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Ozone reactions with XO,~ (X = Cl or Br) are studied by stopped-flow spectroscopy under pseudo-first-order
conditions with excess XO,~. The 03/XO,~ reactions are first-order in [Os] and [XO,~], with rate constants k;' =
8.2(4) x 108 M~ st and k& = 8.9(3) x 10* M~! s~t at 25.0 °C and u = 1.0 M. The proposed rate-determining
step is an electron transfer from XO,~ to O3 to form XO, and O3 ~. Subsequent rapid reactions of O;~ with general
acids produce O, and OH. The OH radical reacts rapidly with XO,~ to form a second XO, and OH~. In the
O4/ClO;~ reaction, ClO, and ClOs;™ are the final products due to competition between the OH/CIO,™ reaction to
form CIO, and the OH/CIO, reaction to form ClO5;~. Unlike CIO,, BrO, is not a stable product due to its rapid
disproportionation to form BrO,~ and BrO;~. However, kinetic spectra show that small but observable concentrations
of BrO, form within the dead time of the stopped-flow instrument. Bromine dioxide is a transitory intermediate, and
its observed rate of decay is equal to half the rate of the O4/BrO,~ reaction. lon chromatographic analysis shows
that Oz and BrO,™ react in a 1/1 ratio to form BrOs;™ as the final product. Variation of ki* values with temperature
gives AH¥q = 29(2) kJ mol~%, AS¥y = —14.6(7) J mol~! K1, AH*3, = 54.9(8) kJ mol~%, and AS¥s = 34(3) J
mol~* K=, The positive AS* value is attributed to the loss of coordinated H,O from BrO,~ upon formation of an
[0sBrO,7J* activated complex.

Introduction that, as the ratio [CI@]/[O3] increases to about 200, the
production of CIQ becomes nearly quantitative and GO

The reactions of ozone with halite ions XQ(X = Cl or is no longer an appreciable product of the reaction.

Br) are important in the formation of bromate and chlorate

ions, which are hazardous disinfection byproddaBzone O, +2ClO0,” + H,0—2CIO, + 0,+ 20H (1)
is known to behave as both an electron acceptor (with

IrClg*")? and an oxygen-atom donor (with O, |-, and 0,+ Clo, —CIO,” + 0, )
Br).2 The reaction betweendfand CIQ~ was studied by

EmericK and by Klaning, Sehested, and Holcn¥dfmerict K|aning' Sehested, and Holcnfamsed Stopped-ﬂow

found that the stoichiometry of the reaction was consistent spectroscopy under second-order conditions to study the O
with a combination of egs 1 and 2. His study also showed |0, reaction and proposed a mechanism that involves an
initial electron-transfer reaction between @&d CIQ™ to

*Author to whom correspondence should be addressed. E-mail: form O;~ and CIQ in the rate-determining step. The authors
margerum@purdue.edu. . .
(1) (a) Karpel vel Leitner, N.; Delaat, J.: Dore, M.. Suty, H. In concluded that further rapid reactions of vccur to form

Disinfection Byproducts in Water Treatmghtinear, R. A., Amy, G. O, and OH radical, and the OH radical reacts rapidly with

L., Eds.; CRC Press: Boca Raton, FL, 1996; pp-3986. (b) von _ ; -
Gunten, U.; Hoigne, J. IBisinfection Byproducts in Water Treatmgnt ClO;™ to form CIQ; or with CIO, to form CIGs™. They used

Minear, R. A., Amy, G. L., Eds.; CRC Press: Boca Raton, FL, 1996; a trial and error method in conjunction with a simulation
pp 18°7-206. program to determine a rate constant of{4) x 10 M1

2) Bennett, L. E.; Warlop, Anorg. Chem.199Q 29, 1975-1981. e .
E3g Liu, Q.; Schurter, L. ,\ﬁ_; Mu”gr' C. E.. Aloisio, S. Francisco, J. s.. S * for the initial electron-transfer step. The trial and error

@ II\E/largerﬁmb DEV\éw%rg-Tﬁhe_m.%Aqol 48, 443&é4ﬁ_.  OH. 1081 method was necessary because fitting kinetic data for second-
mericn, D. E. .D. esls, lami university, lami, , . H H H H
(5) Klaning, U. K. Sehested, K. Holcman, dI. Phys. Chemi985 89, order rea_cnons requires knowledge. gf the stoichiometry of
760-763. the reaction. However, the competitive nature of the OH/
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CIO,~ and OH/CIQ reactions ensures that exact knowledge 40
of the stoichiometry can never be obtained, because it will
vary throughout the course of the reaction.

