describes the dynamics of the system when associated
So although one can get helpful information from the kinetics with the set of rate constants. Optimization in its pure form is

4. Conclusion
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therefore most likely to be useful for tuning a set of rate taking place in the oscillatory system. This conclusion agrees
constants to the best possible value. In practice, the mostwith that of ref 14 for the reaction between fmand 1Q;,".
valuable use of quenching data is for choosing between several We continue our work on the problem of finding a mechanism
mechanisms for a reaction at the same time as the best set obf the permanganatehydroxylamine system by means of the
rate constants is determined for each mechanism. guenching data reported here. We realize that this project is
Use of the method indicated above for the permanganatevery large and that, quite possibly, we may at best get a model
oscillator studied in the present paper is a real challenge sincewith a number of correct features which naturally should be
so little is known about its mechanism. We have already studied tested also for its prediction of other dynamical properties
(and discarded) several models based on the species that wericluding the results of batch experiments of various sorts.
found to quench the oscillations and various sets of plausible
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