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The summation over v in (A17) is taken up to the dissociation
limit of Hy(X).

Case 4. In this case, one considers the process in case 3 except
for the additional assumption that no torque works on H, in the
dissociation. With this condition, K is always perpendicular to
N and the rotation of H, originates only from that of the parent
molecule. Conservation of energy and that of angular momentum
are the same as those in case 3 ((A15) and (A16)). The rate of
formation, P(V), is expressed as

P(N) « Z(ZlKZGZg(J)g’(K)p(Ek) (A21)
where
D: {JLK)1+ K+ N =J,KLN, Il £ 2myE)" /b,
(A22)

The definition of E, is identical with that in (A17), and the

rotational distribution of H,, g1(K), is assumed to be the Boltzmann
distribution at 300 K. The condition that K 1 N is treated in the
counting of quantum states as follows: If N_LK, i.e.,, NN-K = 0,
the vector sum, M, of N and K is given by

IM|* = N + |KJ? (A23)

The representation in which M2, |NJ?, and [K|? are simultaneously
diagonal being taken, one obtains that

MM+ 1)=NN+1)+ KK+ 1) (A24)

Since M, N, and K are all integers, (A24) is not satisfied except
by chance. Namely, the geometrical condition that N LK is
meaningful only in the classical limit, because the direction of
the angular momentum is not observable in quantum mechanics.
In the present analysis, M is calculated by solving (A24) with given
N and K and then this value is replaced by the nearest integer.
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It has recently been proposed!” that the so-called non-bromide-controlled oscillations which have been observed to occur
in the Belousov-Zhabotinsky reaction system in the presence of Ag* ions are, in fact, bromide controlled and that the experimental

observations can be explained by a relatively slow Ag* + Br~ — AgBr reaction with k ~

10* M-'s7!, In this paper experimental

facts and theoretical arguments are presented that prove that the above-mentioned reaction is much faster. The problem
of the response of a bromide-selective electrode during non-bromide-controlled oscillations is also discussed. The conclusion
is that the original interpretation was correct and non-bromide-controlled oscillations do exist.

The most investigated osc1llatmg chemical system is the Be-
lousov-Zhabotinsky (BZ) reaction,’ t};le oﬁudahoh df an organic
substrate by acidic bromate in the/pres¢nce of a metal ion catalyst.
It had always been assumed that, independent of the particular
substrate or catalyst used, the role of the bromide ion in controlling
the oscillations through a riegative feedback loop was universal.
However, a 1979 experiment by Noszticzius* in which he found
oscillations in a classical BZ system in the presence of silver ions
caused some problems of interpretation. As Field® points out, these
non-bromide-controlled oscillations are the most difficult ones to
rationalize within the framework of the FKN mechanism. In his
experiment Noszticzius observed oscillations of the platinum
electrode potential, but a simultaneous measurement with a
bromide-selective electrode indicated a very low level of bromide
ions which was changing monotonically.

In two recent papers Ruoff and Schwitters'? present calculations
which seem to show that Noszticzius was wrong in the inter-
pretation of his experimental results. In their first paper they use
an Oregonator’ model to demonstrate that under certain as-
sumptions bromide-controlled oscillations are still possible, even
in the presence of silver ions. In their second paper they develop
a theory explaining why the bromide electrode fails to indicate
the calculated oscillations in the bromide level. At the end they
conclude that the concept of non bromide ion control as first
introduced by Noszticzius and then adopted by other authors®6
is incorrect.

Ruoff and Schwitters’ main argument is based on their hy-
pothesis that the reaction between silver and bromide ions is

*Permanent address: Institute of Physics, Technical University of Buda-
pest, H-1521 Budapest, Hungary.
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relatively slow. The model used in their calculations is the original
Oregonator of Field and Noyes® extended by a reversible pre-
cipitation reaction

k
Ag* + Br- — AgBr (06)
ks
where they assume, following an earlier suggestion by Ruoff,” that
k06 = 104 M-l S-l

This value is relatively low compared to the rate constant of their
reaction

HBrO, + Br~ 2HOBr (02)

[H] =
which was assumed to be
k02 =2 X 109 M_l S_l

The reaction 02 between the autocatalytic intermediate (HBrO,)
and the control intermediate (Br™) is a crucial step in the Ore-
gonator model. As long as inequality 1 is satisfied, silver ion cannot

kos[Ag*™] K koy[HBrO,] (N
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compete with HBrO, for the bromide ion when the bromous acid
concentration is high and the reaction network® will not be seriousty
disturbed. In this case the bromide-controlled oscillations would
be able to continue even in the presence of silver ions.