Several authofs® have suggested that the reaction af O
and BrQ~ has a rate constant greater thar? M s,
although a direct determination was not made. The mecha-
nism of the Q/BrO,~ reaction has not been previously
discussed. The present work uses stopped-flow spectroscopy
under pseudo-first-order conditions to relate the rate con- '
stants, activation parameters, and mechanisms of the oxida- ol ‘ . . 1

0

-, O4/CIO, reaction

1% order fit
from 10-60 ms

Absorbance, mAu

tion of CIO;~ and BrQ~ by Gs. 15 30 45 60
Time, ms
Experimental Section Figure 1. Kinetic trace for the @CIO,~ reaction ([Q] = 26.7 uM,

. . [CIO;7]i = 55.8 uM, [HoPOy ]t = 50 mM, p[H"] 6.00, x = 1.0 M
Reagents.Doubly deionized, distilled water was used for all  (NacIQy), 25.0°C, 4 = 260 nm, path length 0.962 cm). The solid line is
solution preparations. Stock solutions of NagMere prepared the exponential fit to the data after pseudo-first-order conditions are attained,
from the recrystallized salt. NaBp@29.9 wt %) was prepared as 10 ms.
previously reportet? and contained NaOH (20.7%), NaN(@.2%),
NaSO, (41.6%), NaBrQ (3.2%), and NaBr (0.3%) impurities. The
BrO,~ solutions were standardized spectrophotometrically at 295 to extract the second-order rate constant. The value szf_@'lo_
M (aro, = 115 M1 cmr) 1112 Commercial NaCl@was purified was calculated from the final absorbance at 260 nm, by taking into
I - . .
as previously reported, and the solutions were standardized Spec_account the abffrbaqfe due tq glormed from the _reactlon
trophotometrically at 260 nmegio, = 154 M-t cm1).13 Solutions (€co, = 60 M™ cm™). The final CIG concentration was
of O5 were prepared by passing research grade oxygen through adetermlned from separate pushes that monitored the reaction at 359
I _ h
9 kV, 30 mA ozone generator. Thes®olutions were standardized nmllvxllr;ere only Cl@ absorbs significantly ecio, = 1230 M-
spectrophotometrically at 260 nragf = 3290 Mt cm™1).14 cm). .
Methodology and Instrumentation. The measured pH was Chromato_graphlc d"?“a Were_collected for the produ_cts of dhe O
converted to p[H] on the basis of electrode calibrationiat= 1.0 Bro, reacUonl t.)y using a D|onex. [.)XJ.SOO HPLC instrument.
M (NaClQy). Kinetic data for the @XO,~ reactions were obtained Samples yvere injected through a/Z5|nject|9n loop to quaternary
under pseudo-first-order conditions observing the loss;HtQ60 amine anion e>_<change guard and separation cplumns. The analytes
nm on the Applied PhotoPhysics stopped flow (APPSF) spectro- were eluted with 9.0 mM.NZ&:O3 at a L mL/min flow rate and
photometer model SX-18MV (cell path 0.962 cm). Observed rate were Qetected by conductivity detectpn after backgrounq suppres-
constantskyye) greater than 1004 were corrected for the mixing sion with an ASRS-Ultra suppressor with a self-regenerating current

efficiency of the APPSF spectrophotometer on the basis of the of 100 mA.

calibration of the instrument with well-characterized reaction Results and Discussion

systems?® For the Q/BrO,~ reaction, at least a 10-fold excess of

[BrO,~] over [O;] was used. Simulations of the kinetic data for Kinetics of the Os/XO,~ Reaction. Under pseudo-first-

the Qy/BrO,~ reaction were performed using Specfit ver. 2.1 with order conditions, the €BrO,™ reaction shows a first-order

a Runge-Kutta numerical integration. loss in absorbance froms@t 260 nm. Figure 1 shows that
The Qy/CIO;™ reaction was so fast that it approached the limits  the rapid Q/CIO,~ reaction also fits an exponential decay

of the APPSF instrument. To obtain the pSQUdO-ﬁI’St-OI’deI’ rate in the later Stages of the reaction when the ratio Bj]o

constants, a-210-fold initial excess of [CIQ] over [O;] was used [Os] becomes 10/1. As the concentration of XX = Cl

so that thg rate of the reaction was S|OW enough to measure. Theg, Br) increaseskossaincreases with a first-order dependence
latter portion of the data, where the ratio [GIQ/[O3] becomes

) ) : . on [XO;7] (Figure 2a,b). This is consistent with the rate
greater than 10, was fit to an exponential equation to #iye: LN 3for the | £ The least |
For instance, when the initial ratio [C}J/[O3] is 4/1 and assuming expression in €q s for the loss o he least-squares slope

that at most two CIQ ions are consumed for every;@olecule,

the ratio becomes 10/1 after 2 half-lives. In most cases, the time
required to achieve a 10/1 ratio was within the dead time of the
APPSF instrument (23 ms) and the reaction was observed in a

3—60 ms time period. The final concentration of GtOvas used

-d[O5l/dt = k,“[XO, J[03] = Kypsq [O3] €)

of the data in plots a and b of Figure 2 gives rate constants
of ki =28.2(4)x 1 M~1sTandk® =8.9(3)x 10* M1

(6) Haag, W. R.; Hoigne, Environ. Sci. Technol1983 17, 261-267. s 1at 25.0°C. The observed rate constants do not vary with

(@) ngzGunten, U.; Hoigne, Environ. Sci. Technol1994 28, 1234- p[H*] or phosphate buffer concentration (p S1 of the

(8) von Gunten, U.; Oliveras, YEnwiron. Sci. Technol1998 32, 63— Supporting Information). The value &' determined in the
70. present work is more reliable than the value reported

(9) Pinkernell, U.; von Gunten, UEnviron. Sci. Technol2001, 35, 2525~ previously because the use of pseudo-first-order conditions

2531. ; ) i H1HO!
(10) Wang, L.; Nicoson, J. S.; Huff Hartz, K. E.; Francisco, J. S.; Margerum, does not require a trial and error method in the determination
D. W. Inorg. Chem200Z 41, 108-113. of the rate constant. For thesBrO, reaction, the assump-
(11) Perrone, T. F. Ph.D. Thesis, Purdue University, West Lafayette, IN, . ) 2 Br; ! P
1999. tion made by several authér8 thatk;® is greater than 0
(12) Lee, C. L.; Lister, M. WCan. J. Chem1979 57, 1524-1530. M~1s1is not correct.

13) Furman, C. S.; Margerum, D. Whorg. Chem1998 37, 4321-4327. . . _ -
§14§ Hart, E. J. Sehestegd’ K.: HolcmangAhal. Chem1983 55, 46-49. In the present study, the kinetics of the/X0,~ reactions

(15) Nicoson, J. S.; Margerum, D. lhorg. Chem2002 41, 342-347. are examined at many wavelengths. For thgGD,~
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order process. A plot 0Kysg (475 nm) versus [Bre]
appears to have a first-order dependence on {Bi@vith a
slope equal td/k:®" at 25.0°C (Figure 2c).

Products of the OyXO,~ Reaction. For the Q/CIO,~
reaction, the products are,CIO,, and CIQ. As the ratio
[CIO;]/[Og); is increased to greater than 200, a 2/1
stoichiometric ratio of CI@ produced to @ consumed is
approached. This observation shows that a direct oxygen-
atom transfer from @to CIO,~, which would produce only
ClOs~ and Q, is not appreciable. These findings are in
agreement with the previous study by Emeti@nd are

102 Kobsa, 8

[BrOz] or 10 [CIO;], mM consistent with the combination of eqs 1 and 2 when
Figure 2. Dependence of the first-order rate constant for th&X0,~ [CIO2]/[Og]; is less than 200.
reaction on X@ concentration: (a) @CIO,™ reaction ([Q) = The O/BrO;~ reaction proceeds through TOM levels
26.7-59.5uM, [H2PQy~ ]+ = 0.050 M, p[H'] 6.00,« = 1.0 M (NaClQ), ) . - .
25.0°C, 4 = 260 nm for the loss of © slope 8.2(4)x 106 M1 s1: (b) of a BrQ, intermediate to form @and BrQ~ as the final
04/BrO;~ reaction ([Q]i = 20—100 uM, [HPO; 11 = 0.10 M, p[H'] products. lon chromatographic analysis of the products (p