In this paper we should like to point out that experimental facts
do not support Ruoff and Schwitters’ hypothesis:

(i) Experimental evidence indicates that kg, is about 3 orders
of magnitude smaller than was assumed by Ruoff and Schwitters.
Noszticzius et al.® estimated kg, ~ 106 M~! s7 from their ex-
periments. More accurate measurements reported by Ariese and
Ungvirai'®!! confirmed this value. Calculations made by Tyson'?
and most recently by Field and Férsterling!® and Noyes!* also
support the lower value. We think it is not obvious that model
calculations with a much lower kg, value will yield the same result
even if ko is as low as 104 M1 71,

(ii) We have now done experiments to estimate kg4, however,
and found that it is at least 2 orders of magnitude higher than
was assumed by Ruoff and Schwitters. We injected Br~ ions into
a 1 M H,80, solution containing Ag* ions while we measured
the silver ion concentration using a silver electrode (silver wire
of 1 mm diameter and of 5 mm length). The electrode potential
is given by the Nernst equation:

E = E° + 25.6 mV In [Ag*] )

When the silver concentration is changing, the time derivative of
the electrode potential is given by

d[Ag*
d—E=25.6mV 1_diAeT] 3)
dr [Ag*t] dt
The rate equation according to (06) is
d[Ag] e
—— = ~h[Ag*1[Br’] “)

Equation 4 assumes that the rate-limiting step is the slow reaction
between silver and bromide ions. If the rate-determining step is
the mixing or the response of the measuring system, then the
measured rate of the whole process will be smaller than (4). Thus
a calculation based on (4) will give a lower limit for k4. Com-
paring (3) and (4) yields

'dd_f = -25.6 mV k06[BI'_] (5)
In our experiments the initial conditions were the following:
[Ag*]o = 10 M and (after the injection of bromide, assuming
an idealized well-mixed initial state without any reaction) [Br},
=2 X 1075 M. The result of the experiment can be seen in Figure
1. The slope of the electrode potential vs time diagram dE/d¢
was about —600 mV /s measured in the vicinity of the point where
the silver ion concentration dropped to one-tenth of its initial value
([Ag*] = 10 M). The bromide concentration at this point was
[Br] = 1.1 X 1075 (calculated from the balance of reaction 06).
Using these data

k06 ~ 2 X 106 M_l S_1

Our experiments showed clearly, however, that the rate-limiting
step is the mixing of silver and bromide ions. (The slope of the
electrode potential vs time curve was increasing with the increased
rate of stirring.) Consequently, the real value of ko must be even
higher. Most probably the reaction between the negatively charged
bromide ions and the positively charged silver ions is a diffu-
sion-controlled reaction'® with a rate constant between 10° and
1010 M1 571,
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Figure 1. Potentiometric trace of a silver electrode during the Ag* + Br~
— AgBr reaction. At moment “a”, denoted by an arrow in the figure,
0.1 ¢cm® of 102 M NaBr solution was injected into a vigorously stirred
solution of 50 cm?® of 10~ M AgNO; in 1 M H,S0,. The solution was
in a 100-cm® beaker, and the magnetic stirring was strong enough to
generate a deep vortex. At moment “b” 0.1 cm® of 102 M AgNO; was
injected into the same solution. The reference electrode was calomel
connected via a “salt bridge” filled with 1 M H,SO,. The temperature
was 25 1 °C.