6.5(1),u = 1.0 M (NaClQy), 25.0°C, 4 = 260 nm for the loss of @ slope i i i — —
8.9(3) x 10* M~1s71); (c) same conditions as (b) except= 475 nm for S2 of the Supporting Information) giveqBrO, J/A[BrOs]

the loss of Br@ and the slope is 4.8(3x 10 M~ s-1. Observed rate = 1.06(7), which corresponds to the stoichiometry in eq 4.
constants were obtained from an average of five pushes except for (c), where
only one push was used. O, +Bro, — 0O, + BrO;~ 4)
600 . .
05 peak Mechanism of the Q/CIO,~ Reaction. Data for the @/
500 [0 ClO;™ reaction are consistent with the mechanism proposed
o by Klaning, Sehested, and Holcman (egs%.°
a0ro 2 kS B
2 b 0;+ ClO, ===0; +ClO, (5)
E 300f 0 < -
< o
< © — — k2 2—
200¢ %50 400 450 500 550 600 O; + H,PO, ‘k___: HO; + HPO, (6)
© Wavelength, nm
100F o
(e} k3
.'° ((l HO3—) 02 + OH (7)
0250 300 350 400 450 500 550 600
Kk,C!
Wavelength, nm OH+ CIO,” — OH™ + ClO, (8)
Figure 3. Dependence of the wavelength on the absorbance change for
the Qy/BrO;~ reaction ([Q]; = 0.16uM, [BrO27] = 1.86 mM, [HPOy ]+ cl
= 0.10 M, p[H"] 6.40,x = 1.0 M (NaCIQy), 10.0°C, path length 0.962 OH+ ClO,— H" + ClO,~ 9)

cm). To account for @volatility, the data were collected in sets of 10

pushes with at least one overlapping wavelength in each set. The absorbanceo . dificati hei hani . de for th
values were normalized to the same initial@ncentration on the basis of ne minor modification to their mechanism is made for the

the & absorbance at 260 nm. Inset: Brfieak with a Gaussian fit centered ~ decomposition of @ in eqs 6 and 7, which is assisted by

at 478 nm. H.PQ, .2 The reactions in eqs-8 are much more rapid
reaction, the formation of ClQat 359 nm is observed, and than thek_;“' step, and the loss of s governed byk;“'.

the rate constants obtained from these data are similar toSince CIQ is a stable product that builds up to an appreciable
those obtained for the loss of;@t 260 nm. For the € concentration compared to CIQ competition between eq
BrO,~ reaction, an exponential decay in absorbance is seen8 (k¢ = 4.2 x 1 M~ s ))> and eq 9 k' = 4.0 x 10°

in the 456-500 nm range. A plot of the change in absorbance M~ s™1)° determines the final products. Thus, the stoichi-
versus wavelength for kinetic data at 100 (after all data ometry for the @CIO,™ reaction is consistent with eq 1 early
have been normalized to a known initia @oncentration) in the reaction when little Clphas formed. As the reaction
shows a peak at 478 nm (Figure 3). These data are taken aproceeds and the concentration of glihcreases, the
10.0°C as opposed to 25.1C to decrease the volatility of  contribution ofks®' becomes greater and a mixture of GIO
ozone and maintain its initial concentration as much as and CIQ™ results. Since the number of moles of GO
possible. The spectrum in Figure 3 is similar to the known consumed for every mole of Ovaries as the reaction
spectrum of the Br@radical in aqueous solutior.fax = proceeds, analysis under second-order conditions is not valid.
475 nm,e = 1000 M* cm™1).16 These data indicate that a Therefore, the value determined in this work under pseudo-
BrO, intermediate is formed rapidly (within the dead time first-order conditions represents a more accurate determina-
of the APPSF instrument) and appears to decay by a first-tion of k;'. All of the rate constants are provided in Table

(16) Buxton, G. V.; Dainton, F. SProc. R. Soc. London, A968 304, (17) Buhler, R. E.; Staehelin, J.; Hoigne JJPhys. Chenil984 88, 2560—
427-439. 2564.
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Table 1. Summary of Rate Constants for the/RO,~ Reaction3

rate constant e@BroO,~ O4/CIO;~ rate constant eBrO,~ O4/CIO;~
kX, M~1s1 8.9(3)x 10¢b 8.2(4)x 10°b ks, s71 1.1x 10°¢ 1.1x 10°¢
k_X,M~1s71 4.6 x 10°¢ 1.8 x 10°d kgX, M~1s71 1.9 x 10°f 4.2 x 1084
ko, M~1s71 2.1x 108¢ 2.1x 108¢e ksX, M~1s71 4.0x 108d
koo, M~1s71 2.0x 107e 2.0x 107¢ kgro,, M-1st 5x 1079

aConditions: 25.0°C; 4 = 1.0 M. P This work.¢ Determined using thé&;?" from this work andK8" = 1.92 x 107° calculated from the reduction
potentials in refs 5 and 10.Reference 17¢ Reference 5¢ Reference 169 This work, 10°C.

1. The values ofk 1%, ky, ko, ks, k', and ks were BrO, (eq 14), 1 mol of Br@ is released in the decay of
determined previously by pulsed-radiolysis methd#s. BrO,, and the overall reaction reduces to the experimentally
Mechanism of the Q/BrO,~ Reaction. Analysis of the determined stoichiometry in eq 4. Previous reports on the
products shows that £and BrQ~ react in a 1/1 ratio to  disproportionation of Br@under acidi¢® and basit® condi-
form O, and BrQ~. These data seem to validate a one-step tions show that the reaction proceeds by formation of . ©Br
oxygen-atom-transfer mechanism (eq 4). Also, the one- dimer followed by hydrolysis of BO,. Field and Forster-

electron reduction potentials forsQE° = 1.01 Vy and BrQ ling'® determinecks = 1.4 x 1M 1s ! keg=7.4x 10*
(E° = 1.289 V)? show that an initial electron-transfer step s, andk; =2.2x 1® s at 20.0°C in 1 M H,SQO,. Since
to form G;~ and BrQ is not very favorable E°o g0, = k_¢ is larger thark;, the decay of Br@can be approximated

—0.288 V). However, the detection of a Britermediate by the preequilibrium rate expression in eq 16, whiekg/
in the Qy/BrO,™ reaction provides excellent evidence for the k-s = Kgo,.
existence of an electron-transfer pathway. The following
mechanism is proposed to account for the observed kinetics, —'/, d[BrO,}/dt = kBroz[BrOZ]2 = (4.2 x 10)[BrO,]* (16)
stoichiometry, and Br@intermediate:
e Since BrQ is an intermediate in the £BrO,~ reaction,
O, + Broz‘ﬁ O, + Bro, (10) its concentration is expected to rise to a maximum and then
- fall to zero. However, since eq 16 involves a squared

B K . dependence on [Brp) the sum of egs 15 and 16 gives a

O; +HPO, 3= HO; + HPO, (6) nonlinear differential equation that cannot be easily inte-

grated. The experimental data at 475 nm (where only,BrO

HO3E> 0,+ OH @) absorbs) shovy an exponential decay with an'observed rate

constant that is linearly dependent on [BrD(Figure 2c).

ke B These data indicate that the maximum concentration o BrO

OH +Bro, — OH +Bro, (11) is reached within the dead time of the stopped-flow instru-
K ment and thathe subsequent loss of Bf@& governed by

BrO, + Brto; Br,O, (12) the rate expression for its formatiqeq 15). This statement

appears illogical since the decay of Br@ known to be
second-order, not first-order. However, this situation is
similar to kinetic systems involving consecutive first-order
reactions (eq 17). Whek, > k, the loss of B after its

k.
Br,0, + H,O—Bro, +BrO, +2H"  (13)