The theoretical basis for assuming a diffusion-controlled reaction
is the following. The rate-determining step in the ligand-sub-
stitution reactions is the removal of a water molecule from the
inner coordination sphere and its replacement by a particle in the
outer coordination sphere.!%!7 It has been shown that the rate
of this step is almost independent of the nature of the substituting
ligand and depends primarily on the metal ion. According to
Figure 3.5 in ref 16 all monovalent metal jons have characteristic
substitution rates above 108 s™1. The rate of substitution depends
on the charge and the ionic radius.”® The ionic radius of Ag*
is 1.13 A, which is between the ionic radius of Na* (0.95 A) and
K* (1.33 A). (Data are taken from Table 2.10 of ref 16.) Both
Na* and K* have a characteristic rate constant around 10°s7!.
Thus we can expect that Ag* should have a similar characteristic
rate. To measure that rate, an adequate relaxation technique!%-?!
would be appropriate.

In addition to these conflicts with the experimental facts, we
find that the theory of Ruoff and Schwitters explaining the re-
sponse of a bromide-selective electrode in the BZ reaction in the
presence of excess silver ions is difficult to accept. In particular,
their treatment of the solubility equilibrium is unprecedented in
the literature on ion-selective electrodes.?2* They assume that
in the bulk of the solution the solubility product is not satisfied,
but directly at the interface of the electrode the solubility equi-
librium holds. In other words, in the bulk of the solution the silver
bromide precipitation reaction has to be slow but at the surface
of the electrode it must be fast. Their argument for this difference
is that otherwise the electrode potential would not be well-defined.
The meaning of well-defined potential is not quite clear here. Most
probably they mean the equilibrium potential. In that case the
potential of the bromide-selective electrode can be easily calculated
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either from the silver or from the bromide concentration exclusively
and we get the same result. (They emphasize that the solubility
product must be fulfilled in order to get a single well-defined
potential.) Nevertheless, nonequilibrium electrode potentials might
be difficult to calculate but they can be quite stable. The mere
fact that we measure an electrode potential is not a proof for an
equilibrium situation. In this case, however, the solubility
equilibrium is satisfied both at the surface of the electrode and
in the bulk of the solution as usual. This is not because of the
necessity for a well-defined electrode potential but because the
reaction between silver and bromide ions is very fast.

Thus we can conclude that the interpretation of the original
experiments on BZ oscillations in the presence of Ag* ions was
correct and that due to the Ag* + Br~ — AgBr reaction the
bromide ion concentration is too low to play the role of a control
intermediate in these systems.
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The gas-phase reactions of radioactive '*F atoms with propene have been studied over the pressure range from 500 to 4000
Torr in mixtures with [SFg]/[C;Hg] mole ratios varying from 100 to 1000. The SF¢ molecules serve both as the '°F target
for the "F(n,2n)!®F fast neutron reaction and as the moderator for removing the excess kinetic energy imparted to the !*F
atoms by nuclear recoil. Moderator/substrate ratios >100 are large enough that hot atom reactions have been suppressed
to yields well below 1%, with almost all **F atoms reacting as thermal atoms. Three thermal reactions are dominant with
propene, with yields of about 32% for terminal addition to form CH;CHCH,'®F*; 23% for central addition to form
CH,CH*®FCH,*; and 45% for abstraction of H to form H'¥F. Terminal addition is favored over central addition for thermal
13F atoms by a factor of 1.35 % 0.05. The competitive thermal reactions of *F have also been studied with mixtures of propene
and HI in these highly moderated systems. Stabilized C;H¢'®F radicals are assayed as C;H;'®F after scavenging by reaction
with HI, and the relative total reactivity of propene versus HI can be evaluated from the diminution in the yields of these
products with increasing [HI]/[C;H¢] mole ratio. The relative reactivity of HI versus CH;CH=CH, toward thermal fluorine
atoms is 0.36 £ 0.03, indicating an absolute reaction rate for flucrine atoms with propene of (1.8 % 0.3) X 107 cm?® molecule™
s”!. Collisions of atomic fluorine with the olefinic electron cloud react by addition with a probability approaching unity.
A complementary pressure dependence is observed between stabilized (and scavenged) CH,CH'®FCH, and its decomposition
product CH,—CH!'®F; negligible yields of any but the stabilization product are found at 500 Torr SF¢ for CH,CHCH,!*F*
radicals. Decomposition of CH;CH'®FCH,* radicals is approximately equal to collisional stabilization at an (extrapolated)
pressure of 55 = 10 Torr. The decomposition rate constant is about (2-4) X 10° s! and is consistent with reaction rates
calculated by RRKM theory for the decay of CH;CH'®*FCH,* radicals. The yields of CH,=~CH'®F have been extrapolated
to infinite pressure and demonstrate nonzero intercepts corresponding to yields of 0.1-0.2%. Our data are not precise enough
to assign these nonzero intercepts among possible mechanisms involving (a) the addition of still energetic !*F atoms to the
central olefinic position; (b) direct substitution of F for CH; initiated by hot '*F atoms; or (c) such direct substitution initiated