The combination of egs 6, 7, 10, and 11 gives the

stoichiometry for the formation of Bri)(eq 14). Thek;®" Kk
step is the rate-determining step for the overall process in A—B—C (17)
eq 14, and the rate expression for the formation of BeO

maximum concentration has been reached is proportional to
kA].1%-2% A similar kinetic behavior was found in an earlier
O, + 2BrO,” + 2H" — 0, + 2BrO, + H,0  (14) study® of the formation and decay of a highly reactive'Cu
intermediate where the rate of decay was actually governed
d[Bro,)/dt = 2k, [BrO, ][04] = 2k, {05  (15) by the rate of formation of the intermediate.
Plot ¢ of Figure 2 shows that the rate constant for the loss
In the O/BrO,~ mechanism, a OH/Br{reaction (analo-  of BrO, is half the rate constant for the loss of. ®lowever,
gous to theks step (eq 9) for the @CIO,~ system) is if the loss of BrQ were governed by eq 15, the rate constant
excluded because Bg@~10"° M) does not build up to a  for BrO, would be expected to be a factor of 2 larger, not
concentration comparable to that of BrO(~10"3 M). smaller, than the rate constant fog.Jhis disparity can be
Buxton and Daintotf determined a value of 1.2 10° M~ explained by identifying an expression for the maximum

s 1 for k. Since the OH/Br@rate constant can be no larger

i i imi -1 o1 i i i (18) Field, R. J.; Forsterling, H.-0J. Phys. Cheml986 90, 5400-5407.
than. t.he diffusion limit of 16 M™* s™, t_hIS _reactlon IS (19) Gray, E. T., Jr.; Taylor, R. W.; Margerum, D. \Worg. Chem1977,
negligible compared to the OH/BgOreaction in eq 11. 16, 3047-3055.

The BrQ radical decays by its disproportionation in (20) sAel‘)C%%l?&l'z\leé Benton, D. J.; Moore, Arans. Faraday Socl97Q
aqueous solution to form BrO and BI’O‘;_. (Eqs 12 and.13). (21) Eépenson, J. }.-Chemical Kinetics and Reaction Mechanisraad
Although 2 mol of BrQ~ are consumed in the formation of ed.; McGraw-Hill Inc.: New York, 1995; p 73.

given in eq 15.
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800

600

O, loss at 260 nm

O = simulated data
--- = experimental data

Absorbance, mAu
N

_ deadtime

0 20 40 60 80 100

Time, ms

Figure 4. Absorbance versus time for thes/BrO,~ reaction ([Q]i =
0.15 mM, [BrQ,] = 1.86 mM, [HPQ, ]t = 0.10 M, p[H'] 6.40,1 = 1.0

10 '\O\o\\o\
. (a)
o[ AHG=29(2) k) mol”

AS*¢1=-14.6(7) d mol' K
8 L

In(k,* / T)
-

AH'g. = 54.9(8) kJ mol”
AS*e = 34(3) Jmol " K

3.3 34 35 36 3.7
10° 1T, K
Figure 5. Eyring plots for the @XO;™ reactions: (a) @CIO;~; (b) Osf

M (NaClQOy4), 10.0 °C, path length 0.962 cm). The solid lines are the Bro,™.
experimental data. The open circles are simulated data points based on the
proposed mechanism.

Figure 4 shows simulated data using the model in eq 21
with kgro, = 5 x 10" M~ s71, along with experimental
concentration of Br([BrO;]may) and developing an equation  stopped-flow traces for the absorbance gfa®260 nm and
for the subsequent loss of this intermediate. The maximum BrO; at 475 nm. (The experimental absorbances at the two
concentration of Br@ defined in eq 18, is reached when different wavelengths are obtained from separate pushes on
the rate of formation (eq 15) and the rate of decay (eq 16) the stopped-flow instrument and are normalized to the same
of [BrO,] are equal. . is the time at which the maximum initial concentration of @ The simulated data for £are
concentration of Br@ is reached.) The integrated rate adjusted for the background absorbance of the excesgs BrO
expression for the loss ofdeq 19) is substituted for [p A value ofkgo, =5 x 10" M~* s gives the same maximum
in eq 18 to achieve an integrated equation for [Br®q absorbance due to BgOat 475 nm that is observed
20). The integrated rate expression in eq 20 confirms that experimentally. The simulated data show a rapid increase
BrO, appears to decay with a rate that is half the rate of in absorbance due to BsQvithin 3 ms and the decay of
decay of Q. As a consequence, the observed decay of,BrO BrO; that accurately mimics the experimental data. The

is controlled by the rate of its formation.

-\ w2
[BrO,] e = —kl[oﬂfro” (18)
10, tax
[04 = [Oge”d*o= ! (19)
ky[Og]i[BrO, ] v (—ki/2)[BrO, Nt
[Bro,] = T e z (20)

A kinetic simulation of the reaction using numerical

simulated data show that the loss of Bréppears to follow
first-order kinetics and that the observed rate constant is a
factor of 2 smaller than the rate constant for the loss #f O
This agrees with the experimental data and the integrated
expression in eq 20. Therefore, the kinetic simulation agrees
with the proposed mechanism for the/BrO,~ reaction.
Kinetic simulations are also used to test the possibility of
an oxygen-atom-transfer pathway competing with the electron-
transfer pathway. Incorporation of this path into the mech-
anism (50% electron transfer, 50% atom transfer) reduces
the maximum concentration of BgGn the simulation by a
factor of 2. To force the simulation to agree with the

integration is designed to further test the proposed mecha-experimental data ([Br@nax= 1.1 x 10~% M), the value of
nism. Equations 6, 7, and 11 are rapid steps and do notkg,o, must be reduced. However, this also has the effect of
contribute to the kinetics of the reaction. The reduced kinetic increasingmaxto greater than 3 ms. This does not agree with
model in eq 21 is used to simulate kinetic data. The model the experimental observatioty.§x < 3 ms), and we conclude

k. 1Br

_ kaOz _
0, + Bro,” — 2BrO,—- Bro, (21)

that the oxygen-atom-transfer pathway is at most a minor
pathway.
Activation Parameters of the O/XO,~ Reaction. The

in eq 21 uses only those steps that contribute to the kineticsrate constants for the electron-transfer reaction between O
of the reaction, and therefore does not represent the overalland XQ;~ are determined at various temperatures (pp- S3
stoichiometry of the reaction. Since the spectrum of the,BrO S6 of the Supporting Information). The plots of Ka{/T)
intermediate is characterized (Figure 3) by using the kinetic versus 1T are straight lines (Figure 5) and yield the activation

spectra at 10C, the value 0k® = 2.50x 10* M~1slis

parametersAH*c; = 29(2) kJ mot?, AS'¢) = —14.6(7) J

experimentally determined at this temperature for the simula- mol™* K=, AH*s, = 54.9(8) kJ mot?, andASs, = 34(3) J

tion. The value okgo, = k7ke/k—¢ is not known under these

conditions (10°C, p[H'] 6.4, 0.10 M PO, /HPO;?") and

is varied from 10to 1 M~1 s 1 to obtain the best fit to the

experimental data.

mol~t K1,

The values ofAH*;; andAS¢, are consistent with a rapid
reaction between Qand CIQ~ to form [OsCIO; ] in the
transition state. The reaction betweenadd BrQ~ to form
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an [OsBrO,"]* activated complex has a positineS's, value. Electron-Transfer versus Atom-Transfer Reactions of
We propose that the increase in entropy is due to the loss ofO3. The oxidation of many nonmetal species with@curs
H,O coordinated to Br@ upon formation of the transition by an oxygen-atom-transfer mechanism. This is the case in

state. The difference inS' for the Q/CIO,™ reaction versus  the G, reactions with S, I-, and Br 3 where Q behaves
the QyJBrO,” reaction is likely due to greater solvent as an electrophile and forms an adduct with the?SQ-,
organization around Br9 than CIQ~. The BrQ~ ion or Br- prior to the transfer of an oxygen atom. The relative

should exhibit stronger interactions with® because of the  rates of these reactions correlate with the nucleophilicity of

more polar G-Br bonds as opposed to€Cl bonds in  the species oxidized by {In the Q/XO," reactions, @

ClO;. behaves as an electron acceptor instead of an oxygen-atom
Comparison of OJBrO,” and Oi/CIOz". The rate-  donor. In these reactions, the transfer of an electron to form

determining step in both reactions is the transfer of an o,~ and XQ, provides a lower kinetic barrier than breaking

electron from XQ™ to O to form XO, and Q™. This initial an O-0 bond to directly form @and XQ;".

step is much more favorable for the/OIO,™ reaction due
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