by thermal '8F atoms.

Introduction

Radioactive '8F atoms from the '°F(n,2n)'®F nuclear reaction
have many advantages for the study of thermal fluorine atom
reactions. However, these atoms are created with kinetic recoil
energies of >10° eV and consequently have the opportunity first
to react “hot” while still possessing excess kinetic energy.! The
reactivities of gaseous substrate molecules toward recoil '*F atoms
vary widely, with some such as SF¢' and CF,"~* almost inert
despite the extra kinetic energy available. Our earlier studies of
gaseous mixtures with SF, characterized most of the observed
reactions as “near thermal” when !8F reacted with the minor
components in the system at mole fractions less than 0.1.>* The

(1) Rowland, F. S,; Rust, F,; Frank, J. P. ACS Symp. Ser. 1978, 66, 26.

(2) Smail, T; Iyer, R. S.; Rowland, F. S. J. Phys. Chem. 1972, 95, 1041.

(3) Williams, R. L.; Iyer, R. S.; Rowland, F. S. J. Am. Chem. Soc. 1972,
94, 7192,

(4) Williams, R. L.; Rowland, F. S. J. Phys. Chem. 1971, 75, 2709.

(5) Williams, R. L.; Rowland, F. S. J. Phys. Chem. 1973, 77, 301.

(6) Williams, R. L.; Rowland, F. S. J. Phys. Chem. 1972, 76, 3509.

(7) Mathis, C. A.; Knierim, K. D.; Root, J. W. Chem. Phys. Lett. 1980,
72, 368.

(8) Root, J. W. 4dv. Chem. Ser. 1981, 197, 228.

(9) Mo, S.-H.; Grant, E. R;; Little, F. E.; Manning, R. G.; Mathis, C. A;
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utility of such “thermalized” '®F atoms for true thermal studies
is then dependent upon detailed knowledge of the extent of possible
nonthermal reactions in such systems. Our gas-phase experiments
reported here have explored the mixture of hot and thermal re-
actions found for '®F with propene in the presence of large excesses
of SF;. We have reduced the mole fraction of propene in SF¢
from the 0.05-0.10 of the near-thermal experiments down into
the range from 0.01 to 0.001. Hydrogen iodide has often been
included in the irradiated gas mixture in low mole fraction to
scavenge chemically '*F-labeled radicals stabilized by collisions.

If the mole fraction of reactive competitors such as propene
and hydrogen iodide is low enough, then the average number of
collisions required for nonreacting atomic fluorine through the
20 eV-to-thermal range is determined essentially entirely by energy
loss in encounters with SFg, and is independent of the moderating
collision characteristics of the minor components. Under these
conditions, the collision probability for energetic '*F atoms with
propene is proportional to its mole fraction multiplied by the
collision cross section ratio for [C;H,]/[SFg]. Successful ¥F-bond
formation in hot reaction will then also be proportional to the mole
fraction of reactive substrate. Failure of these approximations
is expected when (a) the overall probability of hot reaction is
sufficiently high that appreciable fractions of the hot atoms are
removed by such energetic reactions (“shadowing”), or (b) the
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